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ABSTRACT

This thesis is framed in the field of mobile communications and more particularly in handset
antennas. The wireless industry is constantly growing, which entails challenging handset antenna
specifications. Handset antennas not only have to be multi-band for satisfying the great number of
communication services, but also sufficiently small as for fitting in the reduced space imposed by the
handset platforms. The appearance of the MIMO (Multiple Input Multiple Output) technology, further
exacerbates these challenges. In order to satisfy these requirements, this thesis proposes the use of the
ground plane, inherently present in any handset platform, as the main radiator. Electrically small non-
resonant elements, called along this thesis as ground plane boosters, are used to transfer energy to this
ground plane. The solution removes the need of including a dedicated antenna featured by considerable
dimensions, thus releasing space to integrate other antennas, as well as, other handset components,

services and functionalities.
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2.19 Simulated radiation efficiency for a PIFA on a ground plane 100 mm x 40 mm and the
conductive strip 40 MM X 33 MM X 3MIML ..ot 50

2.20 Ground plane having dimensions of 100 mm x 40 mm and integrating an open slot with
dimensions of 38 mm x 3 mm. The ground plane is etched on a thin dielectric slab of 1mm
thick and g,=4.15, taNG=0.013. ......oooiiiiiiiii ettt e s e e s e s st a e eb e e sb e s sree e e 51

2.21 Comparison of RCS for three different ground planes: 100 mm x 40 mm, 100 mm x 40 mm with
a conductive strip as shown (Fig. 2.16), and a ground plane 100 mm x 40 mm with slot 38 mm
long and 3mm width (Fig. 2.20). The plane wave impinges the ground plane according to Fig.
2.9. All ground planes are etched on a thin dielectric slab of 1mm thick and g=4.15,
L Lt O 01 TSSO 51

2.22 Geometry of the proposed structures (spiral, H2, H3, and pad) placed in a corner of a ground
plane having dimensions of 90 mm x 40 mm etched in a Imm FR4 substrate g=4.15
tand=0.013. For this case, spiral, H2, and H3 resonate at 900MHz whereas the pad element
presents a higher resonant frequency around 1921MHZ. ..........ccoooviiiiiiiieinee e 54

2.23 BW, associated to the spiral, H2, and H3 when they are resonating at 900MHz, and to a pad
resonating at 1920MHz. All the elements considered, are placed in a corner of a ground plane
having dimensions of 90 mm x 40mm and being etched in a 1 mm FR4 substrate (g,=4.15,

L LA 0 ) SRS 55
2.24 Dipole configurations for the pad and spiral used to compute the Q of the element itself. A
dipole arm corresponds to the element used in Fig. 2.22. ..o 56

2.25 BW, for the spiral, H2, H3, and pad when the resonant frequency of the antenna element
becomes equal to the resonance of the ground plane mode (f=fgp=1170MH2). .......ccvevnni. 57

2.26 Comparisons of the BW, attained by H3 when it is designed to resonate at 900MHz and at
1170MHz, which coincides with the ground plane resonance. ...........cccoceerieiienenceene e 58
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2.27 Comparison of the BW, attained by the four geometries under study when they are designed to
resonate above the resonant frequency of a ground plane having dimensions of 90 mm x 40 mm
and being etched over a 1 mm thick FR4 substrate (g,=4.15, tan8=0.013) (fzp=1170MHz)...... 59

2.28 Comparison of the BW, attained by the four geometries under study when they are designed to
resonate above the resonant frequency of a ground plane having dimensions of 120 mm x 50
mm and being etched over a 1 mm thick FR4 substrate (g,=4.15, tand=0.013) (fcp=925MHz). 59

2.29 Left: Modulus of the input impedance according to the feeding arrangement. The current
distribution relates to the frequency of 825 MHz, which corresponds, approximately, to the
center frequency of the frequency range (690-960MHZz). The current maximum is fixed to
0.5A/m and the dynamic range is 30dBs; Right: Smith Chart representation of the input
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2.30 Left: BW, according to the feeding arrangement and the dipole arms width. The current
distribution relates to the frequency of 825 MHz, which corresponds, approximately, to the
center frequency of the frequency range (690-960MHZz). The current maximum is fixed to
0.5A/m and the dynamic range is 30dBs; Right: Radiation efficiency and quantitative BW.... 61

3.1 Eigenvalues (1) and modal significance versus frequency associated to the first and second
predominant modes (4; and A;) regarding a PCB with dimensions 100 mm x 40 mm. Current
distribution (A/m) at the frequency of f=892MHz provided by the first radiating mode J,....... 75

3.2 Geometry and dimensions associated to the radiating structure comprising two non-resonant
ground plane boosters located at a 2 mm distance from the ground plane edge, each one in
charge of the ground plane excitation for each frequency region. Current distribution referred to
the excited ground plane mode at f=0.892GHz The ground plane is supported by a thin FR4
substrate layer of 1mm thick having g=4.15 and tand=0.013............cccccerrririrrierierererereeenas 76

3.3 Q, and related BW, versus frequency referred to the radiating structure of Fig. 3.2 ................... 77

3.4 a) Equivalent circuit regarding the input impedance referred to the radiating structure, the
reactance compensation (series inductor (L)) stage and the broadband matching network; b)
Condition required for achieving a BW enhancement around one half of Fano’s limit. ............ 78

3.5 a) Equivalent circuit regarding the input impedance referred to the radiating structure, the
reactance compensation (series inductor (L)) stage and the broadband matching network for the
low frequency region; b) The same sequence but regarding the high frequency region............ 80

3.6 a) Impedance associated to the radiating structure (triangular markers); Impedance after the
addition of the series inductor as a reactance compensation element for the low frequency
region (square markers); Impedance according to the schematic shown in (Fig. 3.5a) (rhombus
marker); b) The same sequence but regarding the high frequency region (Fig. 3.5b)................ 80

3.7 Reflection coefficient associated to the radiating structure without any components (dashed line);
Reflection coefficient associated to the schematic shown in (Fig. 3.5a) designed for covering
the low frequency region (solid line with square markers); Reflection coefficient associated to
the schematic shown in (Fig. 3.5b) designed for covering the high frequency region (solid line
WIth TriangUIAr MATKEIS). ..ottt st sne e 80

3.8 a) Radiating system designed for achieving a penta-band behavior consisting in a reactance
cancellation element, a broadband matching network, and a notch filter for each frequency
region. Note that the first stage of the notch filter and the broadband matching network can be
simplified using only two components. The two-port box is the simulated input impedance of
the radiating structure shown in Fig. 3.2; b) Detailed view of the radiating structure obtained
from the simulated layout comprising two non-resonant ground plane boosters with dimensions
5 mm x 5 mm x 5mm, and a ground plane with dimension 100 mm x 40 mm. The ground plane
boosters are located at a 2 mm distance from the edge of the ground plane. ...........c..cccoceeieni. 81

3.9 Reflection coefficient associated to the schematic shown in Fig. 3.5a (dashed line with square
markers) and in Fig. 3.5b (dashed line with triangular markers) for providing operability in both



frequency regions separately; Reflection coefficient to provide penta-band operation
simultaneously achieved with the radiating system proposed in Fig. 3.8 (solid line). ............... 82

Fig. 3.10 a) Radiation efficiency (1), and antenna efficiency (n,); b)-c) Current distribution associated to
the radiating structure at the central frequencies of both frequency regions (f=0.89 and
f=1.94GHz), respectively. The antenna efficiency takes into account the mismatch losses since
it is defined as =N (1-[S12]%). weevrrrrrrererereieersessss st ss st es sttt ensees 82

Fig. 3.11 Reflection coefficient to provide penta-band operation simultaneously achieved with the
radiating system proposed in Fig. 3.8 (solid line). Reflection coefficient associated to the same
radiating structure (Fig. 3.8b) but with the difference that the size of the ground plane boosters
(previously 5 mm x 5 mm x 5 mm) has been reduced to only 3 mm x 3 mm x 3 mm (dashed
line). The topology of the radiofrequency system remains equal and corresponds to that
illustrated in Fig. 3.8a, whereas the values of the reactive components have been adjusted. .... 83

Fig. 3.12 Prototype including the reactance cancellation inductor and the broadband matching network
used for covering one frequency region The components of the matching circuit are SMD 0402
L3 LT PPROPRTR 84

Fig. 3.13 Penta-band prototype designed according to the schematic shown in Fig. 3.8 including besides
the reactance cancellation inductor and the broadband matching network, the notch filters
required for providing isolation between both frequency regions. ..........ccccecevvreneneneieieinenens 84

Fig. 3.14 Reflection coefficient related to the penta-band prototype (Fig. 3.13). ..ccoovviiiiiiieiiicieee, 85

Fig. 3.15 Radiation efficiency (n,) and antenna efficiency (n,) related to the penta-band prototype (Fig.
3.13). The antenna efficiency takes into account the matching losses since 1,= 1+ (1-|Sy["). ... 85

Fig. 3.16 Set-up for radiation measurement in the Fractus’ anechoic chamber Satimo Stargate-32 showing
the coordinate system. The ground plane lies in the XY plane having the longest dimension

AlIGNEd WIth The Y-aXIS.....cuiiieii ittt st sbe et e be s ae e beste e e e aras 86
Fig. 3.17 Main cuts (Phi=0° and Phi=90°) of the radiation pattern provided by the penta-band prototype
(Fig. 3.13) measured at the frequencies of f=900MHz, f=1800MHz, and f=2000MHz.............. 86

Fig. 3.18 SAR measurements for the low frequency region at the specific frequencies of f=835MHz and
f=900MHz regarding both positions: left (“Boosters Up”) and right (“Boosters Down”). Right
Cheek POSITION IS TESTEA. ... ...veeeieieieie e 87

Fig. 3.19 SAR measurements for the high frequency region at the specific frequencies of f=1700MHz,
f=1800MHz, f=1900MHz and f=2000MHz regarding both positions: left (“Boosters Up”) and
Tight (“BOOSLETS DIOWIN™)...cuviiiiiiiiitiiiie ittt bbb e eb e 88

Fig. 3.20 Effect of the ground plane size over the first and the fourth radiating mode. Note that the second
and the third radiating modes have not been illustrated due to the fact that they mainly
contribute to store energy rather than to radiate it (see section 2.2.1). Note that the dielectric
support is omitted in this calculus; its consideration would produce a further shifting to lower
L0 0 =T To] TSRS 90

Fig. 3.21 Current distribution associated to the first and fourth radiating modes of a ground plane having
dimensions of 100 mm x 40 mm and 120 mm X 50 MM, ......ccceviiiiiieveciee e 91

Fig. 3.22 Detailed view of a radiating structure comprising two coplanar non-resonant ground plane
boosters with dimensions 6 mm x 6 mm, and a ground plane with dimension 120 mm x 50 mm.
The ground plane boosters are located at 1 mm distance from the shortest edge of the ground
plane. The ground plane is supported by a thin FR4 substrate layer of 1mm thick having &=4.15

AN TANBT0.013. ..ottt ettt eaeen e e ee e e teeaeeneeneas 92
Fig. 3.23 Input impedance associated to the radiating structure shown in Fig. 3.22 regarding one ground
PIANE DOOSIEL. ...ttt e et nre et 92

Fig. 3.24 BW, associated to a handset platform featuring dimensions of 120 mm x 50 mm as a function of
the booster size regarding the low frequency region. a) comparison for several square-shaped
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pads; b) comparison for two pads having the same area but different orientation. A smaller pad
IS iNCluded alSO @S @ FETEIENCE. .......ocveiiiieiiiicie bbbt 93

3.25 BW, associated to a handset platform featuring dimensions of 120 mm x 50 mm as a function of
the booster size regarding the high frequency region. a) comparison for several square-shaped
pads; b) comparison for two pads having the same area but different orientation. A smaller pad
IS iNCluded alSO @S @ FETEIENCE. .......ocveieiieiiiiete bbbt 93

3.26 Radiofrequency system proposed including two broadband matching networks (LC resonators)
each one intended respectively for the low and high frequency regions. The series C is used to

allocate the impedance loop at the center of the Smith chart. ..., 94
3.27 a) Current distribution at f=0.9GHz and b) at f=2.2GHz when considering the proposed
radiofrequency system depiCted iN Fig. 3.26. .......ccooerieieiiiiiiiie e 94

3.28 Simulated reflection coefficient (Sy;) and input impedance after the addition of the proposed
radiofrequency system depiCted iN Fig. 3.26. .......ccccereieiiiiiiiirere e 95

3.29 a) Front-view of a radiating system comprising two coplanar ground plane boosters; b) Detailed
view of the radiating system depicting the integration of the radiofrequency system described in
o TR 0 USSP 96

3.30 Measured reflection coefficient (S;;) of the prototype depicted in Fig. 3.29........ccccccovvviinnnn 96

3.31 Measured radiation (r,) and antenna efficiency (n,=m,-(1-/Sw|?) of the prototype depicted in Fig.
072 RS 96

3.32 BW, for a pad of 12 mm x 6 mm and a pad of 6 mm x 6mm on a ground plane of 120 mm X
50mm (solid line). The dashed line represents the potential bandwidth enhancement (BW;) due
to the broadband matching network. The square represents the required bandwidth at a given
frequency band (SEE TabIE 3.1). ..ciiiiiiiece e et 98

3.33 BW, for a pad of 6 mm x 6 mm in a ground plane of 120 mm x 50 mm (square markers). The
line with circular markers represents the potential bandwidth enhancement (BWr) due to the
broadband matching network. The square represents the required bandwidth at a given
frequency band (TADIE 3.1). ... ettt s ae e 98

3.34 Architecture of the proposed small, multi-band, and planar radiating structure, comprising four
pads placed at the corners of a ground plane of 120 mm x 50 mm etched on a thin layer of FR4
having 1mm thick, g=4.15, tand=0.013. Pad 1 is designed for LTE700; pad 2 for GSM850 and
GSM900; pad 3 for GPS; and pad 4 for GSM1800 up to LTE2500. The distance between the
pad and the transversal edge of the ground plane is 1mm. The total area occupied by the pads is
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3.35 Radiofrequency system selected for the radiating structure of Fig. 3.34. Port 1, 2, 3, and 4
correspond to LTE700, GSM850/GSM900, GPS, and

GSM1800/GSM1900/UMTS/LTE2300/LTE2500, respectively. Port 1, 2 and 4 includes
broadband matching networks whereas port 3 (GPS) include a single series component. The
values shown are those selected for the built prototype. .......ccceiviieiiiiie e 99

3.36 a) Simulated input impedance for all the ports showing the input impedance loops due to the
addition of a broadband matching network (Fig. 3.35), except for the GPS pad, which only
requires a single series reactive element; b) Simulated S-parameters for the proposed radiating
At = I (o R T 1) TSRS 100

3.37 Computed surface current distributions at several frequencies. a) f=750MHz port 1 excited; b)
f=950MHz port 2 excited; ¢) f=1575MHz port 3 excited; d) f=2200MHz port 4 excited. Each
pad is connected to the matching network illustrated in Fig. 3.35. ......ccooiiiiiiiiiieeene e 100

3.41 Geometry and dimensions associated to the radiating structure comprising a magnetic booster
located at the center of the longitudinal edge of the ground plane. Current distribution referred
to the excited ground plane radiating mode at f=900MHz and f=1940MHz. The ground plane is
etched over a Imm thickness FR4 piece (g=4.15 and tand=0.013). ........ccovvriveririniniininnnens 105
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3.42 Geometry and dimensions associated to the radiating structure comprising a magnetic booster
located at the center of the transversal edge of the ground plane. Current distribution referred to
the excited ground plane radiating mode at f=900MHz and f=1940MHz. The ground plane is
etched over a Imm thickness FR4 piece (=4.15 and tand=0.013). .........cccecevervrrinrinsieennens 106

3.43 Effect of the size and the arrangement of the magnetic booster over the radiation efficiency (n;)
OF the radiating STIUCTUIE. ......ccceiii e 106

3.44 Q and BW, versus frequency referred to the radiating structure comprising a magnetic booster
with dimensions 5 mm x 18 mm as a function of their placement with respect to a ground plane
with dimensions 100 MM X 40 MIML L...oiiiiiiie e 107

3.45 Q and BW, versus frequency referred to the radiating structure comprising a magnetic booster
with dimensions 5 mm x 10 mm as a function of their placement with respect to a ground plane
with dimensions 100 MM X 40 IMIML ....oiiiiiiieiie e 108

3.46 Radiofrequency system including a reactance compensation and a broadband matching network
for the low frequency region. The one-port box corresponds to the simulated impedance of the
radiating structure comprising a magnetic booster of 5 mm x 18 mm placed in the center of the
longest edge of the PCB (100mMm X 40MIM). ....cviiiiiiiiieiiieeeeees e 108

3.47 Radiofrequency system including reactance compensation and broadband matching network for
the high frequency region. The one-port box corresponds to the simulated impedance of the
radiating structure comprising a magnetic booster of 5 mm x 10 mm placed in the center of the
longest edge of the PCB (100mMm X 40MIM). ....cviiiiiiiiienieieieeeeeee e 109

3.48 Impedance associated to the radiating structure comprising a magnetic booster of 5 mm x 18
mm (triangular markers); Impedance after the addition of the series capacitor as a reactance
compensation element for the low frequency region (square markers); Impedance attained
through the radiofrequency system shown in Fig. 3.46 (rhombus markers). ..........ccccceeveeenee. 110

3.49 Reflection coefficient associated to the radiating structure (dashed line); Reflection coefficient
regarding the addition of the reactance compensation element (solid line with square markers);
Reflection coefficient associated to the radiofrequency system shown in Fig. 3.46 designed for
covering the low frequency region (solid line with rhombus markers)...........cccocvvviviiieiienns 110

3.50 Impedance associated to the radiating structure (triangular markers); Impedance after the
addition of the series capacitor as a reactance compensation element for the high frequency
region (square markers); Impedance attained through the radiofrequency system shown in Fig.
347 (FNOMDBUS MATKETS).....ei it be et be s re e b e s be e sreetaente s 111

3.51 Reflection coefficient associated to the radiating structure (dashed line); Reflection coefficient
regarding the addition of the reactance compensation element (solid line with square markers);
Reflection coefficient associated to the radiofrequency system shown in Fig. 3.47 designed for
covering the high frequency region (solid line with rhombus markers)..........ccccccooriiiininnns 111

3.52 Radiation efficiency (n,) associated to the proposed radiating structures and antenna efficiency
(na) referred to the radiating systems presented in Fig. 3.46 and Fig. 3.47. The antenna
efficiency takes into account the matching losses since it is defined as n;= 1,-(1-/Sw[?). The
dashed area corresponds to the frequency ranges associated to the low frequency region (824-
960MHZz) and to the high frequency region (1710-2170MHZ). .......cccooviiiiiiieiiieee e 112

. 3.53 a) Prototype intended for the low frequency region comprising a magnetic booster with
dimensions of 5 mm x 18 mm and the radiofrequency system depicted in Fig. 3.46; b) Prototype
intended for the high frequency region comprising a magnetic booster with dimensions of 5 mm
x 10 mm and the radiofrequency system depicted in Fig. 3.47. Ground plane size is 100 mm x

40 mm. Both magnetic boosters are located at the center of the longest edge. ..........cccuvenee. 112
. 3.54 Set-up measurement in the anechoic chamber Satimo Stargate-32. .........cccccveveviviieveseeciee, 113
. 3.565 Measured reflection coefficient associated to the prototype depicted in Fig. 3.53a. ................ 113
. 3.56 Measured reflection coefficient associated to the prototype depicted in Fig. 3.53b. ................ 114
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3.57 3D radiation patterns for approximately the central frequency of the low frequency region

(900MHz) and the high frequency region (L900MHZ). .........ccccoevieiiiiiie e 114
3.58 n, and m, referred to the radiating system presented in Fig. 3.53a. The dashed area corresponds
to the frequency ranges associated to the low frequency region (824-960MHz). ................... 115

3.59 n, and m, associated to the radiating system presented in Fig. 3.53b. The dashed area
corresponds to the frequency ranges associated to the high frequency region (1710-2170MHz).
.................................................................................................................................................. 115

3.60 Matching network topology and input impedance response associated to the different stages that
constitute the proposed radiofrequency system. a) reactive cancellation for the low frequency
region; b) reactive cancellation for the high frequency region; c) combination into a single port;
d) fine-tuning stage that place the impedance loops at the center of the Smith chart. ............. 117

3.61 Reflection coefficient and input impedance obtained from the proposed radiofrequency system
depiCted iN Fig. 3.800. ....ccuoiiiieieieiese s 118

3.62 Radiating structure comprising two ground plane boosters (5 mm x 5 mm x 5 mm) and a ground
plane (120 mm x 50 mm) etched over a 1 mm thick FR4 piece (left); radiation properties are
measured using anechoic chamber Satimo Stargate-32 (right). ........cccocevviiinininicieee 119

3.63 Measured reflection coefficient (S;;) associated to the prototype depicted in Fig. 3.62........... 119

3.64 Measured radiation (n,) and antenna efficiency (m.=n, (1-|S1.°) associated to the prototype
AEPICLEA 1N FIQ. 3.82. ...t 119

4.1 Geometry of the four radiating systems proposed. All prototypes are etched over a 1 mm thick
FR4 piece (g=4.15, tand=0.013). Penta-band coupled monopoles set (left), penta-band compact
radiating system (2™ column), dual-band PIFA (top right), and hexa-band PIFA with a slotted
ground plane (DOTEOM FIGNT)........cviiiiiice s 131

4.2 Set-up for radiation measurement in the anechoic chamber Satimo Stargate-32 showing the
coordinate system regarding free-space and the human head presence for the “Antenna Down”
POSTEION. .ttt bbb bbb bbbttt bR b et e n e nne 132

4.3 Sy; regarding free-space and head interaction. a) Dual-band PIFA; b) Hexa-band PIFA with a
slotted ground plane; c) Coupled Monopoles; d) Compact radiating system. .............ccccceveunens 133

4.4 Antenna efficiency measured by 3D integration pattern in the anechoic chamber Satimo Stargate-
32 regarding the: dual-band PIFA (Fig. 4.1 (top right)), hexa-band PIFA (Fig. 4.1 (bottom
right)), coupled monopoles (Fig. 4.1 (left)), and compact radiating system (Fig. 4.1 (2"
column)) in free-space. The antenna efficiency takes into account the mismatch losses, since it
iS defined as Ma=mr (LIS11D). covvererreeeereeeieseeeee ettt 134

4.5 Radiation efficiency associated to the dual-band PIFA (Fig. 4.1 (top right)), the hexa-band PIFA
(Fig. 4.1 (bottom right)), the coupled monopoles (Fig. 4.1 (left)), and the compact radiating
system (Fig. 4.1 (2" column)) regarding free-SPace. .........co.covveervererrerreesreeseessinseessessessennes 135

4.6 Measured radiation efficiency in the low and high frequency region for the dual-band PIFA (Fig.
4.1 (top right)), the hexa-band PIFA (Fig. 4.1 (bottom right)), the coupled monopoles (Fig. 4.1
(left)), and the compact radiating system (Fig. 4.1 (2™ column)) regarding a)-b) “Antenna Up”
position and ¢)-d) “Antenna DOWN™ POSILION. .....ecveiveiverieieeieseseeste e e e e sae e sae e e e 136

4.7 Average absorption ratios across the low frequency region (824-960 MHz) and the high
frequency region (1710-2170MHz) regarding both positions “Antenna Up” and “Antenna
DIOWN . ettt bt bbb h e E bRt E Rt bt bt b bt e e et aeennas 136

4.8 Measured antenna efficiency in the low and high frequency region for the dual-band PIFA (Fig.
4.1 (top right)), the hexa-band PIFA (Fig. 4.1 (bottom right)), the coupled monopoles (Fig. 4.1
(left)), and the compact radiating system (Fig. 4.1 (2™ column)) regarding a)-b) “Antenna Up”
position and ¢)-d) “Antenna DOWN™ POSILION. .....ecveiveiieiiesieeeeiese et ste e e sre e sre e 137
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4.9 Main cuts (Phi=0° and Phi=90°) of the radiation patterns provided by the compact radiating
system prototype (Fig. 4.1 (2™ column)) measured at the frequency of 900MHz and 2000MHz
regarding free-space and human head for both positions: “Boosters Up” and “Boosters Down”.

See coordinate axis At Fig. 4.2. ...ttt e ra e 138
4.10 Measured directivity in the low frequency region regarding the four prototypes in free-space and
human head CONAITIONS. .......coiiiiiiie et nne 139
4.11 Measured directivity in the high frequency region regarding the four prototypes in free-space
and human head CONAITIONS. .......cveiiieie et eesreeree e 139
4.12 Figure of Merit regarding “Antenna Up” POSIHION. ......ccccoviiiieiiniiie e 143
4.13 Figure of Merit regarding “Antenna DOWN™ POSIHION. .....ccuveivieiieiiiiiiiiie e 144

5.1 Schematic example of a distributed antenna system consisting of a passive array of two monopole
antennas placed at the corners of the ground plane of a handset device. A phase delay ¢ is used
to optimize the DANAWILN. ..o e 153

5.2 a) Electrical model for a distributed antenna system similar to that schematically depicted in Fig.
5.1. Z; and Z, correspond to the complex input impedances of monopoles 1 and 2, respectively,
which are connected through a transmission line with characteristic impedance Z,=50 Q and
electrical length ¢; b) Electrical model for a distributed antenna system comprising three
MONOPOIES. ..t b bttt b e bt b et e e et nne 154

5.3 Simulated impedance for the electrical circuit of Fig. 5.2a. a) Input impedance Z; of a monopole
antenna (triangular markers); b) Z,’ which is the resulting input impedance Z, after the addition
of a transmission line featuring 90° at f, (square markers); c¢) distributed system with Z,;=7,,
$=90° at 900 MHZz (rhomBUS MArKErS). ......ccviiiriiieieieire s 154

5.4 Simulated impedance for the electrical circuit of Fig. 5.2b. a) Input impedance Z; of a monopole
antenna (triangular markers); b) Z,’ which is the resulting input impedance Z, after the addition
of a transmission line featuring 60° at fy (square markers); ¢) Zs’ which is the resulting input
impedance Z; after the addition of a transmission line featuring 120° at f, (rhombus markers); d)
distributed system with Z,=7Z, =Z;, $,=60° and ¢,=120° at 900MHz (double triangle markers).
.................................................................................................................................................. 155

5.5 Simulated reflection coefficient (S;;) associated to an impedance Z; corresponding to a series
RLC circuit featuring f,=900MHz, R=20Q, Q=20 (triangular markers); Si; regarding Z,’ (square
markers); Sy; regarding Z; connected to a generator having an internal impedance Z,=R (double
triangle markers); S;; for the distributed antenna system of Fig. 5.2a (2 monopoles) connecting
two equal impedances Z;=Z, with a $=90° (900MHz) transmission line having a characteristic
impedance Z,=50 Q (rthombus markers); and Sy; for the distributed antenna system of Fig. 5.2b
(3 monopoles) having Z;=Z,=Z; and ¢,=60° and ¢,=120° at 900MHz (circular markers). ...... 156

5.6 Left) single monopole; middle) distributed antenna system comprising two monopoles; right)
distributed antenna system of three monopoles. The ground plane in all cases presents
dimensions of 90 mm x 40 mm and is printed on a FR4 substrate 1 mm thick. The footprint for
the monopoles iS 13 MM X L1 MIML...eiiiiiiiie e neas 157

5.7 Measured reflection coefficient for the radiating systems of Fig. 5.6.........ccccoceeviiiinieniniennnen. 158

5.8 Measured antenna efficiency for the radiating systems shown in Fig. 5.6. The antenna efficiency
takes into account both radiation efficiency and mismatch losses 1:=1 (1-/S11?). veeverrrrrennnn. 158

5.9 Measured directivity for the single monopole and the distributed antenna systems of two and
three monopoles. Measured 3D radiation pattern at 900MHz showing the typical A/2 dipole-
type pattern for the distributed system of three monNOPOIES..........cocvevviiiii i, 159

. 5.10 Simulated current distribution at f=850MHz depicting the current aligned with the longitudinal
edges of the ground plane, hence approximating that of a typical half-wavelength mode, null at
the transversal edges and maximum at the center of the longitudinal edges...........cccccoeveeene. 159
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. 5.11 Left: common holding position during a call; right: the phantom hand emulating the real
situation illustrated in the figure on the Ieft.........cooviiiiici 160

5.12 Detail of the phantom finger covering the upper right corner of the PCB for the three prototypes
under consideration: a) single monopole; b) two monopoles; c) three monopoles. ................. 161

5.13 Measured antenna efficiency taking into account the phantom hand over the PCB and the finger
N The FIgNt POSTTION. ....c.uiiicc e et sae s re e e 161

5.14 Detail of the phantom finger covering the upper middle area of the PCB for the three prototypes
under consideration: a) single monopole; b) two monopoles; ¢) three monopoles. ................. 161

5.15 Measured antenna efficiency taking into account the phantom hand over the PCB and the finger
IN the MIAAIE POSITION. ... e 162

5.16 Detail of the phantom finger covering the upper left corner of the PCB for the three prototypes
under consideration: a) single monopole; b) two monopoles; ¢) three monopoles. ................. 162

5.17 Measured antenna efficiency taking into account the phantom hand over the PCB and the finger
1N TNE 1ETE POSTEION. ...t 162

5.18 Average antenna efficiency (824-960MHz) in free-space and regarding hand loading for the
proposed antenna systems (Fig. 5.6) and regarding the three finger positions anlyzed. .......... 163

5.19 Hand losses averaged in the 824-960MHz frequency range for the proposed antenna systems
(Fig. 5.6) and regarding the three finger positions analyzed. ...........c.cccoo i, 163

5.20 Simulated impedance for the electrical circuit of Fig. 5.2a. Input impedance Z; of a monopole
(triangular markers); Z,” which is the resulting input impedance Z, after the addition of a
transmission line featuring 90° at f, (square markers); distributed system with Z,=Z,, $=90° at
900 MHz (rhombus markers). Both RLC series circuits Z; and Z, are characterized by an input
resistance R=20€, quality factor Q=20, and resonant frequency f,=900MHz. ...........cccvevne. 166

5.21 Electrical model of a distributed antenna system comprising a passive array of two monopoles
fed in-phase when ¢:=¢,. Z; and Z, correspond to the complex input impedances of monopoles
1 and 2, respectively, which are connected through two transmission lines with characteristic
impedances Zo=50 Q and electrical length ¢; and ¢, respectively . .......cccccocvrvvriiiiiicicinnns 167

5.22 Simulated impedance for the electrical circuit of Fig. 5.21. Input impedance Z;,’ and Z,” are
respectively, the resulting input impedances Z; and Z, after the addition of two transmission
lines, each one featuring 90° at f, (square and triangular markers); distributed system with
Z1=Z,, 1=¢»=90° at 900 MHz (rhombus markers). Z,=Z, have R=20Q, Q=20, and f,=900MHz.
.................................................................................................................................................. 167

5.23 Geometry associated to the proposed radiating system composed by two Hilbert monopoles
having a footprint area of 12 mm x 14 mm. The Hilbert monopoles are arranged at the corners
of the shorter edge of a ground plane having dimensions of 90 mm x 40 mm. ............cccce.ee.. 168

5.24 Proposed radiofrequency systems. a) Broadband matching network and fine-tuning stage for a
single Hilbert monopole; b) Out-of-phase distributed antenna system; c) In-phase distributed
antenna system. Both, in-phase and out-of-phase schemes include a matching network after the
combination of the response into a single input/output port. Note that the one-port box depicted
in &) corresponds to the input impedance associated to a single Hilbert monopole while the two
port-box shown in b) and c) corresponds to the distributed antenna system depicted in Fig. 5.23.

.................................................................................................................................................. 169
5.25 Reflection coefficient corresponding to the radiating structures and the radiofrequency systems
depicted in Fig. 5.23 N0 FiQ. 5.24. .....oiioii ettt 169

5.26 Current distribution at frequencies 850 MHz (a-c) and 900 MHz (d-f); a) and d) single Hilbert
monopole (Fig. 5.24a); b) and e) out-of-phase distributed antenna system (Fig. 5.24b); c¢) and f)
in-phase distributed antenna system (Fig. 5.24c). Amplitude (in volts) and phase (in degrees)
information for each port takes into account the radiofrequency systems of Fig. 5.24. The
arrows represent schematically the sense of the current VECtOrs. ..........ccocevvveneienie i 170



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
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6.8 a)-c) Current distribution at 900MHz regarding the dual-band PIFA, the hexa-band PIFA, and the
coupled monopoles, respectively; d)-f) Current distribution at 1900MHz regarding the dual-
band PIFA, the hexa-band PIFA, and the coupled monopoles, respectively. Max E-current is
fixed to 8 A/m and the dynamic range is 30dBs. The axis coincide with those illustrated in Fig.
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. 6.19 Left) Geometry of the proposed multi-band MIMO system comprising a set of coupled
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6.31 a)-b) Current distribution without the slot when the coupled monopoles and the ground plane
booster for the low frequency region are excited, respectively. Port 3 is connected to a 50Q
load; ¢)-d) Current distribution regarding the slot when the coupled monopoles and the ground
plane booster for the low frequency region are excited, respectively. Port 3 is connected to a
50Q2 load. Max-E current is SA/m and the dynamic range is 30dB’s. The axis coincide with
those THUSErated iN Fig. B.48. ...cc.ciiiie ettt s re e e 225

6.32 a) Geometry of the proposed multi-band MIMO system. The coupled monopoles and the ground
plane are etched over a 1 mm thick FR4 piece (g=4.15, tand=0.013), respectively; b) S-
parameters. Port 1 refers to the coupled monopoles, whereas port 2 and 3 relate to the ground
plane booster intended for the low frequency region and the high frequency region,
respectively; ¢) Detailed view of the ground plane booster and the matching network for the low
frequency region d) Schematic representation of the implemented matching networks
containing the commercial values of the reactive elements (Murata SMD0402) connected to
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6.33 Left) Geometry of the proposed multi-band MIMO system incorporating a miniaturized slot as
isolation technique. The coupled monopoles and the ground plane are etched over a 1 mm thick
FR4 piece (g,=4.15, tan6=0.013); Right) S-parameters. Port 1 refers to the coupled monopoles,
whereas port 2 and 3 relate to the ground plane booster intended for the low frequency region
and the high frequency region, reSPeCtiVElY. ..o 227
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6.38 Left) Geometry of the proposed multi-band MIMO system comprising four ground plane
boosters and two slots inspired in the Hilbert fractal. The ground plane is etched over a 1 mm
thick FR4 piece (g,=4.15, tand=0.013). The matching network connected to each port contains a
series inductor, a broadband, and a series capacitor as a fine tuning stage; Right) S-parameters.
The axis coincide with those illustrated iN Fig. 6.4a. .......ccoocviiiiiiiee e 231

6.39 Radiation and antenna efficiency corresponding to the MIMO system illustrated in Fig. 6.38.
Port 1 and 3 refer to the ground plane booster intended for the low frequency region, whereas
port 2 and 4 relate to those boosters in charge of the high frequency region. ..........c.cccoen.... 232

6.40 a) Comparison of the correlation coefficient with (Fig. 6.38) and without the Hilbert-based slots
(Fig. 6.36) computed through radiation patterns (6.9) for the low and high frequency region. 232

6.41 a)-b) E-total regarding the $=0° and ¢$=90° cuts associated to the radiating systems of Fig. 6.36
at the frequency of 0.94 GHz; c)-d) E-total regarding the ¢=0° and $=90° cuts associated to the
radiating systems of Fig. 6.38 at the frequency of 0.94 GHz. Note that the null appearing at
$=90°, 6=90° is due to the infinite FR4 piece considered in the simulation. In practice, when
finite dielectrics are regarded, the $=90° cut is omnidirectional. ..............ccocoevriiiiieiiinnn. 233



Fig. 6.42 a)-b) Current distribution at 0.9GHz and 1.9GHz without the slot when the ground plane
boosters for the low and high frequency region are excited; c)-d) Current distribution regarding
the slots inspired in the Hilbert fractal when the ground plane boosters for the low and high
frequency region are excited. Port 3 and port 4 are connected to a 50Q load. Max-E current is
5A/m and the dynamic range is 30dB’s. The axis coincide with those illustrated in Fig. 6.4a.234

Fig. 6.43 a) Geometry of the proposed multi-band MIMO system comprising four ground plane boosters.
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CHAPTER 1 INTRODUCTION

1.1. Introduction

This thesis is framed in the wireless communications market and more specifically in handset
antennas for wireless handheld devices.

Communication has evolved from the primary smoke signals to nowadays where sophisticated
wireless handheld devices flood the society. The wireless technology appears, as a disruptive concept, in
the early 70’s and becomes consolidated in the 90’s as a solution to provide mobility capabilities to the
already existing Public Switched Telephone Network (PSTN). This fact becomes an important milestone
that sets forth the starting point of the evolution history of wireless handheld devices and consequently of
handset antennas as the fundamental part of a wireless communication system. In their early stages, the
antennas developed for wireless handheld devices were conceived with the aim of providing operability
in a single communication standard (GSM (Global System for Mobile Communications)) mainly
developed to offer basic voice and short messaging services, and being allocated in a narrow frequency
region of the electromagnetic spectrum. These primary handset antennas were essentially external

antennas (antennas that protruded the handset phone (Fig. 1.1a)).

a) b)

Fig. 1.1 Handset antenna evolution: a) Example of an external antenna and a handset including such external antenna; b)
Example of two internal antennas and handsets including internal antennas.

Nevertheless, the impact caused by such technology in the society and the great market share
achieved by mobile communication operators, fostered the need to develop new communication standards
in order to solve the limitations not only found in terms of capacity for assuming the great number of user
demands, but also in terms of functionalities since innovative services were continuously required. Such
new mobile communication standards were allocated in a wide frequency region of the electromagnetic
spectrum involving a great challenge for providing multi-band handset antennas capable of operating in
said wide frequency range. Thus, and as a second important milestone, a novel generation of internal
antennas (antennas integrated inside the handset phone (Fig. 1.1b)) appears to provide operability in such

multiple communication standards and to satisfy user requirements regarding aesthetic, functional, and
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operational factors. From those days until now, the wireless handset market is consolidated as a powerful
economic market sector always in constant evolution with more than 5.6 billion of users.

This fast growing has fostered the need to still develop more communication standards integrating
not only new access techniques to take full advantage of the available frequency spectrum but also new
smart antenna technologies such as Multiple Input Multiple Output (MIMO) to provide sophisticated
services demanding high data rates and high quality, such as video on demand, video streaming, video
conference, voice over IP, high definition video, interactive games, web 2.0, etc. In this sense, and in
order to offer the above services, it is expected that new multifunctional wireless devices or smartphones
integrate a great number of mobile communication standards such as for example GSM850, GSM900,
GSM1800, GSM1900, UMTS, CDMA, W-CDMA, LTE, etc., multiple connectivity standards such as for
instance WiFi, IEEE802.11 standards, Bluetooth, WiMAX, WiBro, etc., and multiple broadcast standards
such as FM, DAB, DVB-H, DMB or other related digital or analog video and/or audio standards, which
at the same time have to coexist with already offered functionalities such as music players (MP3, MP4),

camera, Global Positioning System (GPS), etc. (Fig. 1.2).
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Miniature and multi-band antennas required to enable the integration
of multiple functionalities and services into ultra-slim multifunctional
wireless devices or smartphones

Fig. 1.2 Multiple mobile communication standards offering a great number of services and functionalities integrated in the new
multifunctional wireless devices commonly known as smartphones.

Furthermore, the aforementioned requirements force the need of integrating a great number of
handset components (batteries, speakers, shieldings, micro-processors, memory modules, communication
circuits, multiplexors, LCD displays, QWERTY keyboards, etc.) in such multifunctional wireless devices
while aesthetic and functional limitations appear mainly in terms of ultra slim, low weight, and low
energy consumption platforms. Therefore, the dare lies in integrating such great number of functionalities
and services into the reduced space available in current handset platforms (Fig. 1.3).

These needs considerably make even more difficult the antenna design, since antenna engineers
have to face the challenge of providing handset antennas capable of operating in such multiple

communication standards while restricted by physical constraints in terms of available space. This fact
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directly faces up to the physic limits since the radiation properties associated to antennas are inversely

proportional to the antenna size [1]-[2].
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Fig. 1.3 Handset components associated to the handset phone Blackberry 8703e a) Image showing the keyboard; b) Image
showing the speaker, the battery, and a handset antenna (top edge); ¢) Image showing the LCD display; d) Image showing several
shieldings containing memory modules, microprocessors, communication circuits, multiplexors, etc., and another handset
antenna (bottom edge).

In order to overcome the aforementioned shortcomings, this thesis proposes a new generation of
radiating systems where no dedicated antenna is required for providing operability in multiple
communication standards. The technology is based on the proper excitation of a structure already existing
in the handset phone, the ground plane, which usually appears etched in the Printed Circuit Board (PCB).
This excitation is carried out through the use of small non-resonant elements featured by considerable
reduced dimensions. The term ground plane booster is used along this thesis to refer to these non-resonant
elements that feature poor stand-alone radiation properties. Accordingly, the here called ground plane
boosters are intended for exciting an efficient radiating mode of the ground plane, avoiding the need of
including a dedicated antenna while preserving the radiation performance. As a result, the PCB space
devoted to the prior handset antennas is considerably reduced and the integration capability of new
services, functionalities, and handset components is further increased.

This thesis is divided in seven chapters, namely:

e Introduction

e Fundamental Principles

e Ground Plane Booster Antenna Technology
e Human Interaction

o Distributed Radiating Systems

e Ground Plane Boosters in MIMO Systems
e Conclusions

Chapter 1 introduces the scope and objectives of the present research and discloses the initial
hypothesis as well as the preliminary results that will set forth the grounds of the proposed technology.
The methodology followed up to develop the thesis is also presented along this chapter. In addition, an
analysis of the state of the art is presented with the aim of determining the benefits and limitations of
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handset antenna solutions used nowadays. Finally, a list of the derived publications in scientific journals,
international and national conferences as well as patent applications is detailed.

Chapter 2 is more focused on discussing the fundamental principles of the proposed technology,
which are mainly based on the characteristic modes theory. In this sense, the chapter firstly introduces the
principles of this theory and continues with the discussion of how this theory could be applied to the
handset antenna design. Characteristic modes are defined as the electrical current eigenfunctions linked to
the boundary conditions of an arbitrary shaped conducting object. These characteristic modes are only
dependent on the shape and size of the conducting object and not on the feeding mechanism. Thus, their
knowledge becomes significantly useful, since they provide a relevant physical insight into the radiation
properties of a particular conducting object just through the knowledge of its shape and size. Although the
information provided is very valuable, in some cases their computation becomes cumbersome and
particularly complex. In order to provide a simplified computation method, this chapter also proposes a
Radar Cross Section analysis (RCS) to estimate the radiation properties of the fundamental modes for a
given conducting structure such as a ground plane of a wireless handheld device. As previously indicated
and as will be discussed later in more detail, the main objective of this thesis is focused on providing a
radiating system capable of using the inherent ground plane of any handset platform as main radiator. The
solution removes the need of including additional radiating antenna elements, thus providing
supplementary space in the handset platform to integrate other handset components intended for
increasing the number of services and functionalities of the wireless handheld or portable device. The
challenge of the proposal not only relies on determining the suitable ground plane size and shape capable
of producing efficient wave modes at mobile frequencies, but also on the elements used to excite said
potential wave modes. In this sense, this chapter further analyzes the advantages and disadvantages of
using resonant antennas or non-resonant elements to excite the ground plane radiation modes as well as
discusses how the size and geometry of these elements affect the performance of the radiating system.

Chapter 3 describes in a first stage, a multi-band radiating system capable of providing penta-band
operation (GSM850, GSM900, GSM1800, GSM1900, and UMTS). Two non-resonant elements
performing considerable small dimensions of just 5 mm x 5 mm x 5 mm are used to excite the ground
plane modes of the typical handset platform of a bar-type mobile phone (100 mm x 40 mm). These
elements are called ground plane boosters and they should not be considered antennas mainly due to their
poor stand-alone radiation properties (very high quality factor (Q) at the frequencies of operation). Thus,
the solution removes the need of integrating large resonant antenna elements that occupy a considerable
PCB space. Impedance matching is attained through the addition of a radiofrequency system based on a
systematic matching network design, which is deeply explained along the chapter. As previously
introduced, in the context of this thesis, the term ground plane booster is used to refer to those non-
resonant elements featured by considerably poor stand-alone radiation properties due to their reduced

electrical dimensions. In a similar manner the term radiofrequency system relates to those reactive
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components, either lumped or distributed, used to attain impedance matching at the desired operating
frequencies.

The second stage presents an alternative solution, which substitutes the volumetric ground plane
boosters by coplanar ground plane boosters, thus simplifying significantly the manufacturing process of
the solution while maintaining the radiation properties. This stage also introduces a systematic method to
determine in advance the required size and shape of the ground plane booster as a function of the shape
and size of the ground plane. The previous proposals, shown in this chapter, are based on capacitive
elements, which couples energy to the ground plane through electric fields. Nevertheless, this coupling
could be made otherwise through magnetic fields by using inductive elements. Accordingly, the chapter is
completed with the study of the effect introduced by inductive ground plane boosters on the radiation
properties. Finally, a novel concept of radiofrequency system that presents a simplified matching
architecture capable of reducing the number of reactive components in a factor around 2.5 with respect to
other solutions also proposed along this thesis is provided.

Chapter 4 is intended for analyzing the effects of the human interaction over the suggested
radiating system from two main perspectives, functional and biological. On one hand, the performance of
the proposed ground plane booster solution is compared with already consolidated handset antenna
technologies, more particularly with a Planar Inverted F Antenna (PIFA), a set of coupled monopoles, and
a PIFA over a slotted ground plane in the presence of the human head. The solutions are compared in
functional terms, i.e. the effects produced by the presence of the human head over the performance of the
radiating system are analyzed in order to determine the robustness of each solution. These effects mainly
translate into detuning and efficiency decrements. Nevertheless, not only the effects that the proximity of
the human head produces over the performance of a particular radiating system should be considered, but
also biological aspects caused by the radiation of the handset device must be taken into account. In this
sense, the Specific Absorption Rate (SAR) as the main relevant biological parameter is provided for each
one of the proposed solutions in order to better characterize them.

Chapter 5 is also oriented to provide robust radiating systems to human interaction, but in contrast
to the previous chapter, in this case the proximity of the human hand is analyzed. The chapter proposes
solutions to overcome the detuning and efficiency decrements that the proximity of the user hand
produces over the performance of radiating systems. The concept is based on introducing redundancy by
adding different radiating elements in such a way that when a radiating element is blocked by the user
hand the remaining element could still operate properly. The main advantage of this completely passive
antenna solution relies on the fact that it not only enhances the robustness of the radiating system to hand
loading but also improves its performance in terms of bandwidth and efficiency proportionally to the
number of the redundant radiating elements added. Different feeding schemes (namely, an out-of-phase
and an in-phase feeding scheme) to combine signals into a single Input/Output port are deeply discussed
in order to determine their advantages and disadvantages. The distributed radiating system is finally

expanded to a distributed ground plane booster antenna solution, which enhances the electromagnetic
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properties of previous booster based solutions by providing hepta-band operation capable of covering
nine communication standards, namely LTE700, GSM850, GSM900, GSM1800, GSM1900, UMTS,
LTE2100, LTE2300, and LTE2500).

Chapter 6 is oriented to enable MIMO in emergent multifunction wireless devices. The chapter
discusses the shortcomings associated to representative state of the art solutions and presents MIMO
technologies based on ground plane boosters capable of overcoming aforementioned shortcomings.
MIMO technology requires the use of multiple antennas in transmission and reception in order to increase
the channel capacity. Thus, the bottle neck in cellular wireless networks is found in the user terminal
rather than in the terrestrial base station. This is mainly due to the fact that handset devices are featured
by strict size constraints imposed by strong user demands based on functional and aesthetical reasons.
More particularly, the challenge of integrating MIMO in handset platforms further exacerbates in the low
frequency region comprising the widespread communication standards (GSM850 and GSM900) as well
as important emergent standards such as LTE700. In this frequency region, resonant antennas require a
considerable size that makes unfeasible or even prevents the integration of multiple antennas into a single
handset platform. This chapter explains that these size limitations could be solved by the use of ground
plane boosters capable of exciting different ground plane radiation modes or even the same ground plane
radiation mode with acceptable correlation levels as for guarantying the proper performance of the MIMO
system.

Chapter 7 presents the main conclusions derived throughout the research.

1.2. Hypothesis and Preliminary Results

From a technical point of view, the fundamental principle of the proposal is based on the use of
non-resonant ground plane boosters (Fig. 1.4) to excite the efficient radiation mode of the ground plane,

reusing in this sense an existing handset structure as a main radiator.
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Fig. 1.4 a) Input impedance associated to the simulated geometry b) including a non-resonant capacitive ground plane booster on
a ground plane having a size of 100 mm x 40 mm according to a typical bar-type phone (featuring capacitive input impedance)
(triangular markers) and input impedance associated to the simulated geometry ¢) including a non-resonant inductive ground
plane booster element (featuring inductive input impedance) (square markers).

However, the proper excitation of the predominant mode is not enough for providing multi-band
behavior since its inherent bandwidth (BW,) (1.1) calculated from its quality factor (Qa) (1.2) (Fig. 1.5),
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according to reference [3], is not enough to provide operation in the desired frequency range. In order to
provide operability in the main communication standards GSM850, GSM900, GSM1800, GSM1900, and
UMTS a bandwidth (BW) around 15% in the low frequency region and 24% in the high frequency region
is required. Consequently, a matching network is needed to guarantee operability in the aforementioned
communication standards.

With this aim, a systematic method for broadening the BW, of RLC circuits in a factor around one
half of Fano’s limit [4] is proposed in [5] for parallel RLC circuits and in [6] for circuits featuring RLC
series input impedances as a result of this thesis development. However, the proposed radiating structures
(Fig. 1.4) also demand a preceding step in order to allow the application of this broadband method. Thus,
a series inductor, regarding the radiating structure corresponding to Fig. 1.4b, is used to compensate the
capacitive reactance in order to model the input impedance locus according to that provided by a resonant
RLC series circuit. In the case of Fig. 1.4c, a series capacitance would be needed. Such broadband
mechanism applied over non-resonant ground plane booster is further disclosed in [7]-[9] where some
results associated to the first stage of this thesis are gathered demonstrating the feasibility of the proposal.
Accordingly and in order to achieve the enhanced bandwidth (BW), a parallel capacitor and inductor is
used as a broadband matching network. The proper values of these reactances (C,, and L,,) gathered in
equations (1.3) and (1.4) are readily obtained through an accurate mathematical analysis already

developed in [9] using the associated electrical model (Fig. 1.6a).
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Fig. 1.5 Inherent bandwidth and quality factor versus frequency calculated regarding the radiating structures shown in Fig. 1.4 b)
(left plot) and c) (right plot) through the corresponding input impedances according to equations (1.1) and (1.2).
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Where f, and f; are the frequencies where S;4(f,)=S11(f1) has a Standing Wave Ratio (SWR) equal to
S; fy is the central frequency between f, and f;, Q, is the antenna Q, R(w) and X(w) are the real and
imaginary part of the input impedance, respectively; and v,=f,/fo-fo/f;.

Such suitable values provide the expected bandwidth by satisfying the condition represented
graphically and defined mathematically in the illustrated equations (Fig. 1.6b). On one hand and as
previously exposed, the reactance cancellation element allows the impedance locus feature input
impedance similar to that provided by a resonant RLC series circuit. On the other hand, the two stages
matching network based on a parallel inductor and capacitor turns the curve into a multi-resonance loop
providing a bandwidth enhancement factor (F) around 2.45 (1.5) considering a SWR<3 (Fig. 1.6c). Note
that parameter S illustrated along this section directly refers to SWR.

The aforementioned process obtained during this thesis development, allows simplifying the
matching network design, since the antenna engineer is able to know in advance if the radiating structure
would be able to offer a potential bandwidth (BW;) capable of providing operability in the desired
communication standards. In this sense, the systematic broadband matching network becomes a powerful
tool that not only provides a wide bandwidth with the minimum number of reactive elements but also
avoids the cumbersome matching network methodologies based on trial and error.

Broadband Matching Network

FLCLLITTTE TP TITreT LIrere ey T

D~ f, )y, (= e (1= It (1330

@ e (11-Rett (-2
0

: m—ir m gt
Vi 1 FY:F?LC RLC series circuit

. 1
Yin(F) =Yirc () + j2AC,, + jorL,

L@ ReY,(1)}=>

Fig. 1.6 a) Equivalent electrical circuit associated to the radiating structure of Fig. 1.4b after the addition of the reactance
cancellation element (RLC series circuit) and the two stages broadband matching network; b) Conditions required to attain a
broadband matching network capable of increasing the inherent bandwidth of a radiating structure featuring a RLC series input
impedance in a factor around 2.45 for S<3; c) Step by step input impedance sequence starting by the addition of the reactance
cancellation element and concluding with the two stages matching network with the proper C,, and L,, values that allow
inscribing the impedance loop in a circle of S<3.

The radiating structure and the radiofrequency system including such broadband matching network
as a whole (Fig. 1.7) will constitute one of the radiating systems disclosed in this thesis. The feasibility of
the proposal has been already analyzed by prototyping (Fig. 1.8) and the promising results are gathered in
[9]. The aforementioned limitations of current handset antenna mainly in terms of required volume to

achieve multi-band behavior are solved by this proposal that provides a penta-band behavior operating in
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the main worldwide communication standards GSM850, GSM900, GSM1800, GSM1900, and UMTS
thanks to the use of two capacitive ground plane booster elements featured by a small volume of only 250
mm?®. This fact implies a volume reduction with respect to current technologies offering penta-band

behavior of a factor around 20 (Fig. 1.9).
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Fig. 1.7 a) Radiating system designed for achieving a penta-band behavior consisting in a reactance cancellation element, a
broadband matching network, and a notch filter for each frequency region [7]-[9]. Note that the first stage of the notch filter and
the broadband matching network can be simplified using only two components. The two-port box is the simulated input
impedance of the radiating structure shown in b); b) Detailed view of the radiating structure obtained from the simulated layout
comprising two non-resonant ground plane boosters with dimensions 5 mm x 5 mm x 5mm each one in charge of the ground
plane (100 mm x 40 mm) excitation for each frequency region (low frequency region comprising the communication standards
(GS850 and GSM900) and high frequency region comprising the communication standards (GSM1800, GSM1900, and UMTS);
c) Current distribution associated to the radiating structure at the central frequencies of both frequency regions (f=0.89 and
f=1.94GHz) that demonstrates the effectiveness of the boosters in exciting efficient radiation modes of the ground plane.
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Fig. 1.8 Penta-band prototype designed according to the schematic shown in a) including besides the reactance cancellation
inductor and the broadband matching network, the notch filters required for providing isolation between both frequency regions.
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This penta-band radiating system is slightly introduced here in order to briefly illustrate the
technical aspects that mainly support the scope and objectives of this thesis. Its design is further analyzed
and discussed along chapter 3. In addition to the size advantages (Fig. 1.9), the proposal of this thesis is
also oriented to provide an innovative solution focused on becoming a standard product able to be
integrated in a handset platform independently from its form factor (bar, tablet, phablet, clamshell, slider,
swivel, sidekick, laptop, etc.). Until recently now, handset antenna design presents an important
customization phase where the antenna has to be designed according to the handset platform.

In this way, current handset antenna designs could not be extended to all platforms since especial
considerations must be taken into account regarding not only the form factor but also the distribution and
arrangement of other handset components. Consequently, the aim of this thesis is also focused on
providing a standard solution that can be implemented without the need of a customization phase in any
handset platform. It is possible on one hand, by the reduced space required by the ground plane boosters,
and on the other hand by the fact that the ground plane used as main radiator is present in all current
handset platforms (Fig. 1.10).

Fig. 1.9 Comparison between current internal antenna technologies and the technology proposed in this thesis. Note that the PCB
space is considerable increased when the dedicated antenna (framed in dashed line (left)) is replaced by the non-resonant ground
plane boosters (framed in dashed line (right)).

Once the feasibility of the proposal from functional and mechanical aspects is performed and its
advantages with respect to previous technologies are demonstrated (chapter 3), the question that arises
and that will be treated along the thesis is related to the robustness of the proposed radiating systems to
the effects associated to the human interaction (chapter 4). It is well known that the analysis of the
electromagnetic performance related to a specific radiating system in free-space is not enough to fully
characterize the device, since the human interaction strongly affects to its performance. In fact, the simple
action of holding the handset during a phone call introduces undesired effects such as detuning and
efficiency decrements that can jeopardize considerably the performance of the radiating system.
Consequently, handset antennas have to be evaluated regarding not only free-space conditions but also
realistic situations emulating the effects of the human presence.

For previous reasons, the human interaction is tackled in this thesis from two main aspects:

biological and functional (Fig. 1.11). On one hand, the biological compatibility of some of the solutions
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presented along the thesis development will be analyzed in terms of Specific Absorption Rate (SAR). The

SAR is a measure of the maximum electromagnetic field inside the human head per unit of mass and is

directly related with health aspects.

Fig. 1.10 Left: Example of several handset platforms featuring different form factors and consequently dissimilar internal
antennas especially customized for being integrated in such specific handset platforms; Right: Ground plane booster elements as
the promising standard solution that enables the integration in any handset platform without the need of a complex customization

process.

The relevance of the SAR measurements regarding medical aspects lies in the fact that the

electromagnetic field entering inside the human head is the main responsible of undesired temperature

increments that could derive in health problems. Consequently, a regulation is required. Such regulation

related to the radiofrequency exposure is performed by several standardization organisms such as

European Committee for Electrotechnical Standardization (CENELEC) in Europe or the Federal

Communications Commission (FCC) in the United States, which are in charge of determining the

standards that ensure the acceptable limits.
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Fig. 1.11 Main aspects regarding human interaction considered along this thesis: biological and functional.
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On the other hand, the human presence modifies the electromagnetic performance of the radiating
system regarding functional aspects as for example, alteration of bandwidth, efficiency, and radiation
patterns. The human head acts as a lossy reflector at mobile frequencies causing power absorption that
directly translate into efficiency drops. The same occurs with the human hand, which in addition to the
power losses can perform detuning effects.

In this sense, it is possible to conclude that the electromagnetic performance of any radiating
system must be studied regarding the human presence in order to set forth a faithful environment closer to
realistic situations. Not considering these effects could produce damaging consequences related to the
performance of the system, which entails negative quality of service perceptions produced by the lack of
coverage, call drops, or reduction of the duration of the battery among others. This thesis makes a special
emphasis in this aspect, since the developed radiating systems are evaluated regarding not only free-space
conditions but also taking into account the human presence. In addition, special care is taken in providing
a solution for reducing the SAR values, in order to minimize the temperature elevation inside the human
head. Other solutions are focused on providing distributed antenna systems based on boosters capable of
minimizing the effects of hand loading (chapter 5). The fundamental principle of this proposal consists in
adding redundancy to the radiating systems, in such a way that when the finger of a user blocks part of a
radiating structure, other part of the same radiating structure can still radiate properly.

A further aspect of this thesis deals with the development of innovative radiating system capable of
providing smart antenna technologies such as MIMO (chapter 6). The proposals are also based on the
excitation of the ground plane through ground plane boosters strategically located to favor efficient
radiation. The small PCB volume occupied by such boosters allows the integration of multiple of such
elements required to provide MIMO systems. This fact becomes a considerable advantage with respect to
current technologies, which are strongly limited by the antenna volume, more significantly when
operation in the low frequency region is demanded. Nevertheless, not only the technology undergoing in
this thesis will enable high data rate services but also high quality, since redundancy could be included
based on the same principle to provide diversity systems.

To sum up, it is an object of the present thesis to provide radiating systems robust to the human
presence for being integrated as a standard solution in new multifunctional or smartphones wireless
devices independently from its form factor and capable of operating in the main communication
standards. At the same time, the proposed radiating systems minimize the required PCB volume, favor the

integration of new and multiple functionalities, and enable high data rate as well as high quality services.
1.3. Methodology

The thesis combines a theoretical phase including the following stages:
= Focalized research in the field of handset antennas in order to determine the needs (the main
information sources regarded are those gathered in Fig. 1.12)

= Conception of the idea
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Study of the fundamental behavior through a deep physical insight mainly focused on the
development of electrical models regarding concentrated and/or distributed elements, as well as
on the theory of characteristic modes and RCS analysis

The aforementioned phase is completed with electromagnetic simulations carried out through the

specialized electromagnetic software IE3D based on MoM (Method of Moments) (Fig. 1.12) which

comprise the following summarized steps:

Design of the proposed radiating structures

Electromagnetic simulation of these radiating structures

Extraction of the main antenna parameters (impedance bandwidth, radiation and antenna

efficiency, radiation patterns, directivity, gain, and current distribution...)

Study of the non-resonant ground plane booster effect (inductive or capacitive nature, location,

size, resonant frequency, and geometry) over the performance of the radiating structure

Study of the non-resonant ground plane booster effect over several platforms featuring different

form factors (bar and smartphone)

Study of the suitable matching network topologies according to the specific radiating structure

Study of the interaction and combination of ground plane boosters featuring the same or different

natures

Study of the interaction and combination of ground plane boosters with current handset antennas
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To conclude, the feasibility of the proposals is evaluated through prototypes, and the main antenna
parameters (impedance bandwidth, radiation efficiency, antenna efficiency, radiation patterns, directivity,
and gain) are measured thanks to Fractus facilities (Fig. 1.12) regarding:

= Free-space conditions
= Human presence: Head and Hand
= Real platforms: Nearby components (such as shielding and speaker)
In addition SAR, measurements are provided by the DASY4 equipment (Fig. 1.12).

Therefore, this thesis envisages a new revolution in the handset antenna field: first generation of
external antennas (back in 1990), internal antennas (back in 2000), and the proposed ground plane booster
antenna technology (2013) (Fig. 1.13). The novel architecture introduced herein only requires ground
plane boosters featured by a small electrical size, a high quality factor and extremely poor stand-alone
radiation properties in combination with a matching network for providing simultaneous operability in the

main communication standards.

GPB Antenna Technology

Multi-operation Robust human loading

Internal Antennas
MIMO limited

External Antennas
Small size  Standard MIMO

Easy to break

MARKET HIT

o i
Medium siz‘”stomized
A

Large Customized
1990 2000 2013

Fig. 1.13. Handset antenna evolution envisaged in this thesis.

The main advantages of this technology, which will be further explained in the following sections,
can be summarized as follows:
e Multi-band performance and reduced size.
e Integration capabilities through the removal of customized antennas. This is an advantage not
only for antenna manufacturers but also for handset phones manufacturers. Up to date, a new
phone means a new antenna. This is a time consuming process as far as antenna engineering and

mechanical engineering are concerned.
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e Robustness to the human loading mainly due to the small ground plane booster size, which
minimizes the interaction with the human hand (one of the most critical part when dealing with
human interaction).

Smart systems (MIMO) are enabled because of the very small volume of ground plane booster
elements. Many boosters may be integrated within a handset platform allowing high data rates

technologies.

1.4. Objectives

As a global objective, this thesis proposes a new generation of handset antenna technology
conceived to be integrated in new multifunctional wireless devices or smartphones. The main objective of
such technology consists in achieving the convergence between laptops functionalities and handheld
mobility capabilities strongly required by handset users. Accordingly, it is an object of the present thesis
to allow the integration of a great number of functionalities as well as communication services in handset
platforms thanks to the PCB space increment obtained by removing the need of integrating a dedicated
antenna. The technology developed is based on the use of an existing part of the handset phone to perform
the radiation. This fact allows increasing the integration capabilities while preserving the electromagnetic
performance in the multiple communication standards already demanded by the handset market. More
specific objectives are summarized in the following paragraphs (Fig. 1.14).

It is an object of the present research to achieve a solution capable of providing simultaneous
operation in multiple mobile communication standards such as for example GSM850, GSM900,
GSM1800, GSM1900, UMTS, CDMA, W-CDMA, LTE, etc., multiple connectivity standards such as for
instance WiFi, IEEE802.11 standards, Bluetooth, WiMAX, WiBro, etc., and multiple broadcast standards
such as FM, DAB, DVB-H, DMB or other related digital or analog video and/or audio standards. The
challenge lies in attaining the great bandwidth required to cover such wide frequency range of the
electromagnetic spectrum through the use of electrically small non-resonant ground plane boosters.

It is a further object of the present thesis to provide miniature and non-radiating ground plane
boosters capable of exciting an efficient radiation mode of the ground plane while providing operability in
multiple communication standards. The aim consists in removing the need of including a dedicated
antenna in the radiating system through the use of such electrically small non-resonant ground plane
boosters capable to excite the ground plane of a handset phone. Thus, as no dedicated antenna is required,
the available PCB space is further increased (Fig. 1.9) for including:

= New and multiple functionalities (Fig. 1.2)
= New and multiple services requiring high data rates, and high quality of services (Fig. 1.2)
= Nearby components (for example, larger LCD displays enabling touch screens) (Fig. 1.3)

In this case, the challenge consists in reducing the occupied PCB volume substituting the dedicated

antenna by such low-volume ground plane boosters while preserving the electromagnetic performance. It

is well-known in the antenna field that the electromagnetic properties of handset antennas are directly
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proportional to the antenna volume [1]-[2]. The first solution attained in this thesis with the proposed
technology achieves a reduction factor around 20 with respect to current antenna technologies according
to [9].

The aforementioned objectives in terms of providing electrically small ground plane boosters to
perform the radiation in combination with the ground plane structure directly leads to the third objective
of this thesis, which is focused on enhancing the integration capabilities of these radiating systems in
current handset platforms. Thus, and as aforementioned, since no antenna is required, the PCB space is
further increased to include more handset components, more functionalities or more communication
services. However, another objective appears focused on enhancing the integration aspects provided by
such ground plane boosters based solutions. These objectives can be summarized as follows:

= To reduce the volume as well as the weight to enable the integration of the proposed radiating
system in ultra-slim multifunctional platforms or smartphones

= To facilitate the integration of handset components as well as to enhance the robustness of the
radiating system to the effects caused by such nearby handset components (detuning effects and
efficiency decrements)

= To attain a standard solution in order to avoid the required customization process according to the
form factor corresponding to a specific handset platform

= To simplify the fabrication process not only in terms of designing stages but also in terms of
materials and costs

Operation in the main communication standards
\ )
MULTI-OPERATION GSIT] & \ > Ay o
Ll @, Ite € Bluetooth

Size reduction in a factor around 20

Standardization No customizatiol Simplified fabrication process
precrion I 10° g e

Human Head Human Hand

ROBUSTNESS ?@

L -4
ENABLING MIMO ~ ° X o
- l-‘

Fig. 1.14 Thesis Objectives.
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This thesis is also focused on providing a robust solution to the human interaction regarding two
main aspects:
= Functional aspects: It is an object of the present research to provide a solution robust to the
effects caused by the human interaction in order to avoid a performance degradation of the
radiating system in terms of detuning effects and power absorption
= Biological aspects: It is a further object of the present thesis to provide a solution to minimize the
electromagnetic field entering the human head in order to avoid undesired temperature elevations
for the sake of ensuring the users security
Another important objective of the present thesis consists in providing radiating systems featuring
smart antenna technology such as MIMO for enabling high data rates and high quality services. In this
sense, and mainly due to the volume reduction achieved by the proposed technology, it will be possible to
integrate multiple ground plane boosters to achieve high data rates services overcoming, in this way, the

limitations found in current antenna technologies [10].

1.5. State of the Art

The primary handset phones including external antennas and initially conceived with a limited
number of functionalities have evolved to a novel concept of multifunctional wireless devices or
smartphones. The emergence of such devices is fostered by the user demands focused on achieving the
total convergence between the functionalities offered by current laptops and those in terms of mobility
provided by handheld devices. In order to satisfy such requirements, powerful micro-processor, great
memory cards, large touch screens, camera, music players (MP3, MP4) between others are demanded.
Nevertheless, the integration of such functionalities is constrained by aesthetic and mechanical aspects in
terms of ultra slim, low weight, robust, and low consumption platforms, fact that considerable difficult
the integration. Thus, the challenge lies in providing such great number of functionalities in the limited
space offered by a handset platform and strictly restricted to preserve the portability feature.

Nevertheless, such challenge is still more noticeable for antenna designers who have to design
multi-band antennas capable of providing operability in a great number of communication standards
while constrained by physical limitations. Therefore, the trade-off lies in providing small antennas
capable of being incorporated in such multifunctional platforms to facilitate the integration of big displays
enabling touch screens, cameras, batteries, speakers, micro-processors, memory cards, etc., while
operating in multiple communication standards such as for example GSM850, GSM900, GSM1800,
GSM1900, UMTS, CDMA, W-CDMA, LTE, etc., multiple connectivity standards such as for instance
WiFi, IEEE802.11 standards, Bluetooth, WiMAX, WiBro, etc., and multiple broadcast standards such as
FM, DAB, DVB-H, DMB or other related digital or analog video and/or audio standards. This great
number of communication standards directly translates into a huge spectrum bandwidth that has to be

covered in order to ensure such multi-band operation.



18 Ground Plane Booster Antenna Technology for Wireless Handheld Devices

Nowadays, internal antennas can be grouped into patch/PIFAs [11], monopoles/IFAs (Inverted F
Antenna) [12]-[14], slots [15]-[17], and a combination of them [18] as the most common designs for
handsets (Fig. 1.15). Nevertheless, they are constrained by the fundamental limits of small antennas that
imply an inherently narrow impedance bandwidth [1]-[2].

The first ones, patch/PIFA antennas, are featured by a specific volume and are generally located
over the ground plane at a certain height (‘on-ground’). This fact increases the complexity of the design
and makes difficult its integration in slim platforms. Several well-known techniques, that complicate the
geometry, are used to provide dual-band or multi-band operation such as including several radiating
paths, using slotted ground planes [19]-[27] or introducing conductive strips [28]-[30] (Fig. 1.16).
Handset monopole antennas and slots become the alternative to provide multi-band operation in slim
platforms mainly due to its characteristic low profile provided by its ‘off-ground’ characteristic. In this
way, most of the ground plane is removed underneath the antenna enabling substantially coplanar
structures, which become especially suitable for ultra slim platforms [12]-[14], [26]-[27].

However, and mainly due to the market trends, previous antenna technologies are not enough to
guarantee sufficient space in the handset platform to integrate other handset functionalities and/or
operation in the new frequency bands appeared for allocating those communication standards capable of
providing high data rates and high quality services. In this sense, the antenna designs have to evolve to

satisfy user requirements.

c) d)
Fig. 1.15 Two representative examples of current internal antenna technologies: a) Current distribution associated to coupled
monopoles representing ‘off-ground’ coplanar structures; b) Current distribution associated to PIFA antenna over a slotted
ground plane illustrating ‘on-ground’ technology together with ground plane shaping techniques; ¢) Coupled monopoles
prototype [12],[14]; d) PIFA antenna prototype[19]-[27]. These handset antenna designs are also being analyzed in this thesis for
comparison purposes.

Until relatively recently, the efforts in antenna design were mainly addressed to the antenna

geometry and not to the ground plane, since its relevance in the radiation process was underestimated.
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Accordingly, the antenna element was typically a self-resonant element that provided an efficient
radiation independently from the ground plane structure. Nevertheless, the ground plane is progressively
acquiring relevance, since several studies have demonstrated its strong contribution to the radiation
properties [19]-[35]. In this way, the study presented in [31], proposes an equivalent circuit model that
provides a quantitative view of the effect of the combination of a single-resonant antenna and chassis over
the most significant antenna parameters. The theoretical effect of the coupling factor and the resonant
frequencies is demonstrated through simulation regarding self-resonant antennas such as patch antennas
and PIFA antennas. The bandwidth increases as long as the resonant frequency of the antenna
approximates that of the ground plane and as long as the coupling between both elements increases.

At the same time, reference [32] presents a folded radiating ground plane fed with a bowtie-shaped
planar monopole specially selected to properly excite the desired ground plane modes. However, the
folded ground plane can be understood as a PIFA antenna over a finite ground plane (100 mm x 40 mm)
with significant physical dimensions (49.5 mm x 35 mm x 10 mm), which are too large for practical
purposes in modern handheld wireless devices. Again, the radiation becomes a combination of the PIFA

antenna and the ground plane modes.

1B i Ml 0dB=25A/m [ ] | M odB=10a/m

-30dB -10dB 0dB -30dB -10dB 0dB

Fig. 1.16 Current distribution associated to existing antenna technologies intended for providing intelligence to the ground plane
by electrically enlarging it through the addition of a conductive strip (left) [28]-[30] or by the insertion of slots (right) [19]-[27].

In [33], resonant elements are used for simultaneous tuning of two different ground plane modes.
On one hand, the resonance of the first ground plane mode is adjusted by strategically loading the ground
plane with a resonant screen acting as a quarter-wave slot resonator for the GSM1800 and GSM1900
bands. In this sense an electrical enlargement of the ground plane is achieved for the low frequency
region (0.84-0.96GHz). On the other hand, the resonant frequency at the high frequency region (1.71-
2.17GHz) is obtained by reducing the electrical length of the chassis for this frequency region. Similar
proposals are found in [19]-[27] where a slot is used for tuning the resonant mode to lower frequencies by
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providing a long current path, or in [28]-[30] where a conductive strip directly connected to the ground
plane allows tuning such resonant frequency. On the contrary, in [35] the resonant mode is tuned to the
high frequency region. At the same time, in [36] a distributed antenna system is proposed for enhancing
the radiation efficiency of the ground plane mode while providing robustness to the performance
degradation caused by the human interaction. On the contrary, in the present thesis, the efficient radiation
is entirely provided by the proper excitation of the ground plane modes since no antenna is regarded [7]-
[9].

Regarding [34], two antenna structures based on coupling elements designed to transfer energy to
the ground plane mode are presented. They are intended for covering the communication standards
GSM900 and GSM1800 separately by means of a single-resonant matching circuit based on distributed
matching elements (Fig. 1.17a). Other reference based on coupling elements is given in [37] where an
antenna structure consisting in two coupling elements and two resonant circuits is proposed (Fig. 1.17b).
The proposal achieves a quad-band behavior. Nevertheless, the coupling elements presented for covering
each frequency region (624 mm?® and 64mm?® respectively), and specially that in charge of providing
operability in the low frequency region, still presents a considerable volume compared with the 250 mm®
disclosed herein for providing penta-band operation [9]. In [38], the penta-band behavior is achieved by
means of two small antenna elements and two matching networks capable to provide multi-band

operation at each frequency region.
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Fig. 1.17 a) Image of the coupling elements given in [34] where an antenna structure consists of coupling elements and two
resonant circuits to provide operation in two frequency regions separately; b) Image corresponding to [37] showing the two
coupling elements with volumes 624mm? and 64mm?®, presented for covering each frequency region respectively.

As previously explained, in the present thesis, the self-resonant antenna element is replaced by non-
resonant ground plane boosters featuring a very low volume, such as for instance of only 250 mm? [9],
(regarding the solution presented in Fig. 1.18, which will be further disclosed in chapter 3). Therefore, the
efforts are oriented to reuse an already existing part of the handset to radiate/receive electromagnetics
signals in order to avoid the need of including a dedicated antenna.

In this sense, the present research is focused on providing multi-band wireless handheld device
architectures based on the proper excitation of the ground plane without the need of an antenna element
[71-[9]. The fundamental basics of the proposal rely on the characteristics mode theory [39]-[42], which

becomes a useful tool to understand the ground plane contribution. At the same time, and as will be
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illustrated along this thesis, it can be used to perform systematic analysis and design of handset antennas.
Accordingly, the preliminary solution briefly presented along this section, demonstrates that the efficient
radiation mode associated to a ground plane with dimensions 100 mm x 40 mm can be excited through
the use of non-resonant ground plane boosters [9]. This solution will be analyzed in more detail along
chapter 3 but some illustrative results are presented below (Fig. 1.18) in order to demonstrate the
feasibility of the proposal.

This first solution [7]-[9] reveals that no handset antenna is required for effectively exciting the
radiation modes of the ground plane. On the contrary, the novel architecture introduced here only requires
small ground plane boosters (Fig. 1.18), featured by a high quality factor (Q=2250 for the low frequency
region and Q=265 for the high frequency region) and extremely poor stand-alone radiation properties in
combination with a matching network for providing simultaneous operability in the main communication
standards (GSM850, GSM900, GSM1800, GSM1900, and UMTS).
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a)
Fig. 1.18 a) Geometry and dimensions associated to the radiating structure, as a first solution of this thesis development
comprising two non-resonant ground plane boosters, each one in charge of the ground plane excitation for each frequency region.
Current distribution referred to the excited ground plane mode at f=0.892GHz; b) Prototype associated to the geometry shown in

a).

Commonly, handset antenna specifications are given regarding free-space conditions. However, in
practice, the handset antenna performance is strongly affected by other important factors such as hand
interaction [43]-[44] and human head effect [45]-[53]. The user strongly interacts with the radiating
system, especially during a phone call, affecting its performance and causing radiation losses as well as
detuning effects. Thus, free-space measurements are not enough to correctly characterize handset antenna
performance. The significant effects of the human head interaction over the performance of handset
antennas have to be considered and accordingly, they are analyzed along the thesis. With this regard,
another purpose of this thesis consists in evaluating the performance of the proposed solutions taking into
account human interaction. In addition, the results are compared with other current handset antenna
technologies already consolidated in the handset market which have been also analyzed regarding the
human interaction. In this sense, the performance of three representative prototypes based on ‘off-ground’
solutions (monopoles), ‘on-ground’ solutions (PIFA), and ‘on-ground’ solutions (PIFA) over slotted
ground planes are compared with the ground plane booster antenna technology proposed along this thesis

not only in free-space but also regarding the human interaction.
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Another important aspect of the present research is that concerning to smart antenna technologies
such as MIMO. The operation principle of MIMO systems lies in the use of multiple antennas in both
transmission and reception to provide an increment in the data rate, which is desirable for emergent
applications requiring these high data rates. The arrangement of several conventional handset antennas in
a specific mobile handset in order to provide MIMO capabilities becomes a challenge since their volume
is too large. It is known that reducing the size of an antenna results in a penalty on the attainable
bandwidth and radiation efficiency, which might severely drop below the minimum required in cellular
and wireless systems if the antennas are too small.

Therefore, antennas for a MIMO enabled handset need to keep a certain size to fully operate within
the entire bandwidth of the multiple frequency bands. Even if a few mid-size antennas fit inside a handset,
another challenge is to ensure that the multiple antennas are sufficiently uncoupled and uncorrelated to
benefit from the MIMO gain. The challenge is multiplied when the system has to operate at multiple
frequency bands, since the dependence of the antenna performance with the electrical size makes even
more difficult to achieve multi-band operation in a reduced space.

The solutions found in the literature regarding the integration of smart antennas in handheld
wireless devices are mainly based on resonant antennas featuring physical dimensions comparable to a
quarter of a wavelength [54]-[57]. Those solutions provide operability in the high frequency region and
are mainly oriented to the communication standards LTE (3400-3600MHz), UMTS (1920-2170MHz),
WiFi (2.5GHz), respectively. The property of being resonant at the operation frequencies, strictly limits
the performance of such antenna technologies at lower frequency regions (~900MHz), since the physical
dimensions that would be required to provide operation in such frequency range prevent the integration of
multiple antenna elements in mobile platforms as shown in [58].

At the same time, those solutions based on non-resonant coupling elements are limited to single-
band operation in the high frequency region where several different orthogonal modes appear, and can be
excited to provide low correlation [59]-[60]. In [61], a MIMO system is proposed for covering the
broadcast standard DVB-H located at a low frequency region (470-800MHz). Although the solution
proposed is able for reception purposes it would not be able to provide acceptable performance in the
transmission band since the reported antenna efficiency is insufficient for transmission purposes.

It is a further object of the present research to provide a MIMO solution capable of being integrated
with current handset antenna technologies. Furthermore, this thesis will be focused on providing MIMO
systems entirely provided by non-resonant ground plane boosters [10]. This new solution based on
miniature ground plane boosters for MIMO operation allows the integration of multiple radiating
structures in a single platform due to their characteristic small dimensions. In the present thesis the
MIMO system is extended to multi-band operation including low and high frequency communication
standards, such as LTE700, GSM850, GSM900, GSM1800, GSM1900, UMTS, LTE2100, LTE2300, and
LTE2500.
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CHAPTER 2 FUNDAMENTAL PRINCIPLES

2.1. Introduction

As introduced in the previous chapter, the trend in the handset market more and more is focused on
integrating a large number of functionalities and services in handset devices with considerable space
constraints. Consequently, antenna designers have to face the challenge of not only providing miniature
antennas with multi-band capabilities, but also of allowing the integration of multiple antenna elements in
this limited space. These challenges exacerbate when resonant antenna elements are considered. For this
reason, and as indicated in the introductory section, this thesis proposes the use of the ground plane,
inherently present in any handset platform, as the main radiator. This proposal, removes the need of
integrating resonant antenna elements inside the handset platform, thus reducing considerably the Printed
Circuit Board (PCB) space devoted to the radiating system. This fact becomes significantly advantageous
for integrating multiple handset components and functionalities as well as for leaving more space to
integrate a great number of radiating system such as those required by the emergent MIMO technology.

Since the main objective relies on exciting the ground plane, this chapter proposes the use of the
characteristic modes theory [1]-[3] to determine the electromagnetic properties of this conducting object.
Firstly, a brief review of the theory is presented in section 2.2. This theory will be applied later on along
section 2.2.1, to analyze representative handset platforms. Handset platforms have rapidly evolved to new
form factors, such as smartphones featured by a large display, which are substituting more and more,
other well-known form factors such as for example small bar-type phones, sliders, and clamshells.
Different shaped handset platforms integrate different shaped ground planes that potentially could
produce different electromagnetic performance. In order to characterize said electromagnetic
performance, section 2.3 computes the characteristic modes associated to three representative handset
platforms of nowadays (a bar-type with dimensions of 100 mm x 40 mm, a smartphone of larger
dimensions close to 120 mm x 50 mm, and a clamshell-type handset platform having two PCBs being
adapted to be folded together, each one comprising a ground plane with dimensions of 80 mm x 40 mm).

Section 2.3 proposes a new method to compute the resonant frequency of the fundamental mode of
arbitrary shaped conducting objects. The method is based on Radar Cross Section (RCS). It relies on
illuminating the conducting structure with a plane wave linearly polarized in the direction of the long axis
of the conducting structure. Consequently, the method only applies for determining the behavior of those
radiating modes having linear current distributions. More particularly, for the analyzed topologies, the
proposed method becomes useful for determining the behavior of the fundamental radiating mode, which
at the end is the mode of interest at mobile frequencies, more significantly when operation in the low
frequency region is regarded. The advantage with respect to the mathematical procedure required by the

characteristic modes theory mainly relies on its simplicity, especially when ground planes of complex
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shapes are regarded. In order to illustrate this fact, this section further computes the fundamental radiating
modes of a slotted ground plane and a ground plane having an additional conducting strip. Both methods
are intended for enlarging the electrical size of the ground plane without affecting its physical
dimensions. The feasibility of the RCS computation will be demonstrated since it will allow an easy
comparison of the advantages and disadvantages of the aforementioned techniques. Once the potential
electromagnetic properties of the inherent ground planes of current handset platforms have been
determined, the question that arises is how to transfer energy to these ground plane radiating modes, i.e.
which elements are more suitable for exciting these ground plane radiating modes. Section 2.4 is intended
for solving this question and compares the effect produced by resonant and non-resonant elements in the

excitation of the ground plane modes, and consequently in the performance of the whole radiating system.
2.2. Characteristic Modes Theory

Characteristic modes theory was initially introduced by Garbacz and later developed by Harrington
and Mautz in the early 70’s. The theory allows determining the wave modes that are supported by a
particular conducting body just as a function of their shape and size [1]-[4]. This fact provides a
significant physical insight into the radiation properties of a particular conducting object.

The theory is based on the impedance matrix (Z ), which relates a surface current density (Js) to
the tangential components of the electrical field on the surface S of the conducting body (2.1).

(2.1)

Note that Rand X represent the real and imaginary part of the impedance matrix Z ,

respectively. The reciprocity theorem states that if Z is a linear symmetric operator, its parts R and X ,
will be also real and symmetric operators. Accordingly, all the eigenvalues are real and all the

eigencurrents are real or equiphasal over the surface in which they are defined. This problem formulation

developed in detail in [2]-[4], leads via the generalized eigenvalue problem to real eigenvalues A,and

real eigenfunctions or eigencurrents J, , which present orthogonal properties (2.2). In practice this

formulation can be reduced to a matrix form (2.3) that can be solved using standard algorithms for
eigenvalues problems.

The solution of equation (2.3) provides the corresponding eigenvalues associated to each particular
characteristic mode and their knowledge offers a relevant physical insight into their radiation properties.

A characteristic mode is in resonance when its corresponding eigenvalue is zero whereas a mode

contributes to store electric energy or magnetic energy when its eigenvalue is lower than zero (A4, <0)

and larger than zero (A, > 0), respectively.
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(2.2)

(2.3)

Similarly, the electric fields produced by these eigencurrents can be derived from (2.1) according to
(2.4). The electric fields produced by two currents J,, and J, are also equiphasal and they also present
orthogonal properties, which become apparent from the Poynting theorem (2.5).

E.(J,)=2(J,)=R@,)+iX(J,)=R({J,) A+ j4,) (2.4)

P d,) = fF E, x Hods + joof[] (uH,, - Hy - €, - ENdz = 1+ j4,),, 25
S’ 7'

Due to the orthogonal properties of both, electric fields and surface currents, each characteristic
mode radiates power independently from one another. Thus, they can be used as a basis set in which to

expand the total current J on the surface of the conducting body according to (2.6).

(VAR
J — n n 26
Z1+Mn 29

n

It is worth noticing that characteristic modes are independent from the source excitation (Vni).

Nevertheless, this source excitation (Vni) influences the total current on the surface of the conducting

body (J ) and determines if a characteristic mode will be properly excited or not. The total current

1
+jA

n

surface is directly proportional to the term, and its modulus is well known in the field as modal

significance (MS). This term represents the normalized amplitude of the characteristic modes as well as
an alternative representation of their electromagnetics properties. In this sense, insofar the modal
significance approaches one, the more effectively the characteristic mode contributes to the radiation

process.
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Of further importance is the quality factor associated to each characteristic mode, which is defined
according to [5] as illustrated in (2.7) and (2.8). The quality factor of a characteristic mode at a particular
frequency provides a valuable information since it allows determining its inherent bandwidth (1.1). Thus,
it is possible to know in advance if the proper excitation of this mode would produce the required
bandwidth to provide operation in the desired communication standards.

Once the most relevant parameters arising from the characteristic modes theory have been
presented, the following sections will be focused on demonstrating the great potential of this theory in

practical applications.

2.2.1 Characteristic Modes of Representative Handset Platforms

The procedure followed along this thesis to compute characteristic modes can be summarized as
follows. Firstly, the conducting object under study is created and triangularly meshed regarding a cell size
criterion of one twentieth of the operating wavelength. The election of the cell size strongly depends on
the size of the conducting object to characterize. In this case, since the conducting objects are handset
platforms, this cell size becomes sufficient to model them properly. The Partial Differential Equation
Toolbox (PDEtool) of Matlab is the software used to create and mesh the conducting object. Once the
conducting object is meshed, the complex input impedance matrix [Z] can be derived for each frequency.
As indicated in (2.3), the eigenvalues are defined as the ratio between the imaginary part and the real part
of this complex input impedance matrix. Thus, its knowledge for each frequency allows obtaining readily

the eigenvalues according to (2.9).

Fig. 2.1 Physical interpretation of the matrix J. The columns of the matrix correspond to each characteristic mode and they
contain information about its current distribution. In this case, the conducting structure is a rectangular conducting body of
dimensions 100 mm x 40 mm.

The diagonal elements of the matrix D correspond to the eigenvalues. These values have to be
ordered due to the non-continuous behavior of the eigenvalues after the decomposition of the Z matrix
using the “eig” operator of Matlab. At the same time, the column elements of the matrix J correspond to
the eigenvectors which are useful to represent the current distribution of a mode for a given conductive

structure (Fig. 2.1). The modal significance is readily obtained according to equation (2.10). Following
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the theoretic principles and the mathematical procedure presented above, the characteristic modes

associated to a bar type handset platform with dimensions 100 mm x 40 mm have been computed.

[J,D]=eig(X,R) where rR=%{z} and X = 3{z} (2.9)

The results reveal that the first and the fourth characteristic modes (J; and J;) become effective
radiating modes at the frequencies near the resonance. In fact, the modal significance of the fundamental
radiating mode (J;) remains close to the normalized maximum value for a large range of frequencies,

hence contributing to the radiation process actively along this frequency range (Fig. 2.2).

1
1+ jA,

MS, =

n

(2.10)

Nevertheless the second and the third (J, and J3) characteristic modes do not contribute actively to
the radiation process in the mobile frequencies under study. This fact is further illustrated in the
eigenvalues representation, which depicts that the second radiating mode contributes to store electric
energy along the low frequency region (690-960MHz) and the high frequency region (1710-2690MHz)
(42<0) whereas the third radiating mode contributes to store magnetic energy at these same frequency

ranges (13>0) (Fig. 2.3). Each mode presents a particular current distribution (Fig. 2.4).
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Fig. 2.2 Modal significance associated to the characteristic modes J;, J,, J3, J4 Of a bar type handset platform having dimensions
of 100 mm x 40 mm.

The current distribution of the fundamental radiating mode (J;) approximates that featured by a
half-wavelength dipole since it presents maximums of current at the center of the longitudinal edges of
the ground plane and minimums in its transversal edges (Fig. 2.4a). At the same time, the current
distribution of the fourth radiating mode can be compared to that produced by a wavelength dipole with

an asymmetric excitation (Fig. 2.4d) [6]. These results are completely aligned with those illustrated in [5].
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The fact of increasing the length of the handset platform produces a shifting in the resonant frequencies of
the characteristic modes to lower frequencies (Fig. 2.5), but does not modify the corresponding current
distributions (Fig. 2.6). Namely, the resonance of the fundamental radiating mode (J;) shifts from
approximately 1.33GHz to 1.08GHz, and the resonance of the fourth radiating mode (J;) moves from
approximately 2.94GHz to 2.49GHz (Fig. 2.2 and Fig. 2.5).
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Fig. 2.3 Eigenvalues associated to the characteristic modes Jy, J,, J3, J4 of a bar type handset platform having dimensions of 100
mm x 40 mm.

0) d)
Fig. 2.4 Current distribution regarding a bar type handset platform having dimensions of 100 mm x 40 mm corresponding to a)
Characteristic mode J;; b) Characteristic mode J,; ¢) Characteristic mode Js; d) Characteristic mode J,.

This frequency shifting is really advantageous when designing multi-band radiating systems for
mobile phones. The reason, as will be further demonstrated along the next sections, mainly relies on the
fact that the performance of the radiating system improves considerably when the resonance of the

radiating modes is close to the operating bands. This modification does not alter the current distribution
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associated to each radiating mode since its trend remains equal to that presented above in connection with
the bar type platform with dimensions of 100 mm x 40 mm (Fig. 2.4).
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Fig. 2.5 Modal significance associated to the characteristic modes Ji, J,, Js, J4 Of a bar type handset platform having dimensions
of 120 mm x 50 mm.

c) d)
Fig. 2.6 Current distribution regarding a bar type handset platform having dimensions of 120 mm x 50 mm corresponding to a)
Characteristic mode J;; b) Characteristic mode J,; ¢) Characteristic mode Js; d) Characteristic mode J,.

The current distribution associated to the fundamental mode (J;) of a bar type phone of larger
dimension (120 mm x 50 mm) is also similar to that featured by a half-wavelength dipole (Fig. 2.6a)
whereas the trend of that associated to the fourth characteristic modes (J,) is comparable to that produced
by a wavelength dipole with an asymmetric excitation (Fig. 2.6d) [6]. This fact is further advantageous,
since as it is well known in the art, omnidirectional radiation patterns such as those produced by a half-
wavelength or a wavelength dipole are preferred for mobile communications. Accordingly, not only the
first and the fourth radiating modes present advantageous resonances near the mobile communication
standards, but also their current distribution become useful for mobile applications. In this sense, the
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challenge of this thesis regarding these potential features is mainly focused on exciting these efficient
radiating modes in order to use the ground plane as the main radiator, thus avoiding the need of including
additional quarter-wavelength resonant elements.

In addition to the bar type handset platforms previously introduced, the performance of a clamshell
type platform has also been analyzed. The results reveal that three potential radiating modes with
resonances around 0.63GHz, 1.59GHz, and 2.10GHz appear for the open position [7].
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Fig. 2.7 Modal significance associated to the characteristic modes J;, J,, J3, J4 of a clamshell type handset platform having two
PCBs being adapted to be folded together, each one comprising a ground plane with dimensions of 80 mm x 40 mm.

a)

b)

c)

Fig. 2.8 Current distributions regarding a clamshell type handset platform having two PCBs being adapted to be folded together,
each one comprising a ground plane with dimensions of 80 mm x 40 mm. a) Characteristic mode J;; b) Characteristic mode J,; c)
Characteristic mode Js.
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The advantage of the clamshell platform in open position mainly relies on the fact that the
fundamental radiating mode resonance is shifted down to lower frequencies (0.63GHz) (Fig. 2.7), which
becomes advantageous for providing operation in communication standards placed at lower frequencies
such as for instance FM, DVB-H, or DMB [7]. The current distribution associated to the characteristic
mode J; corresponds again to that featured by a half-wavelength dipole. It means that it presents a
sinusoidal current distribution, having maximums at the center of the longitudinal edges of the PCB and
minimums in its transversal edges (Fig. 2.8).

The previous characteristic modes analysis reveals that typical handset platforms feature efficient
radiating modes for a wide range of frequencies that could be potentially excited. Each radiating mode
presents a particular current distribution, whose knowledge will become a key factor to properly transfer
energy to them. The following sections will propose on one hand, and alternative procedure to compute
and analyze the behavior of said ground plane modes. The proposal will allow the simplification of the
complex mathematical method described above. On the other hand, they will deal with a parametric study
based on the geometric properties and the size of the elements used to transfer energy to these ground
plane modes and more particular, they will show how these parameters strongly condition the

performance of the whole radiating system.

2.3. Ground Plane Contribution using Radar Cross Section Analysis (RCS)

As previously illustrated, current handset platforms support efficient radiating modes at mobile
frequencies. The proper excitation of these ground plane modes plays a very important role in
determining bandwidth, efficiency, and radiation patterns. The significance of the ground plane
contribution needs to be better understood in order to determine no only which are the most important
parameters to consider when designing a radiating system based on the excitation of the ground plane
modes but also how these parameters condition its electromagnetic performance. With this aim the
present section proposes an alternative method to readily compute the fundamental radiating modes of
conventional handset platforms and proposes techniques to modify the electromagnetic properties of these
ground plane modes.

So far, the ground plane contribution was underestimated and the main efforts of the antenna
engineers were focused on providing antennas capable of maximizing the operating bandwidth while
minimizing the volume occupied in the PCB. The appearance of studies dealing with the relevance of the
ground plane in the radiation process forced the antenna engineers to focus their attention on the ground
plane design. In this way, the bandwidth limitations of conventional PIFA antennas such as the one
provided in [8] could be overcome by adding mechanisms to electrically enlarge the ground plane. The
radiating modes analysis of the former section indicates that the fundamental mode is in resonance when
the length of the ground plane is approximately 0.4A (Fig. 2.2, Fig. 2.5, and Fig. 2.7). Accordingly, if
operation in the low frequency region containing the consolidated communication standards GSM850,

GSM900 and the emergent LTE700 was demanded, a ground plane size of at least 144.7mm (regarding
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the center frequency of this frequency region (825MHz) would be required. This size is too large for
current handset platforms and for this reason some authors have proposed mechanisms to enlarge the
ground plane by using slots or conductive strips. These mechanisms allow solving these size limitations
while providing enhanced excitation of the fundamental radiating mode, fact that mainly translates into
larger bandwidth and efficiency [9]-[26]. This fact will be further illustrated along this section by
analyzing the effect introduced by these enlarging mechanisms in the fundamental modes of the handset
platforms under study. The simplified method proposed along this section is focused on the RCS
parameter, which is used to compute the frequency at which maximum back-scattering occurs [27]. The
method allows knowing the electromagnetic properties of some characteristic modes without requiring
the complex mathematical process presented above in section 2.2. To validate the proposed method, the
three platforms previously presented are also considered for carrying out the analysis, namely a bar-type
of 100 mm x 40 mm, a smartphone of 120 mm x 50 mm, and a clamshell (two connected plates of 80 mm

X 40 mm).

2.3.1 Radar Cross Section (RCS) Analysis

The proposed RCS method to compute the resonant frequency of the fundamental mode consists in
illuminating the platform of the wireless device by a plane wave impinging from the normal direction. As
illustrated in the former section, the current distribution associated to the fundamental radiating mode of a
bar-type handset platform is completely aligned with the longitudinal edges of the ground plane (Fig. 2.4a
and Fig. 2.6a). Thus and in order to find out the fundamental mode of this bar-type handset platform, the
polarization of the incoming wave should be aligned with the longest dimensions of the ground plane, i.e.
with its longitudinal edges (Fig. 2.9). The same effect occurs for the clamshell type wireless device (Fig.

2.8), thus the same polarization is used.

E=E,
Incident plane wave N
Hi
k

Fig. 2.9 Polarization of the incident wave used to determine the fundamental mode of a metal plate with dimensions of a ground
plane associated to a bar-type wireless handheld device.

The RCS versus frequency is computed by means the software IE3D based on the Method of
Moments (MoM) for each one of the platforms under analysis, i.e. for two bar-type phones of dimensions
100 mm x 40 mm and 120 mm x 50 mm, respectively, as well as for a clamshell platform. The RCS is

normalized in all cases to its maximum value. Therefore, RCS ranges from 1 to 0 where the maximum
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value 1, indicates the maximum backscattering, which coincides with the better excitation of the metal
plate, whereas O means transparency, i.e. no scattering is produced by the metal plate (Fig. 2.10). The MS
parameter is used for comparison purposes and is computed according to equation (2.10) by using a MoM
Matlab-based code [28]. MS ranges from 0 to 1, where the maximum values 1 means that the mode can
be excited in its maximum amplitude [2]. Note that just the RCS associated to the fundamental mode is
computed. The reason mainly relies on the fact that it becomes a radiating mode at the frequencies of
interest, since its MS value remains close to one for a large range of mobile frequencies (Fig. 2.4). In
addition, it is important to emphasize that this method can be easily applied to this radiating mode due to
the simplicity of its current distribution which is mainly aligned with the longitudinal edges of the
platform. More complex current distributions would make considerably difficult, if not impossible, the
determination of the ground plane resonance through the RCS analysis, since to obtain acceptable results,
the impinging wave must be polarized according to the current distribution.
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Fig. 2.10 Comparison between normalized RCS and modal significance for a bar-type platform 100 mm x 40 mm.

The results of the comparison between both methods, RCS and MS, conclude that RCS is a good
alternative for determining easily the resonance of some characteristic modes such as the fundamental
mode. The prediction of the resonant frequency of the fundamental mode is in good agreement (error less
than 6.3% worst case (Fig. 2.10)) with that obtained through the MS analysis.

It should be pointed out that both RCS and MS agree from the very low frequency region up to the
resonance of the fundamental mode. Beyond that, more modes are supported. This means that for
frequencies beyond the fundamental mode, the backscattering results become the contribution from not
only the backscattering due to the fundamental mode but also from higher order modes. These higher
order modes do not radiate in the perpendicular direction to the metal plate. Therefore, this produces a
decrement of the RCS computed in the normal direction (Fig. 2.10). The RCS results also confirm that the
resonance of the fundamental mode decreases when the ground plane length is larger. For example, for
the bar-type platform (Fig. 2.10), the resonance based on the RCS method occurs at 1.246GHz while it is
1.030GHz for the smartphone platform (Fig. 2.11). In this sense, an antenna operating in the low
frequency region (690-960MHz) would offer better performance when integrated in the smartphone

platform, since the RCS indicates that the ground plane resonance is placed at lower frequencies.
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Fig. 2.11 Comparison between normalized RCS and modal significance for a smartphone platform 120 mm x 50 mm.

Owing to the clamshell phone in open position, the fundamental mode is highly excited at
frequencies around 0.63GHz (Fig. 2.12). The results are aligned with aforementioned predictions based
on MS, since it demonstrates that the larger the longitudinal dimension, the lower the resonant frequency.
This particular platform can become advantageous for integrating antennas operating in lower frequency
ranges such as DVB-H (470-700MHz), i.e. for integrating antennas intended for TV reception [29].
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Fig. 2.12 Comparison between normalized RCS and modal significance for a clamshell having two PCBs being adapted to be
folded together, each one comprising a ground plane with dimensions of 80 mm x 40 mm.

For all cases, the current distribution associated to the fundamental mode presents the typical half-
wavelength sinusoidal behavior, maximum at the center of the longitudinal edges and minimum in the
transversal edges. Such current distribution determines the radiation pattern, which presents an
omnidirectional behavior with a null in the direction of the longest edge of the metal plate, i.e. similar to
that produced by a half-wavelength dipole. It is also interesting to note that below the maximum, the
amplitude of both RCS and MS decreases which means that the excitation of the fundamental mode
becomes more difficult. This fact, clearly limits the performance of integrated antennas in terms of
bandwidth and efficiency below the resonance of the fundamental mode since both the antenna and the
ground plane are electrically small.

Finally, ground planes of wireless handheld devices are usually printed on a thin substrate layer of

a low-cost material (FR4, 1mm thick and €,=4.15). The effect of the dielectric coating can also be taken
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into account by the RCS analysis proposed herein. For instance, for the bar-type (Fig. 2.10), if the
dielectric coating having the same size as the ground plane is used, the frequency of the maximum RCS
shifts from 1.246GHz down to 1.140GHz which represents a shift of 8% approximately.

2.3.2 Practical Application

This section gathers some experiments carried out for the sake of illustrating the relevance of the
ground plane size in the electromagnetic performance. Firstly, the performance of a radiating system
comprising the typical ground plane of a bar-type phone having dimensions of 100 mm x 40 mm is
compared with the performance of a radiating system comprising a larger ground plane such as the one
found in current smartphones (120 mm x 50 mm). Once the relevance of the ground plane length is
demonstrated, two techniques are proposed for enlarging the electrical length of the ground plane without

affecting its physical dimensions.

2.3.2.1. Ground Plane Size

The size of the ground plane, and more particularly its length, strongly conditions the resonance of
the fundamental ground plane radiating mode. As previously discussed, this resonance moves to lower
frequencies as long as the length of the ground plane increases (Fig. 2.13). This shifting is particularly
advantageous for radiating systems intended for operation in the low frequency region (690-960MHz),
since the proximity of the ground plane resonance to the operating bandwidth considerably enhances the
electromagnetic performance of the whole radiating system. With the aim of validating this effect, the

performance of two radiating systems having different ground plane lengths has been evaluated.
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Fig. 2.13 Comparison between the resonance of the fundamental mode of a bar-type platform with dimensions 100 mm x 40 mm
and the resonance of the fundamental mode of a smartphone platform (120 mm x 50 mm).

As slightly introduced in section 2.1, this thesis is mainly focused on using the ground plane of a
handset platform as main radiator taking profit of the efficient radiating modes that it presents at mobile
frequencies (Fig. 2.10, Fig. 2.11, and Fig. 2.12). With this aim, this thesis substitutes conventional

resonant antennas by small non-resonant ground plane boosters having substantially reduced stand-alone
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radiation properties [30]-[32]. Although this technique will be further developed in the following chapter,
more specifically in section 3.2, this current section anticipates some results in order to demonstrate the
ground plane length effect. In this way, a non-resonant ground plane booster featured by considerably
small dimensions of just 5 mm x 5mm x 5 mm is placed at the corner of the two ground planes under
study in order to excite their corresponding fundamental radiating modes. The impedance matching of the
radiating system is attained by the use of a simple broadband matching network such as the one described
in detail in the introductory section 1.2 as well as in [32].

Fig. 2.14 Comparison of a PIFA and a ground plane booster both for GSM850 and GSM900 operation. The size of the PIFA is
40 mm x 15 mm x 6 mm whereas the size of the ground plane booster is just 5 mm x 5 mm x 5 mm.

It is significant to emphasize that since the ground plane becomes an effective means for radiation,
conventional antennas such as PIFAs can be substituted by ground plane boosters such as the ones
proposed herein, which advantageously contribute to reduce the volume occupied in the PCB (Fig. 2.14).
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Fig. 2.15 Measured reflection coefficient for a non-resonant element of 5 mm x 5 mm x 5mm including a broadband matching
network and regarding two ground planes of different size.

As predicted, the smartphone platform having a larger ground plane length enhances the
performance of the radiating system with respect to that attained by the conventional bar-type platform of
smaller dimensions. In this way, the smartphone offers a bandwidth of 26.3% (Standing Wave Ratio
(SWR)<3) whereas the ground plane of dimensions 100 mm x 40 mm just provides a bandwidth around
17.7% (SWR<3) (Fig. 2.15). Despite this bandwidth is enough for covering some communication
standards such as GSM850 and GSM900, it becomes insufficient for providing operation in emergent
communication standards such as LTE700. For this reason, larger ground planes would be preferable for

allowing the operation of the radiating system in communication standards allocated in lower frequency
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regions. Nevertheless, the market trends in some cases do not allow this ground plane enlargement and

other techniques such as those presented in section below are required.

2.3.2.2. Enlarging the Ground Plane through Conductive Strips

The analysis carried out in former sections demonstrates that the length of the ground plane
strongly conditions the resonant frequency of the fundamental mode. The performance of the radiating
system significantly improves by placing this resonance near the desired operating frequencies.
Nevertheless, in some cases these operating frequencies are allocated in low frequency regions. Operation
in low frequency regions require lowering the resonance of the ground plane to improve the performance
of the whole radiating system, which usually translates into increasing its length. Nevertheless, in many
situations this ground plane length cannot be increased due to the mechanical constraints imposed by the
form factors currently demanded by the market trends. Alternative solutions to improve the performance
of the radiating systems by placing the resonance of the ground plane close to the desired operating
frequencies, without requiring a physical enlargement of the ground plane are deeply disclosed in the
literature. With this aim, some techniques appear for adding intelligence in the ground plane, such as for
example those based on including slots [9]-[20] or those consisting in the addition of conductive strips
[21]-[26].

a)
Fig. 2.16 a) Ground plane of dimensions 100 mm x 40 mm; b) the same ground plane having a conductive strip of 40 mm x 33
mm x 3 mm. Both ground planes are supported by a thin dielectric slab of Imm thick with g=4.15.

One of the main advantages of the proposed method based on the RCS analysis is that it can be
applied to more complex platforms such as the ones proposed in [14], [23]. This fact becomes
significantly advantageous since it allows determining the effect produced by the addition of a conductive
strip into the resonance of the ground plane mode readily, without requiring complex mathematical
procedures. The outcomes of the RCS analysis provide an important physical insight into the potential
radiation properties of platforms integrating enlarging mechanisms. The use of the characteristic modes
theory would complicate this analysis considerably. In this way and in order to illustrate this fact, the
RCS has been computed for a ground plane having dimensions of 100 mm x 40 mm as well as for the
same ground plane including the conductive strip (Fig. 2.16). For the two ground planes the RCS is
computed regarding a planar electric wave linearly polarized along the longitudinal edges of the ground
plane (Fig. 2.9). For the ground plane having 100 mm x 40 mm, the maximum RCS is found at 1.14GHz

(Fig. 2.17), whereas for the case regarding the conductive strip, the maximum RCS is found at 0.96GHz.
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Both cases have been normalized to the maximum value. From the results, several conclusions can be
drawn (Fig. 2.17):

a) The addition of the conductive strip allows tuning the resonant frequency of the ground plane
mode to lower frequencies, mainly due to the increment produced in the electrical path.

b) In the frequency range from 824MHz to 960MHz where the communication standards GSM850
and GSM900 are allocated, the RCS for the ground plane with the conductive strip is larger. Therefore,
more impedance bandwidth is expected.

¢) A minimum of RCS appears at 1.02GHz concerning the ground plane with the conductive strip.
This null is produced by the resonance appearing in the conductive strip, which at this frequency features
approximately a quarter-wavelength length. This low RCS value also evidences that at this frequency the
ground plane is not properly excited, hence not being an effective radiator. Due to this RCS drop, poor

electromagnetic performance is expected at this frequency region. This fact will be further illustrated

next.
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Fig. 2.17 Comparison of the normalized RCS for a ground plane of 100 mm x 40 mm and the same ground plane with the
conductive strip (Fig. 2.16).

The results remark the relevance of the RCS method in determining the electromagnetic properties
of the ground plane, even if considering tuning mechanisms such as slots or conductive strips. In the
latest, it further allows determining the effects of the conductive strip over the ground plane performance.
This knowledge is particularly relevant for properly designing the conductive strip. In effect, if the
conductive strip were tuned at the central frequency of the frequency region 824MHz-960MHz, i.e. if its
length were selected to be a quarter of a wavelength at this frequency, a null of RCS will appear and
consequently, poor performance would be expected in said frequency region. Accordingly, the design can
be optimized by adjusting the length of the conductive strip so as to obtain a better RCS in the frequency
region of interest, in this case 824MHz-960MHz, while keeping the null of RCS out of the band.

The conductive strip does not alter the current distribution at the maximum of RCS (0.96GHz)
(Fig. 2.18), since it follows that presented above in connection with a ground plane of dimensions 100
mm x 40 mm (Fig. 2.4). In this sense, this technique allows maintaining the current aligned with the

longitudinal edges of the ground plane, which produces the desired omnidirectional radiation patterns
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[23], with the advantage of lowering the resonance of the ground plane without increasing its physical
size. As previously introduced, the analysis of the current distribution regarding the frequency where the
RCS null appears (f=1.02GHz) (Fig. 2.18), confirms that the conductive strip alters the radiation
properties of the ground plane, thereby converting it in a non-effective radiator. In fact, at 1.02GHz, the
strip becomes a resonant structure with a length of approximately a quarter of the wavelength (73 mm is
approximately A/4 at 1.02GHz). These results confirm the initial hypothesis that suggested that the
electromagnetic performance of a radiating system comprising a resonant antenna and a ground plane
strongly depends on the electrical properties of the antenna element at its resonant frequency and on its
effectiveness of transferring energy to the ground plane [10]. Therefore, if an antenna on a ground plane
operates at 1.02GHz, the behavior will depend mainly on the antenna and not on the ground plane, since it
would not be properly excited. This fact is clearly observed when regarding a PIFA antenna placed on a
ground plane of 100 mm x 40 mm comprising the proposed conductive strip (Fig. 2.18 and Fig. 2.19).
The radiation efficiency (n,) of this radiating system presents a pronounced drop in the frequency where
the RCS presents a minimum, thus confirming again that at this frequency, the ground plane is weakly
excited (Fig. 2.18) and as a consequence, poor electromagnetic performance is obtained (Fig. 2.19).

b)

Fig. 2.18 Induced current (A/m) for a plane wave excitation according to Fig. 2.9 at a) f=0.96GHz; b) and f=1.02GHz. Same
maximum and dynamic range is used for both illustrations.

Thanks to the RCS analysis, the operation of the conductive strip to enhance the bandwidth in the
824MHz-960MHz is better understood. It is important to emphasize that this method stands out over the
method presented in section 2.2 when regarding complex structures. The conductive strip is tuned so as to
have the maximum of the RCS in the frequency region of interest while avoiding the minimum of RCS to
be in said frequency region. By following this procedure, a PIFA on a ground plane 100 mm x 40 mm
having a bandwidth of 8.3% at 900MHz (SWR<3) is improved up to 14.6% [23]. Moreover, since the
RCS at the frequency region 824MHz-960MHz is larger when using the conductive strip (Fig. 2.19), not
only the bandwidth improves but also the radiation efficiency.

A larger RCS translates in a better excitation of the ground plane mode when an antenna operates
in conjunction with the ground plane and therefore, larger radiation efficiency can be obtained. Better
matching and radiation efficiency translates into more antenna efficiency (n.=n(1-|Sw%)). Measured
radiation and antenna efficiencies of the PIFA antenna with and without the conductive strip (Fig. 2.19)
shows how the radiation efficiency increases around 1dB across the GSM850-GSM900 frequency region.

At the same time, due to the larger bandwidth provided by the conductive strip, the antenna efficiency
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also increases almost 2 dB (Table 2.1) [23]. It is interesting to point out that the use of the conductive
strip is not only useful for enhancing the bandwidth at the low frequency region but also to provide
robustness to hand loading [33] as well as for controlling the near field for hearing-aid [34].
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Fig. 2.19 Simulated radiation efficiency for a PIFA on a ground plane 100 mm x 40 mm and the conductive strip 40 mm x 33 mm
X 3mm.

Table 2.1 Measured radiation and antenna efficiency for a PIFA antenna in a ground plane 100 mm x 40 mm without and with a
conductive strip 40 mm x 33 mm x 3 mm (Fig. 2.19). Measurements are obtained using 3D pattern integration with the anechoic
chamber Satimo Stargate-32.

e (%) Na (%)
f(MHz) Without strip With strip An, (dB) Without strip With strip An, (dB)
820 311 38.8 0.96 16.2 235 1.62
850 375 51.3 1.36 27.1 41.2 1.82
880 39.3 56.0 1.54 3338 51.6 1.84
890 452 65.9 1.64 40.7 62.2 1.84
920 55.4 75.3 1.33 46.7 67.4 1.59
960 62.3 74.0 0.75 444 62.0 1.45

2.3.2.3. Enlarging the Ground Plane with Slots

The integration of slots in the ground plane also becomes an efficient technigque to enlarge the
electrical length of the handset platform without affecting its physical dimensions [9]-[20]. As previously
illustrated, this enlargement considerably contributes to enhance the electromagnetic properties of the
radiating system, namely in terms of impedance bandwidth and efficiency. This section gathers the
analysis of a slotted ground planed through the proposed RCS method. The simplicity of the proposal
allows comparing easily the characteristic modes variations produced by different techniques focused on
increasing the electrical length of the ground plane, such as the one presented above based on the
integration of a conductive strip and the one proposed herein based on the integration of slots (Fig. 2.20).

The operation principle of a slotted ground plane is equivalent to that illustrated in the case of the
conductive strip. In this sense, when a slot is printed or etched over a ground plane, the currents are
forced to travel a longer path, thus contributing to increase the electrical length of the ground plane. This
increment mainly shifts the fundamental mode resonance to lower frequencies. The length of this slot

allows tuning the resonant frequency of the fundamental radiating mode to the desired operating
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frequency, for instance, to 890 MHz, which corresponds to the central frequency of the low frequency

region allocating the communication standards GSM850 and GSM900 (Fig. 2.21).

Fig. 2.20 Ground plane having dimensions of 100 mm x 40 mm and integrating an open slot with dimensions of 38 mm x 3 mm.
The ground plane is etched on a thin dielectric slab of 1mm thick and ¢,=4.15, tan5=0.013.

The RCS analysis reveals that the slot technique stands out over the previous proposal consisting in
the integration of a conductive strip and becomes advantageous to tune the resonant frequency of the
ground plane mode to 900MHz. Moreover, this technique does not present a null as it was the case of the
conductive strip. However, it may be more challenging to be integrated into a wireless handheld device

due to the presence of other components such as a display or a battery.
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Fig. 2.21 Comparison of RCS for three different ground planes: 100 mm x 40 mm, 100 mm x 40 mm with a conductive strip as
shown (Fig. 2.16), and a ground plane 100 mm x 40 mm with slot 38 mm long and 3mm width (Fig. 2.20). The plane wave
impinges the ground plane according to Fig. 2.9. All ground planes are etched on a thin dielectric slab of Imm thick and €,=4.15,

tan5=0.013.

It should be pointed out that the RCS bandwidth is larger for the slot case than for the conductive
strip case (Fig. 2.21). Thus, one would expect to obtain more bandwidth using a slot in the ground plane
rather than using a conductive strip. In particular, the bandwidth using the conductive strip is 14.6% for
the PIFA in the 100 mm x 40 mm ground plane [23] whereas the same PIFA with a slot in the ground
plane [13] has a bandwidth around 35.1%. These results clearly agree with the RCS curves of Fig. 2.21.

From a quantitative point of view, it is interesting to link the impedance bandwidth obtained with
the RCS bandwidth predicted by using a -3dB RCS bandwidth computation (frequency at which the RCS
drops 3dB). The RCS.345 bandwidth for the ground plane with strip and with the slot is 8.0% and 18.0%,
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respectively. This results in a ratio of 2.3 which agrees with the impedance bandwidth ratio of 2.4 (35.1%
over 14.6%). This makes the RCS method useful not only to determine the frequency at which the best
excitation of the ground plane mode occurs, but also to estimate the bandwidth of several ground plane

configurations.

2.4. Resonant Elements versus Non-Resonant Elements

Previous section demonstrates that the inherent ground plane of current handset platforms present
efficient radiating modes at mobile frequencies. The question that arises at this point relies on
determining which elements become preferable for exciting said efficient radiating modes.

Many techniques including PIFAs [35]-[36], monopoles [37]-[40], loops [41], slots [42]-[43],
balanced antennas [44], combinations thereof [45], arrays of small antennas [46]-[47], and ground plane
modifications [9]-[26], [48]-[52] have been proposed in the literature as well as in the industry. These
solutions are mainly based on resonant antennas. Accordingly, when they are integrated in a handset
platform, the radiation becomes the combination between the radiation properties of the antenna itself and
those of the ground plane mode if it has been properly excited.

This section is then focused on determining if resonant antennas, such as the ones cited above,
properly excite the radiating modes of the ground plane or if in contrast, non-resonant solutions are
preferred. It is important to outline that non-resonant solutions are per se small structures since no
resonance is achieved in any frequency of operation when no other components are connected to the non-
resonant solution. It is important to emphasize that along this section, several situations are analyzed.
First, antenna elements having a resonant frequency (f)) lower to the resonant frequency of the
fundamental mode of the ground plane (fgp), i.e. f; < fgp. Second, those elements accomplishing f, =fgp,
and finally those elements satisfying f, >fgp. Usually, for the current platforms analyzed along this section,
fep is above the upper frequency of the low frequency region comprising 690MHz to 960MHz where
some of the main communication standards are allocated (LTE700, GSM850, and GSM900). Therefore,
those elements having f, >fgp are called herein as non-resonant elements.

Not only is the resonance analyzed, but also the role that the antenna geometry plays in the
performance of the whole radiating system. Previous research such as the one disclosed in [53],
demonstrates that the geometry affects the electromagnetic performance of monopole antennas when they
are placed over a ground plane with considerable dimensions. Therefore, it is indeed interesting to
analyze the role of the geometry when the ground plane actively contributes to the radiation process.

In this sense, this section analyzes the ground plane interaction with resonant antenna elements
performing different geometries (Hilbert-based monopoles of two and three iterations and spiral
monopoles) as well as such interaction when small non-resonant elements are regarded instead. The
parameter used to compare the performance of the radiating system is the inherent bandwidth (BW,). As
slightly introduced in section 1.2, the quality factor (Q) can be computed through the input impedance of

a particular radiating structure and allows determining readily its BW, [54]-[55]. This method becomes
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significantly advantageous since it removes the need of matching each frequency independently, usually
highly influenced by the skills of the antenna engineer in designing the matching network. By computing
the Q associated to the radiating structure through equation (1.2), the BW, for a wide range of frequencies
can be readily obtained according to (1.1). This procedure will be deeply explained along section 3.2 but
is slightly introduced here for the sake of allowing the comparison between the different radiating
structures. The study will demonstrate that non-resonant elements are preferable for exciting ground plane
radiating modes since they maximize the attainable BW,. This conclusion sets forth the basis of this thesis
and for this reason the elements used to excite the ground plane radiating modes are small non-resonant

elements with significantly poor stand-alone radiation properties.

2.4.1 On the Behavior of Several Geometries

Usually, the most challenging situation when designing multi-band and small radiating systems for
wireless handheld devices occurs at the low frequency region (690-960MHz where some communications
standards such as LTE700, GSM850, and GSM900 are allocated). In this frequency region, the ground
plane is small in terms of the operating wavelength and in many situations, it does not support an efficient
radiating mode, i.e. the first resonance of the fundamental mode commonly appears at a frequency above
the frequency region allocating the aforementioned communication standards (Fig. 2.2 and Fig. 2.5). For
this reason, this section is focused on this particular frequency region and is intended for determining
which element becomes preferable for exciting these radiating modes as a function of its geometry and its
resonant properties [56]. Four elements are analyzed: a spiral, two fractal-inspired elements based on the
Hilbert geometry (second iteration (H2) and third iteration (H3)) [57], and a non-resonant element, called
hereafter pad. The four elements present a footprint of 15 mm x 15 mm and are placed in a corner of a
ground plane having dimensions of 90 mm x 40 mm. Both, the ground plane and the geometries under
study are printed on a thin FR4 substrate of 1mm thick (e,=4.15, tan6=0.013) (Fig. 2.22). Note that
regarding this ground plane dimensions, the first characteristic mode (J;) resonates at 1170MHz. This
resonance has been calculated using characteristic mode analysis according to section 2.2.1, namely
computing the zero crossing of the eigenvalue 4, [1]-[4]. Taking into account this resonant frequency,
three different experiments have been carried out for determining how the geometry and the resonant
frequency of the element used to excite the ground plane, influences the performance of the whole
radiating system. The experiments are performed by means of the software IE3D based on MoM.

In a first experiment, the spiral and the two Hilbert-based antennas are tuned to resonate at
900MHz (approximately the center frequency of the frequency region of operation comprising the
communication standards GSM850 and GSM900), whereas the pad presents its first resonance at
1921MHz, well above the frequency region of operation. Note that elements having a resonance well
above the resonance of the ground plane radiating mode would be identified along this section as non-
resonant elements. In the second experiment, the spiral, H2, and H3 are tuned to resonate at 1170MHz,

i.e. at the same frequency as the eigenmode J;. The basis for this experiment is found on the electrical
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circuit modeling of the antenna and the ground plane disclosed in [10], [14], [48], which stated that the
bandwidth of a radiating system is improved when the resonant frequency of the antenna is similar to that
of the ground plane. Finally, in the third experiment, the resonant frequency is shifted to a frequency
above the resonance of the ground plane (1170MHz). Note that in each case, the geometry of all the
elements, except the pad, has been modified to allow the resonant frequency shifting.

<« 15mm

Fig. 2.22 Geometry of the proposed structures (spiral, H2, H3, and pad) placed in a corner of a ground plane having dimensions
of 90 mm x 40 mm etched in a 1mm FR4 substrate ¢,=4.15 tan4=0.013. For this case, spiral, H2, and H3 resonate at 900MHz
whereas the pad element presents a higher resonant frequency around 1921MHz.

In order to compare the behavior of the four elements, the BW, and the Q is computed from input
impedance according to equations (1.1) and (1.2) [54]-[55]. The advantages of this procedure lie in its
simplicity since by a single simulation of the input impedance, the bandwidth across a large frequency
range can be obtained without the need of matching the antenna element at each frequency. This last
procedure is undesirable since usually a matching can misrepresent the potential bandwidth (BWy). It
should be taken into account that the validity of this method holds as long as the input impedance presents
a behavior similar to a series or parallel RLC circuit [54]. For those cases, where the input impedance
presents small loops as the ones caused by couplings between different radiators, the validity of the

method is not guaranteed.

2.4.1.1. Resonance of the Element (f;) equal to 900MHz

The spiral and the two Hilbert-based antennas are tuned to resonate at 900MHz whereas the pad, as
indicated above, presents a first resonant at 1921MHz. The conclusions that can be extracted from the
results (Fig. 2.23) can be summarized as follows:

a) When the elements are resonating at a frequency below the resonance of the eigenmode J;
(1170MHz), the maximum BW, is obtained close to the resonant frequency of the element. In this case
around 900MHz.
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b) When the elements resonate at a frequency above the resonance of the eigenmode J;
(1170MHz), as is the case of the pad, the maximum BW, is obtained close to this resonance, i.e. the
maximum BW, appears at the resonance of the fundamental mode of the ground plane (1170MHz).

c) Those elements having the resonance below that of the ground plane (spiral, H2, and H3), do not
effectively excite the ground plane at the resonant frequency of the eigenmode J; (1170MHz).

d) The maximum BW, for the cases resonating at 900MHz is dependent on the geometry. In this
case, H3 stands out over H2 and the spiral geometry, being the last the worst case.

e) The pad has the maximum BW, at the resonance of the ground plane reaching very large values
around 62%. It should be noted that at this point the Q method is not accurate but indicative. The semi
loop that appears in the input impedance avoids having an exact quantitative value but provides a
qualitative result that suggests a large value. In order to obtain the exact BW, at this frequency the
conjugate matching technique is used and the results coincide with the predictions, since a large BW,
around 44% is obtained.

f) The pad also offers slightly better BW, around the center frequency of the operating region, i.e.
around 900MHz. In fact, the behavior from 650MHz to 880MHz is very similar to that provided by H3,
however, it becomes better than that provided by H3 beyond 880MHz.

As a first glance, the previous results lead to the conclusion that the simplest geometry, i.e. the pad,
would be preferable for two main reasons. On one hand, it performs similar to the best resonant case (H3)
close to the center frequency of the operating region (around 900MHz) and slightly better as long as the
frequency of operation approximates the resonance of the ground plane. On the other hand, its simplicity

makes the fabrication process easier.
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Fig. 2.23 BW, associated to the spiral, H2, and H3 when they are resonating at 900MHz, and to a pad resonating at 1920MHz. All
the elements considered, are placed in a corner of a ground plane having dimensions of 90 mm x 40mm and being etched in a 1
mm FR4 substrate (¢,=4.15, tan5=0.013).

At this point, an interesting question to address is to determine if the pad itself is an efficient
element or actually is the one that better excites the fundamental mode of the ground plane. In order to
answer this question, the Q is computed for the pad element as well as for the spiral case in a dipole
configuration (Fig. 2.24). The spiral dipole resonates at 900MHz whereas the pad dipole resonates at
upper frequencies around 2330MHz. Both dipoles feature the same footprint and radiation efficiency ()
of 24.0% and 42.3% for the spiral and pad, respectively. At the frequency of interest (900MHz), the Q of
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the pad-based dipole is larger than the one of the spiral dipole (Table 2.2), thus, being the latest the one
that offers better performance at 900MHz. Nevertheless, as illustrated above, the situation changes
completely when the ground plane is considered. In this case, the Q of the pad is lower than that obtained
by the spiral (Fig. 2.23). These results suggest that the element is not the main contributor to the
performance of a radiating system comprising a ground plane of resonant dimensions.

15 mm 15 mm

15 mm

Fig. 2.24 Dipole configurations for the pad and spiral used to compute the Q of the element itself. A dipole arm corresponds to
the element used in Fig. 2.22.

Accordingly, the relevant aspect is the way the element excites a mode or modes in the ground
plane and not the radiation effectiveness of the element itself. For this particular case, the Q for the pad
placed in the corner of the ground plane is around 12.2 (BW, (SWR<3) around 9.5%) whereas the Q for
the spiral regarding the same ground plane is around 20.1 (BW, (SWR<3) around 5.7%). Therefore
concluding, that the pad element, despite not being the best candidate when regarding its stand-alone
radiation properties, becomes the best candidate when concerning the ground plane excitation (Table 2.2),

attaining a BW, 67% times larger than the spiral case.
Table 2.2 Q values at 900 MHz regarding a dipole configuration (Fig. 2.24) and regarding the ground plane (Fig. 2.23).

Element Q for the dipole configuration at 900MHz Q regarding the ground plane at 900MHz
Spiral 80.5 20.1
Pad 101.1 12.2

2.4.1.2. Resonance of the Element (f;) equal to the Resonance of the Ground Plane
(for)

As previously introduced, the second experiment is focused on analyzing the performance of the
radiating system when the geometries under study are tuned to resonate at the frequency of 1170MHz, i.e.
the frequency associated to the resonance of the fundamental mode of a ground plane having dimensions
of 90 mm x 40 mm. The footprint for all the cases is maintained as in the previous experiments and the
geometry has been adapted to produce a resonance around 1170MHz. The conclusions that can be
extracted from the results (Fig. 2.25 and Fig. 2.26) can be summarized as follows:

a) When the elements are resonating at a frequency equal to the resonance of the eigenmode J;
(1170MHz), the maximum BW, is obtained at this resonant frequency, in this case around 1170MHz.
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b) When the elements resonate at a frequency above the resonance of the eigenmode J;
(1170MHz), as is the case of the pad, the maximum BW, is obtained close to this resonance, i.e. the
maximum BW, appears at the resonance of the fundamental mode of the ground plane (1170MHz).

¢) The geometry conditions the performance, more significantly near the resonance of the ground
plane. Near this frequency, the maximum BW, is obtained for the Hilbert antennas, being H3 the one
attaining the largest value. The results confirm again that the spiral antenna is the worst candidate, since it
presents the lowest inherent BW,.

d) The pad directly competes with the Hilbert antennas, since it still obtains large BW, with the

advantage of being geometrically simpler.
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Fig. 2.25 BW, for the spiral, H2, H3, and pad when the resonant frequency of the antenna element becomes equal to the
resonance of the ground plane mode (f,=fgp=1170MHz).

It is important to underline, the benefits of having the resonant frequency of the antenna element
close to the resonant frequency of the ground plane, as initially taught in [10], [48]. For instance, the
results when regarding the resonant elements (i.e. those elements presenting f, < fgp) depict that the
bandwidth at the 690-960MHz frequency range is lower for those cases having f, <fgp. Therefore and
contrarily to what was initially believed, it is preferable to locate the resonance of the antenna element
close to the resonance of the ground plane rather than to approximate it to the center frequency of the
frequency region to match (Fig. 2.23 and Fig. 2.25). In order to better illustrate this fact, the results for the
best case of the resonant elements (H3) are compared in both situations (Fig. 2.26) and they clearly shown
a significant bandwidth enhancement for the case where f, =fgp. In this sense, if operation in the frequency
region close to 900MHz is required, the best option would consists in modifying the ground plane length
as for achieving a resonance shifting to lower frequencies. As demonstrated in the former section, the
resonance of the fundamental mode of the ground plane appears when its longitudinal dimension reaches
values close to approximately 0.4 [35], which results in approximately 133 mm at 900MHz. In order to
reduce the physical size without modifying the electrical length, previous literature [9]-[26], as well as the
previous section teaches that the resonant frequency of short ground planes (around 100 mm), can be
shifted down to 900MHz by introducing slots or by adding conductive strips that force the currents to
travel a longer electrical path (Fig. 2.17 and Fig. 2.21). In the present section, the approach is not focused
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on manipulating the ground plane, but on determining which element better contributes to the excitation

of the radiating mode of the ground plane.
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Fig. 2.26 Comparisons of the BW, attained by H3 when it is designed to resonate at 900MHz and at 1170MHz, which coincides
with the ground plane resonance.

Contrarily to what was initially believed, resonant antennas should not be designed to resonate at
the center frequency of the frequency region of interest, but at the resonant frequency of the ground plane
mode in order to maximize inherent BW,. This conclusion is completely aligned with that obtained from
the electrical model presented in [14] where the bandwidth was maximized if the resonant frequency of
the antenna matched that of the ground plane. The results further illustrate that non-resonant elements are
also good candidates for exciting efficiently the ground plane mode without a significant loss of
performance (Fig. 2.25) as well as with the advantage of its geometrical simplicity. In fact, the pad
element offers a larger BW, at 900MHz even when the other antenna elements are tuned to resonate at
this particular frequency (Fig. 2.23). Therefore, a new conclusion is derived from the results, since if the
resonant frequency of the element is placed above that of the ground plane, the bandwidth can be large
enough and very similar to that obtained in those cases where both resonances become the same (Fig.
2.25) and even larger than that offered by resonant elements tuned at the central frequency of the
operating region (900MHz) (Fig. 2.23). The following section will deeply explain the advantages of using
non-resonant elements (f; >fgp) instead of commonly used resonant elements. It is worth to outline that the
basis for replacing conventional resonant antennas by non-resonant elements, called along the thesis as

ground plane boosters, is found in the physical insight provided along this section.

2.4.1.3. Resonance of the Element (f;) above the Resonance of the Ground Plane (fgp)

For the third experiment and in order to demonstrate the advantage of using non-resonant elements
(fr >fep), the spiral, H2, and H3 are tuned to a resonant frequency placed above fgp=1170MHz. For this
case, all the elements feature a footprint of 5 mm x 5 mm. The resonant frequencies for the spiral, H2, H3,
and pad are 2500MHz, 3800MHz, 2300MHz, and 5800MHz, respectively, which are well above
1170MHz (Fig. 2.27). For this experiment, all cases present similar BWj at the frequency region of 690-
960MHz. Nevertheless, they slightly differ near the resonant frequency of the ground plane (Fig. 2.27),

similarly to what happened when the resonance of the elements were aligned with that of the ground
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plane (Fig. 2.25). The previous experiments demonstrate that the better BW, appears at the frequencies
nearer the resonant frequency of the ground plane, which for this case is placed at 1170MHz. In order to
reduce this resonance, the length of the ground plane should be increased, as illustrated in the former
sections. If the length of the ground plane is increased up to 120 mm, the ground plane resonance shifts to
values close to the operating frequencies (Fig. 2.28), thus providing an enhanced performance at these
frequency regions.
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Fig. 2.27 Comparison of the BW, attained by the four geometries under study when they are designed to resonate above the
resonant frequency of a ground plane having dimensions of 90 mm x 40 mm and being etched over a 1 mm thick FR4 substrate
(e,=4.15, tan5=0.013) (fsp=1170MHz).

These results lead to the conclusion that solutions having a resonant frequency equal or above the
ground plane resonance are preferable for enhancing the electromagnetic performance of the radiating
system at those frequencies close to the resonant frequency of the ground plane. In order to reduce this

resonant frequency, larger ground planes or techniques capable of electrically enlarging them are strongly

required.
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Fig. 2.28 Comparison of the BW, attained by the four geometries under study when they are designed to resonate above the
resonant frequency of a ground plane having dimensions of 120 mm x 50 mm and being etched over a 1 mm thick FR4 substrate
(&,=4.15, tan5=0.013) (fsp=925MHz).

Finally it is possible to conclude that the geometry of the non-resonant element plays a role at
frequencies close to the resonant frequency of the ground plane when the elements are tuned to this
frequency. If the resonance of the ground plane is placed above the operating frequencies, the geometry
loses its relevance and different geometries performs similarly (Fig. 2.27 and Fig. 2.28). This fact allows

the use of geometrically simpler structures to provide operation at these frequency regions. Further to the
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geometry and size effect, the following section will provide a physical insight into the feeding location

effect by approximating the radiating structure to an asymmetric dipole.

2.5. Physical Approximation to an Asymmetric Dipole

This section is intended for providing a physical insight into the behavior of radiating systems
fundamentally based on the excitation of the ground plane as main radiator. Previous section analyzes the
effect that the geometry, size, and resonant frequency of the element used to excite the ground plane plays
in the radiation properties of the whole radiating system. This section goes a step further and provides a
physical insight into their radiation properties by approximating it to a dipole.
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Fig. 2.29 Left: Modulus of the input impedance according to the feeding arrangement. The current distribution relates to the
frequency of 825 MHz, which corresponds, approximately, to the center frequency of the frequency range (690-960MHz). The
current maximum is fixed to 0.5A/m and the dynamic range is 30dBs; Right: Smith Chart representation of the input impedance.

The location of the feeding point in a dipole configuration plays a significant role in the
performance of the radiating structure [6]. It could condition the input impedance value, the current
distribution, the radiation pattern or even the radiation efficiency. In order to determine the effects
produced by the feeding arrangement in the radiating properties, a dipole antenna of dimensions
comparable to the ground plane of a bar-type handset phone, such as the one presented in the former

section, has been considered.

I, =1,-sin k(l——|z|D (2.11)
2
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2

As long as the feeding approximates the edge of the dipole (Fig. 2.29), the input impedance

modulus increases and varies according to equations (2.11) and (2.12). In this case, this impedance

variation affects the quality factor of the structures. Nevertheless, no significant changes are appreciated
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in the radiation efficiency which remains substantially close to 100% at the frequency regions under study
(0.6-3GHz).

The performance of the radiating structures proposed along the thesis could be approximated to that
provided by an asymmetric dipole, understanding asymmetric dipole as that dipole having an off-center
feed. The main difference with respect to an ideal asymmetric dipole [6] mainly relies in the asymmetries
between the arms that constitute the dipole, which usually entails significant performance variations as
deeply presented in section 2.4. The literature asserts that the location of the feeding conditions the
current distribution when longer dipoles are considered (larger than A/2). Nevertheless, it does not alter
the current distribution in shorter dipoles (lower than A/2) [6]. Accordingly, since the size of the structure
under analysis presents an electrical length smaller than A/2 at the low frequency region, the current
distribution mode is not significantly altered, since it continues aligned with the longitudinal edge of the
radiating structure (Fig. 2.29 and Fig. 2.30).
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Fig. 2.30 Left: BW, according to the feeding arrangement and the dipole arms width. The current distribution relates to the
frequency of 825 MHz, which corresponds, approximately, to the center frequency of the frequency range (690-960MHz). The
current maximum is fixed to 0.5A/m and the dynamic range is 30dBs; Right: Radiation efficiency and quantitative BW,,.

The shifting of the feeding location to the shorter edge of the structure mainly translates into a
decrement of the BW, but neither alters the current distribution nor the radiation efficiency, being the last
almost the same, independently of the feeding position (Fig. 2.30).

The previous results illustrate that the center feed solution having a width of 40 mm would be
preferable since it attains larger impedance bandwidths. Nevertheless and regarding the implementation
perspective, it would significantly complicate the design of current handsets. On one hand, it would make
difficult the integration of other handset components, such as the battery, without affecting significantly
the performance of the structure. On the other hand, the line routing of the layout would also become a

significant challenge. This inconvenience could be overcome by providing an asymmetric solution such
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as those proposed along this thesis. These solutions try to reduce as much as possible the size of one arm,
or in other words, try to locate the feeding as close as possible to the short edge in order to not only
simplify the integration of other handset components, but also to provide a common grounding reducing,
in this way, the interaction of other handset components with the radiating structure.

2.6. Conclusions

The characteristics modes theory provides a significant physical insight into the radiation properties
of conducting objects as a function of their shape and size. The application of this analysis to the ground
plane of some current handset platforms, namely to a bar-type, a smartphone, and a clamshell, reveals that
these structures are capable of supporting efficient radiating modes along the frequency region typically
used for mobile communication services.

The fundamental radiating mode is the one that predominates in the low frequency region and its
current distribution is completely aligned with the longitudinal edges of these ground planes.
Accordingly, its length mainly determines the resonance of the fundamental mode, i.e. the larger the
length of the ground plane, the lower the resonant frequency, and vice versa. In the higher frequency
region, other higher order radiating modes contribute to the radiation process as well.

In addition, this section further demonstrates the effectiveness of the proposed RCS analysis in
determining the radiation properties of the fundamental mode of the ground plane. The main advantage of
the method mainly relies on its simplicity for determining its resonant frequency without the need of
resorting to the tedious mathematical processes required by the characteristic modes theory. The results of
the method are completely aligned with those obtained by the mathematical procedure proposed in the
characteristic modes theory.

Since the electrical dimensions of the ground plane condition the appearance of the resonance of its
radiating modes, this section further proposes methods to reduce its resonant frequency without
modifying its physical dimensions. In this sense, this section demonstrates that the addition of slots as
well as conductive strips in the ground plane of these typical handset platforms become suitable
techniques for increasing the electrical length of the ground plane without affecting its physical
dimensions. The RCS method can also be readily applied to those ground planes including these
enlarging techniques. The results allow knowing the effect that the addition of these mechanisms
introduces into the radiation properties of the fundamental mode. The slotted solution would be preferred
over ground planes integrating conductive strips, since it provides larger normalized RCS bandwidth,
which mainly translates into larger impedance and efficiency bandwidth. The proposed RCS method also
allows better determining how the physical parameters of the solutions affect the excitation of the ground
plane mode. In this sense, when a conductive strip is properly designed, the RCS shows a maximum in
the frequency region of interest and a minimum at a quarter of the wavelength of the strip, hence,
selectively allowing the placement of this minimum out of the frequency region of interest. The RCS

method further demonstrates that the slot technique disclosed herein not only presents more bandwidth
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for handset antenna design but also avoids the minimum of RCS appearing at the resonant dimensions of
the conductive strip, which hardly limits the bandwidth of this solution. Note that the RCS allows taking
into account the frequency shifting produced by the dielectric material where the ground plane is usually
etched. In this sense, it is possible to state that the RCS method becomes appropriate for providing a
better understanding of the behavior of the ground plane which strongly conditions the electromagnetic
performance of the whole radiating system.

Once the existence of efficient ground plane radiating modes at mobile frequencies is
demonstrated, the question that this section addresses, consists in determining the effect of the resonant
frequency, the size, and the geometry of the element used to excite this ground plane radiating mode. The
performed study demonstrates that the resonance of the element used to excite the ground plane strongly
conditions the performance of the whole radiating system. The study reveals that the resonance of these
elements should coincide with the resonance of the ground plane mode in order to significantly enhance
the performance of the radiating system, and particularly its inherent bandwidth. Contrarily to what was
initially believed, the performance of the radiating system is considerably degraded if the resonance of the
element is tuned to the center frequency of the frequency region of operation when it is below the
resonance of the ground plane mode. In these cases, the geometry plays a role, being the spiral the worst
candidate, and the monopole inspired in the Hilbert curve either of two or three interactions, the best
candidate. It is important to underline that the radiation properties of a particular element considerably
changes in the presence of the ground plane.

The analysis further proves that non-resonant elements can perfectly substitute resonant geometries
since their performance is comparable to the resonant cases regarding f, =fgp, with the significant
advantage of their simpler geometry. When no-resonant elements are regarded, the geometry loses its
relevance and reinforces the benefits of the simplest geometry, i.e. the benefits of the pad element over
more complex geometries. Thus, the pad becomes the element that presents the best trade-off between
electromagnetic performance and geometry simplicity. In order to determine the preferred ratio between
resonant frequencies, several experiments have been carried out and they coincide in the fact that as long
as the resonant frequency is above the resonance of the ground plane mode, the performance will remain
equal, independently of the ratio between resonances.

The proposed radiating structures could be approximated to an asymmetric dipole. The asymmetric
dipole analysis reveals that the best performance is attained when the feeding is arranged at the center of
the radiating structure. Nevertheless, this feeding arrangement supposes significant challenges from the
integration perspective, since the location of other handset components, such as batteries or displays
would significantly degrade the performance of the system. The input impedance modulus increases as far
the feeding approximates the short edge of the ground plane, thus increasing the quality factor of the
radiating structure. This feeding arrangement neither alters the current distribution nor the radiation
patterns of the structure considering structures smaller or comparable to A/2. The challenge at this point

mainly relies on shifting the feeding point or in a similar manner on modifying the size of the non-
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resonant element as for accomplishing the minimum inherent bandwidth capable of providing operation

in the desired frequency bands.

Table 2.3 Overview of the main methods and conclusions extracted from this chapter.

Method of Analysis

Characteristic modes

Features

. The theory allows determining
the wave modes supported by a

particular conducting body just as a
function of their shape and size.

. Computation does not need to
take into account a feeding mechanism.
. Eigenvalues ) provides

information about the nature of the
mode. If A<0, the mode is capacitive, if
A>0, the mode is inductive, if A=0, the
mode is in resonance. Values close to
A=0 are desired across the frequency
region of operation.

Results

. For smartphone platforms
having 120mm to 135mm length, the
fundamental mode presents a 4 close
to 0 across the frequency region of
interest (690MHz up to 3GHz).

. The  fundamental mode
presents minimums of current at the
shortest edges of the ground plane,
being the ideal position for capacitive
ground plane boosters. Maximums of
current are located at the center of the
longest edges, being this position ideal
for inductive ground plane boosters
(chapter 3).

Broadband matching network

Broadband Matching Network
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. Electrical circuit models the input
impedance of a non-resonant element in
a wireless handheld device.

. Equations for optimum values of
a LC broadband matching circuit are
derived which allows a systematic

. A simple broadband
matching circuit comprising a LC
resonator allows creating an input
impedance  loop. A bandwidth
improvement of 2.45 for SWR=3 is
achieved. This systematic technique is

resonant frequency of the fundamental
mode for a given platform.

. The backscattering depends on
the angle of arrival of the incoming plane
wave.

. Useful to analyze complex
platforms such as those having slots or
strips in the ground plane.

. Useful to consider the shifting
effect produced by the dielectric support
where the ground plane is usually etched.

design. .
] used for impedance broadband
N A fundgme_ntal . bandw@th matching of the several ground plane
enhancement limit is derived which booster architectures proposed
permits to know the boundary of the throughout the thesis
bandwidth improvement. '
b)
. Easy computation.
. Suitable to  determine the ° The RCS method has been

compared with characteristic mode
analysis to determine the resonant
frequency of the fundamental mode of
several platforms (bar, smartphone,
and clamshell) concluding differences
less than 7%.

. The method has been used to
calculate the frequency displacement
of the resonant frequency of the
ground plane due to a dielectric
coating such as those existing in the
PCB of wireless handheld devices.

Resonant vs. non-resonant

L
i ——

. Computation of the Q using input
impedance for a given element on a
ground plane, allows determining the
best element capable of maximizing the
BW.

. For a typical smartphone
platform, the largest bandwidth for the
most  critical  frequency  region

(690MHz-960MHz), is obtained when
the resonance of the element is equal
or even above the resonance of the
ground plane and not when the
element resonates at the frequency of
interest.
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This conclusion sets forth the basis of this thesis (Table 2.3), which is mainly focused on replacing

resonant structures by small non-resonant elements having reduced stand-alone radiation properties in

order to excite the efficient radiating modes of the ground planes of typical handset platforms. The

following section will demonstrate the effectiveness of the method in providing multi-band radiating

systems featured by significantly small dimensions.
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CHAPTER 3 GROUND PLANE BOOSTER ANTENNA TECHNOLOGY

3.1. Introduction

The theoretical principles of the characteristic modes that set forth the grounds of the proposed
antenna technology are presented in detail in the former chapter. The theory demonstrates that it is
possible to compute the wave modes supported by any conductive structure as a function of their shape
and size, i.e. only the shape and size of a conducting structure determines the wave modes that it can
support. In addition, the theory also allows knowing in advance the radiation properties associated to said
modes, i.e. its computation determines if a particular mode contributes to store electric/magnetic energy,
or if in contrast, said mode is a radiating mode, which means that it is capable of properly radiating the
energy to the space.

In order to apply the potential advantages of this theory, previous chapter presented the
computation of the characteristic modes associated to several handset platforms such as bar and
smartphone. The results reveal that the ground plane of said platforms presents an efficient radiating
mode at mobile frequencies. The technology proposed along this chapter is focused on properly exciting
this efficient radiating mode without requiring the use of conventional antennas having resonant
dimensions close to a quarter of the operating wavelength. The use of the ground plane as the main
radiator provides the advantages of reducing the space required by the radiating system in the handset
platform. The manufacturers considers the integration of the antenna element into the handset platform as
a toll to pay, thus its size reduction is strongly demanded. This reduction allows not only the integration
of other handset components and functionalities but also the addition of multiple antenna elements
strongly required in emergent technologies such as MIMO.

As previously discussed, the shape and size of the ground plane of the handset platform strongly
condition the radiation modes that could be excited. Once the shape and size has been selected as for
supporting the desired radiation modes, the challenge moves toward the way of properly transfer energy
to the efficient radiating ground plane modes. Previous chapter demonstrate that the energy transferred is
strongly dependent on the geometry, size, and resonance of the element used. The results further reveal
that non-resonant elements stand out over resonant elements not only due to their size benefits but also to
their geometry simplicity (section 2.4.1.3).

In this regard, this chapter is focused on providing a radiating system based on the excitation of the
efficient radiating modes of a handset platform by means of a set of ground plane boosters strategically
arranged along the ground plane of said handset platform. The proposed radiating system further
comprises a radiofrequency system based on broadband matching networks, which provides a useful
systematic design. The elements used to excite the ground plane are referred along this thesis as ground

plane boosters mainly due its limited stand-alone radiation properties. In particular, the ground plane
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boosters presented along this chapter cannot be considered antennas since they feature a considerably
high Q at the frequencies of interest.

The particular content of each section that conforms this chapter can be summarized as follows:
Section 3.2 is focused on demonstrating the feasibility of providing a radiating system based on the
excitation of the efficient fundamental radiating mode of the ground plane by using small ground plane
boosters featured by their reduced dimensions of just 5 mm x 5 mm x 5 mm. The proposed radiating
system comprises a radiofrequency system including broadband matching networks and notch filters for
each frequency region, namely a low frequency region (824-960MHz) and a high frequency region (1710-
2170MHz), in such a way that each ground plane booster is intended for a particular frequency region.
The proposal attains penta-band operation and allows covering the communication standards GSM850,
GSM900, GSM1800, GSM1900, and UMTS while reducing the volume occupied in the Printed Circuit
Board (PCB).

Several studies emphasize the need of using L-shaped coupling elements having a volumetric
geometry to increase the transfer of energy to the efficient ground plane radiation mode. Nevertheless,
section 3.3, demonstrate that volumetric ground plane boosters such as the one described in section 3.2
can be substituted by coplanar ground plane boosters without a loss of performance. Two coplanar
radiating systems are proposed. The first one attains octo-band operation and allows covering the
communication standards GSM850, GSM900, GSM1800, GSM1900, UMTS, LTE2100, LTE2300, and
LTE2500. The second one is intended for increasing the number of operating frequency bands up to nine
in order to cover ten communication standards LTE700, GSM850, GSM900, GPS, GSM1800, GSM1900,
UMTS, LTE2100, LTE2300, and LTE2500.

Section 3.4 will further demonstrate that the geometry, size, and resonance of the element used to
excite the ground plane mode are not the only factors that condition the excitation thereof. In particular,
the location of the booster element as a function of its nature (inductive/capacitive) plays a significant
role. In order to illustrate this effect, this section analyzes the performance of inductive boosters as a
function of their placement with respect to the ground plane.

Finally, section 3.5 describes an alternative radiofrequency system capable of minimizing the
number of reactive elements (either lumped components or distributed elements) in a factor around 2.5
with respect to previous proposals based on broadband matching networks and notch filters. In particular,
the proposed solution attains octo-band operation (GSM850, GSM900, GSM1800, GSM1900, UMTS,
LTE2100, LTE2300, and LTE2500) using only 5 reactive components.

3.2. Volumetric Ground Plane Boosters: Capacitive Elements

As previously explained in the introductory section of this thesis, the handset phones initially
conceived with a limited number of functionalities have evolved to a novel concept of multifunctional
wireless devices or smartphones, which must integrate a great number of services in a limited space in

order to satisfy the user demands. Furthermore, new frequency bands appear for allocating new
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communication standards for which the antenna has to guarantee operability. In this sense, the antenna
design becomes more and more a challenging effort since it has to provide multi-band operation while
dealing with the constraints associated to physical limitations. On one hand, small size antennas are
required for allowing the integration of other components in the handset platform, such as big displays
enabling touch screens, cameras, batteries, speakers, etc. On the other hand, a low profile and low weight
design is preferable in order to ensure slim multifunctional platforms. Nowadays, internal antennas such
as patch/PIFAs (Planar Inverted F Antenna) and monopoles are the most common designs for handsets
[1]. Nevertheless, they are constrained by the fundamental limits of small antennas that imply an
inherently narrow bandwidth (BW) [2]. For PIFAs, several well-known techniques are used to provide
dual-band or multi-band operation such as inserting slits in the radiating path or using slotted ground
planes. This fact increases the complexity of the design and difficult the integration in slim platforms,
since to guarantee good performance, the antenna has to be arranged at a certain height with respect to the
ground plane occupying a considerable volume (<3600 mm?®). Handset monopole antennas are an
alternative to provide multi-band operation in slim platforms mainly due to its characteristic low profile
[31-5].

Until relatively recently, the efforts on the antenna design were mainly addressed to the antenna
geometry and not to the ground plane, since its relevance in the radiation process was underestimated.
Accordingly, the antenna element was typically a self-resonant element that provided an efficient
radiation independently from the ground plane structure. Nevertheless, as previously discussed the ground
plane is progressively acquiring relevance and several studies have demonstrated its strong contribution to
the radiation properties [6]-[29]. In this way, the study presented in [6], proposes an equivalent circuit
model that provides a quantitative view of the effect of the combination of a single-resonant antenna and
a chassis over the most significant antenna parameters. The theoretical effect of the coupling factor and
the resonant frequencies is demonstrated through simulation regarding self-resonant antennas such as
patch and PIFA antennas. At the same time, [7] presents a folded radiating ground plane fed with a
bowtie-shaped planar monopole specially selected to properly excite the desired ground plane modes.
However, the folded ground plane can be understood as a PIFA antenna over a finite ground plane (100
mm x 40 mm) with significant physical dimensions (49.5 mm x 35 mm x 10 mm), which are too large for
practical purposes in modern handheld wireless devices. Again the radiation becomes a combination of
the PIFA antenna and the ground plane modes. In the present study, the radiation is entirely provided by
the proper excitation of the ground plane modes since no antenna is regarded.

In [8], resonant elements are used for simultaneous tuning of two different ground plane modes. On
one hand, the resonance of the first ground plane mode is adjusted by strategically loading the ground
plane with a resonant screen acting as a quarter-wave slot resonator for the GSM1800 and GSM1900
bands. In this sense, an electrical enlargement of the ground plane is achieved for the low frequency
region (0.84-0.96GHz). On the other hand, the resonant frequency at the high frequency region (1.71-
2.17GHz) is obtained by reducing the electrical length of the chassis for this frequency region. Other



74 Ground Plane Booster Antenna Technology for Wireless Handheld Devices

proposals are found in [9]-[17] where a slot is used for tuning the resonant mode to lower frequencies by
providing a longer current path, whereas in [18] the resonant mode is tuned to the high frequency region.
Regarding [19], two antenna structures based on coupling elements designed to transfer energy to the
ground plane mode are presented. They are intended for covering the communication standards GSM900
and GSM1800 separately by means of a single-resonant matching circuit based on distributed matching
elements. Other reference based on coupling elements is given in [20] where an antenna structure
consisting in two coupling elements and two resonant circuits is proposed. The proposal achieves a quad-
band behavior. Nevertheless, the coupling elements presented for covering each frequency region
(624mm® and 64mm?® respectively), and specially that in charge of providing operation in the low
frequency region, still presents a considerable volume compared with the 250mm?® of the new solution
disclosed herein for providing penta-band operation. In [21], the penta-band behavior is achieved by
means of two radiating elements and two matching networks capable to provide multi-band operation at
each frequency region.

In the present thesis, the self-resonant antenna element is replaced by non-resonant ground plane
boosters. In this sense, a challenge appears since the ground plane resonance is not coupled to the antenna
resonance. Thus, the present research is focused on providing multi-band wireless handheld device
architectures based on the proper excitation of the ground plane without the need of an antenna element
[22]-[24]. This chapter demonstrates that no handset antenna is required for effectively exciting the
radiation modes of the ground plane. On the contrary, the novel architecture introduced here only requires
small ground plane boosters featured by a high quality factor (Q~2250 for the low frequency region and
Q=265 for the high frequency region) and extremely poor stand-alone radiation properties in combination
with a matching network for providing simultaneous operability in the main communication standards
(GSM850, GSM900, GSM1800, GSM1900, and UMTS).

This section is structured in the following manner: firstly, the characteristic modes theory as a base
of this study is briefly reviewed in subsection 3.2.1. Subsequently, the radiating system comprising both
the radiating structure electrical model and the matching network design are presented in subsection 3.2.2.
Secondly, the proposal is evaluated through simulations using the software IE3D based on MoM (Method
of Moments) (3.2.3). In a third stage, a prototype is built for the sake of validating the simulations with

the experimental results (3.2.4).

3.2.1 Theoretic Principles

Characteristic modes theory [30]-[32] becomes a useful tool to understand the ground plane
contribution and can be used to perform systematic analysis and design of handset antennas. As deeply
analyzed in the former chapter, they are described as the electrical current eigenfunctions linked to the
boundary conditions established by an arbitrary shaped conducting body. Thus, they provide a physical
insight into the radiation properties of a specific radiating structure and are only dependent on the shape

and size of the conducting object. Accordingly, the behavior of the radiating structure can be described as



Chapter 3: Ground Plane Booster Antenna Technology 75

a combination of the radiation and impedance characteristics of the wave modes associated to the antenna
element and those associate to the ground plane. In this sense, once the shape of the radiating structure is
determined, the radiation modes can be computed and the optimum feeding configuration can be selected
in order to correctly excite the desired radiation modes [33].

A predominant longitudinal mode is provided by a conventional ground plane layer with typical
handset dimensions (100 mm x 40 mm) in the operation range (Fig. 3.1), which is perfectly aligned with
the results shown in [34]. From (Fig. 3.1) it is possible to determine that a mode is in resonance when its
associated eigenvalue is zero. At the same time, the smaller the magnitude of the eigenvalue, the higher is
the contribution to the total surface current density. In addition, the sign of the eigenvalue determines
whether the mode contributes to store magnetic energy (4,>0) or electric energy (1,<0). It is important to

notice that the modal significance (2.10) of the eigenvalue A, predominates in the entire frequency range

of interest.
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Fig. 3.1 Eigenvalues (') and modal significance versus frequency associated to the first and second predominant modes (4, and
) regarding a PCB with dimensions 100 mm x 40 mm. Current distribution (A/m) at the frequency of f=892MHz provided by
the first radiating mode J;.

In the low frequency region, the ground plane is featured by a longitudinal radiation mode
characterized by a low quality factor (Q=1.51 at the resonance of the first eigenmode (1.3GHz) computed
according to (2.8) provided by its resonant dimensions at this frequency range (Fig. 3.1). If a self-resonant
antenna element is used, the radiation becomes a combination of the wave mode associated the antenna
element and those associated to this longitudinal radiation mode. Consequently, the resulting radiation
strongly depends on the efficiency of the radiation mode provided by the antenna element if the ground
plane mode is not correctly excited. In this sense, the main idea of this proposal consists in maximizing
the energy transfer to the efficient radiation mode of the ground plane by means of a non-resonant ground
plane booster with a high Q around 2250 for the low frequency region and 265 for the high frequency

region. This non-resonant element merely acts as a ground plane booster for both frequency regions.

! Note that 4 in subsection 3.2.1 is defined as the eigenvalue and must not be confused with the wavelength.
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3.2.2 Concept Definition

This section is intended for describing the proposed radiating system which is mainly composed by
a radiating structure and a radiofrequency system. The radiating structure comprises the ground plane of
the handset platform, which behaves as the main radiator, as well as the ground plane boosters, which are
intended for transferring energy to said ground plane. At the same time, the radiofrequency system is
mainly formed by a reactance compensation stage (series inductor for the present case), broadband
matching networks, and notch filters. The systematic design of the proposed radiofrequency system will
be described in detail along this section, in particular, the broadband matching network employed to
enhance the bandwidth, since it plays a key role in obtaining the sufficient bandwidth to cover the

required communication standards.

3.2.2.1. Electrical Model of the Radiating Structure

The excitation of the radiation modes of the ground plane can be made either via its magnetic or
electrical fields. The suitable location of the non-resonant ground plane booster is only dependent of the
fields distribution associated to the radiation modes. The predominant mode of the proposed radiating
structure presents a current distribution (Fig. 3.2) similar to that produced by a A/2 thick dipole, having its
maximum at the center of the longest edges of the ground plane not only for the low frequency region, but
also for the high frequency region. In this sense and in order to correctly excite the mode, an electric
element should be located at a short edge of the ground plane where the maximum of the electric field
distribution takes place. The proposed radiating structure is designed following these considerations and
high radiation efficiency around 80% is attained at both frequency regions. More particularly, the
radiating structure comprises two non-resonant ground plane boosters featured by their reduced
dimensions of just 5 mm x 5 mm x 5 mm, which entails a very low volume (125 mm?®), and a ground
plane (100 mm x 40 mm) (Fig. 3.2). Said non-resonant ground plane boosters, characterized by a high Q
(=2250 for the low frequency region and ~265 for the high frequency region), are used to couple energy

to the ground plane in order to correctly excite its predominant radiation modes [22]-[24].
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Fig. 3.2 Geometry and dimensions associated to the radiating structure comprising two non-resonant ground plane boosters
located at a 2 mm distance from the ground plane edge, each one in charge of the ground plane excitation for each frequency
region. Current distribution referred to the excited ground plane mode at f=0.892GHz The ground plane is supported by a thin
FR4 substrate layer of Imm thick having ¢,=4.15 and tan5=0.013.
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Thus, the ground plane acts as main radiator taking profit of its high radiation efficiency for a wide
range of frequencies (Fig. 3.1), concerning both the low and high frequency regions. However, the proper
excitation of the predominant mode is not enough for providing penta-band behavior and a matching
network is required in order to guarantee operability in the aforementioned communication standards,
GSM850, GSM900, GSM1800, GSM1900, and UMTS. In this sense, two non-resonant ground plane
boosters are preferable in order to match each one to each one of the frequency regions of interest.
Hereafter, the radiating structure and the matching network as a whole will constitute the radiating

system.

3.2.2.2. Broadband Matching Network Design

The input impedance associated to the radiating structure presents a capacitive behavior regarding
the whole frequency range (0.8-3GHz). The Q, of the structure (Fig. 3.3) and its inherent BW (BW,) can

be calculated from its input impedance according to equations (3.1)% and (3.2)° derived in [35].

Q(0.89GHz)=12.86 Q(1.94GHz)=9.90
BW(0.89GHz)= 8.9%  gmesl BW(1.94GHz)=11.6%

BW (%) (SWR<3)

Frequency (GHz)

Fig. 3.3 Q. and related BW, versus frequency referred to the radiating structure of Fig. 3.2.

The BW, for a (Standing Wave Ratio (SWR)<3) referred to the central frequency of both regions of
operation is around 8.9% and 11.6%, respectively (Fig. 3.3), which is not enough for covering the
bandwidth associated to the communication standards (GSM850, GSM900) (15.2%), and (GSM1800,
GSM1900, UMTS) (23.7%).
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BW, = N (3.2)

2 w is the angular frequency. R(w) and X(w) is the real and imaginary part of the input impedance, respectively.
% S is the SWR (Standing Wave Ratio).
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A systematic method for broadening the BW, of RLC circuits in a factor around one half of Fano’s
limit [36] is proposed in [37] for parallel RLC circuits and in [38] for circuits featuring RLC series input
impedances. Thus, before applying the method a previous step is required. A series inductor is used to
compensate the capacitive reactance of the radiating structure.

In this sense, the input impedance can be modeled as an RLC series circuit and the broadband
mechanism developed in [38] can be applied. Accordingly and in order to achieve the enhanced
bandwidth (BWs), a parallel capacitor and a parallel inductor are used to constitute the proposed
broadband matching network, whose input admittance is defined according to equations (3.3) and (3.4).
The proper values of these reactances are readily obtained through an accurate mathematical analysis
developed using the associated electrical model (Fig. 3.4). The suitable values, that provide the expected
BWj, are those that satisfy the condition represented graphically in Fig. 3.4 and defined mathematically in
equations (3.5), (3.6), and (3.7).

Broadband Matching Networ!

Radiating Structure =

N m e e R A R R A A R R R AR R AR R R R R R R R R R R AR R R AR R AR EEEEEEEEEAEERESEEEEEEEEEEEEEEEEnans

Yin(f)zYinRLC(f)+ JZﬂme +

j27fLm

b)

Fig. 3.4 a) Equivalent circuit regarding the input impedance referred to the radiating structure, the reactance compensation (series
inductor (L)) stage and the broadband matching network; b) Condition required for achieving a BW enhancement around one half
of Fano’s limit.

I, (D= s o 3)
R0l (D)= @4

Where R, refers to input impedance at fo, G, refers to the conductance at fo, and v is defined as ,, _ f 1.
f, f
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It is important to note that if the imaginary part of the input admittance (3.3) is equated to 0, three
resonant frequencies appear (fo, f; and f,). In order to maximize the BW, the input impedance locus has to
be forced to fulfill the following requirements that will condition the L, and C, values (Fig. 3.4):

Im{Y;, (fo)} = Im{Y;, (f.)} = Im{Y;, (f,)}=0

(3.5)

Re{Y,,(f,)}=Re{Y, (f,)}= Z—ls 3.6)
S

Re{Y;, (fo)}= Z (3.7)

The first solution to the equation (3.3) gives in a straightforward manner the relationship required
between L, and C,, (3.8). At the same time, the value of L, (3.9) can be easily obtained substituting
equation (3.8) into equation (3.3).

1

C =

"L, (3.8)

(R —17)Z,- (14 Q- w))
TS () 2, ©9
Where f; and f, are computed according to equations (3.10) and (3.11), respectively:

f_—f0~,/G-ZO~S—1+fo\/G-ZO-S—1+4~Qa2 10)
1~ 2'Qa :
f fy-yfGZ,-5-1+ /G- Z,-5-1+4-Q. 1D
2 Z'Qa :

Theoretically, the BW; obtained with the addition of the proposed broadband matching network can
be defined according to equation (3.12) as:

(3.12)
f0 Qa

BW, (M/Qa) Js*-s

CBW, (s-1)/(Q5) S (313)

The enhancement factor F given by (3.13) presents the same shape as that given by the Fano’s limit

for an ideal network having an infinite number of reactive components [39]. The F obtained in this case is
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around 2.45 (SWR=3), which supposes a significant enhancement regarding that only a pair of reactive
elements is used. Equation (3.12) allows determining the theoretical BW; that can be achieved.

PORT BroadBand Matching IND  RLC Equivalent Series Circuit P=6 9 i ID=L5 d
= ID=L3 7=50 Ohm Network i L=76nH
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g i CAP IND
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CAP IND : SUBCKT ID=C3 ID=L6 i ID=52
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C=16.5 pF L=1.88n NET="Cube 5x5x5" H
i s i
2 — — —Radiating Structure b) - - i i — Radiating Structure

Fig. 3.5 a) Equivalent circuit regarding the input impedance referred to the radiating structure, the reactance compensation (series
inductor (L)) stage and the broadband matching network for the low frequency region; b) The same sequence but regarding the

high frequency region.

In this sense and as given by Fig. 3.3, the inherent BW, equal to 8.9% and 11.6% regarding low and
high frequency region, respectively, can be enhanced in a factor around 2.45 for SWR=3 (3.13), for each
frequency region, resulting in 21.8% and 28.4%, which is enough for covering the communication

standards GSM850, GSM900, GSM1800, GSM1900, and UMTS.
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Fig. 3.6 a) Impedance associated to the radiating structure (triangular markers); Impedance after the addition of the series
inductor as a reactance compensation element for the low frequency region (square markers); Impedance according to the
schematic shown in (Fig. 3.5a) (rhombus marker); b) The same sequence but regarding the high frequency region (Fig. 3.5b).
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Fig. 3.7 Reflection coefficient associated to the radiating structure without any components (dashed line); Reflection coefficient
associated to the schematic shown in (Fig. 3.5a) designed for covering the low frequency region (solid line with square markers);
Reflection coefficient associated to the schematic shown in (Fig. 3.5b) designed for covering the high frequency region (solid
line with triangular markers).
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As aforementioned, two non-resonant ground plane boosters are proposed in order to provide
penta-band behavior. In this sense, each booster is matched separately since one is used to provide
operability in the low frequency region while the other is in charge of the high frequency region. Thus,
the value of the series inductor is adjusted for tuning the resonance of the radiating structure at a
frequency belonging on one hand to the low frequency region (Fig. 3.5a) and on the other hand to the
high frequency region (Fig. 3.5b), according to [22]-[24].

The addition of this reactance compensation inductor tunes the resonant frequency whereas the
broadband matching network allows inscribing the impedance locus at the center of the Smith chart (Fig.
3.6) providing the expected BW; (Fig. 3.7).

3.2.3 Multi-Band Design: Simulated Results

Previous section demonstrates the feasibility of providing operability in both frequency regions
separately, i.e. each ground plane boosters is matched at a particular frequency region, thus a first ground
plane booster is capable of providing operation in the low frequency region (GSM850, and GSM900),
whereas a second ground plane booster is intended for the high frequency region (GSM1800, GSM1900,
and UMTYS).
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Fig. 3.8 a) Radiating system designed for achieving a penta-band behavior consisting in a reactance cancellation element, a
broadband matching network, and a notch filter for each frequency region. Note that the first stage of the notch filter and the
broadband matching network can be simplified using only two components. The two-port box is the simulated input impedance
of the radiating structure shown in Fig. 3.2; b) Detailed view of the radiating structure obtained from the simulated layout
comprising two non-resonant ground plane boosters with dimensions 5 mm x 5 mm x 5mm, and a ground plane with dimension
100 mm x 40 mm. The ground plane boosters are located at a 2 mm distance from the edge of the ground plane.
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This section goes beyond and proposes a matching architecture suitable to afford penta-band
behavior simultaneously using a single input/output port [23]-[24]. Besides the reactance compensation
element and the broadband matching network, the radiating system also comprises a notch filter for the
low frequency region as well as for the high frequency region. The integration of the notch filters
provides high isolation between both frequency regions, which is preferable in order to avoid coupling
effects that would make difficult the matching network process (Fig. 3.8). This systematic network design
provides a standard solution for matching all those non-resonant ground plane boosters featuring
capacitive input impedance.

The topology remains equal to that used for the single ground plane booster solution for each
frequency region. Thus, the simulated analysis demonstrates the feasibility of the proposal since the
designed radiating system provides operability in five of the main communication standards, namely
GSM850, GSM900, GSM1800, GSM1900, and UMTS (Fig. 3.9 and Fig. 3.10).
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Fig. 3.9 Reflection coefficient associated to the schematic shown in Fig. 3.5a (dashed line with square markers) and in Fig. 3.5b
(dashed line with triangular markers) for providing operability in both frequency regions separately; Reflection coefficient to
provide penta-band operation simultaneously achieved with the radiating system proposed in Fig. 3.8 (solid line).
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It is important to remark the relevance of the ground plane boosters since their nature, location, and
size clearly conditions the correct excitation of the ground plane mode and consequently, the performance
of the radiating system. In this sense, if the size of the ground plane boosters is reduced from 5 mm x 5
mm X 5 mm up to 3 mm x 3 mm x 3 mm, the radiating system limits the frequency range of operation
from a penta-band radiating system to a tri-band radiating system (GSM900, GSM1900, and UMTYS)
(Fig. 3.11), still becoming encouraging results taking into account the reduced volume of the ground
plane boosters (54 mm?).
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Fig. 3.11 Reflection coefficient to provide penta-band operation simultaneously achieved with the radiating system proposed in
Fig. 3.8 (solid line). Reflection coefficient associated to the same radiating structure (Fig. 3.8b) but with the difference that the
size of the ground plane boosters (previously 5 mm x 5 mm x 5 mm) has been reduced to only 3 mm x 3 mm x 3 mm (dashed
line). The topology of the radiofrequency system remains equal and corresponds to that illustrated in Fig. 3.8a, whereas the
values of the reactive components have been adjusted.

3.2.4 Multi-Band Design: Experimental Results

The previous simulated results are validated through an experimental procedure. Accordingly,
several prototypes have been built and tested for the sake of demonstrating the effectiveness of the
proposal. On one hand, a ground plane (100 mm x 40 mm) is etched over a 1mm thickness FR4 piece
(/~4.15 and tand=0.013) and several pads are arranged in the upper side of the long edge in order to
facilitate the integration of the matching network components. On the other hand, a non-resonant ground
plane booster featured by its reduced physical dimensions (solid cube of 5 mm x 5 mm x 5 mm made of
brass) is soldered at a 2 mm distance from the edge of the ground plane layer (Fig. 3.12).

The radiating system consisting in a single element provides operability in a specific frequency
region and consequently no filter is required. However, the challenge of the proposal lies in achieving a
penta-band behavior and for this reason, a prototype have been manufactured integrating two non-
resonant ground plane boosters featuring the same characteristics previously described (Fig. 3.13).

The radiofrequency system comprises the reactance cancellation elements, the broadband matching
networks, the filtering stages and a transmission line that interconnects both non-resonant ground plane

boosters in order to provide a single input/output port system. In this configuration (Fig. 3.13) the
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radiofrequency system occupies a certain space in the PCB. However, it is worth to outline that such
integration can be further improved by soldering pads in line with the shorter edge of the PCB
diminishing, in this sense, not only the required PCB space but also the transmission line length.
Furthermore, it is important to remark that lumped components can be arranged in a reduced space

according to current soldering techniques.

Fig. 3.12 Prototype including the reactance cancellation inductor and the broadband matching network used for covering one
frequency region The components of the matching circuit are SMD 0402 type.

Fig. 3.13 Penta-band prototype designed according to the schematic shown in Fig. 3.8 including besides the reactance
cancellation inductor and the broadband matching network, the notch filters required for providing isolation between both
frequency regions.

In order to completely characterize the radiating performance of the proposed prototype, the main
antenna parameters have been measured and they are gathered in the following subsections.

3.2.4.1. Reflection Coefficient and Efficiency

A network analyzer has been used for measuring the reflection coefficient associated to the penta-
band prototype shown in Fig. 3.13. As expected, the proposed radiating system is able to provide
operability in the main communication standards (GSM850, GSM900, GSM1800, GSM1900, and
UMTS) since the reflection coefficient remains below -6dB (SWR<3) for both operating regions (Fig.
3.14). As seen, the measured results (Fig. 3.14) are in good agreement with the simulations (Fig. 3.9).
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The antenna efficiency has been measured in the anechoic chamber Satimo Stargate-32 by means
of the integration of the 3D radiation pattern (Fig. 3.15). Regarding the high frequency region, the
reduction in the antenna efficiency with respect to the simulated case is negligible since it remains around
70% for all the frequency range. However, in the low frequency region the difference between simulated
and measured results becomes significant (the simulated values around 70% drop to approximately 40%
in the measured case). This reduction is mainly due to the fact that in the simulated case the matching
network components are considered to be lossless. However, in practice they present a Q value which is
smaller for the low frequency region than for the high frequency region. In this sense, their effect
becomes more significant in the low frequency region. Nevertheless, this antenna efficiency value is still

acceptable for mobile communications [40]-[43].
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Fig. 3.14 Reflection coefficient related to the penta-band prototype (Fig. 3.13).
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Fig. 3.15 Radiation efficiency (1) and antenna efficiency (n,) related to the penta-band prototype (Fig. 3.13). The antenna
efficiency takes into account the matching losses since ;= n,-(1-/Sy ).

3.2.4.2. Radiation Patterns

As aforementioned, the radiation patterns have been also measured using the anechoic chamber

Satimo Stargate-32 located in the Fractus lab (Fig. 3.16). The main cuts normalized to the maximum gain
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(p=0° and @=90°) are obtained for the frequencies f=900MHz, f=1800MHz, and f=2000MHz. They show
an omnidirectional behavior for both frequency regions (Fig. 3.17), which is highly desirable for a
handset antenna. The radiation is associated to that produced by a conventional dipole antenna having a
null in the y-axis, especially in the low frequency region. The gain is computed regarding the antenna
efficiency. It means that, the losses introduced by the matching network as well as the mismatching losses

are considered.

Fig. 3.16 Set-up for radiation measurement in the Fractus’ anechoic chamber Satimo Stargate-32 showing the coordinate system.
The ground plane lies in the XY plane having the longest dimension aligned with the Y -axis.
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Fig. 3.17 Main cuts (Phi=0° and Phi=90°) of the radiation pattern provided by the penta-band prototype (Fig. 3.13) measured at
the frequencies of f=900MHz, f=1800MHz, and f=2000MHz.

3.2.4.3. SAR Measurement

Once the feasibility of the proposal is demonstrated, the biological compatibility of the prototype in

terms of SAR is analyzed. The SAR is a measure of the localized maximum value of the power absorbed
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by the human head. It is defined as the absorbed RF energy by unity of mass, and its dimensions are
mW/g. Due to the fact that this absorption is produced in the near field, SAR can be computed from the
electric near field according to equation (3.14), where o, and p are the human tissue effective

conductivity and the tissue volumetric density, respectively.

O -\E\Z (3.14)
Yol

SAR =

In this sense, the SAR values associated to the prototype under study (Fig. 3.13) have been
measured using the DASY4 equipment. The prototype is arranged in the right cheek of the phantom head
and the ground plane is spaced apart Imm from it thanks to the use of a methacrylate piece. Two different
positions have been evaluated for this location. On one hand, the non-resonant ground plane boosters are
placed near the right ear of the phantom head (“Boosters Up” position) and on the other hand, the

prototype is rotated 180° (“Boosters Down” position).

Frequency=835MHz on
= '
SAR(1g)= 1.81 mW/g  SAR(1g)= 0.88 mW/g

SAR(10g)= 1.28 mW/g  SAR(10g)= 0.61 mW/g

Frequency=900MHz

0.472

0.236

SAR(1g)= 1.11 mW/g SAR(1g)= 0.59 mW/g
SAR(10g)= 0.77 mW/g  SAR(10g)= 0.40 mW/g

Fig. 3.18 SAR measurements for the low frequency region at the specific frequencies of f=835MHz and f=900MHz regarding
both positions: left (“Boosters Up”) and right (“Boosters Down”). Right cheek position is tested.

Two main conclusions can be extracted from the results (Fig. 3.18 and Fig. 3.19). On one hand,
SAR values are strongly dependent not only on the geometry and the distribution of the radiation mode
excited in the ground plane, but also on the way that other handset components are connected to the PCB.
For instance, a plastic back-cover may absorb some radiated power decreasing as a consequence the SAR
value.

On the other hand, as the excited mode presents a localized maximum field value placed in the

vicinity of the shorter ground plane edge at a certain distance from its center, the rotation reduces
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considerably the SAR values for both frequency regions but in a significant way for the high frequency
region. In this sense, at high frequencies, the hot spot is located near the non-resonant ground plane
boosters. This fact produces higher SAR values in the booster up position mainly due to the proximity
between such maximum field value and the human head. Accordingly, the booster down position
considerable diminishes these SAR values since in this context the hot spot is located at a larger distance
from the human head. In the case of the low frequency region the SAR values regarding both positions
are located below the standards (American standard (ANSI/IEEE): 1.6mW/g (1g) and European standard
(ICNIRP) 2mW/g (10g)). However, for the high frequency region the antenna down position is preferred.
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Fig. 3.19 SAR measurements for the high frequency region at the specific frequencies of f=1700MHz, f=1800MHz, f=1900MHz
and f=2000MHz regarding both positions: left (“Boosters Up”) and right (“Boosters Down”).

It is worth to outline that previous set-up regards the worst situation since the ground plane is only
spaced a distance of 1 mm from the human head. In practice, said distance is considerably larger reaching
values larger than 20 mm mainly due to the cover and the integration of other handset components. Said
increment in distance allows lowering aforementioned SAR values.

As a summary, an ultra-compact radiating system capable of providing operability in the main
communication standards (GSM850, GSM900, GSM1800, GSM1900 and UMTS) has been presented.
The conventional handset antenna featured by a considerable volume (3600 mm®) has been replaced by
two low-volume non-resonant ground plane boosters (250 mm?®) and a matching topology with a

systematic design. The next section deals with a 2D ground plane booster approach.

3.3. Coplanar Ground Plane Boosters: Capacitive Elements

As discussed in previous section, multifunction wireless devices require, more and more, miniature

antennas for providing multi-band operation in order to not only increase the available PCB space to
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incorporate as much functionalities as possible, but also to enable the integration of other handset antenna
technologies such as MIMO, which require multiple antenna elements. Current handset antenna
technologies are based on the integration of resonant antenna elements inside the handset platform. As it
is well known, the antennas are strictly constrained by the fundamental limits that directly relate their size
in terms of wavelength with their electromagnetic performance [2]. In this sense, some widely spread
resonant antennas such as PIFAs, monopoles or slots require a considerable volume to provide proper
operation [44]-[52]. This self-resonance feature leads to large antenna elements, more significantly when
operation in the low frequency region is required (824-960MHz). This fact increases the complexity not
only for integrating multiple handset components but also for providing large number of antenna
elements. As previously discussed, recent techniques capable of overcoming aforementioned
disadvantages mainly rely on the proper excitation of the ground plane modes through coupling elements
[19]-[20]. However, the proposed coupling elements are still volumetric L-shaped structures that require a
certain height. Their performance is strongly conditioned by this height, which varies according to the
ground plane dimensions [25]. On the contrary, the present thesis proposes the use of ground plane
boosters with poor stand-alone radiation properties. Previous section demonstrates the feasibility of using
two small ground plane boosters, each one featured by a reduced size of just (5 mm x 5 mm x 5 mm) (Fig.
3.13) to provide penta-band operation (Fig. 3.14) [24]. Nevertheless, the solutions presented in the
former section are still based on volumetric structures. In contrast, the proposal described along this
section removes the need of including volumetric structures in the handset platform, since it demonstrates
that proper ground plane excitation can be obtained through the addition of two coplanar ground plane
boosters featured by considerable reduced dimensions of just 6 mm x 6 mm [28]. The first proposal
(section 3.3.1) provides operation in the communication standards GSM850, GSM900, GSM1800,
GSM1900, UMTS, LTE2100, LTE2300, and LTE2500. The second solution also based on coplanar
ground plane boosters (section 3.3.2) is capable of providing nona-band operation, thus covering besides
the aforementioned standards, the emergent LTE700 and the GPS band, hence attaining a full wireless
solution [29].

3.3.1 Hepta-Band Solution

The proposal described along this section provides operation in seven frequency bands capable of
allocating eight communication standards GSM850, GSM900, GSM1800, GSM1900, UMTS, LTE2100,
LTE2300, and LTE2500 through the use of two small coplanar ground plane boosters with an area of just
72 mm?[28].

3.3.1.1. Simulated Results

In booster-based antenna technology, the size of the handset platform, namely the size of the
ground plane, mainly determines the performance of the whole radiating system, more critically in the

low frequency region where the communication standards LTE700, GSM850, GSM900 are allocated. As
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seen along chapter 2, the fundamental radiating modes are strongly conditioned by the longest dimension
of the ground plane (Fig. 3.20). In this case, the radiating modes are considered to be the first and the
fourth radiating modes, i.e. the radiating mode associated to the eigenvalue A, and that corresponding to
the eigenvalue A4, respectively. These are the modes that produce a larger contribution to the radiation
process. In contrast, the second and the third ground plane modes mainly contribute to store energy at the
frequency bands of interest (2.2.1). The longest dimension of the ground plane allows tuning the resonant
frequency of these radiating modes (Fig. 3.20). The reason mainly relies on the current distribution (Fig.
3.21), which for these radiating modes is completely aligned with the longest edges of the ground plane.
Thus, any modification applied to these dimensions contributes to modify the frequency response of the
fundamental radiating modes. Accordingly, the increment of the longest dimension of the ground plane
produces a resonance shifting to lower frequencies (Fig. 3.20). This fact allows placing the resonant
frequency of these radiating modes nearer the operating bands, hence contributing to an enhancement of
the behavior of the radiating system at these frequency bands.
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Fig. 3.20 Effect of the ground plane size over the first and the fourth radiating mode. Note that the second and the third radiating
modes have not been illustrated due to the fact that they mainly contribute to store energy rather than to radiate it (see section
2.2.1). Note that the dielectric support is omitted in this calculus; its consideration would produce a further shifting to lower
frequencies.

Nevertheless, not only the ground plane plays a significant role but also the nature (electric or
magnetic), location, and size of the ground plane boosters clearly condition the ground plane mode
excitation and consequently the inherent bandwidth [22]-[24], [27]-[29]. The effect of the magnetic
ground plane boosters over the performance of the radiating system will be explained in detail along next
section (3.4).

In the same way as in the previous section (3.2), this section will still deal with capacitive ground
plane boosters. As previously discussed, capacitive ground plane boosters should be arranged close to
electrical field maximums. Therefore, and according to the current distribution of the radiating modes to
be excited, they should be located at the corners of the shortest edges of the ground plane where
minimums of current distribution take place for both radiating modes (Fig. 3.21). Accordingly, the

proposed radiating structure comprises a ground plane having dimensions comparable to that featured by
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emergent smartphones (120 mm x 50 mm) and two coplanar ground plane boosters. The ground plane
boosters are placed at the corners of one of the shortest edge of the ground plane and are etched in the
same plane as that containing the ground plane layer, thus becoming coplanar structures (Fig. 3.22).
Nevertheless, the size of the ground plane booster further determines the electromagnetic behavior of the
radiating system. A systematic method slightly introduced in previous section and detailed herein, is
proposed to determine which will be the size that will enable the operation of the radiating system in the
desired frequency bands. The systematic method consists in computing the Q and the BW, associated to
different-sized coplanar ground plane boosters through their input impedance computed using the
software IE3D based on MoM [35].

Fig. 3.21 Current distribution associated to the first and fourth radiating modes of a ground plane having dimensions of 100 mm x
40 mm and 120 mm x 50 mm.

The input impedance associated to this kind of radiating structure approximates the input
impedance curve of an ideal RLC series circuit for the low (824-960MHz) and high frequency region
(1710-2690MH2z) (Fig. 3.23). Accordingly, previous theory [35] and [38] can be easily applied.

Once the BW, is known, the potential bandwidth could be obtained through the systematic design
proposed in [38], which disclose a broadband matching network capable of producing an enhancement
factor around 2.45 for a SWR<3 (Fig. 3.24). This method allows knowing in advance if a radiating
structure will be capable of providing the required operating bandwidth. The method just requires
knowing the input impedance of the radiating structure and the enhancement factor of a particular
matching network. In this case, the broadband matching network is selected for being the one that
maximizes impedance bandwidth while minimizes the number of reactive elements. The proposal
removes the need of requiring cumbersome trial and error methods based on the testing of different
matching networks for each radiating structure. It is important to underline that the reliability of equations
(3.1) and (3.2) applies as long as the input impedance of the system under study approximates that
produced by an RLC series or shunt circuit. In other situations where loops or semi-loops appear, the

outcomes could at most give a qualitative prediction [35].
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The parametric study consists in reducing the size of the coplanar ground plane boosters with the
aim of demonstrating its effect over the radiating system performance. The results demonstrate that the
larger the booster size, the larger the BW, associated to the radiating system (Fig. 3.24 and Fig. 3.25).

However, not only the size of the boosters is an important parameter to consider but also the
radiofrequency system plays an important role in the performance of the radiating system. The number of
reactive elements required to match the input impedance of a particular radiating system clearly
conditions its performance. Reactive elements are not ideal components, hence they tend to introduce
losses that affect radiation efficiency, and more significantly at critical frequencies such as those found in
the low frequency region. In this case, the challenge lies in attaining the maximum performance with the
least number of reactive elements. Thus and as previously mentioned, this section follows the teachings of
the former one and proposes the use of broadband matching networks [38] for being the ones that attain
an acceptable trade-off between achievable bandwidth and matching network complexity (Fig. 3.26). In
addition, the systematic method carefully described in section 3.2.2.2 is further validated since the
computation of the BW, together with the knowledge of the enhancement factor produced by a broadband
matching network (3.13) allows knowing in advance if the size of the ground plane boosters will be
enough for covering the desired communication standards.

‘ 6mm

50mm,
@
3
3

Fig. 3.22 Detailed view of a radiating structure comprising two coplanar non-resonant ground plane boosters with dimensions 6
mm X 6 mm, and a ground plane with dimension 120 mm x 50 mm. The ground plane boosters are located at 1 mm distance from
the shortest edge of the ground plane. The ground plane is supported by a thin FR4 substrate layer of 1mm thick having g=4.15
and tan3=0.013.
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Fig. 3.23 Input impedance associated to the radiating structure shown in Fig. 3.22 regarding one ground plane booster.

The BW, analysis (Fig. 3.24) regarding the theoretical enhancement factor (2.45 for SWR=3) of a

broadband matching network topology demonstrates that the minimum ground plane booster size able of
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providing operation in the low frequency region (824-960MHz) is 6 mm x 6 mm (Fig. 3.22), since it
features at the central frequency of the low frequency region an inherent bandwidth around 8.3%
regarding a SWR<3 (Fig. 3.24a). Once the broadband matching network is applied, this inherent
bandwidth can be increased by a theoretical factor around 2.45 (3.13), thus resulting in a potential
bandwidth of 20.3%. This potential bandwidth becomes sufficient for covering the low frequency region
(15.2%). Similarly, for the high frequency region (1710-2690MHz) (Fig. 3.25), a coplanar ground plane
booster with dimensions 6 mm x 6 mm is capable of offering an inherent bandwidth around 29.5%, which
results in a potential bandwidth of 72.3%. This bandwidth is larger than that required for covering the
high frequency region (44.5%), thus suggesting that smaller ground plane booster dimensions could be
used. Note that at this frequency region, the method just provides a qualitative vision since the input
impedance presents a semi-loop (Fig. 3.23). However, for the sake of just validating the feasibility of the
proposal, two coplanar ground plane boosters of 6 mm x 6 mm each one intended for a particular

frequency region are selected. Due to their 2D profile, the ground plane boosters are called here as pads.
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Fig. 3.24 BW, associated to a handset platform featuring dimensions of 120 mm x 50 mm as a function of the booster size
regarding the low frequency region. a) comparison for several square-shaped pads; b) comparison for two pads having the same
area but different orientation. A smaller pad is included also as a reference.
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Fig. 3.25 BW, associated to a handset platform featuring dimensions of 120 mm x 50 mm as a function of the booster size
regarding the high frequency region. a) comparison for several square-shaped pads; b) comparison for two pads having the same
area but different orientation. A smaller pad is included also as a reference.
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Fig. 3.26 Radiofrequency system proposed including two broadband matching networks (LC resonators) each one intended
respectively for the low and high frequency regions. The series C is used to allocate the impedance loop at the center of the Smith
chart.

It is worth to outline, that coplanar boosters having the same area do not affect equally to the
radiation characteristics and particularly to the inherent bandwidth (Fig. 3.24b and Fig. 3.25b). The
experiments carried out demonstrate that the larger the longitudinal dimension, the larger the attainable
inherent bandwidth. This behavior could be compared with that featured by an asymmetrical dipole since

as demonstrated in section 2.5, the Q of the dipole decreases insofar the feeding point approximates the

center.
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Fig. 3.27 a) Current distribution at f=0.9GHz and b) at f=2.2GHz when considering the proposed radiofrequency system depicted
in Fig. 3.26.

As indicated above and in order to demonstrate the benefits of the proposal, two coplanar electric
ground plane boosters having dimensions of just 6 mm x 6 mm are respectively placed at the corners of a
transversal edge of the ground plane where maximums of electrical field take place (Fig. 3.27a-b). This
configuration forms the two-port box structure associated to the radiating structure (Fig. 3.26). As
previously discussed, broadband matching networks are selected to maximize the attainable bandwidth
while minimizing not only the required matching network components but also undesired power losses

(Fig. 3.26). In the low frequency region, the fundamental ground plane radiation mode having a half-
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wavelength dipole type current distribution is excited (Fig. 3.27a), whereas in the high frequency region a
higher order mode is attained (Fig. 3.27b). The proposed solution provides octo-band operation by
satisfying the bandwidth requirements associated to the communication standards GSM850, GSM900,
GSM1800, GSM1900, UMTS, LTE2100, LTE2300, LTE2500 (Fig. 3.28). Note that both ports are highly
isolated attaining transmission coefficient values below -32 dB. According to the previous teachings they
could also be combined into a single port through the addition of notch filters as those described in [24].
It should be pointed out that nowadays some wireless device architectures support two front end modules

for each low and high frequency regions. Therefore, the present solution can be readily adopted into
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Fig. 3.28 Simulated reflection coefficient (S1;) and input impedance after the addition of the proposed radiofrequency system
depicted in Fig. 3.26.

3.3.1.2. Measured Results

This section gathers the results obtained from a prototype built with the aim of validating the
feasibility of the proposal. A ground plane featuring dimensions of 120 mm x 50 mm and two electric
ground plane boosters of just 6 mm x 6 mm are etched over a 1 mm thick FR4 piece (&=4.15,
tan5=0.013) (Fig. 3.29). The implemented radiofrequency system comprises respectively for the low and
high frequency region a reactance cancellation element (series inductor of 56nH, 6.8nH), a broadband
matching network (shunt inductor of 2.9nH, 3.9nH and shunt capacitor of 9pF, 0.5pF), and a fine tuning
stage (series capacitor of 5.1pF, 0.85pF) using the topology shown in Fig. 3.26. Measured results (Fig.
3.30 and Fig. 3.31) are significantly aligned with the simulated results (Fig. 3.28) since the frequency
ranges for which the reflection coefficient remains below -6dB’s extend to the previously defined low and
high frequency regions, hence allowing the operation of the radiating system in eight of the main
communication standards (GSM850, GSM900, GSM1800, GSM1900, UMTS, LTE2100, LTE2300,
LTE2500). In addition, the measured antenna efficiency using 3D pattern integration by means of the
anechoic chamber Satimo Stargate-32, attains acceptable values of 47% and 61% in average in the low

and high frequency region, respectively.
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b)

Fig. 3.29 a) Front-view of a radiating system comprising two coplanar ground plane boosters; b) Detailed view of the radiating

system depicting the integration of the radiofrequency system described in Fig. 3.26.
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Fig. 3.30 Measured reflection coefficient (Sy;) of the prototype depicted in Fig. 3.29.
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Fig. 3.31 Measured radiation (n,) and antenna efficiency (n,=n-(1-|S11|?) of the prototype depicted in Fig. 3.29.

3.3.2 Nona-Band Solution

This section presents a radiating system based on the concepts previously exposed but capable of

increasing the number of operating bands from seven to nine. In this case, the ground plane boosters are
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distributed along the PCB and each one of them is intended for a particular frequency region in such a
way that the proposed radiating system is capable of providing operation in nine frequency bands capable
of allocating ten of the main mobile communication standards LTE700, GSM850, GSM900, GPS,
GSM1800, GSM1900, UMTS, LTE2100, LTE2300, and LTE2500. For simplicity purposes, the pad
terminology will be adopted herein to refer to the coplanar ground plane boosters.

3.3.2.1. Simulated Results

The radiating structure in this case, also comprises a ground plane representative of that associated
to a smartphone device, i.e. the ground plane dimensions are 120 mm x 50 mm. Four coplanar ground
plane boosters are arranged in the four corners of the ground plane where minimums of current
distribution take place (Fig. 3.21). The size of each pad is designed according to the aforementioned rules
of thumb as the one that allows covering the required bandwidth at each operating region. For this
particular case, the mobile communication system considered are LTE700, GSM850, GSM900, GPS,
GSM1800, GSM1900, UMTS, LTE2100, LTE2300, and LTE2500 (Table 3.1).

As discussed, the size of the coplanar ground plane booster clearly conditions the performance of
the radiating system, for instance in terms of inherent bandwidth (Fig. 3.24 and Fig. 3.25). With the aim
of determining the required size to fulfill the bandwidth specifications in the low frequency region, a
parametric analysis has been carried out. The potential candidates, two pads having dimensions of 12 mm
X 6 mm and 6 mm x 6mm, respectively, are compared in terms of bandwidth at the low frequency region
(Fig. 3.32). The inherent BW, computed from the input impedance [35] for a pad of 6 mm x 6 mm is
approximately 8% at the center frequency of the low frequency region (900MHz). This BW, neither
becomes sufficient to cover LTE700 nor to cover GSM850 and GSM900. However as previously
suggested, the BW, can be enhanced in a factor around 2.45 regarding a SWR<3 by the use of a broadband

matching network consisting of an LC resonator (Fig. 3.32) [38].
Table 3.1 Frequency Bands and Bandwidths.

Mobile Communication Systems f,(MHz) f,(MHz) fo(MHz) BW(%)
LTE700 698 787 743 11.9
GSM850/GSM900 824 960 892 15.2
GPS 1563 1587 1575 1.5
GSM1800/GSM1900/UMTS/LTE2100/LTE2300/LTE2500 1710 2690 2200 44.5

Accordingly, the potential bandwidth increases up to approximately 20% at 900MHz, thus
becoming enough to provide operation in the communication standards GSM850 and GSM900 but not for
covering the emergent LTE700 system. In this sense, an additional larger pad is required to provide
operation at this frequency band (LTE700 (f,=743MHZz)). The simulated results demonstrate that to
increase the size of the pad to 12 mm x 6émm would be sufficient for covering the bandwidth
specifications of the LTE700 communication system. It should be pointed out that both, the pad of 12 mm
X 6 mm and the pad of 6 mm x 6 mm present a resonant frequency of 3076MHz and 4244MHz,
respectively. This resonant frequency is well above the resonant frequency of the eigenmode J; of the

ground plane 120 mm x 50 mm which is located around 964MHz (section 2.3). Note that in this case the
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FR4 dielectric piece where the ground plane is etched is taken into account when computing the resonant
frequency. This condition satisfies the criteria disclosed in section 2.4.1.3, where was demonstrated that

non-resonant elements stand out over resonant solutions.
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Fig. 3.32 BW, for a pad of 12 mm x 6 mm and a pad of 6 mm x 6mm on a ground plane of 120 mm x 50mm (solid line). The
dashed line represents the potential bandwidth enhancement (BW;) due to the broadband matching network. The square
represents the required bandwidth at a given frequency band (see Table 3.1).
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Fig. 3.33 BW, for a pad of 6 mm x 6 mm in a ground plane of 120 mm x 50 mm (square markers). The line with circular markers
represents the potential bandwidth enhancement (BW;) due to the broadband matching network. The square represents the
required bandwidth at a given frequency band (Table 3.1).

For the high frequency region, a pad of 6 mm x 6mm presents a BW, of 8.8% at GPS (Fig. 3.33),
which is well above the required specifications. Therefore, this element is reduced in size down to 3 mm
x 3mm. In relation to GSM1800, GSM1900, UMTS, LTE2100, LTE2300, and LTE2500, a pad of 6 mm
X 6mm presents a BW, around 30% at 2200MHz (the central frequency of the frequency region between
1710-2690MHz). When this BW, is multiplied by the enhancement factor of the broadband matching
network (F=2.45), the resulting bandwidth (30%-2.45=73.5%>44.5%, Table 3.1) is large enough for
covering the frequency range allocating the aforementioned communication standards. (Fig. 3.33).1t is
worth to outline that a pad of 6 mm x 6mm in a dipole configuration such as in Fig. 2.24 has a Q=141 and
Q=50 for f=900MHz and f=2200MHz, respectively, meaning that the pad itself has a high-Q when the

ground plane is not considered. This high-Q is not enough for covering any of the communication
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standards depicted in Table 3.1. Therefore the pad cannot be considered an antenna but a ground plane
booster intended for transfer energy to the ground plane.

Fig. 3.34 Architecture of the proposed small, multi-band, and planar radiating structure, comprising four pads placed at the
corners of a ground plane of 120 mm x 50 mm etched on a thin layer of FR4 having 1mm thick, g=4.15, tan3=0.013. Pad 1 is
designed for LTE700; pad 2 for GSM850 and GSM900; pad 3 for GPS; and pad 4 for GSM1800 up to LTE2500. The distance
between the pad and the transversal edge of the ground plane is 1mm. The total area occupied by the pads is only 153mm?.

Once the geometry and dimension have been determined, the proposed radiating system comprises
one pad for each set of communication standards (Table 3.1), i.e. four pads are used to provide operation
in LTE700, GSM850/GSM900, GPS, and GSM1800/GSM1900/LTE2100/2300/2500, respectively. They
are strategically arranged at the corners of the ground plane (Fig. 3.34). Since LTE700 and
GSM850/GSM900 are close in frequency, the pad for LTE700 (pad 1) is located in an opposite corner
with respect to the pad for GSM850/GSM900 (pad 2) in order to obtain high isolation.
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Fig. 3.35 Radiofrequency system selected for the radiating structure of Fig. 3.34. Port 1, 2, 3, and 4 correspond to LTE700,
GSMB850/GSM900, GPS, and GSM1800/GSM1900/UMTS/LTE2300/LTE2500, respectively. Port 1, 2 and 4 includes broadband
matching networks whereas port 3 (GPS) include a single series component. The values shown are those selected for the built
prototype.
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As previously discussed, a broadband matching network is required for all the pads except for the
GPS pad (Fig. 3.35 and Fig. 3.36). The results demonstrate the effectiveness of the proposed systematic
design, since the bandwidth predictions are aligned with the results obtained after the addition of the
broadband matching network (Fig. 3.36b). The isolation between ports has been computed showing that
the worst case presents an isolation of 10.9dB between the LTE700 and GSM850/900 ports.

Finally, current distribution is computed for several representative frequencies across the operating
bands (Fig. 3.37). The outcomes confirm again the results of the former sections. In particular, for the low
frequency region (690-960MHz) the fundamental mode is excited which corresponds to an almost linear
current distribution aligned with the longitudinal edges of the ground plane. In the high frequency region
(1710-2690MH2z), higher order modes appear. It is important to emphasize that in this kind of radiating
systems where the ground plane is the main contributor, the radiation patterns are mainly determined by
the current distribution of the wave modes of the ground plane and they are not influenced by the non-
resonant elements used to excite these wave modes. This fact reinforces again the perspective that the

ground plane boosters presented herein should not be considered antennas.
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Fig. 3.36 a) Simulated input impedance for all the ports showing the input impedance loops due to the addition of a broadband
matching network (Fig. 3.35), except for the GPS pad, which only requires a single series reactive element; b) Simulated S-
parameters for the proposed radiating system (Fig. 3.35).
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Fig. 3.37 Computed surface current distributions at several frequencies. a) f=750MHz port 1 excited; b) f=950MHz port 2
excited; ¢) f=1575MHz port 3 excited; d) f=2200MHz port 4 excited. Each pad is connected to the matching network illustrated
in Fig. 3.35.
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3.3.2.2. Measured Results

A prototype is built for the sake of validating the simulation analysis (Fig. 3.38). As described
above, a broadband matching network is connected to the three pads intended for mobile communication
services whereas for the GPS pad just a single inductor is required (Fig. 3.35).

The measured results (Fig. 3.39) are aligned with those obtained by simulation (Fig. 3.36). In
particular, the measured reflection coefficient demonstrates that the proposed configuration allows the
operation of the radiating system in the frequency ranges listed in Table 3.1 with a SWR<3 (Fig. 3.39).
The isolation between ports shows that the worst case is above 18.5dB ensuring low coupling among
them (Table 3.2). At the same time, antenna efficiency has been measured in the anechoic chamber
Satimo Stargate-32 by integration of the 3D radiation pattern (Fig. 3.40). For these measurements, 50Q
loads are connected to each one of the ports not under test. It is worth noting that each pad can be
connected to a different front-end-module (FEM) in charge of providing operation in a given number of
bands. The use of this FEMs is widely spread in the commercial mobile phones.

Fig. 3.38 Prototype using the four proposed pad elements. The ground plane and the pads are etched over a 1 mm thick FR4
piece.
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Fig. 3.39 Measured reflection coefficient for the prototype of Fig. 3.38.
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Table 3.2 Measured isolation between bands. Worst value is shown.

Isolation (dB) LTE700 GSM850-900 GPS GSM1800-LTE2500
LTE700 - 18.5 31.9 42.6
GSM850-900 18.5 - 28.4 40.3
GPS 31.9 28.4 - 21.8

Antenna efficiency is moderate for the low frequency region but still acceptable for mobile
communications [40]-[43]. It should be pointed out that pad 1 and pad 2 are operating below the resonant
frequency of the eigenmode J;, which is 964MHz. For larger smartphones as those nowadays appearing
in the market, the resonant frequency of the eigenmode J; will be close the operating frequencies, hence
enhancing the antenna efficiency. This fact is clearly observed in pad 3 which attains an antenna
efficiency of 58% at 1575MHz with a pad of only 3 mm x 3mm. It becomes the smallest known GPS
antenna with such antenna efficiency values. For pad 4, the efficiencies are even higher despite its
considerable small dimensions (0.034A at 1710MHz), thus emphasizing again that pad elements are just
ground plane boosters that effectively excite the ground plane radiation modes. Measured radiation
patterns presents omni-directionality with similar measured directivities D(750MHz)=2.8dB,
D(900MHz)=2.7dB, D(1757MHz)=1.9dB, D(1800MHz)=4.5dB, D(2200MHz)=3.8dB,
D(2600MHz)=3.8dB (Fig. 3.40).
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Fig. 3.40 Measured antenna efficiency 1, (n.=n,(1-/S12|?)) and radiation patterns for the prototype of Fig. 3.38.

3.4. Coplanar Ground Plane Boosters: Inductive Elements

The previous section, substitutes the volumetric ground plane boosters introduced in section 3.2 by
coplanar ground plane boosters with the aim of providing an ultra-slim booster-based antenna technology.
Both solutions, demonstrate the feasibility of the initial proposal of this thesis that is focused on removing
the need of including large resonant antenna elements to provide multi-band operation. Nevertheless, the
previous solutions are only based on capacitive ground plane boosters. In contrast, this section is focused
on analyzing the performance of inductive ground plane boosters. Note that in the context of this thesis, a

capacitive element is defined as a ground plane booster that presents capacitive input impedance within
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the frequency range associated to the frequency regions of operation. In contrast, inductive elements are
classified as those ground plane boosters whose input impedance is predominantly inductive in the
frequency regions of operation. In some situations, the capacitive and inductive ground plane boosters can
also be called electric and magnetic boosters, respectively. This nomenclature has to do with the way the
elements couple energy to the ground plane, through the electric fields in the first case, and through the
magnetic fields in the second one.

So far and as introduced in former sections, the most common designs of handset antennas can be
roughly classified in two categories according to the arrangement of the antenna with respect to the
ground plane. Thus, internal antennas can be arranged over a ground plane (e.g. PIFA (Planar Inverted F
Antenna) and patch antenna) [1] or in a ground plane clearance (e.g. monopoles and slots). PIFA and
patch antennas require a certain volume and particularly a certain height for providing acceptable
performance whereas monopoles and slots need a certain dedicated PCB area also known as clearance
area [3]-[5]. Regarding slot antennas, several studies have proposed the integration of said antenna
elements in handsets as being compact and coplanar solutions particularly suitable for ultra-slim
platforms [49]-[66]. Thus, [49] presents a slot antenna with two closed ends operating as a half-
wavelength resonant structure. However, this sort of structures still occupy a considerable PCB area (45
mm x 21 mm) and are not proper for current handsets demanding more and more available PCB space to
integrate not only multiple components but also a large number of antenna elements capable of improving
functionalities and performance. More compact slot antenna solutions are proposed in [50]-[58].
Nevertheless, these solutions are still quarter wavelength resonators that require a considerable PCB area
and despite the large bandwidth attained, they are not able of providing operability in the low frequency
region, where common communication standards such as GSM850 and GSM900 are allocated. In other
situations, slot antennas are used for enhancing the electromagnetic performance of a particular radiating
system and in these cases they are combined with other type of antenna elements [9]-[16], [59]. Further
solutions based on quarter-wavelength resonant slot antennas use the characteristic modes theory to
improve their electromagnetic behavior [60]. Nevertheless, all the aforementioned techniques are still
based on structures having dimensions comparable to a half of a wavelength or a quarter of a wavelength.
This fact leads to large antenna elements when operation in the low frequency region is demanded. In
order to overcome these shortcomings, recent research is focused on exciting the ground plane radiating
modes since several studies have demonstrated its relevance in the radiation process [6]-[21]. Namely,
most of them demonstrate that it is possible to provide multi-band operation through this ground plane
excitation in such a way that no additional radiating elements are required [19]-[29]. In fact, the research
deeply explained in former sections reveals that the inherent ground plane of any handset platform can be
used integrally as main radiator, thus removing the need of including additional antenna elements. Thus
and contrarily to what was thought so far, the efforts of the antenna engineers should not only concentrate
on an antenna element but on the ground plane as for attaining the desired efficient radiation modes. For

instance, the resonance of the fundamental mode of the typical ground plane of a handset platform can be
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tuned to low or high frequencies by properly modifying its electrical length through the addition of slots
or conductive strips [9]-[18]. In this new frame, the most relevant elements besides the ground plane are
the elements used to excite it, since its size, nature and placement clearly condition the performance of the
whole radiating system [22]-[24], [27]-[29]. In this sense, electric ground plane boosters, such as the ones
described in sections 3.2 and 3.3 must be arranged in the corners of the shorter edge of the ground plane
where maximums of electric field take place. Note, that the current distribution of the ground plane mode
to be excited will condition the proper placement of the ground plane boosters.

This section proposes the excitation of the effective dipole type ground plane radiation mode
through the use of small magnetic ground plane boosters placed at the center of said ground plane. This
arrangement is particularly suitable for magnetic boosters since the ground plane fundamental mode
presents a maximum of current distribution at this location (Fig. 3.21). The proposed arrangement is
consistent with other kind of radiators such as dielectric antennas [67]. For those antennas, a mode inside
the dielectric cavity having a maximum of electric field in a certain location can be excited by placing an
electric probe at that location. On the contrary, if the mode has a maximum of magnetic field at a certain
location, a magnetic probe can excite such mode by placing the probe at said location [67]. A similar
situation occurs in this case, the magnetic booster effectively excites the fundamental radiating mode of
the ground plane when said magnetic ground plane booster is located in a position having maximum
magnetic field, which in the case of handsets coincides with the center portion of the longitudinal edges.
Other solutions based on half-wavelength or quarter-wavelength resonant slots are not desirable to be
placed at the center of the PCB since they make difficult the signal line routing of the PCB layout.
However, the present proposal allows simplifying the line routing as well as the integration of other
handset components such as big displays due to the reduced electrical dimensions of the magnetic
boosters. In addition, the interaction with other components is also minimized. In this sense, the present
section proposes the use of inductive non-resonant ground plane boosters capable of effectively exciting
the dipole type ground plane radiating mode without requiring a considerable dedicated PCB area and
without affecting significantly the complexity of the PCB layout. As well as in the previous cases, the
radiofrequency system is based on broadband mechanisms capable of making the solution useful for
covering the main communication standards GSM850, GSM900, GSM1800, GSM1900, and UMTS.

The section is structured in the following manner: firstly, the characteristic modes theory as a base
of this study is briefly reminded. Subsequently, the radiating system is evaluated through simulations
using the software IE3D based on MoM. Electrical models as well as matching network designs are also
presented along section 3.4.1. Simulated results as well as measured results are presented in section 3.4.2

and section 3.4.3 , respectively.

3.4.1 Theoretical Background and Concept Definition

The characteristic modes theory has been deeply analyzed in the literature and provides a

significant physical insight into the radiation process of a particular conducting structure [30]-[32]. The
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studies demonstrate that the radiating and non-radiating modes that a particular structure could support
can be determined by just knowing the shape and size of said conducting structure. Particularly, a ground
plane with dimensions 100 mm x 40 mm, which represents the typical dimensions of a bar type handset,
presents a main radiating mode at mobile frequencies that features a longitudinal current distribution
having a maximum at the center of the longest edges of the ground plane (Fig. 3.1) [24]. Then, the
challenge lies in taking full advantage of the radiating properties associated to such efficient ground plane
radiating mode. As discussed above, the efficient ground plane radiating mode appearing at mobile
frequencies presents a current distribution similar to that produced by a half-wavelength dipole, i.e.
featuring a maximum at the center of the longitudinal edges of the ground plane and a minimum in its
transversal edges (Fig. 3.1). The knowledge of the current distribution associated to a particular radiating
mode becomes an important aspect since it allows determining the proper placement of the corresponding
ground plane boosters as a function of their nature. The ground plane radiating mode can be excited either
via the magnetic or the electric fields. In order to take full advantage, electric boosters must be placed
near the electric field maximum of the ground plane radiating mode whereas magnetic boosters must be
placed near the magnetic field maximum [22]-[24], [27]-[29]. Said location guarantees the alignment of
the electric or magnetic fields of the ground plane booster with the electric and magnetic fields of the
ground plane radiating mode, respectively, fact that ensures an effective excitation. The relevance of the
proper placement of the ground plane boosters for providing suitable performance will be demonstrated in
the following sections.

3.4.1.1. On the location of Magnetic Boosters

The previous sections demonstrate the existence of an efficient ground plane radiating mode at

mobile frequencies.
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Fig. 3.41 Geometry and dimensions associated to the radiating structure comprising a magnetic booster located at the center of
the longitudinal edge of the ground plane. Current distribution referred to the excited ground plane radiating mode at f=900MHz
and f=1940MHz. The ground plane is etched over a 1mm thickness FR4 piece (¢,=4.15 and tan3=0.013).
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However, the challenge lies in exciting said efficient ground plane radiating mode, which
according to the present study strongly depends on several factors such as the nature, the placement, and

the radiating properties associated to the element used for transferring energy to the ground plane.
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Fig. 3.42 Geometry and dimensions associated to the radiating structure comprising a magnetic booster located at the center of
the transversal edge of the ground plane. Current distribution referred to the excited ground plane radiating mode at f=900MHz
and f=1940MHz. The ground plane is etched over a Imm thickness FR4 piece (¢,=4.15 and tan3=0.013).

This section proposes the use of magnetic boosters featuring extremely poor stand-alone radiation
properties to properly excite the fundamental mode of a ground plane featuring dimensions of 100 mm x
40 mm, which corresponds with the typical dimensions associated with a bar-type handset phone. As
aforementioned, the nature, size, and placement of the ground plane boosters play an important role in

effectively exciting the ground plane radiating mode.
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Fig. 3.43 Effect of the size and the arrangement of the magnetic booster over the radiation efficiency (n,) of the radiating
structure.

Accordingly, when the magnetic boosters are arranged in the center of the longitudinal edge of the

ground plane, the fundamental mode is better excited since the current distribution appears stronger along
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the longitudinal edge (Fig. 3.41). However, this same magnetic booster placed in the center of the
transversal edge of the ground plane does not attain as good excitation since in this case the current
concentrates in the vicinity of the magnetic booster rather than along the longitudinal edge (Fig. 3.42).
This effect is further appreciated trough the radiation efficiency (Fig. 3.43). While the first arrangement
(Fig. 3.41) provides radiation efficiency values around 80%-90% for the whole frequency range (0.8-
3GHz), the second one (Fig. 3.42) diminishes the attainable radiation efficiency more significantly in the
low frequency region where the ground plane radiating mode excitation is critical for a suitable
performance.

Nevertheless, the proper excitation of the ground plane radiating mode does not ensure operation at
mobile frequencies, since to provide operation, acceptable input impedance levels are required. In this
sense, the following subsection is focused on computing the Q of the proposed radiating structures in

order to assess their potential performance in terms of impedance bandwidth.

3.4.1.2. Electrical Model and Matching Network Design

Contrary to what happened with the previous solutions based on electric boosters (Sections 3.2 and
3.3), the proposed radiating structure presents an input impedance comparable to that provided by a non-
resonant RL series circuit. Thus, its input impedance features a significant inductive behavior for the
whole frequency range of interest (0.8-3GHz). The Q of the radiating structure and its BW, can be
calculated from its input impedance according to equations (3.1) and (3.2) derived in [35], where S is a

particular value of SWR.
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Fig. 3.44 Q and BW, versus frequency referred to the radiating structure comprising a magnetic booster with dimensions 5 mm x
18 mm as a function of their placement with respect to a ground plane with dimensions 100 mm x 40 mm.

Once more, the influence of the arrangement of the ground plane booster over the electromagnetic

performance becomes apparent in view of Q and BW, (Fig. 3.44 and Fig. 3.45). When the magnetic

booster is placed in the center of the shortest edge of the ground plane, BW, considerably decreases, more
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significantly in the low frequency region. However, not only the arrangement of the magnetic booster
strongly influences the performance, but also the size of the magnetic booster modifies the input
impedance of the radiating structure and consequently the attainable BW, (Fig. 3.44 and Fig. 3.45).
Namely, a magnetic booster with dimensions of 5 mm x 18 mm and regarding the low frequency region
features a BW, of 6.4% when placed at the center of the longest edge, whereas its BW, is considerably
reduced down to 0.8% when it is arranged at the center of the shortest edge. Similar effects are
appreciated when a magnetic booster with a reduced size of 5 mm x 10 mm is considered. In order to
assess if a particular radiating structure will be able to provide operation in a particular frequency region,
the systematic analysis already introduced in the previous section is proposed. Once the attainable BWj is
known (Fig. 3.44 and Fig. 3.45), the potential bandwidth (BW;) provided by a broadband matching

network can be computed following the methods presented in section 3.2.2.2.
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Fig. 3.45 Q and BW, versus frequency referred to the radiating structure comprising a magnetic booster with dimensions 5 mm x
10 mm as a function of their placement with respect to a ground plane with dimensions 100 mm x 40 mm.
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Fig. 3.46 Radiofrequency system including a reactance compensation and a broadband matching network for the low frequency
region. The one-port box corresponds to the simulated impedance of the radiating structure comprising a magnetic booster of 5
mm x 18 mm placed in the center of the longest edge of the PCB (100mm x 40mm).

As demonstrated, this technique allows broadening the bandwidth around one half of Fano’s limit

[36], which translates into an enhancement factor of 2.45 regarding a SWR=3. Thus, by knowing the BW,

and the enhancement factor it is possible to determine the capabilities of a particular radiating structure
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without the need of requiring trial and error methods. The application of this systematic analysis reveals
that the two proposed radiating structures (Fig. 3.44 and Fig. 3.45) will be able, after the addition of a
broadband matching network, to provide operation separately in both low (824-960MHz) and high (1710-
2170MHz) frequency regions comprising the communication standards GSM850, GSM900, GSM1800,
GSM1900, and UMTS. More particularly, a magnetic booster having dimensions of 5 mm x 18 mm
presents a BW, at 0.89GHz of 6.4% (Fig. 3.44) which is enhanced approximately 2.45 times by adding a
broadband matching network resulting in a BW; of 15.6% capable of covering the communication
standards GSM850 and GSM900. Similarly, a magnetic booster having dimensions of 5 mm x 10 mm
presents a BW, at 1.94GHz of 11.8% (Fig. 3.45) which is enhanced approximately 2.45 times by adding a
broadband matching network resulting in a BW; of 28.9% capable of covering the communication
standards GSM1800, GSM1900, and UMTS.

In this case, the proposed matching network comprises in a first stage a series capacitor rather than
a series inductor as required in [38]. The series capacitor is in charge of not only compensating the
inductance of the input impedance but also of attaining an impedance locus similar to that produced by an
RLC series circuit. Said impedance locus is required to accomplish the conditions forced by the
broadband matching network method, which are described in further detail in section 3.2.2.2. The
broadband matching network creates an impedance loop that can be inscribed in the circle of SWR=3
resulting in an enhanced bandwidth. In some situations, a fine tuning network is needed to allocate such

loop inside said circle. Practical details are presented in the following section.
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Fig. 3.47 Radiofrequency system including reactance compensation and broadband matching network for the high frequency
region. The one-port box corresponds to the simulated impedance of the radiating structure comprising a magnetic booster of 5
mm x 10 mm placed in the center of the longest edge of the PCB (100mm x 40mm).

3.4.2 Simulated Results

The former section presented a systematic analysis to determine the inherent BW, of a particular
radiating structure as a function of its input impedance. At the same time the potential BW; when adding a
broadband matching network can be directly estimated by knowing the theoretical enhancement factor
without the need of testing multiple matching network topologies. The proposed matching networks for
the low and high frequency regions (Fig. 3.46 and Fig. 3.47) comprise three stages, respectively. The first
one is intended for compensating the reactance of the input impedance associated to the center frequency
of the frequency region of operation. The broadband matching network provides an impedance loop in the

Smith chart having smaller dimensions than the reference circle of SWR=3. Finally, the fine tuning stage
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allows inscribing said impedance loop in the circle of SWR=3 (Fig. 3.48). As aforementioned, a radiating
structure comprising a magnetic ground plane booster featuring dimensions 5 mm x 18 mm and located at
the center of the longest edge of the ground plane presents a BW, of 6.4% (Fig. 3.44), which becomes
insufficient for covering the communication standards GSM850 and GSM900, which demand a
bandwidth of approximately 15.2%. The addition of the proposed broadband matching network results in
a bandwidth around 16.4%, which translates into an enhancement factor of 2.56* close to the theoretical
value. The enhanced bandwidth allows the operation of the radiating system in the communication
standards GSM850 and GSM900 (Fig. 3.49).
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Fig. 3.48 Impedance associated to the radiating structure comprising a magnetic booster of 5 mm x 18 mm (triangular markers);
Impedance after the addition of the series capacitor as a reactance compensation element for the low frequency region (square
markers); Impedance attained through the radiofrequency system shown in Fig. 3.46 (rhombus markers).
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Fig. 3.49 Reflection coefficient associated to the radiating structure (dashed line); Reflection coefficient regarding the addition of
the reactance compensation element (solid line with square markers); Reflection coefficient associated to the radiofrequency
system shown in Fig. 3.46 designed for covering the low frequency region (solid line with rhombus markers).

A similar matching network design is proposed for the high frequency region (Fig. 3.47). The

movements in the Smith chart produced by the different stages are equivalent to those already presented

for the low frequency region (Fig. 3.50). In this case, the same radiating structure as that used for the low

This value exceeds the theoretical BW enhancement factor. The explanation resides in the nature of the input impedance curve which can be
only approximated to an RLC series circuit for a limited range of frequencies. Therefore, the enhancement factor holds as long as the input
impedance is equal to a series RLC circuit. In other cases, as the one shown here, the enhancement factor can exceed the theoretical one.
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frequency region could be used since it presents an inherent BW, around 30.1% (Fig. 3.44) for the high
frequency region. However, the object is focused on providing the solution that attains the maximum
performance regarding the minimum possible size. In this sense, the magnetic booster of dimensions 5
mm x 18 mm implemented for the low frequency region has been replaced by a magnetic ground plane
booster featuring dimensions of just 5 mm x 10 mm as being the option that guarantees a trade-off
between performance and size.
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Fig. 3.50 Impedance associated to the radiating structure (triangular markers); Impedance after the addition of the series capacitor
as a reactance compensation element for the high frequency region (square markers); Impedance attained through the
radiofrequency system shown in Fig. 3.47 (rhombus markers).

0

-2

-4

S11(dB)

=& DB(|S(1,1)])
Radiating Structure without Matching Network

£-DB(IS(2,2)])
Reactance Compensation Element (Cseries=0.32pF)

-6-DB(|S(3,3)))
Broadband Matching Network

0.8 1 12 14 16 18 2 22 24 26 28 3
Frequency (GHz)

Fig. 3.51 Reflection coefficient associated to the radiating structure (dashed line); Reflection coefficient regarding the addition of
the reactance compensation element (solid line with square markers); Reflection coefficient associated to the radiofrequency
system shown in Fig. 3.47 designed for covering the high frequency region (solid line with rhombus markers).

Again, the influence of the magnetic ground plane booster size over the electromagnetic
performance of the radiating system is stressed. In this case, the radiating structure performs an inherent
BW, of 11.8% (Fig. 3.45), whereas the radiating system including the proposed matching network (Fig.
3.47) attains an enhanced bandwidth of 30.7% (Fig. 3.51). Simulated results are aligned with the theory
since said bandwidth enhancement corresponds to a factor around 2.60, which is close to the theoretical
value of 2.45. The results demonstrate that the ground plane radiating mode can be effectively excited

through magnetic boosters featuring considerable reduced dimensions. The solutions proposed are not
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only able of covering the bandwidth demanded by the main communication standards (GSM850,
GSM900, GSM1800, GSM1900, and UMTS), but also of presenting high antenna efficiency between 60-
70% (Fig. 3.52) for both frequency regions. It is important to remark that the electrical length of the
magnetic boosters is just 0.05A and 0.06) for the low and high frequency region, respectively, which
supposes a significant size reduction in a factor around five with respect to the previous solutions based

on 0.25A or even 0.5A.
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Fig. 3.52 Radiation efficiency () associated to the proposed radiating structures and antenna efficiency (n,) referred to the
radiating systems presented in Fig. 3.46 and Fig. 3.47. The antenna efficiency takes into account the matching losses since it is
defined as 1= n,-(1-|S11]%). The dashed area corresponds to the frequency ranges associated to the low frequency region (824-
960MHz) and to the high frequency region (1710-2170MHz).

3.4.3 Experimental Results

For the sake of validating the simulated results, two prototypes are built. The first one comprises a
magnetic booster featuring dimensions of 5 mm x 18 mm and intended for providing operation in the low
frequency region (824-960MHz) whereas the second one includes a magnetic booster with dimensions of

5 mm x 10 mm and proposed for covering the high frequency region (1710-2170MHz).

a) b)

Fig. 3.53 a) Prototype intended for the low frequency region comprising a magnetic booster with dimensions of 5 mm x 18 mm
and the radiofrequency system depicted in Fig. 3.46; b) Prototype intended for the high frequency region comprising a magnetic
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booster with dimensions of 5 mm x 10 mm and the radiofrequency system depicted in Fig. 3.47. Ground plane size is 100 mm x
40 mm. Both magnetic boosters are located at the center of the longest edge.

.
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Fig. 3.54 Set-up measurement in the anechoic chamber Satimo Stargate-32.

Both prototypes include a ground plane with dimensions of 100 mm x 40 mm etched over a 1mm
thick FR4 piece (g=4.15 and tand=0.013) (Fig. 3.53). The components of the matching circuit are SMD
0402 type. The capacitor used for the low frequency region (C=17pF) features a Q of 50. The rest of

components present a Q larger than 100.
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Fig. 3.55 Measured reflection coefficient associated to the prototype depicted in Fig. 3.53a.

Reflection coefficients of the proposed solutions have been measured through a network analyzer
whereas antenna efficiency is obtained by integration of 3D radiation patterns by means of the anechoic
chamber Satimo Stargate-32 (Fig. 3.54). The measured results demonstrate the feasibility of the proposal
since the radiating system based on a single magnetic booster featuring dimensions of 5 mm x 18 mm
(approximately an electrical length of 0.05A is able of satisfying the impedance bandwidth required by the
communication standards GSM850 and GSM900 (824-960MHz) (Fig. 3.55). At the same time, the

radiating system proposed for the high frequency region comprising a magnetic booster featured by
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considerable reduced dimensions of just 5 mm x 10 mm is able to provide the impedance bandwidth
required by the communication standards GSM1800, GSM1900, and UMTS (1710-2170MHz) (Fig.
3.56). Finally and in order to complete the assessment of the performance of the proposed radiating
systems, 3D radiation patterns and antenna efficiencies are measured by means of the anechoic chamber
Satimo Stargate-32 (Fig. 3.54).
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Fig. 3.56 Measured reflection coefficient associated to the prototype depicted in Fig. 3.53b.
The radiation patterns obtained demonstrate the effectiveness of the magnetic boosters in exciting
the fundamental mode of the ground plane. As presented in section 2.2.1, the first radiating mode of the
ground plane features a current distribution similar to that produced by a half-wavelength dipole having

current maximums in the center of the longest edges and minimums in the shortest edges.
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Fig. 3.57 3D radiation patterns for approximately the central frequency of the low frequency region (900MHz) and the high
frequency region (1900MHz).

In this sense, the radiation patterns at both frequency regions correspond to those provided by a
half-wavelength dipole, i.e. they present an omni-directional behavior in the x-z plane and a null in the y
direction that corresponds to the axis of the longest edge of the ground plane (Fig. 3.57). The antenna

efficiency for both frequency regions further demonstrates the feasibility of the proposal since it remains
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around 50% in average with maximum values of 60% for the low frequency region and around 65% in
average with maximum values of 80% for the high frequency region (Fig. 3.58 and Fig. 3.59).
The reduction of the radiation efficiency with respect to the simulated case is mainly produced by

the non-ideal feature of the matching network components, which was considered ideal during simulation.

Finally, measured antenna efficiency results are aligned with simulated results (section 3.4.2) and they

validate the proposal. The radiating systems based on magnetic ground plane boosters are able to provide

operation in the main communication standards while minimizing the required PCB area.
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Fig. 3.58 n, and n, referred to the radiating system presented in Fig. 3.53a. The dashed area corresponds to the frequency ranges
associated to the low frequency region (824-960MHz).
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Fig. 3.59 n, and n, associated to the radiating system presented in Fig. 3.53b. The dashed area corresponds to the frequency
ranges associated to the high frequency region (1710-2170MHz).

The coplanar feature of the proposals make them especially suitable for being integrated in ultra-

slim handset platforms. The disclosed solutions attain a significant size reduction with respect to prior
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proposals based on slots, namely the dimensions are reduced in a factor larger than five. In addition, less
sensitiveness to the hand loading is expected in this case since the radiation is mainly provided by the
ground plane mode. Thus, it is unlikely that the human hand block the whole radiating system, namely the
whole ground plane as usually occurs in the case of a resonant antennas such as a PIFA.

3.5. On the Radiofrequency System

The previous results reveal that a reconsideration of the radiating system known so far is strongly
demanded in order to satisfy current demands focused on providing operability in multiple
communication standards while minimizing the required PCB space. Until now, the efforts were focused
on the antenna element itself since the ground plane contribution was underestimated. However, in this
new scenario, such efforts move toward the proper design of the ground plane, the elements used to excite
said ground plane, as well as to the radiofrequency system used to provide impedance matching.
Accordingly, recent advancements in the antenna field are focused on substituting resonant antennas by
non-resonant elements featuring reduced dimensions [19]-[29]. Said non-resonant solutions are usually
forced to integrate a radiofrequency system capable of modifying the input impedance of the radiating
structure to attain the desired bandwidth. This is the case of [19]-[20], which provides impedance
matching through the addition of a radiofrequency system based on distributed elements such as
transmission lines.

However, the use of distributed elements as matching components undesirably contributes to
increase the PCB space required by the radiating system. Other efforts [22]-[29] are focused on using
lumped components capable of minimizing such PCB space, thus providing a compact antenna solution.
Nevertheless a trade-off exists between the attainable bandwidth and the number of stages of the
radiofrequency system. In this sense, [24] proposes a radiofrequency system including three stages
intended for providing penta-band operation, GSM850, GSM900 and GSM1800, GSM1900, and UMTS.
Namely, the stages that constitute the radiofrequency system comprise reactance cancellation elements,
broadband matching networks, and notch filters which translates into 15 reactive elements. With the aim
of simplifying said architecture, this section proposes the use of a radiofrequency system capable of
minimizing the number of reactive components in a factor around 3, with respect to the solution
illustrated in section 3.2, while preserving the systematic design and enhancing the electromagnetic
performance.

The section is structured in the following manner. First, a non-resonant ground plane booster
solution suitable for emergent smartphone platforms is proposed. In a second stage the impedance
response of the radiating structure is analyzed through the electromagnetic software IE3D based on MoM.
Subsequently the proposed radiating system and the simulated results are presented. Finally and in order
to validate simulated results, a prototype is built and main antenna parameters (reflection coefficient and

efficiency) are measured.
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3.5.1 Physical Insight and Simulated Results

The proposed radiating structure comprises two ground plane boosters featured by their reduced

dimensions of just 5 mm x 5 mm x 5 mm and their high quality factors (Q=~2250 for the low frequency

region (824-960MHz) and Q~265 for the high frequency region (1710-2690MHz)).
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Fig. 3.60 Matching network topology and input impedance response associated to the different stages that constitute the proposed
radiofrequency system. a) reactive cancellation for the low frequency region; b) reactive cancellation for the high frequency
region; ¢) combination into a single port; d) fine-tuning stage that place the impedance loops at the center of the Smith chart.

Said boosters are distributed along the shortest edge of a ground plane having similar dimensions to
those presented by current smartphone platforms (120 mm x 50 mm). They are capable of exciting the
efficient radiation mode that the inherent ground plane of any handset platform features at mobile
frequencies. However, as stated above, the simple excitation of said ground plane mode is not sufficient
to guarantee operability since a radiofrequency system capable of providing appropriate bandwidth able
to satisfy the specifications of multiple communication standards is needed. The proposed radiating
structure is not resonant in any of both frequency regions. Thus, it is featured by an important capacitive
behavior that can be readily compensated through the addition of a series inductance (Fig. 3.60a). Unlike
the radiofrequency system proposed in section 3.2.3, this case neither needs broadband matching

networks nor notch filters for providing hepta-band operation. On the contrary, the proposal attains
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compact impedance loops centered in the circle SWR<3 by the combination of properly shifted input
impedances [68]-[69].

More specifically, the proposal relies on providing reactance cancellation stages at the input port of
both ground plane boosters in order to make them resonant at the center frequencies of the low and high
frequency regions (824-960MHz and 1710-2690MHz), respectively (Fig. 3.60a and Fig. 3.60b). Said
input impedances are combined into a single input/output port through the addition of a phase delay, in
this case a transmission line (Fig. 3.60c). Said phase delay allows the creation of compact impedance
loops in both frequency regions, which can be easily centered through the addition of a fine-tuning stage
composed by an LC circuit, thus, attaining hepta-band operation capable of allocating eight
communication standards (GSM850, GSM900, GSM1800, GSM1900, UMTS, LTE2100, LTE2300, and
LTE2500) (Fig. 3.60d and Fig. 3.61).
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Fig. 3.61 Reflection coefficient and input impedance obtained from the proposed radiofrequency system depicted in Fig. 3.60d.

3.5.2 Measured Results

In order to validate simulated results, a prototype is built and main antenna parameters are
measured (Fig. 3.62). As presented in the former section, the topology of the radiofrequency system
mainly consists of two reactance cancellation elements, a phase delay, and a fine tuning stage of two
elements. Each ground plane booster has dimensions of 5 mm x 5 mm x 5 mm and is soldered at a
distance of 2 mm with respect to the edge of the ground plane. Note that the soldered microcoaxial
transmission line can be replaced by commercial UFL cables, widely spread in the handset industry.

In this case, the phase delay is a micro-coaxial transmission line having a characteristic impedance
of 50Q2. The results demonstrate the effectiveness of the proposal since the radiating system is able of
providing operation in the low and high frequency regions (824-960MHz and 1710-2690MHz), which
allocate the main communication standards (GSM850, GSM900, GSM1800, GSM1900, UMTS,
LTE2100, LTE2300, and LTE2500) with enhanced electromagnetic performance (Fig. 3.63 and Fig.
3.64). The antenna efficiency reaches peaks of 60% in the low frequency region and remains around 65%,

in average, in the high frequency region.
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Fig. 3.62 Radiating structure comprising two ground plane boosters (5 mm x 5 mm x 5 mm) and a ground plane (120 mm x 50
mm) etched over a 1 mm thick FR4 piece (left); radiation properties are measured using anechoic chamber Satimo Stargate-32

(right).
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Fig. 3.63 Measured reflection coefficient (S1;) associated to the prototype depicted in Fig. 3.62.
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Fig. 3.64 Measured radiation (n,) and antenna efficiency (n,=n (1-|S1,?) associated to the prototype depicted in Fig. 3.62.

3.6. Conclusions

The first proposal presented along this chapter demonstrates that volumetric ground plane boosters
become suitable solutions for providing an ultra-compact radiating system capable of operating in the
main communication standards (GSM850, GSM900, GSM1800, GSM1900 and UMTS). In this sense, the
conventional handset antennas featured by a considerable volume (<3600 mm?®) could be replaced by two

low-volume non-resonant ground plane boosters (250 mm?) and a matching topology with a systematic
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design. These elements are in charge of properly exciting the efficient radiation mode of the ground
plane, which presents high radiation efficiency and low Q at the frequencies of interest, especially in the
low frequency region. The proposed systematic matching network design enables the operability in the
desired frequency regions. The radiation contribution provided by such small ground plane boosters is
negligible and they should not be considered antennas. Consequently their integration in the handset
platform removes the need of including additional dedicated antenna elements featured by resonant
dimensions. This first proposal becomes an alternative to the traditional antenna technology and appears
as a promising standard solution for being integrated in the emergent multifunctional wireless devices. In
this regard, the available space in handset platforms for integrating new functionalities is further increased
while the radiating performance is preserved.

The second solution presented along this chapter further demonstrates that the efficient radiation
modes associated to a ground plane can be effectively excited through a set of coplanar ground plane
boosters. Thus, removing the belief that volumetric structures are always required for providing a proper
coupling. The coplanar feature considerably simplifies their integration in emergent ultra-slim handset
platforms. The solution demonstrates on one hand, that volumetric structures can be substituted by
coplanar solutions, thus dispelling the belief that proper coupling to ground plane radiation modes is just
attained by volumetric structures. On the other hand, the proposal confirms that the systematic design
based on broadband matching networks becomes a feasible solution for being integrated in booster-based
radiating systems. Two solutions based on ground plane boosters have been presented. The first one
attains octo-band operation (GSM850, GSM900, GSM1800, GSM1900, UMTS, LTE2100, LTE2300,
LTE2500) whereas the second one further adds to the aforementioned standards the emergent LTE700
system and the GPS service. For the first proposal, two coplanar ground plane boosters featuring small
dimensions of just 6 mm x 6 mm, or equivalently occupying an area of 72 mm? are placed at the corners
of a ground plane featuring typical dimensions of current smartphones 120 mm x 50 mm. In the second
solution, two additional coplanar ground plane boosters are added for covering the additional
communication services. This fact leads to a distributed antenna system capable of providing operation in
ten communication standards while minimizing the occupied PCB space due to its reduced are of just 153
mm?. Conventional antenna solutions, such as PIFAs tend to occupy a volume around 3600 mm?®,

The integration of a coplanar booster-based technology in a handset platform allows reducing the
required volume in a factor around fifty, which supposes a substantial size reduction. The proposed
solutions just require small PCB areas, thus enabling easily the integration of other handset components
inside the handset platform. Once the feasibility of relying on non-resonant ground plane boosters to
effectively excite the ground plane radiation modes is demonstrated, the third solution is focused on
analyzing the effects of the nature, placement, and size of said ground plane boosters over the
performance of the radiating system. The study reveals that a proper location to place said non-resonant
ground plane boosters exists and demonstrates that it is highly dependent on their nature (electric or

magnetic).
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Table 3.3 Summary of the proposed radiating system based on the ground plane booster antenna technology.

Architecture Features Performance

. Electric Ground Plane Booster
each one with dimensions of 5 mm x 5
mm X 5 mm.

. Number of components of the
radiofrequency system: 14 including
notch filter to end up with a single

GSM850, GSM900, GSM1800,
GSM1900, and UMTS.

input/output port.

. Ground plane 100 mm x 40
mm.

. Electric Ground Plane Booster:

each one with dimensions of 6 mm x 6
mm (coplanar).

. Number of components of the
radiofrequency system: 4 for each
frequency region.

GSM850, GSM900, GSM1800,
GSM1900, UMTS, LTE2100,
LTE2300, and LTE2500

. Ground plane 120 mm x 50
mm.
. Electric Ground Plane Booster:

one of 6 mm x 12 mm, one of 3 mm x
3 mm, and two of 6 mm x 6 mm LTE700, GSM850, GSM900,

(coplanar). GPS, GSM1800, GSM1900,
. Number of components of the UMTS, LTE2100, LTE2300,
radiofrequency system: 12. LTE2500

. Ground plane 120 mm x 50

mm.

. Magnetic  Ground  Plane

Booster: one of 18 mm x 5 mm and
one of 10 mm x 5 mm (coplanar).

. Number of components of the
radiofrequency system: 5 and 4 for the
low and high frequency region,
respectively.

GSM850, GMS900, GSM1800,
GSM1900, and UMTS

. Ground plane 100 mm x 40

mm.

. Electric Ground Plane Booster

each one with dimensions of 5 mm x 5

mm x 5 mm. GSM850, GSM900, GSM1800,
D Number of components of the GSM1900, UMTS, LTE2100,
radiofrequency system:5. LTE2300, and LTE2500

° Ground plane 120 mm x 50

mm.
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Accordingly, electric ground plane boosters must be placed in the electrical field maximum of the
radiating mode whereas magnetic ground plane boosters must be placed in the maximum of the magnetic
field in order to ensure the proper ground plane radiating mode excitation.

The proposal further demonstrates that it is possible to efficiently excite the fundamental mode of
the ground plane through magnetic ground plane boosters strategically arranged in the center of the
longest edge of the PCB. Nevertheless said excitation is not enough to provide operation since a matching
network is strongly required to ensure proper input impedance levels. The physical insight through
electrical models and quality factor assessment as well as the use of a broadband technique allows
simplifying the matching network design of this sort of radiating structures avoiding cumbersome trial an
error methods.

The proposed radiating systems are completely planar solutions and enable the operation in the
main communication standards GSM850, GSM900, GSM1800, GSM1900, and UMTS through the use of
magnetic boosters featured by considerable reduced dimensions of approximately 0.05A. In this sense, the
use of radiating systems comprising magnetic ground plane boosters becomes a suitable option to
minimize the required PCB space while preserving the electromagnetic performance since it implies a
reduction factor around five with respect to previous solutions based on resonant elements.

As previously discussed, the efficient radiation mode associated to handset platforms can be
effectively excited through non-resonant elements. However, said excitation does not guarantee the
proper performance since a radiofrequency system capable of matching the resulting input impedance is
strongly required. In this sense, the proper design of these radiofrequency systems becomes an essential
part of emergent radiating systems based on non-resonant elements. The proposed radiofrequency system
in the last section not only allows minimizing the number of reactive components in a factor around 3
with respect to the previous solutions but also simplifying the integration while enhancing the
electromagnetic performance. With the proposed technique, octo-band operation (GSM850, GSM900,
GSM1800, GSM1900, UMTS, LTE2100, LTE2300, and LTE2500) is achieved by two small ground
plane boosters of 5 mm x 5 mm x 5 mm and a radiofrequency system of only five reactive components.

The radiating systems proposed along this chapter provide operation in the main communication
standards while considerably reduce the space occupied in the PCB. Thus, they become suitable solutions

to satisfy the multi-band and miniature requirements strongly demanded by the market trends (Table 3.3).
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CHAPTER 4 HUMAN HEAD INTERACTION

4.1. Introduction

As deeply discussed along this thesis, the mobile industry is constantly growing and handset
antennas are subject to the new requirements demanded by the market trends based on ultra-slim
multifunctional wireless devices [1]. In this sense, handset antennas have to be as small as possible to
satisfy not only these requirements, but also to allow the integration of other handset components capable
of providing multiple functionalities and services [2]. In addition, these handset antennas have to fulfill
the human interaction requirements from two main perspectives, functional and biological. Accordingly,
the challenge not only relies on providing multi-band antennas capable of operating in multiple
communication standards sufficiently small as for being integrated inside the handset platform , but also
on ensuring robustness in front the human interaction.

As introduced along chapter 1, and as a rough approximation, handset antennas can be grouped into
patch/PIFA (Planar Inverted-F Antenna) antennas [3], monopole/IFA (Inverted-F Antenna) antennas [4]-
[6], slots [7], and a combination of them [8]. On one hand, the first ones are featured by a specific volume
and are generally located ‘on-ground’, i.e., placed over the ground plane at a certain height. Several
techniques have been described to provide dual-band or multi-band operation such as for instance shaping
the PIFAs radiating path or using slotted ground planes [9]-[16]. On the other hand, monopoles and slots
are designed to be ‘off-ground’ in such a way that most of the ground plane is removed underneath the
antenna, enabling, in some cases, substantially coplanar structures which become especially suitable for
ultra slim platforms.

As deeply discussed along this thesis, the theory of characteristic modes [17]-[18] is acquiring
relevance in the handset field and several proposals are focused on the excitation of some efficient
radiation modes associated to the ground plane of current handset platforms. With this aim, [9]-[14]
propose solutions based on slots capable of tuning said resonant mode to lower frequencies by providing
a longer current path, whereas in [19] the resonant mode is tuned to higher frequencies. The proper
excitation of the ground plane mode leads to an enhancement of the handset antenna performance
regarding impedance bandwidth and radiation efficiency. Other handset antenna designs are presented in
[20]-[21], which are based on coupling and small antennas capable of efficiently exciting the radiation
mode of the ground plane. The solutions provide quad-band and penta-band behavior, respectively by the
addition of a specific matching network for each frequency region. With the aim of taking full advantage
of the excitation of these ground plane modes, this thesis proposes the use of ground plane boosters
featured by considerable reduced dimensions and poor stand-alone radiation properties [22]-[24]. As
suggested in section 3.2, the use of two ground plane boosters with considerable small dimensions allow

multi-band operation when they are used in combination with a ground plane having the typical
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dimensions of a bar platform (100 mm x 40 mm), and a proper radiofrequency system. The ground plane,
the ground plane boosters, and the radiofrequency system compose a compact radiating system capable of
providing operability in the main communication standards GSM850, GSM900, GSM1800, GSM1900,
and UMTS. In this case, the challenge lies in the fact that the ground plane resonance is not coupled to the
antenna resonance so the efficient radiation is entirely provided by the proper excitation of the ground
plane modes. The radiation contribution provided by such small boosters is negligible and they should not
be considered antennas. This architecture [22]-[24] becomes a promising alternative to current antenna
technologies since its fundamental principle based on the correct excitation of the ground plane, which is
inherent anyway, in any wireless device, removes the need of including a dedicated antenna, such as
PIFAs or monopoles. Nevertheless, the human interaction over these kind of solutions must be carefully
considered and this chapter is intended for analyzing it from two main perspectives, biological and
functional [25].

Commonly, handset antenna specifications are given regarding free-space conditions. However, in
practice, the handset antenna performance is strongly affected by other important factors such as hand
interaction [26]-[28] and human head effect [29]-[37]. The user significantly interacts with the radiating
system, especially during a phone call, affecting its performance and causing radiation losses as well as
detuning effects. Thus, free-space measurements are not enough to correctly characterize handset
antennas and the effects of the human head interaction over their performance have to be considered. The
purpose of this chapter consists in evaluating the performance of the booster-based antenna technology
proposed along this thesis concerning the human head interaction. For the sake of comparison, three
representative handset antenna topologies together with the booster-based solution are analyzed not only
in free-space but also regarding the human head presence.

The chapter is structured as follows. In section 4.2, the geometry of the four selected prototypes for
comparison purposes is described. The study of the human head effect over the performance of these
prototypes regarding the detuning effect and the power absorption is analyzed along section 4.3. In
section 4.4, the biological impact caused by the electromagnetic fields radiated by the antenna into the
human head is presented. Subsequently, a criterion for evaluating the performance of a handset and a

figure of merit are proposed in Section 4.5. Finally, the conclusions are discussed along section 4.6.
4.2. Description of the Radiating Systems

Conventionally, the main antenna parameters are evaluated regarding free-space conditions.
However, this environment emulates an ideal situation that does not occur in practice. For instance, when
holding the phone during a call, the proximity of the human head strongly affects the performance of the
antenna. At the same time, the electromagnetic fields radiated by the handset antenna produce biological
effects over the human head that have to be measured and restricted. Accordingly, the human head

interaction assessed along this chapter considers not only the effect of the human head over the antenna
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performance but also the biological effect of the antenna over the human head in terms of Specific
Absorption Rate (SAR).

With this regard, four representative prototypes have been selected for carrying out the study: a
dual-band PIFA antenna for GSM900 and GSM1900; an hexa-band PIFA antenna for covering the
mobile bands GSM850, GSM900, GSM1800, GSM1900, UMTS and LTE2300 [14]; a penta-band
coupled monopole set [4], [6], and a penta-band compact radiating system for GSM850, GSM900,
GSM1800, GSM1900, and UMTS [22]-[24] (Fig. 4.1). The election of these prototypes as case studies
has been done taking into consideration that most of handset antennas can be grouped into two categories,
patch/PIFA antennas and monopole antennas. The main difference between both designs lies in the fact
that PIFA antennas present a ground plane portion underneath the antenna area and they have to be
located at a certain height from the ground plane in order to guarantee proper performance. On the other
hand, monopole antennas do not present a ground plane portion underneath the antenna and consequently

they can be coplanar to it, i.e. they can lie in the same plane as the ground plane, hence featuring a very

low profile.

Fig. 4.1 Geometry of the four radiating systems proposed. All prototypes are etched over a 1 mm thick FR4 piece (g=4.15,
tan8=0.013). Penta-band coupled monopoles set (left), penta-band compact radiating system (2" column), dual-band PIFA (top
right), and hexa-band PIFA with a slotted ground plane (bottom right).

In this sense, two PIFAs and a set of coupled monopoles are compared not only between them but
also with the booster-based proposal. The dual-band PIFA antenna is used as a reference antenna. It is
featured by a width (W) and a length (L) of 15 mm and 40 mm respectively, and is located at a height (h)
of 6 mm over a ground plane with dimensions 100 mm x 40 mm (Fig. 4.1 (top right)). The hexa-band
PIFA antenna differs from the conventional PIFA in the addition of a mechanism conceived to electrical
enlarge the ground plane. Said mechanism is based on the integration of slots in the ground plane and is
intended to enlarge the current path in the low frequency region (824-960MHz) and for featuring resonant
dimensions in the high frequency region (1710-2170MHz) (Fig. 4.1 (bottom right)). As aforementioned,
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coupled monopoles are evaluated as a representative sample of a penta-band antenna specially designed
for being integrated in slim platform thanks to its characteristic low profile (Fig. 4.1 (left)).

Finally, the proposed booster-based antenna technology is compared with the former techniques,
already consolidated in the handset market. Along this chapter the proposed booster-based solution will
be referred as compact radiating system. The compact radiating system under study coincides with that
presented along section 3.2. Accordingly, the solution comprises two ground plane boosters with very
small dimensions of just 5 mm x 5 mm x 5 mm, soldered at a distance of 2 mm from the edge of a ground
plane (100 mm x 40 mm) (Fig. 4.1 (2™ column)). The proposal considerably reduces the volume with
respect to the other topologies under consideration. In fact, it supposes around one order of magnitude
less than the PIFA solutions, which requires a volume around 3600mm? with respect to the 250mm?®
required to attain penta-band operation by the compact radiating systems based on the ground plane

booster antenna technology.

4.3. Functional Analysis

This section is focused on analyzing the human head effect over the handset antenna performance.
With this regard, the main antenna parameters (reflection coefficient, efficiency, radiation pattern, and
directivity) are measured regarding free space conditions and human head interaction. For the last case,
right-cheek talk positions, included in the new European Standard for SAR measurements [37], have been
tested. In order to complete the study, for this right location two different arrangements of the prototypes
have been evaluated (Fig. 4.2): on one hand, the antenna or the ground plane boosters are arranged near
the phantom ear (“Antenna Up” or “Boosters Up”), and on the other hand, the prototypes are rotated 180°
with respect to the previous position (“Antenna Down” or “Boosters Down”).

The Printed Circuit Board (PCB) is spaced apart 1 mm from the phantom head for all the
prototypes under study thanks to the use of a methacrylate piece. It is important to notice that this is a

critical situation because in practice the distance between the PCB and the human head is usually higher.

Iy

Fig. 4.2 Set-up for radiation measurement in the anechoic chamber Satimo Stargate-32 showing the coordinate system regarding
free-space and the human head presence for the “Antenna Down” position.
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The phantom head is filled with lossy liquids emulating the electromagnetic properties of the
human tissue for the frequency ranges under study: low frequency region comprising the communication
standards GSM850 and GSM900 (824-960MHz), and high frequency region allocating the
communication standards GSM1800, GSM1900, and UMTS (1710-2170MHz) [37].

4.3.1 Reflection Coefficient: Sy;

As the lossy liquids are frequency dependent, the reflection coefficient has to be measured in two
steps by means of a network analyzer. Firstly the low frequency region is measured regarding CENELEC
liquid @ 900 MHz (g,=41.5, 6=0.97S/m) and secondly CENELEC liquid @ 1800 MHz (=40, c=1.4
S/m) is used for the high frequency region [37].

/¥ | DB(S(1,1)))
Free-space

-B DB(|S(1,1))
Antenna Up

- DB(S(1,1)])

i a-DB(S(1, 1)
Free-space

@ DB(|S(1,1)])
Antenna Up

9= DB(|S(1,1)])

Antenna Down 12 Antenna Down : ﬂ
12 14 16 1.8 2 29 0.8 1 12 14 16 1.8 2 2.2
Frequency (GHz) Frequency (GHz)
0 0
c)
-2 -2
-4 ‘.\%4 -4
" 5o
6 (" | —a-DB(S(1.1))) X -6 : ~-0B(s() |5 )
o] Free-space \ Free-space L‘il y
-8 < @ DB(S(, 1)) -8 -G DB(S(1,1)]) i
1 [ Antenna Up Boosters Up H |
101V F eosisany B o 7 -10 ~+ DB(S(1.1)) \
\f Antenna Down | . @ ] \@ Boosters Down |
12 ! 2 : i 12
0.8 1 12 14 16 138 2 22 0.8 1 12 14 16 1.8 2 2.2
Frequency (GHz) Frequency (GHz)

Fig. 4.3 S;; regarding free-space and head interaction. a) Dual-band PIFA; b) Hexa-band PIFA with a slotted ground plane; c)
Coupled Monopoles; d) Compact radiating system.

As a common trend observed in the four prototypes, the impedance bandwidth increases with
respect to the free-space conditions when the phantom head is considered (Fig. 4.3). This increment is
directly related to an increment of the power losses, mainly produced by the power absorbed by the
human head. This effect is more significant in the low frequency region and substantially higher for the
“Antenna Up” position, as it will be further demonstrated along section 4.3.2. Analyzing each prototype
particularly, it is possible to state that the presence of the human head does not significantly disturb the
low frequency region and even less the high frequency region provided by the dual-band PIFA (Fig. 4.1
(top right)), since no significant detuning effects are observed (Fig. 4.3a).
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For the hexa-band PIFA case (Fig. 4.1 (bottom right)) higher losses are likely for the low frequency
region and regarding the “Antenna Up” position. However, no significant detuning effect, either in the
low frequency region or in the high frequency region is observed (Fig. 4.3b). Regarding the coupled
monopoles (Fig. 4.1 (left)), higher losses are expected for both frequency regions since a significant
bandwidth increment is observed (Fig. 4.3c).

In the compact radiating system case (Fig. 4.1 (2" column)), some detuning effect is observed in
both frequency regions but more significantly in the high frequency region when the “Boosters Up”
position is evaluated (Fig. 4.3d). It is important to notice that for PIFA-based solutions and coupled
monopoles no mismatching effect is appreciated, which means that the bandwidth in all cases is equal or
larger. However, for the compact radiating system and regarding the “Boosters Up” position a detuning
effect to lower frequencies is observed. The quantitative values of the power absorbed by the human head

are discussed in the following section.

4.3.2 Absorption Ratios and Free-space Efficiency

The free-space antenna efficiency (Fig. 4.4) of the four prototypes has been measured using the
anechoic chamber Satimo Stargate-32. Subsequently, these values have been processed according to the
reflection coefficients measured in free space (Fig. 4.3) in order to obtain the radiation efficiency
n=n4/(1-/S11["). In this sense, the mismatching effect is removed and the prototypes can be compared just
taking into account losses without the need of regarding whether the antenna is well matched or not (Fig.
4.5).
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Fig. 4.4 Antenna efficiency measured by 3D integration pattern in the anechoic chamber Satimo Stargate-32 regarding the: dual-
band PIFA (Fig. 4.1 (top right)), hexa-band PIFA (Fig. 4.1 (bottom right)), coupled monopoles (Fig. 4.1 (left)), and compact
radiating system (Fig. 4.1 (2™ column)) in free-space. The antenna efficiency takes into account the mismatch losses, since it is
defined as n,=1, (1-S11 ).

The four prototypes present similar radiation efficiency (Fig. 4.5) in the high frequency region but
not in the low frequency region, where the radiation efficiency of the compact radiating system drops to
lower values. In this case, the reactive elements that compose the radiofrequency system present a finite
Q, fact that contributes to increase losses, more significantly in the low frequency region. However, these

efficiency values are still considered acceptable for mobile communications [38]-[41].
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The power absorption caused by the human head presence considerably reduces the radiation
efficiency in all cases (Fig. 4.6) with respect to those values achieved in free-space conditions (Fig. 4.5).
The ratio between the radiation efficiency values obtained in free-space and those obtained taking into
account the phantom head gives a quantitative vision of the losses introduced by the human head. In order
to carefully analyze the losses experimented by each radiating system, the power absorption ratios

associated to each prototype are calculated according to equation (4.1).
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Fig. 4.5 Radiation efficiency associated to the dual-band PIFA (Fig. 4.1 (top right)), the hexa-band PIFA (Fig. 4.1 (bottom
right)), the coupled monopoles (Fig. 4.1 (left)), and the compact radiating system (Fig. 4.1 (2™ column)) regarding free-space.

The results reveal that although the radiation efficiency of the compact radiating system in free-
space is lower than that offered by the other handset antenna designs when regarding the low frequency
region (Fig. 4.5); its performance remains comparable to the other prototypes when the interaction of the
human head is considered (Fig. 4.6). Particularly, when regarding “Antenna Up” position, the radiation
efficiency of the compact radiating system is comparable to that obtained by the coupled monopoles in
the low frequency region, thus revealing that the latest is more sensitive to the human interaction (Fig.
4.6a). The results are even better when regarding the “Antenna Down” position, since in this case the
compact radiating system offers larger efficiency values than the coupled monopoles, thus highlighting
again the sensitiveness of the latest to the human interaction. In view of the outcomes, it is possible to
conclude that the proposed compact radiating system is more robust to the human head presence in the

low frequency region, since it suffers lower efficiency losses.

Absorption _ ratio[dB] =10- Ioglo[n’a"-"ee-s”‘“e] (4.1)

Tlrad_head_ position

In the high frequency region and when regarding the “Antenna Up” location, the losses are larger
than those experimented by the other prototypes. Nevertheless, in the “Antenna Down” position in this
frequency region, the behavior remains comparable to that presented by the other designs, and more
particularly to the hexa-band PIFA. In this sense, the results analyzed at both frequency regions and

regarding all the prototypes conclude that the power absorption is higher for the “Antenna Up” position
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than for the “Antenna Down” position. This last becomes preferred since for this position the distance
between the antenna and the human head is larger.
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Fig. 4.6 Measured radiation efficiency in the low and high frequency region for the dual-band PIFA (Fig. 4.1 (top right)), the
hexa-band PIFA (Fig. 4.1 (bottom right)), the coupled monopoles (Fig. 4.1 (left)), and the compact radiating system (Fig. 4.1 (2"
column)) regarding a)-b) “Antenna Up” position and c)-d) “Antenna Down” position.
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Fig. 4.7 Average absorption ratios across the low frequency region (824-960 MHz) and the high frequency region (1710-
2170MHz) regarding both positions “Antenna Up” and “Antenna Down”.

At the same time and perfectly aligned with the results gathered in the previous section, the
absorption ratio is higher in the low frequency region than in the high frequency region (Fig. 4.7). In
particular and as stated above, losses are higher for the coupled monopoles, being around 12 dB in
average, when regarding the low frequency region and the worst configuration (“Antenna Up”) (Fig. 4.7).
This fact coincides with the predictions extracted from the reflection coefficient measurements (Fig. 4.3)
where a considerable bandwidth increment was observed. In the preferred situation (“Antenna Down”),

the compact radiating system becomes the best option concerning losses, operation, and volume.
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4.3.3 Antenna Efficiency regarding Human Head

In this section the antenna efficiency is measured taken into account the human head interaction.
Thus, losses associated to the amount of power absorbed by the human head are considered as well as the
mismatching effects regarding both talking positions under study: “Antenna Up” and “Antenna Down”.
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Fig. 4.8 Measured antenna efficiency in the low and high frequency region for the dual-band PIFA (Fig. 4.1 (top right)), the
hexa-band PIFA (Fig. 4.1 (bottom right)), the coupled monopoles (Fig. 4.1 (left)), and the compact radiating system (Fig. 4.1 (2"
column)) regarding a)-b) “Antenna Up” position and c¢)-d) “Antenna Down” position.

As aforementioned, the “Antenna Up” position is the configuration that suffers higher losses in all
cases mainly due to the proximity of the antenna to the human head. Thus, the antenna efficiency is
noticeably reduced with respect to the free-space conditions (Fig. 4.4) regarding both frequency regions
(Fig. 4.8a-b). It is important to remark that despite the antenna efficiency of the compact radiating system
prototype is lower than that presented by the other cases referring free-space measurements, the
difference diminishes when the human head presence is considered. In this sense, the antenna efficiency
attained in the low frequency region is comparable to that obtained by the coupled monopoles especially
in the frequency band associated to the communication standard GSM850, taking into account that the
starting point in the coupled monopole case was an antenna efficiency around 60% whereas the compact
radiating system offered values around 40%. These results confirm again that coupled monopoles present
higher absorption losses than the booster-based antenna technology. In the high frequency region, the
antenna efficiency concerning the compact radiating system could be improved if the detuning effect is

corrected through the appropriate adjustment of the matching network components.
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In the preferred configuration (“Antenna Down”), the compact radiating system prototype
experiments less additional losses than the other antenna designs and as expected, the antenna efficiency
achieved in the low frequency region is comparable to that values attained by other common handset
antenna designs such as the coupled monopoles (Fig. 4.8c-d). The best values are those achieved by the
hexa-band PIFA and are comparable to that obtained by the dual-band PIFA regarding those frequencies
for which the antenna is matched. In the high frequency region, the compact radiating system prototype
competes directly with the hexa-band PIFA prototype since similar values are obtained with the added

advantage of its reduced volume (250mm?®) compared to the 3600mm? of the hexa-band PIFA.

4.3.4 Radiation Patterns

Following with the study of the human head effect over the main antenna parameters, radiation
patterns are evaluated and presented along this section. Although the four prototypes have been measured
regarding free-space conditions and human head interaction for both positions: “Antenna Up” and
“Antenna Down”, only the most significant results related to the compact radiating system prototype are

presented herein (Fig. 4.9).
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Fig. 4.9 Main cuts (Phi=0° and Phi=90°) of the radiation patterns provided by the compact radiating system prototype (Fig. 4.1
(2™ column)) measured at the frequency of 900MHz and 2000MHz regarding free-space and human head for both positions:
“Boosters Up” and “Boosters Down”. See coordinate axis at Fig. 4.2.

The effect of the human head over the radiation pattern is quite similar for all the cases. The

omnidirectional behavior found in free-space conditions is modified with the human head presence
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resulting in a directivity increment (depicted in Fig. 4.10 and Fig. 4.11 as an average A) for all the
prototypes under study. This effect is mainly produced by the fact that at these frequencies the phantom
head acts as a lossy reflector. The impact is more evident in the high frequency region since for this

frequency range the head is electrically larger.
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Fig. 4.10 Measured directivity in the low frequency region regarding the four prototypes in free-space and human head
conditions.
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Fig. 4.11 Measured directivity in the high frequency region regarding the four prototypes in free-space and human head
conditions.

As previously mentioned, the directivity for the three prototypes regarding free-space conditions
remains around 3.5 dB in the low frequency region and slightly increases as long the frequency increases.
The effect caused by the human head presence traduces in a directivity increment regarding both
frequency regions for all the prototypes under study, concluding that it affects in a similar way to their

radiation patterns. Note that for simplicity purposes the “Antenna Up” position is considered since it
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produces more significant effects over the directivity. The “Antenna Down” case also increases the

directivity but their effects are not so noteworthy.

hand, the effect over the performance of the handset antenna, which takes into account absorption losses

and detuning effects (former section), and on the other hand, the biological impact over the human head,

4.4. Biological Compatibility

which is the object of the present section.

The assessment of the human head impact must be carried out regarding two main aspects. On one

Table 4.1 SAR Measurements. The hotspot coordinates (x,y) are referred to top right corner of the ground plane.
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SAR is the parameter used to evaluate the biological impact over the human head caused by the
electromagnetic fields radiated by a handset antenna. SAR is a measure of the localized maximum value
of the power absorbed by the human head by unity of mass and its dimensions are mW(/g. Due to the fact
that this absorption is produced in the near field, SAR can be measured from the electric near field
according to equation (4.2), where o, and p are the human tissue effective conductivity and the tissue

volumetric density, respectively.

O-eff

P

SAR =

2
E\ (4.2)

In this sense, the SAR values associated to the four prototypes under study have been measured
using the DASY4 equipment. SAR distribution is depicted at two representative frequencies, one
associated to the low frequency region (900MHz) and the other one located in the high frequency region
(1900MHz) regarding both positions: “Antenna Up” and “Antenna Down” (Table 4.1).

As a common feature, SAR values are higher in the “Antenna Up” position since the antenna is
nearer the human head. In this sense, the fact of rotating the prototype 180° causes a significant reduction
of the SAR values. This effect is observed in all the prototypes and more significantly in the high
frequency region where the maximum electric field appears localized in the shorter edge of the PCB at a
certain distance from its center. Otherwise, in the low frequency region, SAR reduction is less significant,
since for these frequencies the electric field is distributed along the PCB and the hot-spot is located nearer
the PCB center.

In the case of the low frequency region, the SAR values regarding both positions are located below
the standards (American standard (ANSI/IEEE): 1.6mW/g (1g) and European standard (ICNIRP) 2mW/g
(109)). However, for the high frequency region the “Antenna Down” position is preferred.

4.5. Evaluation Criteria

As previously discussed, human interaction must be carefully considered when assessing the
performance of a particular prototype. The effects produced by this human interaction must be considered
from two main perspectives. On one hand, the functional analysis, i.e. the effects that the human head
produce over the antenna performance, which usually translate into detuning and efficiency decrements.
On the other hand, the biological analysis, i.e. the effects that the electromagnetic radiation produce over
the human head. This section analyzes the relationship between these functional and biological effects
and proposes a figure of merit with the aim of determining the solution that minimizes SAR while

becomes robust to detuning effects and efficiency decrements.

4.5.1 SAR versus Power Absorption and Antenna Efficiency

In order to complete the study it is interesting to deeply analyze the correlation between the SAR

values and the power absorption. A priori, the statement, the higher the SAR, the higher the absorption
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losses, seems reasonable. However, the experiments carried out demonstrate that this is an invalid
affirmation because this statement is not always true.

SAR is a measure of the peak power absorption per unit of mass as defined in (4.2). Consequently,
it only gives information about the maximum value of absorption and the location where it takes place.
On the contrary, the total power absorption, as given in (4.3), is calculated as the integral along all the
head volume (7) so it is directly connected with the distribution of the near electrical fields. On one
hand, SAR is an electromagnetic magnitude useful for biological analysis since it is directly related to
temperature elevations inside the human’s head [35]. On the other hand, power absorption is referred to
the antenna performance that at the end, determines the phone behavior. Power absorption could

determine functional parameters, such as the duration of the handset battery as well as coverage.

Power _absorption = [ o -|E[ V' 4.3)

In this sense, it is possible to find a prototype having maximum SAR but minimum power
absorption. This is the case of the hexa-band PIFA, which presents at a frequency of 2000MHz regarding
the “Antenna Up” position a high level of SAR (2.81 mW/g (1g)) and losses around 7.11 dBs On the
contrary, the behavior of the compact radiating system prototype at 900 MHz shows that it is possible to
have low SAR (1.11 mW/g (1g)) but higher losses (around 10.07 dB). This fact demonstrates that both
values are not necessarily directly proportional, high values of SAR do not imply high losses, since them
are only defined by the distribution of the near fields along the PCB.

The conclusion that can be extracted from the compact radiating system results (Table 4.2 and
Table 4.3) is that as long as the frequency increases, the near electric field distribution concentrates nearer
the ground plane boosters providing high values of SAR. At the same time since the hot-spot is located
nearer the booster and at a significant distance from the PCB midpoint, the rotation of the PCB (“Boosters

Down” position) not only reduces the SAR values but also the power absorption levels.
Table 4.2 SAR and Absorption Losses regarding “Boosters Up”.

Compact Radiating System Boosters Up
Frequency(MHz) SAR(1g) (mWi/g) Hot Spot (x,y) Absorption Losses (dB) Na(%)
835 1.81 32,28 7.06 4,75
900 1.11 26,26 10.07 4,58
1800 2.42 20,28 9.23 7.82
1900 2.15 24,27 8.57 8.03
2000 2.19 26,23 7.71 7.90
Table 4.3 SAR and Absorption Losses regarding “Boosters Down”.
Compact Radiating System Boosters Down
Frequency(MHz) SAR(1g) (mWi/g) Hot Spot (x,y) Absorption Losses (dB) Na(%)
835 0.88 66,12 4.03 9.91
900 0.59 66,16 4,61 13.01
1800 0.97 81,6 5.62 19.85
1900 0.98 79,5 4,91 20.76
2000 1.03 79,5 4.14 21.41

The compact radiating system presents lower SAR values for the preferred position (“Boosters

Down”) when it is compared with those achieved by the other prototypes. This fact, depicted in Table 4.4,
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leads to an important conclusion since for approximately the same antenna efficiency (especially
comparing the compact radiating system with the coupled monopole in the low frequency region and with
the hexa-band PIFA in the high frequency region (Fig. 4.8c-d) the SAR values obtained are noticeably

reduced (Table 4.4).
Table 4.4 SAR (1g) Comparison for “Antenna Down” Position.

Prototype (900MHz) (1900MHz)
Dual-band PIFA 2.29 mWig 0.79 mW/g
Hexa-band PIFA 2.02 mW/g 1.63 mW/g
Coupled monopoles 2.36 mW/g 1.47 mW/g
Compact Radiating System 0.59 mWig 0.98 mW/g

Accordingly and in order to define a criteria for evaluating the performance of the four prototypes
regarding both biological and functional effects in terms of SAR and power absorption, a new figure of

merit is proposed and discussed in the following section.

4.5.2 Figure of Merit

The proposed figure of merit is defined as the ratio between the antenna efficiency and the SAR
values for a given frequency. As aforementioned, the absorption ratios and SAR values are not
necessarily directly linked. However, SAR values are directly related to the antenna efficiency. Thus, for

a given device, the higher the power radiated by the antenna, the higher the SAR values.

10

Figure of Merit

900 1800 1900 2000

Frequency (MHz)

B Compact Radiating System B Hexa-band PIFA
& Coupled Monopoles Dual-band PIFA

Fig. 4.12 Figure of Merit regarding “Antenna Up” position.

In this sense and in order to establish a fair comparison between prototypes, a figure of merit that
relates antenna efficiency and SAR is provided regarding both positions: “Antenna Up” and “Antenna
Down”, respectively (Fig. 4.12 and Fig. 4.13). Accordingly, the prototype with better performance is the
one that presents higher antenna efficiency and lower SAR values.

In the “Antenna Up” case, the compact radiating system does not present the best trade-off.
However, for the low frequency region the values obtained are comparable with those achieved by the
hexa-band PIFA. In this case, the dual-band PIFA is the prototype that maximizes antenna efficiency
while minimizing SAR at those frequencies for which the antenna is well-matched. Otherwise coupled

monopoles and hexa-band PIFA alternate their performance since for the low frequency region, the hexa-
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band PIFA would be preferred while for frequencies around 1900MHz, coupled monopoles perform
better.
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Fig. 4.13 Figure of Merit regarding “Antenna Down” position.

Nevertheless and taking into account the preferred position: “Antenna Down”, the compact
radiating system stands out over the hexa-band PIFA and the coupled monopoles as the better solution
regarding both frequency regions, but especially for the low frequency region. In the high frequency
region, the values obtained are comparable with those achieved by the dual-band PIFA but with the
advantage of the reduced volume and the penta-band operation of the compact radiating system. This fact
turns the compact radiating system in a good alternative to the already existing handset antennas
technologies since it is able not only to provide penta-band operation with a reduced volume (250 mm?®)

but also to ensure robustness to the human head effect guarantying low SAR values.

4.6. Conclusions

Free-space measurements are not enough to fully characterize a handset device since the presence
of the human head in the vicinity of a handset antenna strongly affects its performance. This effect must
be taken into account regarding two main aspects: functional and biological. The first one considers the
effect of the human head over the main antenna parameters whereas the second one relates to the effect of
the radiated fields into the human head in terms of SAR and temperature elevation.

On one hand, power absorption losses and SAR values can be minimized if the antenna is placed in
the PCB edge located at a higher distance from the human cheek. On the other hand, the results show that
SAR values are not necessarily associated with power absorption, since while SAR is a measure of the
peak power absorption per unit of mass, the power absorption is defined as the integral along all the head
volume so it is directly connected to the near electrical fields distribution. It means that a prototype can
present high losses but low SAR values, and in this sense, a figure of merit is required for the sake of
comparison since the best solution is the one that maximizes antenna efficiency while minimizing SAR.

Regarding the preferred arrangement (“Antenna Down”), the compact radiating system using
ground plane boosters stands out over the other prototypes in the low frequency region, since is the one
that minimizes SAR while maximizes antenna efficiency. For instance, the coupled monopoles present

significantly higher SAR(1g) values (2.36 mW/g (900MHz)) than the compact radiating system
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(0.59mW/g (900MHz)) while offering similar antenna efficiencies, around 11.58% and 13.01% at
900MHz for the coupled monopoles and the compact radiating system, respectively.

Table 4.5 Summary of the main results related to the dual-band PIFA, the hexa-band PIFA on a slotted ground plane, the coupled
monopoles, and the compact radiating system including ground plane boosters, when regarding the human head.

Architecture Features Performance

GSM900 and GSM1900

b SARgown
(900MHz)=2.29mw/g
SARdown
(1900MHz)=0.79mW/g
Antenna Efficiencygown
(900MHz)=16.76%

e  Antenna Efficiencygown

(1900MHz)=17.80%

° PIFA antenna 40 mm x 15 mm
X 6 mm.

. Ground plane 100 mm x 40
mm.

e (GSM850, GSM900, GSM1800,
GSM1900, UMTS, and
LTE2300
*  SARgomn
. PIFA antenna 40 mm x 15 mm (900MHz)=2.02mw/g
x 6 mm on a slotted ground plane e SARymn
. Ground plane 100 mm x 40 mm (1900MHz)=1.63mW/g
e Antenna Efficiencyqown
(900MHz)=22.88%
e Antenna Efficiencyqown
(1900MHz)=20.20%

e (GSM850, GSM900, GSM1800,
GSM1900, and UMTS
*  SARuomn
. Coupled monopoles formed by (900MHz)=2.36mw/g
a driven monopole and two parasitic e  SARyown
elements (15 mm x 33 mm) (1900MHz)=1.47TmW/g
. Ground plane 110 mm x 47 mm e Antenna Efficiencygown
(900MHz)=9.03%
e  Antenna Efficiencygown
(1900MHz)=24.85%

e (GSM850, GSM900, GSM1800,
GSM1900, and UMTS
b SARgown
. Electric Ground Plane Boosters, (900MHz)=0.59mw/g
each one with dimension of 5 mm x5 e  SARyuwn
mm x 5 mm (1900MHz)=0.98mW/g
. Ground plane 100 mm x40 mm e  Antenna Efficiencygown
(900MHz)=9.91%
e Antenna Efficiencyqown
(1900MHz)=20.76%

In the high frequency region, the dual-band PIFA presents slightly better results from the figure of
merit point of view. Nevertheless, the compact radiating system is still preferable at this frequency region
not only by the considerable size reduction offered (a reduction of approximately one order of magnitude,

from 3600 mm?® up to 250 mm®), but also, because it increases the number of operating frequency bands
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in said high frequency region, from single band operation (GSM1900) offered by the dual-band PIFA to a
tri-band operation (GSM1800, GSM1900, and UMTS).

The summary of the main results extracted from this section (Table 4.5), illustrate that the proposed
compact radiating system based on the excitation of the ground plane modes becomes a suitable solution
that directly competes with other common handset antenna designs regarding functional performance and
with the advantage of a reduced volume (250 mm?®). In particular, the solution is capable of providing
penta-band operation (GSM850, GSM900, GSM1800, GSM1900, and UMTS) while reducing SAR
values in both frequency regions with respect to those presented by the other handset antenna

architectures.

4.7. References

[1] F. Frost & Sullivan, Antennas Systems 2006, Washington, USA, 2006.

[2] M. Geissier, D. Heberling, and 1. Wolff, “Bandwidth and Radiating Properties of Internal Handset
Antennas”, |IEEE Antennas and Propagation Society International Symposium, vol. 4, July 2000, pp.
2246-2249.

[3] K. L. Wong, Planar Antennas for Wireless Communications, New York, John Wiley & Sons,
2003.

[4] C. Puente, J. Anguera, J. Soler, and A. Condes, “Coupled Multi-band Antennas”, Patent
Application W0O2004/025778, September 10, 2002.

[5] C. Lin and K. L. Wong, “Printed Monopole Slot Antenna for Internal Multi-band Mobile Phone
Antenna”, IEEE Transactions on Antennas and Propagation, vol. 55, n°12, December 2007, pp. 3690-
3697.

[6] S. Risco, J. Anguera, A. Andgjar, A. Pérez and C. Puente, “Coupled Monopole Antenna Design
for Multi-band Handset Devices”, Microwave and Optical Technology Letters, vol. 52, n° 2, February
2010, pp. 359-364.

[7] C. Wu and K. Wong, “Hexa-band Internal Printed Slot Antenna for Mobile Phone Application”,
Microwave and Optical Technology Letters, vol. 50, n°1, January 2008, pp. 35-38.

[8] J. Anguera, |. Sanz, J. Mumbru, and. Puente, “Multi-Band Handset Antenna with a Parallel
Excitation of PIFA and Slot Radiators”, IEEE Transactions on Antennas and Propagation, vol.58, n°2,
February 2010, pp.348-356.

[9] J. Anguera, 1. Sanz, A. Sanz, A. Condes, D. Gala, C. Puente, and J. Soler, “Enhancing the
performance of handset antennas by means of groundplane design”, IEEE International Workshop on
Antenna Technology: Small Antennas and Novel Metamaterials (iWAT 2006). New York, USA, March
2006.

[10] J. Anguera, A. Cabedo, C. Picher, I. Sanz, M. Ribd, and C. Puente, “Multi-band Handset
Antennas by Means of Groundplane Modification”, IEEE Antennas and Propagation Society

International Symposium, Honolulu, Hawaii, USA, June 2007.



Chapter 4; Human Head Interaction 147

[11]  C. Picher, J. Anguera, A. Cabedo, C. Puente, and S. Kahng, “Multi-band Handset Antenna Using
Slots on the Ground Plane: Considerations to Facilitate the Integration of the Feeding Transmission
Line”, Progress In Electromagnetics Research C, vol. 7, 2009, pp. 95-109.

[12]  C. Picher, J. Anguera, A. Andujar, C. Puente, and A. Bujalance, “Multi-band Handset Antennas
by Combining Monopoles and Intelligent Ground Planes”, Proceedings of the Sixth European Conference
on Antennas and Propagation, EUCAP 2012, Prague, Czech Republic, March 2012, pp. 2741-2744.

[13] C. Picher, J. Anguera, A. Bujalance, A. Andujar, and C. Puente, “Analysis of a Multi-band
Monopole Handset Antenna Combined with a Slotted Ground Plane”, Microwave and Optical
Technology Letters, vol. 55, n°1, January 2013, pp. 173-180.

[14] A. Cabedo, J. Anguera, C. Picher, M. Rib6, and C. Puente, “Multi-Band Handset Antenna
Combining a PIFA, Slots, and Ground Plane Modes”, IEEE Transactions on Antennas and Propagation,
vol.57, n°9, Sep. 2009, pp. 2526-2533.

[15] R. Quintero and C. Puente, “Multilevel and Space-Filling Ground Planes for Miniature and Multi-
band Antennas”, Patent Application W02003/023900, September 13, 2001.

[16] J. Anguera and C. Puente, “Shaped Ground Plane for Radio Apparatus”, Patent Application
W02006/070017, December 29, 2005.

[17] M. Cabedo-Fabrés, E. Antonino-Daviu, A. Valero-Nogueira, and M. Ferrando Bataller, “The
Theory of Characteristic Modes Revisited: A Contribution to the Design of Antennas for Modern
Applications”, IEEE Antennas and Propagation Magazine, vol. 49, n°5, October 2007, pp. 52-68.

[18] W. L. Schroeder, C. T. Famdie, and K. Solbach, “Utilization and Tuning of the Chassis Modes of
a Handheld Terminal for the Design of Multi-band Radiation Characteristics”, IEEE Transactions on
Antennas and Propagation, vol. 50, n°10, October 2002, pp. 1433-1444,

[19] C. Puente J. Anguera, “Handset with Electromagnetic Bra”, Patent Application WO2005/083833,
February 28, 2005.

[20] S. Ozden, B. K. Nielsen, C. H. Jorgensen, J. Villanen, C. Icheln, and P. Vainikainen, “Quad-Band
Coupling Element Antenna Structure”, U.S. Patent 7,274,340, September 25, 2007.

[21]  J. Anguera, I. Sanz, C. Puente, and J. Mumbru, “Wireless Device including a Multi-band Antenna
System”, Patent Application WO2008/119699, March 26, 2008.

[22] J. Anguera, A. Anddjar, C. Puente, and J. Mumbrt, “Antennaless Wireless Device”, Patent
Application W02010/015365, July 31, 2009.

[23] J. Anguera, A. Anddjar, C. Puente, and J. Mumbru, “Antennaless Wireless Device Capable of
Operation in Multiple Frequency Regions”, Patent Application W02010/015364, July 31, 2009.

[24] A. AndGjar, J. Anguera, and C. Puente, “Ground Plane Boosters as a Compact Antenna
Technology for Wireless Handheld Devices”, IEEE Transactions on Antennas and Propagation, vol. 59,
n°5, May 2011, pp. 1668-1677.



148 Ground Plane Booster Antenna Technology for Wireless Handheld Devices

[25] A. Andujar, J. Anguera, C. Picher, and C. Puente, “Human Head Interaction over Ground Plane
Booster Antenna Technology: Functional and Biological Analysis”, Progress in Electromagnetic
Research B, vol. 41, 2012, pp. 153-185.

[26] J. Anguera, A. Camps, A. Anddjar, and C. Puente, “Enhancing the robustness of handset antennas
to finger loading effects”, IEE Electronics Letters, vol.45, n°15, July 2009, pp. 770-771.

[27] J. M. Jung, S. Kim, K. Kong, J. Lee, and B. Lee, “Designing Ground Plane to Reduce Hand
Effects on Mobile Handsets”, IEEE Antennas and Propagation Society International Symposium,
Honolulu, USA, June 2007, pp. 1040-1043.

[28] C. Su, C. Wu, and K. Wong, “User’s Hand Effects on EMC internal GSM/DCS mobile phone
antenna”, |EEE Antennas and Propagation Society International Symposium, Albuquerque, USA, pp.
2097-2100, July 2006.

[29] P. S.Kildal and C. Carlsson, “Comparison between Head Losses of 20 Phones with External and
Built-in Antennas Measured in Reverberation Chamber”, IEEE Antennas and Propagation Society
International Symposium, vol. 1, August 2002, pp. 436-439.

[30] K. R. Boyle, Y. Yuan, and L. P. Ligthart, “Analysis of Mobile Phone Antenna Impedance
Variations with User Proximity”, IEEE Transaction on Antennas and Propagation, vol.55, n°2, February
2007, pp. 364-372.

[31] T.Huang and K. R. Boyle, “User Interaction Studies on Handset Antennas”, Proceedings of the
Second European Conference on Antennas and Propagation, EUCAP2007, Edinburgh, United Kingdom,
2007.

[32] D. Lu, D. Fisk, and A. Wang, “A Mobile Antenna Design for Optimal Performance in Human
Head and Hand Configuration”, IEEE Antennas and Propagation Society International Symposium,
Honolulu, USA, June 2007, pp. 1048-1048.

[33] M. A. Ebrahimi-Ganjeh and A. R. Attari, “Interaction of Dual Band Helical and PIFA Handset
Antennas with Human Head and Hand”, Progress In Electromagnetics Research, PIER 77, 2007, pp.
225-242.

[34] A. Schiavoni, P. Bertotto, G. Richiardi, and P. Bielli, “SAR Generated by Commercial Cellular
Phones —Phone Modeling, Head Modeling, and Measurements”, IEEE Transactions on Microwave
Theory and Techniques, vol.18, n°11, November 2000, pp. 2064-2071.

[35] P. Bernardi, M. Cavagnaro, S. Pisa, and E. Piuzzi, “Power Absorption and Temperature
Elevations Induced in the Human Head by a Dual-Band Monopole-Helix Antenna Phone”, IEEE
Transactions on Microwave Theory and Techniques, vol. 49, n°12, December 2001, pp. 2539-2546.

[36] H. Khodabakhshi and A. Cheldavi, “Human Head Interaction with a PIFA in Cellular Mobile
Communication”, Proceedings of the Fourth European Conference on Antennas and Propagation,
EuCAP2010, Barcelona, Spain, 2010.



Chapter 4; Human Head Interaction 149

[37] Basic standard for the measurement of Specific Absorption Rate related to human exposure to
Electromagnetic fields from mobile phones (300 MHz-3GHz. CENELEC-European Committee for
Electro technical Standardization Std. EN 50 361, Jul. 2001.

[38] M. Martinez, O. Letschke, M. Geissler, D. Heberling, A. M. Martinez, and D. Sanchez,
“Integrated Planar Multi-band Antennas for Personal Communication Handsets”, IEEE Transactions on
Antennas and Propagation, vol. 54, n°2, February 2006, pp. 384-391.

[39] B.Kim, S. Park, Y. Yoon, J. Oh, K. Lee, and G. Koo, “Hexaband Planar Inverted-F Antenna with
Novel Feed Structure for Wireless Terminals”, IEEE Antennas and Wireless Propagation Letters, vol. 6,
2007, pp. 66-69.

[40] H. Hsieh, Y. Lee, K. Tiong, and J. Sun, “Design of a Multi-band Antenna for Mobile Handset
Operations”, IEEE Antennas and Wireless Propagation Letters, vol. 8, 2009, pp. 200-203.

[41] Z. Li and Y. Rahmat-Samii, “Optimization of PIFA-IFA Combination in Handset Antenna
Designs”, IEEE Transactions on Antennas and Propagation, vol. 53, n°5, May 2005, pp. 1770-1778.



150 Ground Plane Booster Antenna Technology for Wireless Handheld Devices




Chapter 5: Distributed Radiating Systems 151

CHAPTER 5 DISTRIBUTED RADIATING SYSTEMS

5.1. Introduction

The previous chapters prove that the inherent ground planes of conventional handset platforms
present efficient radiating modes at mobile frequencies. In addition, it has been demonstrated the
feasibility of providing multi-band radiating systems by properly exciting the radiating modes of these
inherent ground planes through the use of either magnetic or electric ground plane boosters. The
challenge in this kind of radiating systems, mainly relies not only on the proper election of the element
used to excite the ground plane, but also on the radiofrequency system used to provide impedance
matching. Broadband matching networks have been selected in the former sections as being the ones that
attain the best trade-off between performance and simplicity. They are capable of providing enhancement
factors around 2.45 (SWR<3) (Standing Wave Ratio) regarding a reduced number of reactive elements,
namely a reactance cancellation element (inductor or capacitor according to the nature of the input
impedance provided by the ground plane booster element), a shunt capacitor, and a shunt inductor. This
bandwidth enhancement supposes around one half of Fano’s limit.

The solutions presented along the former chapter, can be easily integrated in current handset
platforms including multi-band Front-End Modules (FEMS), since they can be readily combined into a
single input/output port trough the addition of notch filters for the low (690-960MHz) and high frequency
regions (1710-2690MHz), respectively. In a similar manner, they can also provide different input/output
ports according to the number of frequency regions to cover. One example would be the coplanar
solutions provided in section 3.3 and 3.4, where instead of combining the two frequency regions into a
single input/output port, two or even four different ports are provided according to the number of
frequency regions. The proposals become useful for providing very compact solutions, while
considerably simplifying the complexity of the FEMs. It is important to underline that in some of the
previous solutions, each ground plane booster and the radiofrequency system associated to it, work
independently for each frequency region, i.e. when the ground plane booster intended for the low
frequency region operates, the ground plane booster intended for the high frequency region does not
operate, and vice versa. This effect does not happen in the latest compact solution (section 3.5). In this
case, the input impedance of both ground plane boosters is combined into a single input/output port in a
particular manner as for providing the desired response. Both elements interact, since one element
charges the other and, vice versa.

Following this principle, this chapter is focused on combining the input impedances of different
resonant and non-resonant elements in a single input/output port not only for improving the impedance
bandwidth at a particular frequency region but also to provide a better excitation of the fundamental

radiating mode and higher robustness to hand loading.
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With this aim, section 5.2 discloses a distributed antenna system formed by two resonant monopole
antennas, whose input impedance is combined into a single input/output port. This proposal not only
increases the impedance bandwidth with respect to that provided by a single monopole antenna with a
broadband matching network, but also offers robustness to human loading effects, more particularly to
finger loading. In this sense, when a user blocks one of the monopoles of the proposed distributed system,
the other one can still radiate properly, and vice versa. However, if the finger blocks the single monopole
antenna, the performance is significantly degraded. This section further proposes a distributed antenna
system of three monopoles and demonstrates that the bandwidth enhancement is directly proportional to
the number of elements of the distributed system.

Section 5.3 goes and step further and analyze the effect that the feeding scheme produces in the
behavior of the distributed systems. In this case, two feeding schemes, namely an in-phase and an out-of-
phase feeding mechanism are analyzed in order to determine the advantages and disadvantages of each
one.

Finally, section 5.4 substitutes previous resonant monopoles by ground plane boosters according to
the spirit of this thesis. Whereas previous solutions are mainly focused on the low frequency region (690-
960MHZz), this proposal expands the results to the high frequency region (1710-2690MHz). In this case,
the performance of in-phase feeding schemes and out-of-phase feeding schemes are not only compared
between them but also with the behavior of a single ground plane booster solution having the equivalent
volume of the proposed distributed systems based on ground plane boosters. The results demonstrate that
the distributed antenna system allows enhancing the transfer of energy to the fundamental ground plane

radiating mode, thus significantly improving the performance of the radiating system.

5.2. Distributed Antenna Technology based on Resonant Elements

The challenges in the antenna community are further exacerbated when regarding human
interaction. In this sense, antenna engineers are not only forced to provide small and multi-band radiating
systems capable of operating in a larger number of frequency bands, but also robust systems capable of
minimizing the effects of the human interaction over their behavior.

In this sense, it is not sufficient to guarantee the performance of handset antenna solutions in free-
space since the effects of the human interaction, and particularly the hand interaction, must also be
carefully considered. On one hand, radiating systems need to fulfill the so-called free-space requirements
in terms of efficiency and impedance bandwidth, as well as the active test measurements such as TRP
(Total Radiated Power) and TIS (Total Isotropic Sensitivity). On the other hand, the effects of the
presence of the human body in the vicinity of the radiating system must be also taken into consideration
regarding not only biological aspects in terms of SAR (Specific Absorption Rate), but also functional
effects in terms of electromagnetic performance [1]-[23]. Owing to functional aspects, the human
presence mainly translates into impedance mismatching and power absorption that causes efficiency

decrements. The hand of the user when holding the phone, is one of the main contributors to these
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efficiency decrements, so that many handset antenna manufacturers are forced to advertise how a
handheld device should be grabbed in order to mitigate the negative effects produced by the human hand
over the electromagnetic performance. Consequently, research focused on handset antenna architectures
capable of providing robustness to the human loading effect is strongly required.

The present section proposes handset antenna architectures based on an array of small monopoles
strategically arranged along the PCB (Printed Circuit Board) of a wireless handheld device. The proposed
architecture is intended not only for increasing the bandwidth but also for providing robustness to human
loading and in particular, to the finger loading effect [11]. Electrical models are used to give a physical
insight into the bandwidth enlargement mechanism provided by the distributed antenna systems. In the
present case, a distributed system including an array of two monopoles is presented [12]-[13], and its
behavior is compared with that obtained by an array of three monopoles [14]-[15]. The proposed systems
are completely passive, which in terms of simplicity and battery consumption is considerably
advantageous. The previous schemes found in the literature propose the compensation of the finger effect
by an antenna selection which requires a switching mechanism that involves an undesired increment in
the battery consumption [17]-[18].

The section is divided in three main parts. Physical insight using electrical models is given in
section 5.2.1. The bandwidth and antenna efficiency measurements of several prototypes, both in free-
space and regarding a hand phantom, are shown in section 5.2.2 and 5.2.3, respectively. Finally, the

conclusions on the robustness of the proposed solution are presented.

5.2.1 Theoretical Analysis

The main purpose of a distributed antenna system is based on improving the robustness of the
radiating system to the hand loading effect and more particularly to the finger loading effect, which is
responsible for the impedance mismatching and power absorption. At the same time, the proposal is also
focused on enhancing the electromagnetic performance of the radiating system by increasing the
bandwidth with respect to that attained by a single antenna element. The physical principle used to
increase the bandwidth relies on combining two equivalent single monopole antennas by applying a
proper phase difference between their input impedances (Fig. 5.1).

Monopole #2

N [
2

Phase delay

Ground plane

Fig. 5.1 Schematic example of a distributed antenna system consisting of a passive array of two monopole antennas placed at the
corners of the ground plane of a handset device. A phase delay ¢ is used to optimize the bandwidth.
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A monopole antenna features input impedance comparable to that produced by a series RLC circuit
around its first resonant frequency f, (Z; in Fig. 5.2 and Fig. 5.3). The first distributed antenna system
described herein, combines two monopole antennas into a single input/output port (Fig. 5.2a), whereas the
second proposal combines three monopole antennas (Fig. 5.2b).
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Fig. 5.2 a) Electrical model for a distributed antenna system similar to that schematically depicted in Fig. 5.1. Z; and Z,
correspond to the complex input impedances of monopoles 1 and 2, respectively, which are connected through a transmission
line with characteristic impedance Z;=50 Q and electrical length ¢; b) Electrical model for a distributed antenna system
comprising three monopoles.

For the first case, the first monopole maintains the common series RLC input impedance whereas
the second monopole is connected to a phase delay, such as for instance a transmission line. When the
second monopole, which also operates in its first resonant frequency f, and presents the same input
impedance Z,=Z; (Fig. 5.2a), is connected to a phase delay of 90° at f,, its input impedance becomes Z,’,
resulting in a parallel RLC circuit response (Z,’ in Fig. 5.2a and Fig. 5.3). Thus, Z; and Z,” become
substantially complementary impedances (i.e. Z; follows a series RLC response and Z,’ follows a parallel
RLC response (Fig. 5.3)). If both impedances are connected into a single input/output port, an input
impedance loop appears as a consequence of the cancellation of the reactance associated to Z; and Z,".

Swp Max
0.94 GHz 1.05GHz
r 20 Ohm

/| x35.1 0hm

0.94 GHz
r27.4 Ohm
x-49.2 Ohm

©-S(33)
Distributed System 2 monopoles

Fig. 5.3 Simulated impedance for the electrical circuit of Fig. 5.2a. a) Input impedance Z, of a monopole antenna (triangular
markers); b) Z,” which is the resulting input impedance Z, after the addition of a transmission line featuring 90° at f, (square
markers); c) distributed system with Z,=Z,, $=90° at 900 MHz (rhombus markers).

This reactance cancellation produces an increment of the impedance bandwidth that can be further
demonstrated theoretically by computing the bandwidth of the equivalent electrical circuit. For example,

the combination of two series RLC circuits having a resonant frequency f,=900MHz, R(f;)=20€, and
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quality factors Q;=Q,=20 can at most produce a bandwidth of 5.7%. (SWR<3), as computed according to
(1.1) and following the approaches of [24]. Nevertheless, the bandwidth increases up to 16.5% when the
distributed antenna concept based on the addition of a transmission line featuring 90° at 900MHz is
applied (Fig. 5.2a). In this sense, the theory as well as the simulation results demonstrates that the
bandwidth of a single monopole can be increased approximately two times by the proper design of the
phase delay between two equivalent monopole antennas.

Note that L and C values for the suggested RLC equivalent circuits, once fo, R, and Q are fixed, can

be obtained according to equation (5.1) and (5.2), respectively.

_ QR
L= 2 - f, (6.1)
1
C =
(o, F L °?

In addition, a further advantage that will be demonstrated in the following sections relies on the
robustness that the proposal offers to undesired finger loading effects, since it is expected that when the
finger loads the first monopole, the second one can still be radiating because it is not obstructed by the

finger, and vice versa.
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Fig. 5.4 Simulated impedance for the electrical circuit of Fig. 5.2b. a) Input impedance Z, of a monopole antenna (triangular
markers); b) Z,” which is the resulting input impedance Z, after the addition of a transmission line featuring 60° at f, (square
markers); c) Z3’ which is the resulting input impedance Z; after the addition of a transmission line featuring 120° at fy (rhombus
markers); d) distributed system with Z;=7, =Z5, $;=60° and ¢,=120° at 900MHz (double triangle markers).

In the present section, the idea of combining two monopole antennas in a single input/output port is
expanded to three monopoles in order to both increase bandwidth and provide more robustness to hand
loading effects. In this regard, the proposed electrical model contains a second transmission line having
an electrical length ¢, and capable of connecting the third monopole to the common input/output port
(Fig. 5.2b). In addition, since the third monopole is geometrically equal to the first and the second
monopole, its input impedance Z; is also identical to Z; and Z,. In this case, in order to maximize the

bandwidth, the phase delay of each line is selected to be ¢;=60° and ¢,=120° at the resonant frequency
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under study (fo=900MHz). This condition ensures the minimum attainable reflection coefficient at the
feeding port and consequently higher bandwidth (Fig. 5.4). Using this condition and the aforementioned
circuit values, the reflection coefficients of the suggested schemes (Fig. 5.2) are compared demonstrating
that the single monopole bandwidth of 5.7% is enhanced up to 16.5% and 25.7% for the distributed
system using two and three monopoles, respectively (Fig. 5.5).
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Fig. 5.5 Simulated reflection coefficient (Sy;) associated to an impedance Z; corresponding to a series RLC circuit featuring
fo=900MHz, R=20Q, Q=20 (triangular markers); Sy, regarding Z,’ (square markers); S;; regarding Z; connected to a generator
having an internal impedance Z,=R (double triangle markers); S, for the distributed antenna system of Fig. 5.2a (2 monopoles)
connecting two equal impedances Z;=Z, with a $=90° (900MHz) transmission line having a characteristic impedance Z;=50 Q
(rhombus markers); and Sy; for the distributed antenna system of Fig. 5.2b (3 monopoles) having Z,=Z,=7; and ¢,=60° and
$,=120° at 900MHz (circular markers).

The following sections are focused on demonstrating the advantages of a distributed antenna
system having three monopoles in terms of bandwidth and efficiency both in free-space and considering

hand loading conditions.

5.2.2 Distributed Antenna System Design

The proposed distributed antenna system comprising two and three monopoles are designed
according to the principles explained in the former section (Fig. 5.6). A single monopole is used for
comparison purposes. Main antenna parameters, namely bandwidth and antenna efficiency, are measured
and compared in free-space for all the prototypes. The comparison is made in the 824 MHz to 960 MHz
frequency range, where some of the main communication standards are allocated such as GSM850 and
GSM900.

Circuit theory [25]-[26] demonstrates that the bandwidth of a single monopole can be enhanced in
a factor around 2.45 regarding a SWR=3, which involves a considerable increment taking into
consideration that only two reactive components are required. For this reason, the selected single
monopole solution comprises a spiral-shaped geometry and a broadband matching network comprising a
shunt LC circuit (L,=1.6nH, C,=21.5pF), which is capable of enhancing the bandwidth to provide
operation in the communication standards GSM850 and GSM900 (Fig. 5.7). As the literature and the

previous sections demonstrate, such broadband matching network is particularly useful to increase the
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bandwidth of antennas featuring a series RLC circuit response, as it is the case of a single monopole in its
first resonant mode [25].

Fig. 5.6 Left) single monopole; middle) distributed antenna system comprising two monopoles; right) distributed antenna system
of three monopoles. The ground plane in all cases presents dimensions of 90 mm x 40 mm and is printed on a FR4 substrate 1
mm thick. The footprint for the monopoles is 13 mm x 11 mm.

The design of the proposed distributed antenna systems follow the approaches found in the former
section. On one hand, in the case of the distributed antenna system of two monopoles, a transmission line
is added to connect both monopole antennas. As previously discussed, a transmission line of 90° at the
central frequency of operation provides a cancellation of the waves reflected from each monopole antenna
at the input/output port. Said cancellation increases the bandwidth with respect to that provided by a
single monopole antenna without the need of requiring other broadband techniques, such as the
broadband matching network described above.

On the other hand, the distributed antenna system comprising three monopoles requires two
transmission lines. In this case, the theoretical phase delay for each one of the transmission lines is 60°
and 120° respectively, in order to ensure the cancellation of the three waves reflected from each
monopole antenna at the central frequency of operation according to the results presented in the former
section. It should be pointed out that many commercially available handset phones comprise micro-
coaxial transmission lines for allowing the interconnection of the antenna with the FEM when both, the
antenna and the FEM are spaced apart. Therefore, it seems feasible to bring into practice the present
proposal by using market available transmission lines widely used in the handset industry.

A comparison between the previous solutions is established and the measured results demonstrate
the effectiveness in terms of bandwidth associated to the proposed distributed antenna systems. In this
sense, the single monopole including the broadband matching network only attains a bandwidth of 15.6%,
whereas the distributed systems comprising two and three monopoles present bandwidths around 23.6%,

and 34.0%, respectively (Fig. 5.7). In all cases, it is possible to cover the standards GSM850 and
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GSMO900 but it is worth to outline that the distributed antenna system of three monopoles is also able of
providing operation in the emergent LTE700 system (698-798MHz).
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Fig. 5.7 Measured reflection coefficient for the radiating systems of Fig. 5.6.

The antenna efficiency (n,) of the proposals has also been measured using 3D radiation pattern
integration through the anechoic chamber Satimo Stargate-32. Due to a limitation of the anechoic
chamber, antenna efficiency cannot be measured below 800MHz. However, for the present purpose of
demonstrating the robustness of the distributed antenna system with respect to those solutions based on
single antenna elements, the assessment of the performance in the frequency range of 824-960MHz
allocating the standards GSM850 and GSM900 is fair enough. The average antenna efficiency in the 824-
960MHz frequency range is 34.6% for the single monopole, 46.1%, and 48.1%, for the distributed
antenna systems of two and three monopoles, respectively. This fact emphasizes again that the distributed
antenna systems stand out over the single element solution, since they provide better averaged antenna
efficiencies (Fig. 5.8).
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Fig. 5.8 Measured antenna efficiency for the radiating systems shown in Fig. 5.6. The antenna efficiency takes into account both
radiation efficiency and mismatch losses n,=n, (1-|S11?).

Since the distributed antenna system is an array of antenna elements, array theory could be

employed to analyze the shape of the radiation patterns of each one of the radiating systems under study.
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From the array theory, one could conclude that the distributed antenna system having three monopoles
could present more directivity than the one using two monopoles because it is electrically larger.
However, the three cases under study present similar directivities, which suggest that the array theory
could not be fairly applied in this kind of radiating systems. The reason mostly relies on the ground plane,
which, as emphasized along this thesis, becomes the main radiator at this frequency region (824-
960MHz), mainly due to its electrical size comparable to the wavelength of operation. Accordingly, the
radiation pattern is determined by the current distribution of the fundamental ground plane radiating
mode, which is mainly aligned with the longitudinal edges of the ground plane and approximates that
produced by a half-wavelength dipole. Therefore, the resulting radiation pattern features a dipole-type
pattern, omnidirectional in one plane and with a null along the longitudinal axis of the ground plane (Fig.
5.9). This fact is further emphasized by the directivity values, which remain around 2.5-3.0dBi across the
824-960MHz frequency range in all cases, contrary to what was initially predicted by the array theory.
The directivity values correspond to the typical values of a half-wavelength dipole confirming again the
influence of the ground plane radiating mode into the radiation process. Finally, an alternative physical
insight can be addressed by simulating the current distribution (Fig. 5.10).
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Fig. 5.9 Measured directivity for the single monopole and the distributed antenna systems of two and three monopoles. Measured
3D radiation pattern at 900MHz showing the typical A/2 dipole-type pattern for the distributed system of three monopoles.

Fig. 5.10 Simulated current distribution at f=850MHz depicting the current aligned with the longitudinal edges of the ground
plane, hence approximating that of a typical half-wavelength mode, null at the transversal edges and maximum at the center of
the longitudinal edges.
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Current distribution along the ground plane confirms the theory, since it follows that of a half-
wavelength dipole, (i.e. halved sinusoidal current distribution), being the null located at the transversal
edges of the ground plane and the maximum at the middle of its longitudinal edges. As stated above, this
current distribution determines the radiation pattern of the radiating systems, since the ground plane is the
main contributor to the radiation process at this frequency region.

Once the benefits of the distributed antenna systems in free-space have been presented, their
advantages in front of the human loading effect are discussed in the next section.

5.2.3 Human Hand Effect

The effect of the finger loading is analyzed using a phantom hand emulating a real human hand
holding the phone in talking position (Fig. 5.11). The phantom is filled with a liquid performing the
electromagnetic properties of the human tissues at the frequencies of interest (¢,’=41.1, 6=0.88 S/m at
835MHz and ¢,°=40.3, 6=0.93 S/m at 900MHz) [20].

In order to analyze the robustness of the distributed antenna system, the finger is located at three
different positions along the shortest edge of the ground plane, namely left, center, and right positions.
For each position and prototype, the antenna efficiency is measured inside the anechoic chamber Satimo
Stargate-32 (Fig. 5.11-Fig. 5.17). It should be outlined that these experiments consider a critical scenario
in which the finger is only spaced apart 1 mm from the antenna using a methacrylate piece of 1 mm thick
placed above the PCB.

Fig. 5.11 Left: common holding position during a call; right: the phantom hand emulating the real situation illustrated in the
figure on the left.

For the single monopole antenna, the finger in the left position is critical since the finger totally
covers the antenna, whereas for the right position, the finger is further away. This effect is clearly
appreciated in the measured results. For the right case, the antenna efficiency reaches an efficiency peak
of 30%, whereas for the left position, it is not more than 3% (Fig. 5.12-Fig. 5.17).

Regarding the distributed system of two monopoles, antenna efficiency is better compared to the
single monopole for all cases except for the right position where the single monopole does not suffer the
finger effect since it is further away from the antenna. However, in the best case (finger right, Fig. 5.13),
average antenna efficiencies for the single monopole and the distributed system of two monopoles remain

comparable. The benefits of the distributed antenna system of two monopoles becomes apparent for the
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other cases (finger middle and left), where the efficiency is clearly above the efficiency of the single
monopole. Thus, it is possible to conclude that the distributed antenna system of two monopoles offers
better performance than that based on a single monopole regarding the presence of the phantom hand.

3) b) )

Fig. 5.12 Detail of the phantom finger covering the upper right corner of the PCB for the three prototypes under consideration: a)
single monopole; b) two monopoles; c) three monopoles.
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Fig. 5.13 Measured antenna efficiency taking into account the phantom hand over the PCB and the finger in the right position.

Concerning the distributed system of three monopoles, the advantages are even better since it
presents the best results among the three prototypes. For example, for the left case, the average efficiency
in the 824-960MHz frequency range is 2.5dB higher than the distributed system having two monopoles
and 7.9dB higher than the single monopole case (Table 5.1). It is worth noting that besides the best
performance in terms of antenna efficiency, the distributed system of three monopoles presents minor
variations in antenna efficiency behavior regarding the three positions under study (Table 5.1 and Fig.
5.18).

3) b) )

Fig. 5.14 Detail of the phantom finger covering the upper middle area of the PCB for the three prototypes under consideration: a)
single monopole; b) two monopoles; ¢) three monopoles.
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Once the measured antenna efficiency values are obtained, the hand losses can be estimated as the
ratio between the averaged antenna efficiency in free-space and regarding hand-loading. These losses take
into account both the power absorbed by the hand and the mismatching effect (Table 5.1, Fig. 5.18, and
Fig. 5.19).
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Fig. 5.15 Measured antenna efficiency taking into account the phantom hand over the PCB and the finger in the middle position.

a) b)

Fig. 5.16 Detail of the phantom finger covering the upper left corner of the PCB for the three prototypes under consideration: a)
single monopole; b) two monopoles; c) three monopoles.
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Fig. 5.17 Measured antenna efficiency taking into account the phantom hand over the PCB and the finger in the left position.
As previously asserted, the effect of the hand (impedance mismatching and power absorption) is
severe when the finger is over the single monopole area reaching 10.6dB losses, which results in antenna
efficiency of only 3.0%. Nevertheless, the distributed antenna systems mitigate considerably this effect.

For example, the worst case for the distributed system of two monopoles and three monopoles are 6.5dB
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and 4.1dB, respectively. Furthermore, the distributed system of three monopoles not only mitigates said
effect, but also maintains power losses significantly independent from the finger position. In this way, the

power losses go from 4.1dB regarding the left position to 2.9dB for the other cases.
Table 5.1 Summary of Results.

Antenna System 1 monopole 2 monopoles 3 monopoles

BW (SWR<3) (%) 156 236 34.0

Average 1, in free-space (%)

(824-960MH?) 34.6 46.1 48.1
Left: 3.0 Left: 10.4 Left 18.5
A"erzge e ("/(‘;)I(Si‘."%o'\"'*z) Middle: 13.0 Middle: 20.0 Middle 24.6
regarding hand loading Right: 23.0 Right: 20.7 Right 24.5
Left: 10.6 Left: 6.5 Left: 4.1
Absorption losses (dB) Middle: 4.3 Middle: 3.6 Middle: 2.9
Right: 1.8 Right: 3.5 Right: 2.9

48.1

46.1°

m1 monopole B2 monopoles m3 monopoles H

23.0 20.7 245 |

Average Antenna Efficiency (%)

Free Space Left Center Right

Fig. 5.18 Average antenna efficiency (824-960MHz) in free-space and regarding hand loading for the proposed antenna systems
(Fig. 5.6) and regarding the three finger positions analyzed.
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Fig. 5.19 Hand losses averaged in the 824-960MHz frequency range for the proposed antenna systems (Fig. 5.6) and regarding
the three finger positions analyzed.

These results demonstrate that this technique is useful to reduce the efficiency decrement produced
by the finger loading directly related to a decrement of the battery life, signal coverage, and eventual call
drops.
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5.3. In-phase versus Out-of-phase Distributed Antenna Systems

As previously illustrated, human interaction and particularly hand loading is a relevant aspect to
consider when designing handset antennas, since the common holding of handset phones usually degrades
their performance. Their vulnerability is not only related to talking positions since it also extends to
texting positions, for which handset phones are increasingly being used for. Several studies are focused
on determining the radiated power losses as a function of the holding and close proximity of the human
hand regarding different form factors and different antenna elements [1]-[23], [27]-[39]. In all cases, the
results demonstrate that hand loading introduces losses to the radiated power, which are highly dependent
on the hand and finger location with respect to the antenna. Some attempts to mitigate hand loading
effects are focused on providing balanced structures such as slots, loops, or monopole antennas capable of
minimizing the ground plane contribution to the radiation process [1]-[2], [22], [37], [38].

Other efforts mainly rely on switching mechanisms that involve an undesired increment of the
battery consumption [17]. This challenge further exacerbates when considering human head interaction.
Usually, the handset antenna arrangement capable of mitigating hand loading opposes the one preferable
for minimizing head loading effects. Thus, in some cases the location of the antenna in the bottom part of
the handset becomes preferable for minimizing not only power losses, but also SAR values. However,
this antenna arrangement is highly degraded by the users’ hand since in this position the antenna can be
completely covered by the users’ palm. Following this reasoning, some proposals are focused on
providing two separate antenna elements each one intended for a particular frequency region and placed
in an opposite shorter edge of a handset ground plane [18]. Nevertheless, this solution undesirably
increases the size of the whole radiating system. Other trends mitigate hand loading by modifying the
ground plane in order to produce directional radiation patterns in the opposite direction of the user hand
[39]. Although this solution can overcome the aforementioned inconvenient, it does not become
appropriate for free-space radiation where omni-directional radiation patterns are preferable. The problem
further exacerbates in the low frequency region (824-960MHz) since in this frequency range, the ground
plane contribution becomes essential. In this sense, the aforementioned techniques, and in particular
balanced structures, do not result appropriate. In order to overcome these shortcomings, this thesis
proposes the use of distributed antenna systems consisting of a passive antenna array of two or more
monopoles operating in the same frequency range. A phase delay between monopoles, i.e. out-of-phase
feeding scheme, is introduced with the purpose of maximizing the bandwidth. The proposal, as discussed
in the former section, becomes a feasible solution to increase impedance bandwidth while providing
robustness to the finger loading [11]-[15]. However, although the out-of-phase feeding mechanism
proposed in the former section allows significant bandwidth enhancement, it does not provide a
symmetric solution since hand loading effects are clearly dependent on the finger location. This results in
non-uniform situation as the one shown in Fig. 5.18 where the antenna efficiency is 10.4% and 20.7% for
the left and right cases, respectively. Although these values are better than the single monopole case, a

power balance is required to avoid the performance dependence to the finger location.
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With the objective of solving these drawbacks, the present section proposes a distributed antenna
system where the monopoles are fed in-phase [16]. This feeding mechanism allows solving the
asymmetries introduced by previous out-of-phase solutions while maintaining an acceptable input
impedance bandwidth. As indicated above, this section is focused on the low frequency region (824-
960MHz) comprising the communication standards GSM850 and GSM900, although the teachings can be
as well extended to the LTE-Advanced communication service and to the high frequency region (1710-
2690MHz). The reason mainly relies on the fact that the low frequency region is the most challenging for
attaining high efficiency values due to the limited size of current wireless platforms. Thus, antennas
operating at this frequency range must be further protected to face power losses due to hand loading.

The section is divided in three main parts. Physical insight using electrical models is given in
section 5.3.1 for providing a better understanding of the behavior of out-of-phase and in-phase feeding
mechanisms. Section 5.3.2 is focused on describing the proposal and gathers simulated and measured
results. The performance of the proposed in-phase system is compared with the out-of-phase scheme and
with a single monopole including a broadband matching network. The robustness in front of hand loading

is assessed in section 5.3.3. Finally, the conclusions are presented..

5.3.1 Theoretical Analysis

As previously discussed, human interaction and particularly hand loading considerably affects the
performance of handset antennas by introducing impedance mismatch and power absorption.
Consequently, some efforts of this thesis are addressed to increase the robustness of the radiating systems
to the hand presence by adding multiple antennas, which are combined into a single input/output port
through some phase delay mechanisms such as transmission lines. This is the case of the distributed
antenna systems disclosed in the former section [12]-[15], which are based on an out-of-phase feeding
mechanism.

However, although the previous technique considerably increases impedance bandwidth with
respect to that provided by a single monopole antenna including a broadband matching network (Fig.
5.7), its robustness to the hand loading is still dependent on the finger location (Fig. 5.18). In this sense
and in order to solve the aforementioned limitations, the present proposal is focused on improving
impedance bandwidth while providing a robust solution immune to the finger location thanks to the use of
in-phase feeding mechanisms [16]. With the aim of providing a physical insight, the following sections
analyze the performance of distributed antenna systems as a function of the feeding mechanism through

electrical models.

5.3.1.1. Out-of-phase Distributed Antenna Systems

The principle of operation of a distributed antenna system relies on the combination of two
equivalent monopole antennas into a single input/output port through a phase delay mechanism (Fig.

5.2a). The input impedance response of a monopole antenna can be modeled as an RLC series circuit in
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its first resonance (Fig. 5.20). Thus, the introduction of a phase delay between both monopoles allow the
creation of an input impedance loop in the Smith chart, which translates into a considerable bandwidth
increment when compared to that provided by a single monopole antenna (Fig. 5.20).

In the present example, the first monopole maintains the common series RLC input impedance
whereas the transmission line connected to the second one, modifies its input impedance resulting in a
parallel RLC circuit response (Z,’ in Fig. 5.20). Thus, bandwidth increases when both input impedances
(Z, and Z;,") are connected into a single input/output port mainly due to their complementary character
that produces an input impedance loop as a consequence of the reactance cancellation. The
aforementioned bandwidth increment can be further demonstrated theoretically by computing the

bandwidth of the equivalent electrical circuit through equation (1.1) (Table 5.2) [24].
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Fig. 5.20 Simulated impedance for the electrical circuit of Fig. 5.2a. Input impedance Z; of a monopole (triangular markers); Z,’
which is the resulting input impedance Z, after the addition of a transmission line featuring 90° at f, (square markers); distributed
system with Z;=7,, $=90° at 900 MHz (rhombus markers). Both RLC series circuits Z; and Z, are characterized by an input
resistance R=20Q, quality factor Q=20, and resonant frequency f,=900MHz.

Note that L and C values for the suggested RLC equivalent circuits, once fy, R, and Q are fixed, can

be obtained according to equation (5.1) and (5.2), respectively.
Table 5.2 Out-of-phase Distributed Solution versus Single Monopole.

fo Q1=Q2 R (fo) BW(SWR§3)
Single Monopole 900MHz 20 20 Q 6.0%
Distributed Out-of-phase 900MHz 20 20Q 16.5%

Previous theory demonstrates that the bandwidth of a distributed antenna system can be increased
approximately three times by the proper design of a phase delay between two equivalent monopole
antennas. In fact, the former section demonstrates that the impedance bandwidth increases directly
proportional to the number of monopole antennas combined (section 5.2). However, as the next section
will present, its robustness to the hand loading effect is sensitive to the finger location mainly due to the

impedance imbalance.

5.3.1.2. In-phase Distributed Antenna Systems

In order to mitigate previous impedance imbalance, this section proposes an in-phase feeding

mechanism capable of providing robustness to undesired finger loading effects with certain independence
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of the finger location (Fig. 5.21). In the out-of-phase technique, the input power is not equally distributed
between monopole 1 and monopole 2 due to the difference between Z; and Z,’. This fact considerably
affects the symmetry of the radiating system and consequently the effects of the finger loading clearly
depend on its location, i.e. on the obstructed monopole.

¢y ¢,

z, (Z,) Z, (Zo) z,

NN
||
; :

z, 7,

Fig. 5.21 Electrical model of a distributed antenna system comprising a passive array of two monopoles fed in-phase when ¢;=¢,.
Z; and Z, correspond to the complex input impedances of monopoles 1 and 2, respectively, which are connected through two
transmission lines with characteristic impedances Z;=50 Q and electrical length ¢; and ¢,, respectively.

In contrast to the distributed antenna system fed out-of-phase, the monopole antennas of an in-
phase distributed antenna system present equivalent input impedances, since no phase delay is added
between them (Fig. 5.22). Thus, both input impedances Z; and Z, suffer the same phase delay since ¢;=¢,,

resultingin Z,’= Z,".
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Fig. 5.22 Simulated impedance for the electrical circuit of Fig. 5.21. Input impedance Z,” and Z,’ are respectively, the resulting
input impedances Z; and Z, after the addition of two transmission lines, each one featuring 90° at f, (square and triangular
markers); distributed system with Z,=7,, ¢;=$,=90° at 900 MHz (rhombus markers). Z,=Z, have R=20Q, Q=20, and f,=900MHz.

Table 5.3 In-phase Distributed Solution versus Single Monopole.

fo Q1:Q2 R (fo) BW(SWR§3)
Single Monopole 900MHz 20 20Q 6.0%
Distributed In-phase 900MHz 20 20 Q 6.0%

From the electrical model analysis, the fact of having two equal input impedances combined into a
single input/output port does not provide, at a first glance, the benefit of a bandwidth increment (Fig. 5.22
and Table 5.3). However, as the following section will demonstrate, an in-phase feeding mechanism
achieves more bandwidth than a single monopole after the addition of the proper matching network
design. The reason is that the ground plane is more excited for the in-phase system when compared to the

single monopole solution.
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5.3.2 In-phase Distributed Antenna System Design

The theoretical analysis presented in the previous section demonstrates that the out-of-phase
distributed antenna system provides greater impedance bandwidth than the single monopole or even than
the in-phase distributed antenna system. Nevertheless, the previous study must be complemented with
simulated and measured results in order to analyze the effects of the feeding mechanism over the antenna
efficiency. In this sense, this section is focused on validating the feasibility of the proposal by disclosing
the benefits of the suggested in-phase distributed antenna system not only in terms of impedance
bandwidth, but also in terms of efficiency and robustness.

5.3.2.1. Simulations

The proposed distributed antenna system comprises two Hilbert monopoles intended for resonating
at 900MHz, which corresponds approximately to the central frequency of the low frequency region (824-
960MHZz) comprising the communication standards GSM850 and GSM900 (Fig. 5.23). Hilbert geometry
has been selected due to its miniaturization capabilities [40]-[41]. Both Hilbert monopoles are combined
into a single input/output port following the techniques theoretically described in section 5.3.1 (Fig. 5.24).
The proposals have been simulated using the software IE3D based on MoM (Method of Moments).

1

2
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M

a) b)

Fig. 5.23 Geometry associated to the proposed radiating system composed by two Hilbert monopoles having a footprint area of
12 mm x 14 mm. The Hilbert monopoles are arranged at the corners of the shorter edge of a ground plane having dimensions of
90 mm x 40 mm.

The performance in terms of bandwidth of the proposed distributed antenna systems (in-phase
versus out-of-phase) (Fig. 5.24b-c) is compared with a single Hilbert monopole which is properly
matched following the broadband circuit theory described in [25]-[26] (Fig. 5.24a). As theoretically
demonstrated in section 5.3.1, the out-of-phase distributed antenna system offers greater bandwidth (30%
(SWR<3)) than the single monopole (18% (SWR<3)) and the in-phase solution (26% (SWR<3)) (Fig.
5.25). Note that a fine-tuning stage is used in the out-of-phase scheme for inscribing the impedance loop

in the circle of SWR=3, whereas for the in-phase solution a w-network is used.
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Fig. 5.24 Proposed radiofrequency systems. a) Broadband matching network and fine-tuning stage for a single Hilbert monopole;
b) Out-of-phase distributed antenna system; c) In-phase distributed antenna system. Both, in-phase and out-of-phase schemes
include a matching network after the combination of the response into a single input/output port. Note that the one-port box
depicted in a) corresponds to the input impedance associated to a single Hilbert monopole while the two port-box shown in b)
and c) corresponds to the distributed antenna system depicted in Fig. 5.23.
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Fig. 5.25 Reflection coefficient corresponding to the radiating structures and the radiofrequency systems depicted in Fig. 5.23
and Fig. 5.24.

In order to attain a complete assessment, efficiency values must be computed. Different feeding
schemes produce different current distributions (Fig. 5.26) and consequently different radiation efficiency
values (Fig. 5.27). In this way, the out-of-phase distributed antenna system excites each element with a
different phase resulting in a power imbalance. This fact mainly produce two different effects, on one
hand, at certain particular frequencies, current at the input ports of the Hilbert monopoles present opposite
phases (Fig. 5.26b), which produces significant radiation efficiency drops (Fig. 5.27). On the other hand,
current is not distributed equally at both Hilbert monopoles (Fig. 5.26e) and consequently ground plane
mode is not symmetrically excited, hence resulting in lower efficiency values along a significant

frequency range of the low frequency region (824-960MHz).
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Fig. 5.26 Current distribution at frequencies 850 MHz (a-c) and 900 MHz (d-f); a) and d) single Hilbert monopole (Fig. 5.24a); b)
and e) out-of-phase distributed antenna system (Fig. 5.24b); c¢) and f) in-phase distributed antenna system (Fig. 5.24c). Amplitude
(in volts) and phase (in degrees) information for each port takes into account the radiofrequency systems of Fig. 5.24. The arrows
represent schematically the sense of the current vectors.
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Fig. 5.27 Simulated radiation efficiency (n,) associated to the radiating systems under study taking into account the
corresponding radiofrequency systems of Fig. 5.24.
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Accordingly, and contrarily to what happen with the proposed in-phase solution, the out-of-phase
distributed antenna system presents an important trade-off between bandwidth and efficiency. In this way,
the proposed in-phase distributed antenna system is capable of solving the aforementioned trade-off since
it allows maximizing the bandwidth (26% (SWR<3)) while maintaining high efficiency values (n,=75% in

average) and symmetric operation.

5.3.2.2. Measurements

In order to validate the simulated results and particularly the symmetric operation of the in-phase
technique, a prototype comprising a single Hilbert monopole and a ground plane having dimensions 90
mm x 40 mm is built (Fig. 5.28a). Both, the Hilbert monopole and the ground plane are etched over a 1
mm thick FR4 piece (¢,=4.15, tand=0.013).

a)

Fig. 5.28 a) Single Hilbert monopole connected to the radiofrequency system depicted in Fig. 5.24a; b) In-phase distributed
antenna system comprising two identical Hilbert monopoles and connected to the radiofrequency system defined in Fig. 5.24c;
The ground plane in all cases presents dimensions of 90 mm x 40 mm and is printed on a FR4 substrate 1mm thick. The footprint
of the monopoles is 14 mm x 12 mm.

Table 5.4 Matching Network Components (SMD 0402).

LD CD CS LD

Single Monopole 2.7nH 4.7pF 3.3pF 6.2nH
LTX LD CS LD

Distributed In-phase 20 mm 4.3nH 4.7pF 9.1nH

The same fabrication process is used for the distributed antenna system. In this case, two identical
Hilbert monopoles are arranged in the corners of the shorter edge of the ground plane (Fig. 5.28b). A
broadband matching network and a fine tuning stage are used to match the Hilbert monopole (Fig. 5.24a).
At the same time, the distributed antenna system is combined into a single input/output port through the
addition of two equal transmission line sections of just 20 mm, which ensure the symmetry of the

radiating system. In addition and in order to obtain sufficient bandwidth as for providing operation in the
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communication standards GSM850 and GSM900, a n-network is added (Fig. 5.24c). The commercial
values of the reactive components used in the prototype are gathered in Table 5.4.

Main antenna parameters have been measured and the results demonstrate that the distributed
antenna system fed in-phase stands out over the prototype based on a single Hilbert monopole since it
attains higher impedance bandwidth (Fig. 5.29). While the single Hilbert monopole attains a bandwidth
around 19% regarding SWR<3 (805-972MHz), the distributed antenna system increases impedance
bandwidth up to approximately 26% regarding SWR<3 (772-1007 MHz). Note that the measured results

are aligned with the simulated results presented in the former section.
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Fig. 5.29 Measured reflection coefficient for the radiating systems of Fig. 5.28.

The antenna efficiency (n,) of the proposals has also been measured in the anechoic chamber
Satimo Stargate-32 by means of 3D radiation pattern integration. Antenna efficiency takes into account
both radiation efficiency (n,) and mismatch losses (Fig. 5.30). Owing to the antenna efficiency, the
proposed in-phase solution provides an average value around 43% for the low frequency region (824-
960MHz), whereas the Hilbert monopole presents values around 40%. Note that these values differ from
the simulated results (Fig. 5.27) since for the last, ideal reactive components with infinite Q were
considered. At this point, it is important to emphasize that although slightly better antenna efficiency
values are obtained in free-space, the performance of both radiating systems considerably differs when
regarding hand loading. In that case, the distributed system stands out over the single monopole. These
benefits will be discussed in the next section. In regards to the radiation patterns and directivity values,
they are conditioned by the excited ground plane radiation mode, which, as repetitively discussed along
this thesis, presents a current distribution similar to that provided by a half-wavelength dipole (Fig. 5.26).

Thus and as discussed in the previous section as well as in [15], array theory does not apply in
distributed antenna system intended for wireless handheld devices since the ground plane radiating mode
presents an important role in the radiation process that clearly conditions the radiation pattern. In this
sense, the resulting radiation pattern at these mobile frequencies (824-960MHz) mainly presents an

omnidirectional behavior in one plane and a null along the long axis of the ground plane (Fig. 5.31).
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Fig. 5.30 Measured antenna efficiency (n,) for the radiating systems shown in Fig. 5.28. The antenna efficiency takes into
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Fig. 5.31 Measured directivity (dB) for the Hilbert monopole and the in-phase distributed antenna system. Measured 3D radiation
pattern at 900MHz showing the typical A/2 dipole-type pattern for the in-phase distributed antenna system.

The benefits of the distributed antenna system in front of the human loading effect are discussed in
the next section.

5.3.3 Human Hand Effect

As previously indicated, the performance of radiating systems integrated in wireless handheld
devices is clearly conditioned by the human presence. Particularly, the radiation of an internal handset
antenna is considerably affected by the interaction with the user hand when performing a phone call. In
order to overcome the aforementioned shortcomings, this section proposes the use of a distributed antenna
system capable of mitigating the undesirable detuning and power absorption effects produced by the
human hand. Namely this section, in particular, proposes a distributed system fed in-phase for solving the
drawbacks of the prior out-of-phase distributed antenna systems discussed above in section 5.2.

A phantom hand filled with lossy liquids (e,’=41.1 6=0.88 S/m at 835MHz and &,°’=40.3 5=0.93

S/m) [20] is used to emulate the electromagnetic properties of the human hand at the frequencies under
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study (824-960MHz). Antenna efficiency is measured regarding three finger positions (left, middle,
right). Three finger locations have been selected for being considered the most common holding
positions. It should be outlined that these experiments consider a critical scenario in which the finger is
only spaced apart 1 mm from the antenna using a methacrylate spacer of 1 mm thick placed above the
PCB. The distance to the palm is fixed to 20 mm through a foam spacer.
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Fig. 5.32 Measured reflection coefficient and antenna efficiency taking into account the phantom hand over the PCB; Detail of
the phantom finger covering the upper part of the single Hilbert monopole prototype for the three positions under study: a) Left;
b) Middle; c) Right.

The results demonstrate that the distributed system in-phase presents higher robustness to the finger
loading than the single Hilbert monopole. On one hand, the single Hilbert monopole is clearly detuned
when the finger is placed above the antenna element (finger on the right position) (Fig. 5.32). In contrast,
the distributed system fed in-phase does not suffer significant detuning effects in none of the three finger
positions analyzed (Fig. 5.33). On the other hand, owing to power losses and consequently to efficiency
decrements, the proposed distributed antenna system stands out over the single Hilbert monopole since
while the first one is clearly more sensitive to the finger location (average efficiency values around 16%,
10%, 5% for the left, middle, and right positions, respectively), the second one offers the required
robustness while guarantying average efficiency values around 18% for the three finger positions. It

would also be worth noting, that although with the in-phase arrangement, the efficiency drops from
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approximately 50% without the hand, down to 20%, the solution is consistent, independent of the finger
location and better than the single antenna and the out-of-phase distributed antenna system.

Finally, it is interesting to compare the proposed distributed system with a single monopole antenna
occupying a similar area than the two Hilbert monopoles. For this comparison a coupled monopole is
tested using the same hand-loading conditions described above (Fig. 5.34) [42]. The single Hilbert
monopole is also included. The total area for the distributed system using the Hilbert monopole is 336
mm? (regarding two Hilbert monopoles of 12 mm x 14 mm) whereas the area for the coupled monopole

antenna is 495 mm?, that is, 48% larger.
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Fig. 5.33 Measured reflection coefficient and antenna efficiency taking into account the phantom hand over the PCB; Detail of
the phantom finger covering the upper part of the distributed system prototype for the three positions under study: a) Left; b)
Middle; c¢) Right.
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The antenna efficiency results averaged from 824 to 960MHZz illustrate that the coupled monopole
antenna performs better than the single Hilbert monopole (the area of the coupled monopole is 94% larger
than the Hilbert monopole area), more significantly in the right position when the finger covers the
Hilbert monopole. In this case, the single Hilbert monopole becomes the worst solution since its
efficiency drops to low values around 5%. However, the proposed distributed system, despite occupying a
smaller area, offers slightly higher antenna efficiency values than the coupled monopole antenna as well

as consistency with respect to the finger location. This fact demonstrates the potential of the proposed
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distributed system as a robust technique in front of the hand loading effects. The proposal could be also
extensible to the high frequency region where most of current communication standards, such as
GSM1800, GSM1900, and UMTS, are allocated.

40

B Single Hilbert M Hilbert in-phase B Coupled monopoles

w
o
.

N
w
.

=
wv
.

Antenna efficiency (%)
3

=
o
.

wv
.

Left Right
Index finger positions

Fig. 5.34 Measured average antenna efficiency (824-960MHz) for the single Hilbert monopole, the in-phase distributed system,
and a coupled monopoles taking into account the phantom hand.

5.4. Distributed System based on Ground Plane Boosters

So far, multi-band handset antenna solutions are mainly based on the use of resonant elements,
similar to those previously presented, and featured by dimensions comparable to an integer multiple of a
quarter of a wavelength at the frequencies of operation [43]-[49]. As discussed in former chapters, when
resonant antennas are considered, the behavior of the radiating system is described as the combination of
the radiation and impedance characteristics of the wave modes associated to the antenna and those
associated to the ground plane [50]-[51]. Thus, the performance of the whole radiating system is strongly
conditioned by the antenna itself. These resonant antennas usually present the disadvantage of featuring a
complex geometry and a large size, which makes difficult their integration in wireless handheld devices,
more significantly when operation in the low frequency region (LFR) (690-960MHz) is demanded.
According to the spirit of this thesis, this section is focused on miniaturizing as much as possible the size
of the antenna element by substituting resonant antennas by non-resonant elements featured by reduced
dimensions. In this sense, the resonant elements used in the former distributed antenna systems are
replaced by ground plane boosters of reduced dimensions capable of providing robustness to hand loading
by adding redundancy, in particular, two ground plane boosters are used for each frequency region of
operation.

At the same time the performance is evaluated regarding the two feeding schemes under study,
namely the in-phase feeding and the out-of-phase feeding scheme [52]-[53]. This section further proposes
the use of a third feeding mechanism, which suggests a phase difference between input impedances
capable of attaining the best trade-off between the former in-phase and out-of-phase solutions [52]-[53].
The proposal maximizes the impedance bandwidth while provides symmetric robustness to finger loading

by avoiding impedance imbalance. In this section, the study is not only focused on the LFR, but also it is
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expanded to the high frequency region (HFR) (1710-2690MHz). The proposal attains operation in three
communication standards (LTE700, GSM850, and GSM900) allocated in the LFR (690-960MHz) and in
six communication standards (GSM1800, GSM1900, UMTS, LTE2100, LTE2300, and LTE2500)
allocated in the HFR.

The reason behind the use of distributed ground plane boosters in this section is not only focused
on miniaturizing the size of the elements used for providing robustness in front of hand loading, but also
on enhancing the performance of the system by properly designing the radiofrequency system. Usually, a
radiofrequency system based on filters and resonators that integrate a large number of reactive elements
(either lumped components or distributed elements) is required to provide impedance matching at
multiple frequency bands when non-resonant elements are used [54]-[61]. In order to improve the ground
plane mode excitation while simplifying the required radiofrequency system, the present section proposes
the use of two paired ground plane boosters (5 mm x 5 mm x 5 mm) located in the corners of a
rectangular ground plane featuring typical dimensions of current smartphones (120 mm x 50 mm). Each
pair is intended for a particular frequency region and their particular arrangement and combination into a
single input/output port increases the bandwidth in a factor around two, with respect to the previous
solutions such as those carefully described in chapter 3 [58].

The section is structured in the following manner: firstly, the radiating system comprising both the
radiating structure and the proposed radiofrequency systems is presented in section 5.4.1. Secondly, the
two proposals based on two different feeding schemes (in-phase and out-of-phase) are assessed through
simulations using the software IE3D based on MoM. At the same time, these solutions are compared with
a larger single element including a broadband matching network (section 5.4.2). In a third stage, three
prototypes are built for the sake of validating the simulations. The experimental results also include the
human interaction analysis in terms of hand loading (section 5.4.3). Finally, the conclusions are discussed

in section 5.5.

5.4.1 Radiating Structure and Radiofrequency System

The proposed radiating structure comprises a rectangular ground plane (120 mm x 50 mm) capable
of supporting at least two efficient radiating modes with resonances at 1.08 GHz and 2.49 GHz,
respectively (Fig. 5.35)°. The fundamental radiating mode (J;) features a longitudinal current distribution
comparable to that produced by a half wavelength dipole, whereas the current distribution of mode (J,)
could be approximated to that produced by a wavelength dipole with an asymmetric excitation [62] (Fig.
5.35). In order to excite these radiating modes, four non-resonant elements having small dimensions of
just 5 mm x 5 mm x 5 mm are arranged in the corners of the ground plane where minimums of current
distribution appear (Fig. 5.36). Due to the highly reactive behavior of the non-resonant elements, the

challenge of these radiating systems mainly relies on attaining impedance matching. The previous

® Note that this computation does not take into account the dielectric support where, in practice, the ground plane is etched, whose consideration
would produce a resonance shifting to lower frequencies. For a thin dielectric slab of 1mm thick and &=4.15, the resonance is shifted down
approximately a 8% (section 2.3.1).
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techniques propose the use of two elements and two matching networks, each one intended for a
particular frequency region [54]-[61]. However, although these solutions provide a considerable
bandwidth enhancement, the results are still away from the attainable bandwidth that can be computed
from the theoretical quality factor (Q) of the radiating structure (2.8)°[63].
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Fig. 5.35 Modal significance associated to the current modes J;, J,, J3, J4 supported by a ground plane having dimensions of 120
mm x 50 mm. The modal significance represents the normalized amplitude associated to the current modes and provides a
physical insight into their radiation properties. As long as the curve approaches the maximum value of one, radiation efficiency
increases. The current distributions for the modes J; and J, are shown.

Fig. 5.36 Geometry and dimensions associated to the radiating structure comprising four non-resonant ground plane boosters
located at the corners of the rectangular ground plane having typical dimensions of current smartphones 120 mm x 50 mm. Each
ground plane booster is a square metallic cube comprising six faces of 5 mm length.

According to equation (1.22.8), a theoretical Q; around 3.8, hence a theoretical bandwidth of 30.4%
(1.1)" is expected at the center frequency (825MHz) of the LFR regarding a SWR<3[63]. Nevertheless, the
size, the nature, and the placement of the non-resonant elements clearly condition these radiation
properties. In this sense, if the Q is computed from the input impedance (1.2)% [64], which takes into
account the non-resonant element effect, its value increases up to 13.2, thus reducing the inherent

bandwidth in a factor around 3.5 (8.7%). Consequently, a radiofrequency system capable of providing

¢ Q= Quality factor; o=Angular frequency; A=Eigenvalue; n=order of the current mode (eigenvector).
"S= Standing Wave Ratio (SWR).
8 R(w) and X(w) (Real and Imaginary part of the input impedance, respectively).
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impedance match is strongly demanded. However, its election becomes a relevant aspect to consider since
it will strongly condition the performance of the whole radiating system.

In this sense, the challenge and the purpose of this section relies on properly designing a
radiofrequency system capable of increasing the bandwidth and capable of approaching it to the
theoretical one while providing robustness to the hand loading.
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Fig. 5.37 a) Schematic example of a distributed antenna system; b) In-phase feeding scheme (¢;=¢,); ¢) Out-of-phase feeding
scheme (¢ phase difference between Z; and Z,). Z; and Z, correspond to the complex input impedances of the first and second
non-resonant elements, respectively.

The solution includes two paired ground plane boosters strategically arranged at the corners of the
ground plane. Each pair is intended for a particular frequency region (Fig. 5.37a). The responses of each
ground plane booster that constitute a pair are combined into a single input/output port through a
radiofrequency system including on one hand, an in-phase feeding scheme (Fig. 5.37b and Fig. 5.38a) and
on the other hand, an out-of-phase feeding scheme based on conjugated input impedances (Fig. 5.37¢)
[52]-[53]. The proposals not only improve the excitation of the ground plane modes, but also provide
robustness to hand loading. A further object of the present section is focused on demonstrating the
relevance of the radiofrequency system in the performance of the whole radiating system. For this reason
the behavior of the proposed solutions is compared with the behavior of an out-of-phase feeding scheme
based on complementary input impedances [11]-[16], [65] and with a single element having a size
comparable to two paired ground plane boosters.

When an out-of-phase system such as the one described in former sections as well as in [11]-[16] is
considered, two impedances Z; and Z, are connected by a transmission line of 90° so as Z,’ is
complementary to Z; at the central frequency of the intended operating frequency region (Fig. 5.38b). Z;
and Z,’ are complementary impedances because Z,/Z,=1/(Z./Z,) where Zy is the reference impedance. The
phase delay enhances the bandwidth considerably but causes a significant power unbalance. In effect, for
the typical impedances described in [12]-[16], Z;=Z,=20Q. Therefore, Z,=125€, which supposes a
different power distribution in Z; and Z,. In a similar way, the input impedances in the present case,

become also unbalanced (Fig. 5.38b), fact that again would translate into different efficiency values in the
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presence of the human hand, as demonstrated in [12]-[16]. In addition these differences can introduce
efficiency drops in the operating frequency region [16]. Consequently, this solution is discarded and a

new out-of-phase scheme based on conjugated input impedances is proposed to overcome previous
shortcomings.
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Fig. 5.38 a) In-phase feeding mechanism applied to the HFR; Out-of-phase feeding mechanism where b) the impedances are
substantially complementary; c¢) the impedances are substantially conjugated. The two input impedances illustrated in each Smith

chart correspond to the input impedance measured at the corresponding input port of the circuit schematics depicted below each
Smith chart.

In the proposal, Z; and Z, are no longer complementary but conjugated at a frequency of the
operating frequency region, that is Z;’=Z,”. As |Z1’|=|Z,”| there is no significant power unbalance
whereas a bandwidth enhancement is still obtained because of the phase delay between impedances.
Along the next sections, the out-of-phase feeding scheme will always refer to this case, i.e. to the case
having conjugated impedances. As indicated above and as an alternative solution for overcoming the
power unbalance, an in-phase feeding scheme is further proposed in the present section. Both schemes,
namely the in-phase and the out-of-phase feeding scheme based on conjugated input impedances are
compared not only between them but also with a single element solution featuring a size of 5 mm x 10
mm X 5 mm. This size is selected to set forth a fair comparison between the volume occupied by the pair
of ground plane boosters and that required by the single element solution. A broadband matching network
such as the one presented in [25], [58] is used to match the single element solution.

5.4.2 Multi-Band Design: Simulated Results

The radiofrequency system proposed for the in-phase feeding scheme combines two equal input
impedances into a single port through two transmissions lines of equal length in order to feed the antennas
with the same phase (Fig. 5.39a). The length of a first (L,) and a second transmission line (Ly,) are equal

(36 mm) for the LFR (Port 2). At the same time, the length of a third (Lys) and a fourth transmission line
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(Lig) are fixed to 30 mm for the HFR (Port 1) (Fig. 5.39a). Note that all the transmission lines have a

characteristic impedance of Z,=50Q.
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Fig. 5.39 Proposed radiofrequency system based on: a) in-phase feeding scheme for the LFR and HFR, and b) out-of-phase
feeding scheme for the HFR and in-phase feeding scheme for the LFR. Ports LFR 1, LFR 2, HFR 1, and HFR 2 represent the
ports of Fig. 5.36.

A broadband matching network [25] and a fine tuning stage are added for providing operation in
the LFR whereas the HFR just requires a fine tuning stage formed by a series inductor and a parallel
capacitor (Fig. 5.39a). The proposal allows the operation of the radiating system in three communication
standards LTE700, GSM850, and GSM900 in the LFR (Fig. 5.40). It supposes a bandwidth around
38.6%, which approximates the theoretical value computed from equation (2.8). At the same time, it
increases the inherent bandwidth (1.1) computed from Q (1.2) in a factor around 4.5, which almost
doubles the potential bandwidth that could be achieved by the addition of just a broadband matching
network such as the one described in [58], [25]. A single broadband matching network just provides
enhancement factors around 2.45. Similarly, a bandwidth around 35.3% is attained at the HFR, which
allows operation in four frequency bands capable of allocating five communication standards (GSM1800,
GSM1900, UMTS, LTE2100, and LTE2300) (Fig. 5.40). The transmission coefficient between ports
remain below -16dB in both frequency regions, thus guarantying the proper performance of the radiating
system.

The simulated results (Fig. 5.41) for the out-of-phase mechanism (Fig. 5.39b) demonstrate that the
bandwidth in the HFR can be increased considerably with respect to the in-phase solution (Fig. 5.40).
Note that in this case, the in-phase scheme is maintained in the LFR. An out-of-phase feeding scheme has
also been tested for the LFR but as will be demonstrated later, it has been discarded due to integration

reasons.
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the S;; measured at the input/output port 4, whereas solid line with square markers refers to port 3. Transmission coefficient (S,;)
between ports is represented by a solid line with rhombus markers.

With this new configuration the radiating system is capable of providing operation in more than
eight frequency bands capable of allocating nine communication standards, namely LTE700, GSM850,
GSM900, GSM1800, GSM1900, UMTS, LTE2100, LTE2300, and LTE2500 while preserving the
properties of the in-phase feeding schemes in terms of robustness. Again, the transmission coefficient
between ports remain below -16dBs for both frequency regions (Fig. 5.41). In order to demonstrate the
effectiveness of the proposal in exciting aforementioned ground plane radiating modes (Fig. 5.35), the
current distribution is computed at the center frequency of both frequency regions not only for the
aforementioned configurations, but also for the single element solution. The results demonstrate that the
fundamental longitudinal radiating mode is excited in the LFR, whereas in the HFR a current distribution

similar to that produced by a wavelength dipole featured by an asymmetric excitation predominates (Fig.
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5.42). On one hand, the in-phase proposal (Fig. 5.39a) is preferable in the LFR since it offers a similar
bandwidth than the out-of-phase solution with the advantage of higher robustness and easier integration
(Fig. 5.43).

c) f)
Fig. 5.42 a)-c) Current distribution regarding an in-phase feeding scheme (Fig. 5.39a), an out-of-phase feeding scheme (Fig.
5.39b), and a single element with a broadband matching network, for the center frequency of the LFR (825MHz), respectively,
and d)-f) for the center frequency of the HFR (2100MHz), respectively.

The integration simplicity is due to the fact that the out-of-phase scheme for the LFR requires two
transmission lines of length 18mm and 5Smm, respectively, i.e. the length of the transmission lines capable
of producing the required bandwidth enhancement is shorter than the length of the shortest edge of the
ground plane (50mm), thus making difficult the combination of both non-resonant elements into a single
input/output port. In this frequency region, the distributed systems perform better than the single element
solution because the longitudinal mode is better excited. This result is consistent with similar principles
applied to monopole antennas where a dual-fed system attains more bandwidth than a single-fed due to a
better excitation of a longitudinal mode [51]. On the other hand, in the HFR, the out-of-phase proposal
(Fig. 5.39b) stands out over the in-phase proposal (Fig. 5.39a). Note, that at this frequency region it
maintains a similar performance with respect to the broadband solution although the latest is more
sensitive to the finger position (Fig. 5.43). In this way, it is possible to conclude that the out-of-phase
feeding scheme and the single element solution performs better than the in-phase solution in the HFR
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whereas in the LFR the in-phase mechanism is the one that attains the best trade-off between

implementation simplicity, robustness, and bandwidth.
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Fig. 5.43 Comparison between the impedance bandwidth attained by an in-phase feeding scheme (solid line with square
markers), an out-of-phase feeding scheme based on conjugated input impedances (solid line with bowtie markers), and a single
element solution (5 mm x 10 mm x 5 mm) with a broadband matching network (solid line with triangular markers).

5.4.3 Multi-Band Design: Experimental Results

In order to validate the simulated results, three prototypes incorporating the former feeding
schemes have been built. They comprise a ground plane having dimensions comparable to that featured
by current smartphones (120 mm x 50 mm). The distributed systems include four ground plane boosters
of reduced dimensions of just 5 mm x 5 mm x 5 mm whereas the single element solution includes just a
larger ground plane booster. The ground plane boosters are respectively placed at the corners of the
ground plane where minimums of current distribution appear (Fig. 5.44). The ground plane is etched over
a FR4 piece of 1 mm thick and the ground plane boosters are soldered at a distance of 2 mm with respect

to its transversal edges.

c)

Fig. 5.44 Prototyped solution including a) in-phase feeding scheme for both frequency regions; b) in-phase feeding scheme for
the LFR (upper edge) and out-of-phase feeding scheme for the HFR (bottom edge); c) Single element 5 mm x 10 mm x 5 mm
with a broadband matching network (note that for the single element case the component values of the matching network are
adapted according to the frequency region of operation). The reactive elements used are SMD0402.

The topology of the proposed radiofrequency systems for the in-phase feeding scheme (Fig. 5.44a)
and for the out-of-phase feeding scheme (Fig. 5.44b) corresponds to that illustrated in section 5.4.2 (Fig.
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5.39a and Fig. 5.39Db, respectively), except for the LFR where the broadband and fine tuning stage have
been replaced by a w-network. Similarly, the values of the components have been slightly adjusted (Table
5.5) with respect to that estimated by simulation. This value adjustment obeys to the fact that the
simulation considers an ideal scenario where no losses are taken into account. It is important to emphasize
that the proposal can be readily integrated in current wireless handheld devices since the use of micro

coaxial transmission lines is a widely spread connection technique in commercial handset phones.

5.4.3.1. Free-Space Measurements

Measured results are in good agreement with simulations (Fig. 5.45 and Fig. 5.46). As previously
discussed, the in-phase feeding scheme becomes the best solution for the LFR since it attains greater
bandwidth than the single element solution (5 mm x 10 mm x 5 mm) (Fig. 5.43).
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Fig. 5.45 S-parameters resulting from the radiating system gathered in Fig. 5.44a (solid lines) compared with those extracted
from simulations (dashed lines) (Fig. 5.40). Solid line with bowtie markers corresponds to the reflection coefficient measured at
the input/output port 2 (Fig. 5.39a), whereas solid line with square markers refers to port 1(Fig. 5.39a). Transmission coefficient
between ports (solid line with rhombus markers).

Table 5.5 Reactive component values (lumped components SMD0402 high Q type illustrated in Fig. 5.39).

In-phase feeding scheme for both frequency regions

. L1 L3 CX1 CX2 Clshunt C1series I—lshunt
Low Region 56nH 56nH 36mm 36mm 4.8pF 15pF 5.5nH
. . L2 L4 CX3 CX4 L shunt C series
High Region 7.5nH 7.5nH 30mm 30mm 1.6nH 4.1pF
In-phase feeding scheme for the LFR/Out-of-phase feeding scheme for the HFR
- L8 L10 CX5 CX6 Clshunt Clseries I—lshunt
Low Region 56nH 56nH 36mm 36mm 4.8pF 15pF 5.5nH
. . L9 L11 CX7 CX8 L series C shunt
High Region 5.6nH 15nH 27mm 24mm 5.4nH 2.2pF

In addition, it provides higher robustness since in a distributed antenna system if a non-resonant
element is blocked, the second one can still operate properly. Furthermore, the in-phase solution stands
out over the out-of-phase proposal since it simplifies the integration process. The latest requires two

transmission lines, whose length is smaller than the length of the shortest edges of the ground plane, thus
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preventing the proper connection of both non-resonant elements. In accordance with the simulated results,
the in-phase solution attains triple band operation LTE700, GSM850, and GSM900 (Fig. 5.45 and Fig.
5.46). For the HFR the results demonstrate that the out-of-phase feeding scheme stands out over the in-
phase solution, since it allows maximizing the impedance bandwidth while avoiding efficiency drops and
power unbalance. It is important to emphasize that these results could be comparable to those obtained by
the broadband matching network regarding free-space conditions. However, in the presence of the human

hand the single element solution is more sensitive to the finger position as it will be shown next.
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Fig. 5.46 S-parameters resulting from the radiating system gathered in Fig. 5.44b (solid lines) compared with those extracted
from simulations (dashed lines) (Fig. 5.41). Solid line with bowtie markers corresponds to the reflection coefficient measured at

the input/output port 4 (Fig. 5.39b), whereas solid line with square markers refers to port 3 (Fig. 5.39b). Transmission coefficient
between ports (solid line with rhombus markers).

5.4.3.2. Hand Loading

This section is focused on studying the effects of hand loading over the proposed solutions, in-
phase, out-of-phase, and single element. With this aim, the aforementioned prototypes are assessed
regarding a phantom hand filled with lossy liquids emulating the electromagnetic properties of the human
tissue at the frequencies of interest (e°=41.5 6=0.9 S/m at 835MHz, ¢’=40.0 c=1.4 S/m at
1800/1900MHz, and &,°=39.2 5=1.8 S/m at 2450MHz) [20].

Fig. 5.47 Phantom hand holding the prototype. a) finger in the left; b) finger in the middle; c) finger in the right.
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Fig. 5.48 Left: Measured Sy; (up to down): In-phase and single element solutions regarding LFR and HFR, and out-of-phase
scheme for the HFR; Right: Measured n, in free-space and regarding hand loading.
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In a first case, the elements intended for the LFR are located at the upper portion of the PCB, thus
placing the HFR in the bottom portion. In a second case, the PCB is rotated 180°, thus locating the LFR in
the bottom portion and the HFR in the upper portion of the PCB. When regarding the upper portion, three
different finger positions (left, middle, right) are tested according to the common holding of current
phones (Fig. 5.47). In this case, the phantom finger is spaced apart 1 mm from the ground plane boosters
thanks to the use of a methacrylate piece of 1 mm thick. When the elements are arranged in the bottom
portion, the phantom palm is spaced apart 20 mm from the radiating structure. In this sense, the
measurements labeled as finger left, middle, and right refer to the upper position, whereas those labeled as
palm refer to the bottom position. The results when regarding the upper position demonstrate that the
robustness provided by the in-phase feeding scheme is independent of the finger location for both
frequency regions.

As discussed previously, the in-phase solution guarantees a similar power distribution at both
frequency regions. This power balance translates into similar antenna efficiency values (finger left,
middle, and right). The out-of-phase solution overcomes the shortcomings found in [12]-[16], since it
produce a large impedance bandwidth while preserving an acceptable power distribution. In this way, the

independence of the robustness of the radiating system to the finger location is still preserved.

Table 5.6 In-phase (In), out-of-phase (Out), single element (Single). In/Out refers to the prototype using the in-phase feeding
scheme for the LFR and the out-of-phase feeding scheme for the HFR®.

Low Frequency Region High Frequency Region

In Free Left Middle Right Palm Free Left Middle Right Palm
nr (%) 58.5 28.2 305 285 195 69.5 305 331 30.9 27.9
E}%) 51.1 23.9 26.7 24.0 18.1 53.6 26.6 26.0 27.6 20.8
Loss (dB) 3.2 2.8 31 4.7 3.6 3.2 35 3.9
In/Out Free Left Middle Right Palm Free Left Middle Right Palm
?0;0 ) 66.5 29.6 32.3 27.3 24.0 74.4 455 40.9 40.4 44.1
2;0) 56.3 23.7 26.3 20.0 20.6 66.1 418 38.0 37.0 38.7
Loss (dB) 35 31 3.9 4.4 - 21 2.6 2.7 2.3
Single Free Left Middle Right Palm Free Left Middle Right Palm
EL;O) 36.7 23.6 19.7 124 11.8 74.2 56.6 49.4 35.9 45.6
Z}%) 32.7 20.1 16.8 6.6 10.5 68.8 53.0 46.2 35.1 42.8
Loss (dB) 1.9 2.7 47 49 1.2 1.7 3.2 2.1

Contrarily, in the single element solution the results are strongly conditioned by the position of the
finger. In this way, the right position, that considers the finger completely covering the single element,
introduces higher losses (computed between radiation efficiency losses) than the middle and left position
in both frequency regions (Fig. 5.48 and Table 5.6). When the elements are placed at the bottom position,
the palm introduces higher losses in all cases, except for the single element. In this case, to place the

finger over the single element is even more critical than to place the palm. The results further demonstrate

° Note that the table gathers average values. The frequency range considered is 690-960MHz for the LFR and 1710-2690MHz for the HFR except
for the in-phase case in the HFR where this range has been adapted to 1710-2170MHz according to the impedance bandwidth (SWR<3).
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that the in-phase feeding scheme stands out over the single element solution in the LFR. It provides larger
impedance bandwidth and well-balanced robustness (Fig. 5.48 and Table 5.6). Note that the out-of-phase
feeding scheme for the LFR was discarded in former sections due to implementation reasons.

The results further reveal that the in-phase solution for the LFR suffers lower losses in the upper
position. In this configuration, the elements intended for the HFR would be placed in the bottom portion.
Regarding this arrangement, the single solution and the out-of-phase feeding scheme would offer a
comparable behavior and would perform better than the in-phase case (Fig. 5.48 and Table 5.6).

5.5. Conclusions

Hand loading is a relevant aspect to consider when designing handset antennas since it could
introduce significant detuning effects and efficiency decrements. In this sense, radiating systems capable
of providing robustness to hand loading are particularly relevant, especially for the low frequency region
where the performance is more critical. The placement of the antenna element in the upper part of the
handset is preferable since in the bottom part, the antenna may be completely covered by the users’ palm,
hence suffering significant losses. Nevertheless, at this location, the finger position plays a significant role
since the completely obstruction of the antenna element also produces significant efficiency decrements.

The proposed distributed antenna systems based on a passive array of several antenna elements
become an effective solution to improve the performance of the wireless device in the presence of the
human hand by overcoming the aforementioned limitations. In particular, the proposal provides
redundancy to the system in such a way that when the finger blocks an antenna element, the other
elements constituting the array can still operate properly. Particularly, the proposed distributed antenna
systems based on complementary input impedances significantly increase the impedance bandwidth while
minimize efficiency losses. This bandwidth increment is proportional to the number of elements to
combine. In this way, a single monopole attains an impedance bandwidth around 15.6%, whereas a
distributed system of two and three monopoles increases it up to 23.6% and 34.0%, respectively. The
bandwidth increment of the proposed distributed system of three monopoles supposes enhancement
factors around 1.5 over the distributed antenna system of two monopoles, and 2.2 over the single
monopole solution. At the same time, the solution based on three monopoles further enhances the antenna
efficiency in free space, with an average of 48.1% versus the 46.1% of the distributed system of two
monopoles and the 34.6% of the single monopole calculated in the same frequency margin. In addition, it
significantly increases the robustness against the loading effects introduced by the user's hand since losses
are greatly reduced from 10.6dB for the single monopole solution to 4.1dB for the distributed system of
three monopoles. It is worth noting the usefulness of the electrical models to understand not only the
broadbanding mechanism but also the combination of impedances having different phases. Due to the
substantial improvement in bandwidth, the proposal based on three monopoles cover the standards
LTE700, GSM850, and GSM900.
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The distributed systems based on complementary input impedances, significantly increases
impedance bandwidth and improves robustness in front of hand loading with respect to a single monopole
solution. Their operation principle is based on combining two or more equal input impedances into a
single input/output by providing a phase difference between them capable of producing a compact
impedance loop. Thus, for the two element solution, the proper phase difference is around 90° at the
center frequency of the operating region, whereas for the three elements, a phase difference close to 60°
becomes preferred. Although, these phases allow the creation of compact impedance loops, they provide
some impedance imbalance that produce different efficiency losses according to the element blocked by
the finger. In order to overcome the dependence of the radiating system performance to the finger
location, the use of a distributed antenna system fed-in-phase has been proposed. It allows increasing
bandwidth and robustness in front of hand loading while providing a symmetric solution independent of
the finger location. This solution removes the finger position dependence of previous out-of-phase
distributed systems. In the in-phase case, Hilbert monopoles were used instead of spiral monopoles due to
their performance advantages. In this case, the two monopoles are combined into a single input/output
port through two transmission lines of equal length. In this way, each transmission line introduces the
same phase to each input impedance. Contrarily to what happened with the out-of-phase feeding schemes,
this combination does not produce a compact impedance loop. Nevertheless, the lack of sufficient
impedance bandwidth to cover the desired communication standards is overcome by the addition of a
matching network. The results demonstrate that this design provides greater freedom to the user since the
random location of the finger does not produce different performance. The solution avoids critical
situations where the finger causes a significant efficiency drop, which produces more battery
consumption and eventual call drops.

The aforementioned solutions mainly based on resonant monopoles are substituted by ground
plane boosters in order to demonstrate the feasibility of providing miniaturized distributed systems.
Radiating systems based on the excitation of ground plane modes through ground plane boosters become
a promising solution to provide multi-band performance while minimizing the required printed circuit
board area. The challenge of this kind of radiating systems mainly relies on enhancing the transfer of
power to the efficient ground plane radiating modes not only by the proper placement of the ground plane
boosters, but also by the proper election of the radiofrequency system.

This section proposes the use of distributed antenna systems based on two different feeding
schemes (in-phase and out-of-phase) for enhancing the ground plane mode excitation while increasing the
robustness of the radiating system to hand loading. In this case, the out-of-phase solution is not based on
complementary input impedances but on conjugated ones, i.e. at a proximately the center frequency of the
frequency region of operation the input impedances present similar real part but conjugated imaginary
part, thus resulting in a similar input impedance modulus. This solution overcomes the disadvantages of
the previous out-of-phase feeding schemes based on complementary input impedances, since it attains the

best trade-off between bandwidth enhancement and efficiency balance.
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Table 5.7 Summary of the proposed radiating systems intended for improving the performance in free-space as well as regarding
finger loading.

Features Performance

Architecture

Two monopoles of 13 mm x 11 GSM850, GSM900

mm. - .
R Ground plane: 90 mm x 40 Robust to finger loading.
mm. Response gepends on the
. Out-of-phase feeding scheme. finger location.
. Three monopoles of 13 mm x e  LTE700, GSM850, GSM900
11 mm. e  Robust to finger loading
. Ground plane: 90 mm x 40 e Response depends on the
mm. finger location
. Out-of-phase feeding scheme.
. Two Hilbert-based monopoles
of 14 mm x 12 mm. GSMB850, GSMQOO .

. Robust to finger loading.
. Ground plane: 90 mm x 40 L
mm. Response is m_dependent of
. In-phase feeding scheme. the finger location.
. Two ground plane boosters in-

phase for the low frequency region: 5
mm X 5 mm x 5mm.

. Two ground plane booster in-
phase for the low frequency region: 5
mm x5 mm x 5 mm.

. Ground plane: 120 mm x 50
mm.

LTE700, GSM850, GSM900
and GSM1800, GSM1900,
UMTS, LTE2100, LTE2300
Robust to finger loading.
Response is independent of
the finger location.

. Two ground plane boosters in-
phase for the low frequency region: 5
mm x 5 mm x 5mm.

. Two ground plane booster in-
phase for the high frequency region: 5
mm x 5 mm x 5 mm.

. Ground plane: 120 mm x 50
mm.

LTE700, GSM850, GSM900
and GSM1800, GSM1900,
UMTS, LTE2100, LTE2300,
and LTE2500

Robust to finger loading.
Response is independent of
the finger location.
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For the low frequency region, the results demonstrate that although the out-of-phase feeding
scheme based on conjugated input impedances provides similar bandwidth than that obtained by the in-
phase feeding scheme, the last is preferable from an integration perspective. Whereas the out-of-phase
solution requires two transmission lines of length 18 mm and 5 mm, respectively (too shorts regarding the
length of the transversal edge of the ground plane (50mm)), the in-phase solution uses two transmission
lines each one having a length of 36 mm, which easily allows the interconnection of both ground plane
boosters. The performance of the proposed distributed systems is compared with a single ground plane
booster solution having a volume equivalent to the volume occupied by the two ground plane boosters
that form the distributed system. The single ground plane booster solution is matched with a broadband
matching network and the results demonstrate that the distributed systems stand out over the single
ground plane booster solution in the low frequency region, since they attain a higher excitation of the
ground plane mode, which mainly translate into an increment of the impedance bandwidth. Concerning
the high frequency region, the single ground plane booster solution performs similar than the out-of-phase
feeding scheme based on conjugated input impedances in free-space. Nevertheless, the distributed system
becomes preferable when regarding hand loading, since it is not conditioned by the finger position. The
proposed solution is capable of providing octo-band operation, capable of allocating nine communication
standards LTE700, GSM850, GSM900, GSM1800, GSM1900, UMTS, LTE2100, LTE2300, and
LTE2500 while minimizing the required PCB area.

It is important to emphasize that the distributed systems do not alter the omnidirectional radiation
properties of the radiation pattern required in wireless handheld devices, since the half-wavelength dipole
type radiating mode of the ground plane is preserved and is the one that mainly contributes to the
radiation process mainly on the low frequency region. Finally, it is important to underline that the
proposed distributed systems are completely passive, being advantageous in terms of simplicity and
battery consumption. Due to all aforementioned advantages and the obtained encouraging results, it is
possible to state that distributed systems are suitable solutions to be integrated into mobile platforms to
ensure the performance of the antenna system in the presence of the human hand. Some features and the

performance of the prototypes proposed along this chapter are summarized in Table 5.7.
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CHAPTER 6 GROUND PLANE BOOSTERS IN MIMO SYSTEMS

6.1. Introduction

The rapid growth of mobile communications has fostered the appearance of new communication
standards capable of providing high data rates. This is the case of LTE (Long Term Evolution), which
consolidates as the 4G solution that will naturally follow today’s 3G UMTS Technology. The great
success of handset devices mainly obeys to their capabilities of integrating large number of functionalities
and services in a portable device. Nowadays, handset’s users can perform from speech and video calls to
streaming media and web browsing all over a common platform. Nevertheless, the handset market is
more and more demanding and requiring high data rates capable of enabling a wide variety of Internet
protocol services such as video on demand, video streaming, video conference, voice over IP, high
definition video, interactive games, web 2.0, etc.

In this sense, the radiating system integrated in a 4G wireless handheld or portable device must
provide enough bandwidth to satisfy the strict demands of these emergent applications. However, the
bandwidth associated to the cellular communication standards, wireless connectivity standards, and
broadcast standards is already allocated and cannot be increased mainly due to the well-known

electromagnetic spectrum limitations.
Table 6.1 LTE Frequency Bands (FDD (Frequency Division Duplex).
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LTE appears in this context with the aim of providing further frequency bands as well as new

access techniques. Nevertheless, the assignment of new frequency bands of the electromagnetic spectrum

(Table 6.1) as well as the proposed new access techniques such as OFDM (Orthogonal Frequency
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Division Multiplexing) must to work together with a new handset antenna technology called MIMO
(Multiple Input Multiple Output) in order to ensure these high data rates, ideally close to 100Mb/s for
high mobility, such as mobile access, and up to approximately 1 Gb/s for low mobility, such as local
wireless access [1]-[2]. Accordingly, MIMO technology appears as a particularly promising solution to
increase data throughput, without additional bandwidth or increased transmit power. In a MIMO system,
the capacity of the channel is directly proportional to the number of paired antennas. For instance, two
antennas in the transmitter (M=2) and two antennas in the receiver (M=2) would lead to a MIMO system
(M x M) of MIMO order (M) equal to two, which means that the MIMO system is capable of increasing
the channel capacity in a factor around two with respect to that provided by a SISO system (Single Input
Single Output) composed by a single antenna in the transmitter (M=1) and a single antenna in the receiver
(M=1).

This section deals with the challenge of enabling multi-band MIMO systems in current
smartphones (Fig. 6.1). First of all and in order to allow the proper assessment of MIMO systems, the
MIMO concept as well as the most relevant MIMO parameters, such as MIMO capacity, correlation,

diversity gain, etc. are introduced in section 6.2.

Channel (H)
L - —
T, Rx,
L > —J
Tx, MIMO Rx,

Fig. 6.1 Schematic representation of a MIMO System with a MIMO order of two.

Section 6.3 is intended for analyzing some of the current state of the art solutions in order for
determining both, their advantages and limitations. This section further discusses current isolation
techniques, such as spatial diversity, radiation patterns diversity, polarization diversity, slotted ground
planes, dielectric antennas, decoupling networks, neutralization lines, and parasitic radiators, which are
intended for reducing mutual coupling and correlation between radiating systems.

Section 6.4 analyzes the feasibility of integrating a multi-band MIMO system in a handset platform
being formed by some representative current handset technologies. The radiating systems are mainly
based on antenna elements featuring resonant dimensions. The proposals are intended for determining the
performance of conventional “on-ground” and “off-ground “solutions. With this aim, a dual-band
PIFA(Planar Inverted F Antenna) antenna, as an “on-ground” solution, is compared with a similar PIFA
design placed over a slotted ground plane and finally with a set of coupled monopoles, as a representative

sample of “off-ground” solutions.
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Section 6.5 combines the previous radiating systems with the non-resonant elements proposed
along this thesis. In this sense, the previous designs are combined with a radiating system based on
ground plane boosters, similar to that illustrated in section 3.2, and their performance as a MIMO system
is assessed. An isolation technique based on the insertion of slots in the ground plane is proposed for
reducing mutual coupling. A parametric study is carried out for determining the location and size of the
slot that maximizes isolation.

Finally, section 6.6 provides a MIMO solution fully based on ground plane boosters. The proposal
also employs the isolation technique described above. Nevertheless, in this case the geometry of the slots
is inspired in the Hilbert fractal, hence allowing their miniaturization. This miniaturization is further
increased through the addition of reactive elements. A 2x2 multi-band MIMO system capable of
providing MIMO operation in the communication standards GSM850 (band 5), GSM900 (band 8),
GSM1800 (band 3), GSM1900 (band 2), UMTS, and LTE2100 (band 1) is finally achieved (Table 6.1).

6.2. MIMO Concept and Relevant Parameters

As slightly introduced in the previous section, MIMO technology requires the integration of
multiple antennas in transmission as well as in reception. These antenna elements must be capable of
providing independent propagation paths for enabling significant data rate increments. In this sense,
MIMO systems only work properly in rich multipath propagation environments, i.e. when regarding low
correlation channels. In these cases, the data rate increment is ideally proportional to the number of
antennas used in transmission and reception. Thus, in ideal conditions, MIMO technology is capable of
increasing the channel capacity in an M factor (6.1) with respect to that attained by a SISO system (6.2).
The M factor corresponds to the MIMO order of the MIMO System. Note that multiple antenna systems
do not always increase channel capacity proportionally to the number of antenna elements. In fact,
multiple antenna systems can be as well used to improve BER (Bit Error Rate) for a fixed transmission
data or to improve data transmission for a fixed BER. The latest corresponds to the MIMO technology,
which, in ideal conditions, produces an increment of the channel capacity directly proportional to the
number of paired antennas in transmission and reception according to (6.1). It means that if a 2x2 MIMO
system is going to be designed, two antennas must be used for transmission and two antennas must be
used for reception. If the number of antennas in transmission and reception is not equal, the system will
lead to a SIMO (Single Input Multiple Output) or MISO (Multiple Input Single Output) system (Fig. 6.2).
This kind of systems usually increase the channel capacity by providing an improvement of the Signal to
Noise Ratio (SNR), i.e. are used to improve BER for a fixed transmission data but not to improve data
transmission for a fixed BER.

A SISO system comprises a single antenna for transmission and a single antenna for reception. If
this system operates in a multipath propagation channel (as the one characteristic of wireless
environments), the transmitted signal is spread out in multiple signals that arrive at the receiver with

different angles, amplitudes, and phases. This phenomenon is mainly produced by the obstacles that the
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transmitted signal finds in their way, which produce scattering, reflection, refraction, diffraction, etc. At
the end, multiple signals arrive at the receiver, and these signals could be added constructively in the best
situation or destructively in the worst case depending on their amplitudes and phases. Destructive
additions yield to signal fadings that considerably degrade the performance of the transceiver.

Cumo =M {B . Iog(1+;jjbits/s (6.1)

Cono = B- Iog(1+%jbits /s 62)

In order to avoid these signals fadings, diversity schemes such as those composed by multiple
antennas in the receiver (SIMO) or multiple antennas in the transmitter (MISO) are widely used (Fig.
6.2). Multiple antennas in reception, for instance, allow having multiple independent paths as long as
these antennas are sufficiently uncorrelated. It means that each antenna sees a different channel, thus
making highly unlikely the appearance of simultaneous fadings in these multiple paths. Many techniques
are used in the receiver to combine these signals, such as MRC (Maximum Ratio Combining) or SC
(Selection Combining). All of them are intended for improving BER for a fixed transmission data, i.e. for
improving the SNR, hence the channel capacity according to (6.2). Note that the capacity increment
obtained by these diversity schemes is not comparable to that attained by a MIMO system, since in ideal
conditions it is capable of multiplying the channel capacity proportionally to the number of antenna

elements, whereas diversity schemes are just intended for improving signal quality.

Channel (H) Channel (H) Channel (H)
— L L |
Rx; Tx, Tx, Rx,
L |
TX, Rx,
| L - -
SIMO RX, T, MISO Tx, MIMO RX,

Fig. 6.2 Schematic illustration of a SIMO, MISO, and MIMO system, respectively.

DG = SNR_pinea — SNR,,,.(dB) (6.3)
EDG = SNR_,pinea = SNRy¢t antenna(dB) (6.4)
ADG = SNR_, pinea = SNR, ¢ brancn(dB) (6.5)
IDG = SNR ;ined = SNRigear rayicigh_one_brancn(dB) (6.6)

Diversity gain (DG) is the most relevant parameter for these diversity schemes. It is defined as the
ratio between the SNR measured when a diversity scheme is used, such as for example one antenna for
transmission and two antennas for reception, and the SNR measured when just a single antenna in
transmission and a single antenna in reception is considered.(6.3). Other ratios such as Effective Diversity
Gain (EDG) (6.4), Apparent Diversity Gain (ADG) (6.5), and Ideal Diversity Gain (IDG) (6.6) are also
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proposed in the literature. It is important to underline once again that in the same manner as the
aforementioned diversity schemes (SIMO or MISO), MIMO technology also requires operation in rich
multipath propagation environments for performing properly. Nevertheless and as previously mentioned,
in contrast to diversity schemes it is intended for attaining channel capacity increments directly
proportional to the number of paired antennas thanks to the use of spatial multiplexing (Fig. 6.3).

MIMO technique based on spatial multiplexing requires the same number of transmitting and
receiving antennas. They must operate in a rich multipath propagation environment in order to enable
sufficient number of uncorrelated paths. The signal is divided according to the number of transmitting and
receiving antennas, in such a way that the number of symbols transmitted simultaneously to the channel is
proportional to the number of paired antennas. In this sense, the receiving antennas are capable of
recovering as much symbols as transmitting antennas at the same time, thus multiplying the channel

capacity proportionally to the number of paired antennas (Fig. 6.3) [1].

Tx, Rx,
Channel (H)
— L
So» S S4 For T Ty
MIMO MIMO
* Encode TX2 RXZ Decode
Sor S1s S2 Sor 512 Sa...
S1/ 53, S5 MIMO F1, 73 fs.

ro:s’o'hoo"'sl'hlo

Two symbols recovered in a symbol time
r1:So’hm"'31’hu

Fig. 6.3 MIMO Technique: Spatial multiplexing.

In addition to the typical handset antenna requirements in terms of impedance bandwidth,
efficiency, radiation patterns, etc., the antennas forming the MIMO system should also satisfy strict
specifications in terms of mutual coupling and correlation in order to avoid a penalty of the MIMO
capacity.

MIMO antennas must be as uncorrelated as possible in order to preserve independent propagation
paths. In this sense, they should be as uncoupled as possible since mutual coupling between antenna
elements considerably degrades correlation as well as decreases the radiated power. Ideally, the
correlation between antennas should be zero, although values smaller than 0.5 are also acceptable [3]-[4].
Several methods are disclosed in the literature capable of reducing correlation and mutual coupling
between antenna elements. These methods will be deeply explained along the following section.

In the present chapter, correlation coefficient is derived from the far-field radiation patterns
regarding the characteristic of the propagation environment, the terminating input impedances, as well as
the mutual coupling between antenna elements [5]. The mutual coupling describes the electromagnetic

interaction between antenna elements. The relation between the currents (1) and the voltages (V) at the



204 Ground Plane Booster Antenna Technology for Wireless Handheld Devices

antenna ports are given by (6.7). The correlation coefficient between two antenna elements will depend
on these coupling effects as well as on the propagation environment. When an isotropic environment with

a uniform distribution is considered it can be described according to (6.8) or alternatively according to
(6.9) regarding XPR =1 and, P,and P, uniform [6]-[8]. The parameter XPR stands for the cross-

polarization ratio, which is the ratio of mean power of incident & — polarized and ¢ — polarized
waves. At the same time, the angular power distribution of the signals in elevation and azimuth are

denoted with P, and P¢, respectively.

V1=211'|1+le'|2

(6.7)
Vz =221' I1+Zzz' Iz

An efficient approach to compute envelope correlation without requiring the previous knowledge
of the radiation patterns is that based on the scattering parameters [6]-[8]. Nevertheless this
approximation is only valid when isotropic distribution is assumed and the antenna system is lossless. In

this kind of environments, the envelope correlation based on S-parameters (6.10) corresponds to that

given by (6.8), where F.(6,¢)is the field radiation pattern of the antenna system when port i is excited

and F,(0,4)-F, (0,4) denotes the Hermitian product. It is important to emphasize that in the context of

handset devices, the S-parameters method could not replace previous radiation pattern method (6.8) and
(6.9), which allows the possibility of better characterize the propagation environment. The reason relies
on the fact that the efficiency of handset antennas unlikely reaches 100% due to the limited constraints in
terms of size. Consequently, the assumed energy conservation principle in the envelope correlation

expression does not hold (6.10).

[[[F(.9) ﬁz*(9,¢)d9r

Pe =72 2 — 7 (6.8)
fFeoTen oot oo
Az 4z
2
J]'[EM-Ezg ‘B, + XPR-Ey, - Ej, P, )

" ” (6.9)

.U[‘Ew‘z For XPR"EM‘Z : P¢}dQ'HDE20‘2 -Fy + XPR "E2¢‘2 : P#Jdg

4 4x

Sl*l S+ Sl*z “Sy, i (6.10)

Pl v s )

Mean Effective Gain (MEG) is also an important parameter for assessing MIMO performance. It

provides a statistical measure of the antenna gain in a given mobile environment and defines the power
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received by an antenna, accounting for the effects of the radiation pattern, the antenna efficiency, and the

propagation effects (6.11) [7]. P,and P, are the angular density functions of the incident power. XPR

represents the cross-polarization ratio. G, and G¢ are the polarized components of the antenna power

gain patterns, respectively.

1

G(0.9R0.9)+ o

2% XPR
MEG = u(u XPR

G¢(0,¢)P¢(0,¢)jsin6d6d¢ (6.11)

Another important MIMO parameter is the gain or power unbalance. In a MIMO system and in
order to preserve the MIMO benefits, all the antennas forming the system must present similar
electromagnetic performance. As the gain imbalance increases, the benefit of MIMO decreases. The
effects of power unbalance over the diversity gain of a MIMO system are analyzed in [9] showing that if
power unbalance is close to zero, high diversity gains are obtained. In contrast if power unbalance is high,
the diversity gain drops to zero. More particularly, the specifications require ratios less than 3 dBs for
ensuring proper performance, i.e. the ratio between the MEG values measured at each antenna port should
be less than 3 dBs [4].

6.3. State of the Art

As discussed in the previous chapters, the integration of a single multi-band antenna capable of
providing multi-band operation with an acceptable radio electric behavior in a small wireless device
becomes significantly challenging due to the reduced space available in current handset platforms. The
challenge is further exacerbated when shifting from a single antenna system to a multiple antenna MIMO
system. The antennas for a MIMO enabled handset, need to keep a certain size to fully operate within the
entire bandwidth of several frequency bands. Nevertheless, usually this size prevents the integration of
multiple antenna elements. Even if this integration is attained, strict coupling and correlation requirements
need to be fulfilled as to benefit from the MIMO gain.

The prior art solutions disclosed in the literature for providing a wireless handheld or portable
device integrating the MIMO technology are usually based on antenna elements with a size comparable to
the wavelength of operation [10]-[13]. These MIMO solutions usually operate at a frequency located in a
high frequency region where the operating wavelength is small enough to allow the integration of several
antenna elements with dimensions close to a quarter of a wavelength. Therefore, these proposals are still
antenna-based solutions since the contribution to the radiation is predominantly provided by the antenna.
This limitation prevents the possibility of arranging large number of antenna elements, since on one hand,
the available space in the wireless handheld or portable device is limited, and on the other hand, undesired
coupling effects appear due to the proximity between the antenna elements, more significantly when
operation in low frequency regions, such as those allocating the LTE700 communication standard, is

demanded.
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In addition and as discussed in chapter 4, an antenna element having resonant dimensions is
typically very sensitive to external effects (such as for instance the presence of plastics or dielectric
covers that constitute the wireless handheld or portable device), to components of the wireless handheld
or portable device (such as for instance, a speaker, a microphone, a connector, a display, a shield can, a
vibrating module, a battery, or an electronic module or subsystem) placed either in the vicinity of, or even
underneath, the antenna element, and/or to the presence of the user of the wireless handheld or portable
device. Furthermore, usually these elements require a complex geometry able to package the operating
wavelength in such limited space.

Other attempts are focused on antenna elements not requiring a complex geometry while still
providing some degree of miniaturization by using an antenna element that is not resonant in the
frequency regions of operation of the wireless handheld or portable device [14]-[18]. The solution
presented in [14] is based on this concept and provides operation in DVB-H communication standard,
which is located in a low frequency region (470MHz-862MHz). Although some miniaturization is
achieved, such a solution is not enough to provide low correlation and low coupling or high isolation
between these antenna elements. Owing to such limitations, while the MIMO performance of the former
solution may be sufficient for reception of electromagnetic wave signals, the antenna elements still could
not provide an adequate MIMO behavior (for example, in terms of input return losses or gain) for a
cellular communication standard requiring also the transmission of a significant amount of power in the
form of electromagnetic wave signals. At the same time, those solutions providing suitable transmission
and reception of electromagnetic wave signals, such as those described in [15]-[17], are limited to single
band operation.

Many are the efforts in the literature focused on reducing mutual coupling and correlation. The
most common techniques rely on spacing the multiple antennas a sufficient distance, preferably larger
than 0.5), as for achieving high port-to-port isolation [19]-[20]. Although this mechanism becomes
suitable for high frequency operation, the limited dimensions of current handset platforms make it
unsuitable for antennas operating at low frequency regions. Other techniques reduce the correlation
between antenna elements by providing significantly different radiation patterns or polarizations [21].
This solution proposes quarter-wavelength resonant antennas placed over a ground plane with dimensions
of 105 mm x 55 mm. The antenna elements operate at the 2.6GHz LTE/WiFi band (2.5-2.7GHz) and are
oriented orthogonally to each other. It becomes particularly appropriate at this frequency region where the
contribution of the antenna elements to the radiation is significant. Nevertheless, at low frequency regions
below 1GHz where the ground plane behaves as the main radiator, the required orthogonal feature is
considerably difficult to achieve.

Balanced antennas appear as an alternative solutions for reducing mutual coupling [22]-[23]. They
prevent the appearance of currents in the ground plane, which leads to high isolation values between

antenna ports. However, the main inconvenience of these solutions is again found in frequency regions
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below 1 GHz. At these frequencies, the excitation of the ground plane is strongly advisable in order to
satisfy mechanical and functional specifications.

Other studies deal with the reduction of the mutual coupling and the correlation values by
providing modifications in the ground plane such as adding quarter wavelength slots [24]-[25] or quarter-
wavelength stubs [26]-[28]. Alternatively, several attempts address this challenge by integrating hybrid
couplers [29]-[32], decoupling networks [33]-[34], or neutralization lines [35]-[37] inside the handset
platform in order to enhance the correlation and isolation. The main current disadvantages of decoupling
circuits mainly rely on their size, usually large for being integrated in current handset platforms, as well
as in the severe losses they introduce, which considerably degrades the efficiency of the system. At the
same time, neutralization lines also involve a considerable handset space as well as and extensive iterative
and simulation process to find out the proper wire dimension. Finally, other attempts suggest the use of
dielectric antennas due to their capabilities of near-field confinement [38]. Nevertheless, some cost,
complexity and losses problems arise when regarding this kind of antenna elements.

In order to overcome space limitations, this thesis proposes a wireless handheld or portable device
not requiring an antenna featured by resonant dimensions for multi-band operation. This solution is
advantageous since more space is available to integrate other wireless handheld components such as
batteries, displays, speakers, front-end modules and the like. Nevertheless, since the ground plane acts as
the main radiator, there could appear to be a challenge in providing sufficiently uncorrelated current paths
in order to preserve the benefits of the MIMO technology.

Another limitation of current wireless handheld or portable devices relates to the fact that the
design and integration of an antenna element for a radiating structure in a wireless device is typically
customized for each device. Different form factors or platforms, or a different distribution of the
functional blocks of the device will force to redesign the antenna element and its integration inside the
device almost from scratch.

For at least the above reasons, wireless device manufacturers regard the volume dedicated to the
integration of the radiating structure, and in particular to the antenna element, a toll to pay in order to
provide wireless capabilities to the wireless handheld or portable device.

In order to solve the aforementioned limitations, this chapter provides a new solution based on
miniature ground plane boosters and their arrangement in MIMO systems inside a wireless handheld or
portable device, which benefits from their reduced volume to enable a standardized solution capable of

multi-band operation suitable for several wireless handheld or portable device platforms.

6.4. MIMO Systems based on Resonant Antennas

This chapter analyzes the feasibility of integrating multi-band antennas having resonant dimensions
in current handset platforms in order to provide a MIMO system. In particular, widely spread “on-
ground” solutions such as PIFAs are proposed as representative samples of current handset antenna

technologies. On one hand, a dual-band PIFA operating in the communication standards GSM900 and
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GSM1900 is proposed. On the other hand, an hexa-band PIFA capable of operating in seven
communication standards (GSM850, GSM900, GSM1800, GSM1900, UMTS, LTE2100, and LTE2300)
acting in cooperation with a slotted ground plane is analyzed in order to determine the effects produced
by these ground plane modifications into the MIMO performance. The study is completed with an “off-
ground” solution, namely a set of coupled monopoles capable of operating the communication standards
GSM850, GSM900, GSM1800, GSM1900, UMTS, LTE2100, and LTE2300.

The performance of each radiating system in free-space regarding the main antenna parameters
(impedance bandwidth, antenna efficiency, and radiation patterns) is presented along section 6.4.1. At the
same time, section 6.4.2 gathers, in addition to the previous antenna parameters, some relevant MIMO
parameters such as correlation and isolation when regarding the combination of two of these radiating

systems inside the handset platform.

6.4.1 Description of the Radiating Systems

The proposed radiating systems are selected as a representative sample of current handset antenna
technologies. The first proposal consists of a dual-band PIFA featuring dimensions of 40 mm x 15 mm X
6 mm and being placed over a ground plane with a size comparable to current handset platforms (100 mm
X 40 mm). The ground plane is etched over an FR4 piece of 1 mm thick (&=4.15, tan5=0.013), whereas
the PIFA is stamped over a plastic carrier (g=2.55, tand=0.013) able of supporting the metal piece (Fig.
6.4a). The radiating system is matched at the communication standards GSM900 and GSM1900, hence
providing dual-band operation (Fig. 6.4b).
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a) b)
Fig. 6.4 a) Geometry of the proposed dual-band PIFA etched over a plastic carrier of 1 mm thick (g,=2.55, tan8=0.013) and being
placed over a ground plane etched over an FR4 piece of 1 mm thick (g,=4.15, tan5=0.013); b) Reflection coefficient.

In the second proposal, the PIFA antenna is placed over a slotted ground plane (Fig. 6.5a) capable
of enhancing its performance as for allowing hexa-band operation (Fig. 6.5b). This solution is selected for
being a technology that integrates an “on-ground” solution with mechanisms capable of electrically
enlarging the ground plane. A matching network is used for centering the operating bands at the
frequency regions of interest (Fig. 6.5a). Finally, a set of coupled monopoles is selected to represent “off-

ground” solutions featured by a very low profile, hence, capable of being integrated in ultra-slim
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platforms (Fig. 6.6a). In this case, no matching network is required for providing penta-band operation

when a ground plane having dimensions of 110 mm x 47 mm is regarded (Fig. 6.6b).
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Fig. 6.5 a) Geometry of the proposed hexa-band PIFA etched over a plastic carrier of 1 mm thick (g,=2.55, tan6=0.013) and being
placed over a ground plane etched over an FR4 piece of 1 mm thick (g,=4.15, tan6=0.013). In this case, a matching network is
used for providing the hexa-band operation; b) Reflection coefficient. The axis coincide with those illustrated in Fig. 6.4a.

The radiation efficiency is computed for each one of the radiating systems under study (Fig. 6.7)
and it remains around 80% in average for the low frequency region and around 65% in average for the
high frequency region in all three cases. The average values are obtained according to the frequency
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a) b)
Fig. 6.6 a) Geometry of the proposed coupled monopoles etched over an FR4 piece of 1 mm thick (&=4.15, tan5=0.013) and
being placed over a ground plane also etched over an FR4 piece of 1 mm thick (¢,=4.15, tan3=0.013); b) Reflection coefficient.
The axis coincide with those illustrated in Fig. 6.4a.

In this sense, the dual-band PIFA, the hexa-band PIFA over a slotted ground plane, and the coupled
monopoles are averaged in the frequency range of 880-960MHz, 824-960MHz, 824-960MHz,
respectively, when regarding the low frequency region, and in the frequency ranges 1850-1990MHz,
1710-2400MHz, 1710-2400MHz, respectively, when the high frequency region is considered. It is
important to underline that unlike radiating systems based on non-resonant elements, in this case, the
radiation efficiency presents efficiency drops usually produced by a non-radiating mode of the antenna
(Fig. 6.7). In contrast, when non-resonant elements are used, the radiation efficiency remains at high
values for the whole frequency range, since the fundamental mode of the ground plane predominates in

the radiation process.
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Fig. 6.7 Radiation efficiency and antenna efficiency corresponding to the proposed radiating systems.

C) f)
Fig. 6.8 a)-c) Current distribution at 900MHz regarding the dual-band PIFA, the hexa-band PIFA, and the coupled monopoles,
respectively; d)-f) Current distribution at 1900MHz regarding the dual-band PIFA, the hexa-band PIFA, and the coupled
monopoles, respectively. Max E-current is fixed to 8 A/m and the dynamic range is 30dBs. The axis coincide with those
illustrated in Fig. 6.4a.

The antenna efficiency is averaged in the same manner and the results also remain comparable in

the three cases. More particular in the low frequency region the efficiency values are around 72.4%,
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64.3%, and 63.5% for the dual-band PIFA, the hexa-band PIFA, and the coupled monopoles, respectively,
whereas in the high frequency region they remain around 54.2%, 53.4%, and 58.4%, respectively. The
current distribution of the former radiating structures illustrates the contribution of the antennas to the
radiation process as well as the contribution of the ground plane, which becomes more significant in the
low frequency region (Fig. 6.8). These current distributions determine the radiation patterns of the
structures, which mainly corresponds to that produced by a half wavelength dipole, i.e. they present an
omnidirectional behavior in one plane and a null aligned with the long axis of the ground plane.

6.4.2 MIMO Analysis

This section analyzes the performance of the former proposals in a multi-band 2x2 MIMO system.
Firstly, two dual-band PIFAs with the same characteristics as those described previously, are placed over
a ground plane with dimensions of 100 mm x 40 mm. Each antenna is arranged close to a short side of the
ground plane, being its longest dimension substantially parallel to this short side (Fig. 6.9). In this way,
the distance between antenna elements is maximized as for allowing low mutual coupling and correlation
values. The S-parameters analysis reveals that the antennas maintain their dual-band behavior (GSM900
and GSM1900) (Fig. 6.9). Nevertheless, a significant coupling appears at low frequencies around
900MHz that contribute to degrade their performance by lowering antenna efficiencies up to an average
of 40.5% in the low frequency region (880-960MHz), which supposes losses around 2.5dBs with respect
to those values obtained when just a single antenna element was considered (Fig. 6.7). The efficiency
values in the high frequency region (1850-1990MHz) are not altered, since at these frequencies the
transmission coefficient is neglectable as being below -18dBs, thus maintaining the antenna efficiency
average value around 56.9% (Fig. 6.10). When a single input/output port is considered, just the reflection
coefficient affects the antenna efficiency according to (6.12). Nevertheless, mutual coupling must be
carefully considered when regarding a multi-port antenna system such as those required in a MIMO
system (6.13).

7 = has - 0= 801" (6.12)
M =g - 0= (S0 —[S21) (6.13)

Further to the mutual coupling effects, correlation coefficient should be computed in order to
properly characterize the performance of a MIMO system. The correlation values presented along this
chapter when referred to simulated results have been computed using the software IE3D based on MoM

through radiation patterns (6.9) and in all cases an isotropic propagation model has been considered, i.e.
XPR =1 and, P, and P, uniform. As previously introduced, envelope correlation could be easily

computed trough S-parameters (6.10). A comparison is established between both expressions in order to
assess the reliability of the latest (Fig. 6.10). As indicated in [6], the higher the radiation efficiency, the

better the correlation through S-parameters (6.10) approximates the exact values computed trough
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radiation patterns (6.9). In those cases where radiation efficiency is not high enough, the S-parameters

computation provides an useful qualitative approach, since the curve trend is equivalent to that
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experimented by the exact expression (Fig. 6.10).
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Fig. 6.9 Left) Geometry of the proposed multi-band MIMO system comprising two dual-band PIFA antennas. In this case, the
antennas are placed over a 1 mm thick FR4 piece (g=4.15, tan6=0.013) and the ground plane is also etched over a 1 mm thick
FRA4 piece (g,=4.15, tand=0.013); Right) S-parameters. The axis coincide with those illustrated in Fig. 6.4a.

The results reveal that correlation reduces as long as frequency increases. The larger the frequency,
the larger the electrical distance between the dual-band PIFAs. This fact contributes to significantly
reduce correlation coefficients below 0.10 for frequencies above 1.5GHz. The critical results are found at
frequencies below 1GHz where the correlation reaches unacceptable values around 0.90. More particular
at a frequency close to 0.9 GHz the radiation patterns are very similar (Fig. 6.11), which leads to a
correlation value around 0.79 (Fig. 6.10). Consequently, the challenge that antenna engineers have to face
to provide MIMO performance is mainly found at this frequency region where the size of the handset
platform is not large enough as to provide the sufficient distance as for ensuring low correlation. Some
correlation fadings are appreciated at these low frequencies, appearing the first one close to the theoretical
value of 0.5\ [19]-[20]. At the high frequency region, the correlation values remain below 0.10. For this

reason the following analysis will be mainly focused on the low frequency region.
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Fig. 6.10 Left) Correlation coefficient computed regarding radiation patterns (6.9) and S-parameters (6.10); Right) Radiation and
antenna efficiency for each one of the dual-band PIFAs.

The previous results suggest that a ground plane enlargement could be useful to increase the

distance between radiating systems, thus helping to minimize correlation by forcing the first dip
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appearance at the center frequency of the low frequency region (824-960MHz). In order to produce this
effect without altering the size of the handset platform, the previous dual-band PIFAs are substituted by
two hexa-band PIFAs placed over a slotted ground plane capable of increasing the electrical length of the
ground plane. In this case a matching network is needed at each antenna port for providing the desired
impedance bandwidth (Fig. 6.12).
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of 0.9GHz. a) $=0° b) $=90°. Note that the null appearing at $=90° 6=90° is due to infinite FR4 piece considered in the
simulation. In practice, when finite dielectrics are regarded, the $=90° cut is omnidirectional.
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Fig. 6.12 Left) Geometry of the proposed multi-band MIMO system comprising two hexa-band PIFA antennas. In this case, the
antennas are placed over a 1 mm thick FR4 piece (g=4.15, tan6=0.013) and the ground plane is also etched over a 1 mm thick
FR4 piece (g,=4.15, tan3=0.013); Right) S-parameters. The axis coincide with those illustrated in Fig. 6.4a.

The impedance bandwidth is maintained with respect to the case where just a single hexa-band
antenna was considered (Fig. 6.12). However and owing to the coupling between antenna elements, low
isolation appears at both frequency regions (Fig. 6.12), but more significantly at frequencies around
900MHz, fact that contribute to degrade antenna efficiencies (in average 36.3% for the low frequency
region (824-960MHz) and 52.3% for the high frequency region (1710-2400MHz) (Fig. 6.13) with respect
to the case where just a single antenna element was considered (Fig. 6.7). The correlation coefficient is
again computed through radiation patterns (6.9) as well as through S-parameters (6.10) and the matching
network effects are taken into account in both cases (Fig. 6.13). In this case, a Matlab code has been
developed to compute correlation between radiating systems integrating a matching network. The IE3D

computation used in the previous dual-band PIFA analysis only applies in those situations where no
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matching network is included, i.e. in those situations where the antenna performance is merely adjusted
through its geometry. In other situations, the Matlab code developed in the context of this thesis and
based on equation (6.9) is used.

10 100
- —a— Antenna Efficiency 1 === Antenna Efficiency 2

0.9 —a&—Radiation Patterns %0 |
= —a— Radiation Efficiency 1 === Radiation Efficiency 2
8 081 80
o —e—S-parameters N-\
5 0.7 70
: / N
= 06 T & n .
TR\ F N
& o5 ) / \/M./\
/IR | £ ’ -
S o4 = A I \
I EDNITAN f \

0.3 ‘ 30 J ‘-\ I \

02 20

A ol N/ \

0.0 j

o 0+ T T L

N N N N O N 0 N S W\ N 0 3
USSR S T N R P DY PN Y S A S & & D ® & S O S & O
Q7 7 AT N NT N N T 47 a7 T 47 o PSS AR N SN NP PN S PN PR
Frequency (GHz) Frequency (GHz)

Fig. 6.13 Left) Correlation coefficient computed regarding radiation patterns (6.9) and S-parameters (6.10). The S-parameters
computation considers the matching network scheme illustrated in Fig. 6.12 for both ports; Right) Radiation and antenna
efficiency for each one of the hexa-band PIFAs. In this case, the matching network is properly considered at each antenna port.

The electrical enlargement of the slotted ground plane slightly shifts the first correlation dip to
lower frequencies (in the dual-band PIFA the dip appeared close to 1GHz, whereas in this case it appears
close to 0.95GHz). This shifting contributes to reduce the correlation values close to the operating
frequencies. In this way, at 900MHz the radiation patterns slightly differ between them (Fig. 6.14) leading
to a correlation of 0.65 compared to 0.79 for the dual-band PIFA having more similar radiation patterns
(Fig. 6.11). Although this ground plane enlargement advantageously contributes to reduce the correlation
values close to the operating frequencies, the values at the first correlation dip (0.40 at 1GHz for the dual-
band PIFA and 0.62 at 0.95GHz for the hexa-band PIFA) are larger for the hexa-band PIFA than for the
dual-band PIFA. The reason relies on the fact that in this case the ground plane is more excited, thus
contributing more significantly to the radiation process. This ground plane excitation increases the

similarity between the radiation patterns produced by both radiating systems.
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Fig. 6.14 E-total regarding the main cuts of the radiation patterns associated to the radiating systems of Fig. 6.12 at the frequency
of 0.9GHz. a) $=0° b) ¢$=90°. Note that the null appearing at $=90° 6=90° is due to infinite FR4 piece considered in the
simulation. In practice, when finite dielectrics are regarded, the $=90° cut is omnidirectional.
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A MIMO system formed by two sets of penta-band coupled monopoles is also considered in the
present analysis (Fig. 6.15). This architecture is selected for being a representative sample of low profile
elements suitable for being integrated in ultra-slim platforms. In this case, the penta-band behavior is
maintained with respect to the case where just a single set of coupled monopoles was considered, but in a
similar way as happened with the hexa-band PIFA, low isolation values are attained at both frequency
regions (Fig. 6.15), which leads to antenna efficiencies close to 38.6% (in average) in the low frequency
region (824-960MHz) and 49.1% (in average) in the high frequency region (1710-2400MHz) (Fig. 6.16).
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Fig. 6.15 Left) Geometry of the proposed multi-band MIMO system comprising two set of coupled monopoles. The coupled
monopoles are etched over a 1 mm thick FR4 piece (g,=4.15, tan3=0.013) and the ground plane is also etched over a 1 mm thick
FRA4 piece (g,=4.15, tand=0.013); Right) S-parameters. The axis coincide with those illustrated in Fig. 6.4a.

If a comparison is established between the proposed radiating systems, the MIMO system
composed by the two set of coupled monopoles (Fig. 6.15) stands out over those comprising the PIFA
antennas, since it attains lower correlation values at the most critical frequencies, i.e. at frequencies below
1GHz (Fig. 6.16). More particular at the center frequency of the low frequency region (0.9GHz) the
differences appearing between the radiation patterns of both radiating systems (Fig. 6.17a-b) lead to a
correlation value of 0.53, which becomes lower than that offered by the PIFA antennas (Fig. 6.18a). In
this case, the ground plane length (110 mm) is larger than in the previous examples (100 mm), thus
explaining the improvements in isolation (from approximately 4dBs in the PIFA cases to 6dBs in the

coupled monopole case) as well as in correlation.
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Fig. 6.16 Left) Correlation coefficient computed regarding radiation patterns (6.9) and S-parameters (6.10); Right) Radiation and
antenna efficiency for each set of coupled monopoles.
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The values for the low frequency region further enhances if the coupled monopoles are fed at
opposite edges of the ground plane. In this case, they are close to the acceptable correlation value of 0.5
for the majority of frequencies of the low frequency region (Fig. 6.18b). In particular for the center
frequency of 0.9GHz, the correlation values are reduced, from the previous 0.53 value up to 0.34. This
effect is clearly appreciated in the main cuts of the radiation patterns, which present larger dissimilarities
(Fig. 6.17c-d) with respect to the previous case where the monopoles were fed at the same edge of the

ground plane (Fig. 6.17a-b). These differences are even more evident in the radiation pattern cut of $=90°.
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Fig. 6.17 a)-b) E-total regarding the $=0° and ¢=90° cuts associated to the radiating systems of Fig. 6.15 at the frequency of
0.9GHz; c¢)-d) E-total regarding the ¢=0° and ¢=90° cuts associated to the radiating systems of Fig. 6.18e at the frequency of
0.9GHz. Note that the null appearing at $=90°, 6=90° is due to the infinite FR4 piece considered in the simulation. In practice,
when finite dielectrics are regarded, the $=90° cut is omnidirectional.

The previous experiments demonstrate that slotted ground planes are useful to reduce the frequency
where the first minimum of correlation appears. In addition, the solution based on coupled monopoles fed
at opposite edges of the ground plane stands out as the one that attains the lowest correlation values in the
low frequency region. In order to combine the benefits of both proposals, a multi-band MIMO system
integrating an hexa-band PIFA and a set of coupled monopoles is proposed (Fig. 6.19). In this case, a
matching network is used not only for the hexa-band PIFA but also for the coupled monopoles due to the
mutual coupling appearing between both antenna elements, which at the low frequency region remain

close to -6dBs.
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Fig. 6.18 a) Correlation coefficient computed regarding radiation patterns (6.9) when the antenna elements are fed at the same
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opposite edges of the ground plane; Proposed feeding arrangement at opposite edges of the ground plane for c) dual-band PIFA,
d) hexa-band PIFA, and e) coupled monopoles. The axis coincide with those illustrated in Fig. 6.4a.
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Fig. 6.19 Left) Geometry of the proposed multi-band MIMO system comprising a set of coupled monopoles and an hexa-band
PIFA; Right) S-parameters. In this case a matching network is required for the coupled monopoles not only due to the mutual
coupling appearing between both structures but also due to the fact that in this case coupled monopoles are etched over a finite
piece of FR4 (¢,=4.15, tand=0.013). The axis coincide with those illustrated in Fig. 6.4a.

In a similar manner as happened with the previous proposal, in this case, the correlation also
remains at acceptable values close to 0.5 for the majority of frequencies of the low frequency region. This
fact is further appreciated in the main cuts of the radiation patterns, computed at the central frequency of
the low frequency region (0.9GHz), which clearly present dissimilarities that produce a correlation value
of 0.43 (Fig. 6.20 and Fig. 6.21). The current distribution at the center frequency of the low frequency
region illustrates that a longitudinal radiation mode is excited in the ground plane, which acts in
combination with the radiation modes excited in the antennas (Fig. 6.22a-c). The latest are the responsible
of the radiation pattern differences in the low frequency region. In the high frequency region the excited

ground plane mode also includes additional transversal components (Fig. 6.22b-d), less significant when
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exciting the hexa-band PIFA (Fig. 6.22d). This fact together with the electrical distance experimented at
high frequencies make possible to have correlation values below 0.10 along a large frequency range from

1.5GHz up to 3GHz.
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Fig. 6.20 Left) Correlation coefficient computed regarding radiation patterns (6.9) and S-parameters (6.10). In this case the S-
parameters computation considers the matching networks illustrated in Fig. 6.19; Right) Radiation and antenna efficiency for
each radiating system. Number 1 refers to the coupled monopoles whereas number 2 refers to the hexa-band PIFA.

Accordingly, from the correlation perspective, the current proposal (Fig. 6.19) as well as the
previous solution based on two set of coupled monopoles fed at opposite edges of the ground plane (Fig.

6.18e) become the best candidates.
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Fig. 6.21 E-total regarding the main cuts of the radiation patterns associated to the radiating systems of Fig. 6.20. a) ¢=0°
(f=900MHz); b) $=90° (f=900MHz); c) $=0° (f=1900MHz); d) $=90° (f=1900MHz). Note that the null appearing at $=90°, 6=90°
is due to the infinite FR4 piece considered in the simulation. In practice, when finite dielectrics are regarded, the $=90° cut is
omnidirectional.
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The current proposal offers higher antenna efficiency values than that attained in the previous
experiments. In fact, in this case, the hexa-band PIFA reaches antenna efficiency values close to 55.9% in
average for the low frequency region (Fig. 6.20), with respect to the 36.3% offered in the previous
proposals (Fig. 6.13). This effect is appreciated in the representation of the current distribution, which
shows a higher excitation of the ground plane radiation mode at these frequencies (Fig. 6.22c). The
counterpart is the power unbalance produced by the antenna efficiency impairment experimented between
both radiating systems.

a)

0) d)
Fig. 6.22 a)-b) Current distribution when the coupled monopoles are excited and the hexa-band PIFA is connected to a 50Q load
for the center frequency of the low (900MHz) and high frequency region (1900MHz), respectively; c)-d) Current distribution
when the hexa-band PIFA is excited and the coupled monopoles are connected to a 50Q2 load for the center frequency of the low
(900MHz) and high frequency region (1900MHz), respectively. Max-E current is 5A/m and the dynamic range is 30dB’s. The
axis coincide with those illustrated in Fig. 6.4a.

6.5. MIMO Systems combining Resonant Antennas with Boosters

The former section demonstrates that correlation values can be slightly reduced if the distance
between the feeding arrangements of the antenna topologies under consideration is maximized. In this
sense, some configurations fed at opposite corners of the ground plane are preferred over those fed close
to those corners sharing the same edge of the ground plane. In addition, the consideration of different
antenna topologies further reduces correlation values due to the asymmetries they produce in the current
distribution of the radiating structure, and consequently in the radiation patterns.

Following this spirit, this section combines an antenna system having resonant dimensions, as those
illustrated previously, with a radiating system based on ground plane boosters [39].

The section deeply analyzes the effect of the feeding distance over the system performance and
proposes isolation techniques capable of enhancing correlation and antenna efficiency, as the most

relevant MIMO parameters.
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6.5.1 Distance Effect

Firstly the dual-band PIFA is selected for carrying out the study as being a representative sample of
widely spread handset antenna technologies. The study will be performed at the low frequency region
(frequencies below 1GHz) as being the most critical situation. The ground plane booster operates at
GSM850 and GSM900 thanks to the use of a matching network comprising a series inductor, a shunt
capacitor and a shunt inductor, whereas the dual band PIFA is tuned to operate at GSM900 and GSM1900
without the need of a matching network. The topology of the matching network remains equal in the three
cases under study, whereas its values have been properly adapted according to the ground plane booster

arrangement (Fig. 6.23).
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Fig. 6.23 Geometry and S-parameters associated to a multi-band MIMO system comprising a ground plane booster (5 mm x 5
mm x 5 mm) and a dual-band PIFA antenna according to the arrangement of the ground plane booster with respect to the
antenna. The ground plane and the PIFA are etched over a 1 mm thick FR4 piece (g,=4.15, tan6=0.013), respectively. The axis
coincide with those illustrated in Fig. 6.4a.
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Fig. 6.24 Left) Correlation values computed through radiation patterns (6.9) for each one of the cases illustrated in Fig. 6.23;
Right) Antenna and radiation efficiency values regarding case Fig. 6.23c. Number 1 refers to the ground plane booster whereas
number 2 refers to the dual-band PIFA.

On one hand, the three cases offer low isolation values in the low frequency region, being worst the
one that considers the ground plane booster placed underneath the dual-band PIFA (Fig. 6.23a). In
addition, this configuration contributes to undesirably detune the dual-band PIFA to lower frequencies.

On the other hand, the configurations that arrange the ground plane booster at the opposite short edge,
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offer similar behavior from the S-parameters perspective (Fig. 6.23b-c). Nevertheless, the one that
considers a ground plane booster placed at an opposite corner with respect to the feed point of the dual-
band PIFA (Fig. 6.23c) becomes preferred when regarding the correlation values (Fig. 6.24). For this
reason, this configuration is selected for applying the isolation techniques proposed in the following
section and intended for improving not only correlation but also isolation and antenna efficiency with
respect to the results attained by this configuration (Fig. 6.24).

6.5.2 Slot in the Ground Plane as Isolation Technique

In order to increase isolation between the radiating systems under study, a slot having a resonant
length close to a quarter of a wavelength at the center frequency of the low frequency region (824-
960MH?Zz) is proposed. The solution considerably reduces isolation with respect to the case where the slot
was not considered (Fig. 6.23c). The worst isolation value is around 9dBs at 880MHz (Fig. 6.25),
whereas for the previous case it was located around 4dBs at 950MHz (Fig. 6.23c). In this example, the
slot is placed at the middle of a short edge of the ground plane and extends in a direction parallel to the

longitudinal edges.
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Fig. 6.25 Left) Geometry of the proposed multi-band MIMO system comprising a dual-band PIFA and a booster for the low
frequency region. The ground plane and the PIFA are etched over a 1 mm thick FR4 piece (g,=4.15, tan3=0.013); Right) S-
parameters. The axis coincide with those illustrated in Fig. 6.4a.
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Fig. 6.26 Left) Correlation coefficient computed regarding radiation patterns (6.9) and S-parameters (6.10); Right) Antenna and
radiation efficiency values corresponding to the MIMO system illustrated in Fig. 6.25. Number 1 refers to the ground plane
booster, whereas number 2 refers to the dual-band PIFA.
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The integration of the slot provides a null in the correlation curve close to the center frequency of
the low frequency region, i.e. close to 0.9GHz (Fig. 6.26). In addition, the isolation improvements
contribute to enhance antenna efficiencies (Fig. 6.26). More particularly, when the slot was not
considered, antenna efficiencies were, in average, around 56.1% for the ground plane booster and 37.4%
for the dual-band PIFA. The integration of the slot increases antenna efficiency values up to 59.4% and
63.7%, for the ground plane booster and dual-band PIFA, respectively. Thus, this proposal is positioned
as a feasible solution to improve isolation, efficiency, and correlation of radiating systems initially

coupled and correlated.

6.5.3 MIMO Solution: Coupled Monopoles and Ground Plane Boosters

The previous study is expanded to a multi-band MIMO system not only in the low frequency
region (824-960MHz) but also in the high frequency region (1710-2400MHz). The coplanar monopoles,
presented along section 6.4.1, are selected to be integrated with a multi-band radiating system based on
ground plane boosters not only due to their low-profile properties but also due to its penta-band operation.
According to the teachings of the previous section, a slot is etched on the ground plane, whose length has
been minimized with respect to the previous proposal. The proposed slot is adjusted for attaining a
minimum of the transmission coefficient at the center frequency of the low frequency region through the
addition of a capacitor (824-960MHz). The proposal has been simulated and compared with a solution
that does not integrate the slot as isolation technique. Finally, a prototype is built and the main MIMO

parameters have been measured in order to demonstrate the feasibility of the proposal.

6.5.3.1. Simulated Results

The MIMO proposal consists of integrating a set of coupled monopoles capable of operating the
communication standards GSM850, GSM900, GSM1800, GSM1900, UMTS, LTE2100, and LTE2300

with two ground plane boosters, each one intended for covering a particular frequency region.
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Fig. 6.27 Left) Geometry of the proposed multi-band MIMO system comprising a set of coupled monopoles and two ground
plane boosters. The coupled monopoles are etched over a 1 mm thick FR4 piece (¢,=4.15, tan3=0.013); Right) S-parameters. The
axis coincide with those illustrated in Fig. 6.4a.

The ground plane dimensions are 110 mm x 47 mm and it is etched over a 1 mm thick FR4 piece
(e,=4.15, tan5=0.013). On one hand, the ground plane booster intended for the low frequency region (824-

960MHZz) is connected to port 2 through a matching network including a series inductor, a broadband
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matching network, and a fine tuning stage (Fig. 6.27). On the other hand, the ground plane booster
intended for the high frequency region (1710-2400MHz) is connected to port 3 through a matching
network just including a series inductor and a broadband matching network (Fig. 6.27). The transmission
coefficient in the low frequency region remains below -8dBs, whereas in the high frequency region it is
approximately below -12dBs (Fig. 6.27).
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Fig. 6.28 Left) Geometry of the proposed multi-band MIMO system comprising a set of coupled monopoles and two ground
plane boosters. The coupled monopoles are etched over a 1 mm thick FR4 piece (g,=4.15, tan3=0.013); Right) S-parameters. The
axis coincide with those illustrated in Fig. 6.4a.

A slot is etched in the ground plane with the aim of improving the isolation between the radiating
systems, especially in the low frequency region. The previous section demonstrates that an open slot
having resonant dimensions at the center frequency of the low frequency region allows reducing isolation
and correlation values.
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Fig. 6.29 a)-b) Radiation and antenna efficiency for each one of the radiating systems under study for the low and the high

frequency region, respectively; c)-d) Correlation coefficient computed regarding radiation patterns (6.9) for the low and high
frequency region, respectively.
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Nevertheless, unlike the previous proposal, this section proposes the miniaturization of the quarter-
wavelength slot through the integration of a capacitor. The analysis reveal that the miniaturization effect
of the capacitor is less effective as long as the capacitor approximates the short edge of the slot. For this
reason, the capacitor is placed at the open edge of the slot and presents a value of 0.9pF (Fig. 6.28). The
addition of the capacitor allows a miniaturization factor around 1.8, since its previous length of 55 mm
(Fig. 6.25) is reduced up to 30 mm. A deep null of the transmission coefficient is appreciated at the
frequency of 0.9GHz (Fig. 6.25), thus demonstrating the effectiveness of the slot in improving isolation.
The radiation efficiencies measured at each one of the three ports under analysis do not suffer significant
variations with the integration of slot (Fig. 6.29a). Moreover, antenna efficiencies improve in the low
frequency region thanks to the isolation enhancement (Fig. 6.29b).

The correlation coefficient also presents a null at the center frequency of the low frequency region,
thus emphasizing the benefits of the slot. The correlation values remain below the accepted threshold of
0.5 along the whole frequency range of the low frequency region (Fig. 6.29¢). In the high frequency

region, the correlation values are even below 0.10 (Fig. 6.29d).
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Fig. 6.30 a)-b) E-total regarding the ¢=0° and $=90° cuts associated to the radiating systems of Fig. 6.27 at the frequency of
0.9GHz; c)-d) E-total regarding the ¢=0° and ¢=90° cuts associated to the radiating systems of Fig. 6.28 at the frequency of
0.9GHz. Note that the null appearing at ¢=90° 6=90° is due to the infinite FR4 piece considered in the simulation. In practice,
when finite dielectrics are regarded, the $=90° cut is omnidirectional.

On one hand, the representation of the main cuts of the radiation patterns (Fig. 6.30) at the central

frequency of the low frequency region, where the correlation null appears, also illustrates the advantages
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of the miniaturized slot. When the slot is not considered, the correlation at 0.9GHz is around 0.35 and the
radiation patterns present some dissimilarities (Fig. 6.30a-b). However, it equals O when regarding the
slot. This fact, makes more evident the differences between the radiation patterns (Fig. 6.30c-d). On the
other hand, the current distribution at this center frequency for both cases also illustrates the
improvements in isolation obtained by the slotted ground plane (Fig. 6.31). When the coupled monopoles
are excited in the slotted ground plane (Fig. 6.31c), the current appearing close to the feeding point of the
ground plane booster operating in the low frequency region (ground plane booster placed at the bottom
right) is minimized, and the same happens close to the feeding point of the coupled monopoles when the
ground plane booster is excited (Fig. 6.31c). In order to validate the feasibility of the proposal, the

following section will present measured results from real prototypes.

c) d)
Fig. 6.31 a)-b) Current distribution without the slot when the coupled monopoles and the ground plane booster for the low
frequency region are excited, respectively. Port 3 is connected to a 50Q load; c)-d) Current distribution regarding the slot when
the coupled monopoles and the ground plane booster for the low frequency region are excited, respectively. Port 3 is connected
to a 50Q load. Max-E current is 5A/m and the dynamic range is 30dB’s. The axis coincide with those illustrated in Fig. 6.4a.

6.5.3.2. Measured Results

The former multi-band MIMO systems have been prototyped with the aim of validating the
simulated results. The coupled monopoles are arranged at a short edge of a ground plane having
dimensions of 110 mm x 47 mm, and the ground plane boosters, featured by small dimensions of just 5
mm x 5 mm x 5 mm, are placed at the opposite short edge.

As derived from the previous analysis, the distance between the feeding point of the coupled
monopoles and the feeding point of the ground plane booster intended for the low frequency region is
maximized (Fig. 6.32a). Both radiating systems attain operation in the communication standards
GSM850, GSM900, GSM1800, GSM1900, UMTS, and LTE2100. The worst isolation between them is
found in the low frequency region. More particularly at 0.9GHz, where the transmission coefficient is
around -11dBs (Fig. 6.32b). The matching network topology implemented in the prototyped solution also
includes reactance cancellation elements and broadband matching networks for both frequency regions.
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The low frequency region further incorporates a fine tuning stage consisting of a series capacitor (Fig.
6.32d). Note that the PCB space occupied by the matching network is minimum, since the pads for
interconnecting the lumped elements extend in a direction parallel to the short edge (Fig. 6.32c), thus
contributing to the compactness of the MIMO system.
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Fig. 6.32 a) Geometry of the proposed multi-band MIMO system. The coupled monopoles and the ground plane are etched over a
1 mm thick FR4 piece (g,=4.15, tan=0.013), respectively; b) S-parameters. Port 1 refers to the coupled monopoles, whereas port
2 and 3 relate to the ground plane booster intended for the low frequency region and the high frequency region, respectively; c)
Detailed view of the ground plane booster and the matching network for the low frequency region d) Schematic representation of
the implemented matching networks containing the commercial values of the reactive elements (Murata SMD0402) connected to
port 2 and port 3.

In order to demonstrate the effectiveness of the miniaturized slot in reducing isolation as well as
correlation, a second prototype including the slotted ground plane is built (Fig. 6.33). The introduction of
the slot neither modifies the impedance bandwidth of the coupled monopoles nor the impedance
bandwidth of the ground plane booster intended for the high frequency region. Nevertheless, it clearly
enhances the impedance bandwidth of the ground plane booster in charge of the low frequency region.
Note that in this case, the values and the topology of the matching network remain equal as those
illustrated in the previous case where the slot was not considered (Fig. 6.32d).

The experimental results (Fig. 6.34) are in good agreement with the simulated ones (Fig. 6.29), and
consequently not only the isolation null appears at the center frequency of the low frequency region
(0.9GHz) (Fig. 6.33), but also it is present in the correlation measurements, which are below the accepted
threshold of 0.5 along the whole frequency region. In the high frequency region they advantageously
remain below 0.10 for a wide range of frequencies (Fig. 6.34). The correlation is computed through a
Matlab code developed in the context of this thesis. The code computes the correlation through the
radiation patterns of the corresponding prototype, which are measured in the anechoic chamber Satimo

Stargate-32. Antenna efficiencies are also measured through the 3D integration of the radiation pattern in
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the same anechoic chamber (Fig. 6.34). As expected, it improves with respect to the case where the slot

was not regarded.
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Fig. 6.33 Left) Geometry of the proposed multi-band MIMO system incorporating a miniaturized slot as isolation technique. The
coupled monopoles and the ground plane are etched over a 1 mm thick FR4 piece (g,=4.15, tan3=0.013); Right) S-parameters.
Port 1 refers to the coupled monopoles, whereas port 2 and 3 relate to the ground plane booster intended for the low frequency
region and the high frequency region, respectively.

In the low frequency region, the ground plane booster attains antenna efficiency values close to

33.4%, in average, whereas the coupled monopoles reach values close to 49.9%. When the slot was not

regarded, the efficiency values were slightly lower, around 29.1% for the booster case and 44.4% for the

coupled monopoles.
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Fig. 6.34 a)-b) Radiation and antenna efficiency for each one of the radiating systems under study regarding the low and the high
frequency region, respectively; c)-d) Correlation coefficient computed regarding radiation patterns (6.9) for the low and high
frequency region, respectively.
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In the high frequency region the average of the efficiency values across the operating frequencies
(1710-2170MHz) is around 58.3% for the ground plane booster and 46.9% for the coupled monopoles.
The integration of the slot significantly improves the correlation values in the low frequency region. This
effect can be further appreciated in the radiation patterns representation. In this case and for the sake of
make an easier comparison, the 3D radiation patterns associated to each radiating structure are
represented in a 2D plot (Fig. 6.35). The integration of the slot introduces more dissimilarities between
the radiation pattern associated to the radiating system including the ground plane booster intended for the
low frequency region and that corresponding to the coupled monopoles. In fact, a pronounced null
appears in the 6=45° ¢=180° direction for the coupled monopoles whereas the radiating system
associated to the ground plane boosters presents a maximum of radiation at this direction (Fig. 6.35).
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Fig. 6.35 Comparison of the radiation patterns associated to the ground plane booster intended for the low frequency region (port
2) and to the coupled monopoles (port 1) at a frequency where the correlation null appears regarding both configurations, with
and without the slot.

6.6. MIMO Systems based on Ground Plane Boosters

The former section demonstrates on one hand, that maximizing the distance between radiating
systems operating in the low frequency region by feeding the structures at opposite edges of the ground
plane is preferable for reducing correlation values. On the other hand, it demonstrates that the addition of
quarter-wavelength resonant slots, which can be minimized with reactive elements, further contributes to
reduce correlation and improve isolation as well as antenna efficiency. The analysis concludes with a
feasible solution capable of providing 2x2 MIMO operation in the communication standards GSM850,
GSM900, GSM1800, GSM1900, UMTS, and LTE2100. The proposal presents a significant low profile
that allows the integration of the system in ultra-slim devices. With the aim of improving the compactness

of the previous MIMO solutions, the present section substitutes the antennas featuring resonant
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dimensions, as considered above, by ground plane boosters. The challenge to accomplish the strict
specifications of MIMO systems in terms of isolation, correlation, and efficiency further exacerbates
when regarding a full booster-based MIMO solution. In this sense, the present section will be focused on
analyzing these challenges and on proposing solutions to provide a compact fully based ground plane
booster solution, capable of fulfilling MIMO specifications [39].

6.6.1 Description of the MIMO Solution

The proposed MIMO system comprises four ground plane boosters featuring reduced dimensions
of just 5 mm x 5 mm x 5 mm. The four ground plane boosters are placed respectively at the corners of a
ground plane having dimensions comparable to that featured by conventional smartphones platforms (120
mm X 50 mm). Two ground plane boosters are intended for the low frequency region (824-960MHz),
whereas the other two are in charge of providing operation in the high frequency region (1710-
2170MHz). In order to allow operability in the corresponding frequency regions, the four ground plane
boosters are connected respectively to a matching network including a series inductor, a broadband
matching network, and, if needed, a fine tuning stage. In this way, the MIMO system will comprise two
radiating systems operating in the low frequency region and two radiating systems operating in the high
frequency region. According to the above teachings, those ground plane boosters operating in the same
frequency region are placed at diagonally opposite corners of the ground plane to maximize the distance
among them.

The challenge on providing MIMO operation in this case relies on the fact that the radiation in a
booster-based system is mainly determined by the ground plane, more significantly when considering the
low frequency region. As discussed along this thesis, the ground plane boosters present very poor stand-
alone radiation properties at the low frequency region due to their reduced dimensions that lead to high
quality factors. In this sense, the differences between the radiation patterns produced by the currents
appearing in the resonant antennas, are not present in this case, thus making difficult the achievement of
low correlation values. In addition, different radiating modes of the ground plane cannot be excited at
these low frequencies, since just the fundamental radiating mode having a longitudinal current
distribution appears at the low frequency region (Fig. 2.5). This fact further complicates the achievement
of low correlation and isolation values.

With this aim and following the operational principle of the previous proposal, two slots are etched
on the ground plane in order to produce enhanced isolation and correlation. In contrast to the previous
design, in this case the slots are not only miniaturized through a reactive component but also through their
geometry. Accordingly, two miniature slots inspired in the Hilbert fractal are etched in the respective
shortest edges of the ground plane. The slots are adjusted to minimize the transmission coefficient in the
low frequency region. The proposal has been simulated and compared with a solution that does not
integrate the slots as isolation technique. Finally, a prototype is built and the main MIMO parameters

have been measured in order to demonstrate the feasibility of the proposal.
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6.6.2 Simulated Results

The proposal has been simulated, in the same manner as the previous designs, by means the
software IE3D based on Method of Moments (MoM). First of all, the behavior of a MIMO system fully
based on ground plane boosters is analyzed. The ground plane boosters are placed at the respective four
corners of the ground plane, as being the preferable location of capacitive boosters. Those in charge of the
same frequency region are placed in diagonally opposite corners in order to reduce mutual coupling (Fig.
6.36). The simulated results demonstrate that the two ground plane boosters associated to the low
frequency region (port 1 and port 3) are able of operating the standards GSM850 and GSM900, whereas
those intended for the high frequency region offer a large impedance bandwidth (from 1.69GHz up to
beyond 3GHz) (SWR<3), hence covering six additional communication standards, GSM1800, GSM1900,
UMTS, LTE2100, LTE2300, and LTE2500 (port 2 and port 4). The transmission coefficient for the high
frequency region remains below -10dBs, whereas at the low frequency region it reaches peaks of -6dBs
(Fig. 6.36).
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Fig. 6.36 Left) Geometry of the proposed multi-band MIMO system comprising four ground plane boosters placed at the corners
of a ground plane (120 mm x 50 mm). The ground plane is etched over a 1 mm thick FR4 piece (¢,=4.15, tan3=0.013). The
matching network connected to each port contains a series inductor, a broadband matching network, and a series capacitor as a
fine tuning stage; Right) S-parameters. The axis coincide with those illustrated in Fig. 6.4a.

The radiation efficiency remains at high values around 85% for a large range of frequencies (0.6-
3GHz) (Fig. 6.37a). Nevertheless, the antenna efficiency decreases up to an average of 49% in the low
frequency according to (6.13) mainly due to the low isolation values (Fig. 6.37). In the high frequency
region, the antenna efficiency remains at high values around 74% (Fig. 6.37b). The average of the
antenna efficiency is computed across the operating frequency bands, i.e. across 824-960MHz for the low
frequency region and across 1710-2690MHz across the high frequency region.

In order to reduce the coupling appearing between those radiating systems operating in the same
frequency region, two slots inspired in the Hilbert fractal are etched in the respective shortest edges of the
ground plane. As illustrated in the previous section, the integration of a slot in the ground plane
minimizes the coupling, more significantly at the resonant frequency of the slot (Fig. 6.38). In this case
and with the aim of enhancing the bandwidth where the transmission coefficient remains below a certain
value, two slots are proposed, each one tuned at a particular frequency of the low frequency region (Fig.

6.38). The Hilbert-based geometry has been selected as being a geometry able to pack long operating
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wavelengths into a reduced space [40]-[41]. In addition to the miniaturization capabilities provided by the
own geometry, the dimensions of the proposed slots inspired in the Hilbert fractal are further minimized
thanks to the addition of a reactive element, namely a capacitor placed close to the open edges of the
Hilbert slot (Fig. 6.38).
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Fig. 6.37 Radiation and antenna efficiency corresponding to the MIMO system illustrated in Fig. 6.36. Port 1 and 3 refer to the
ground plane booster intended for the low frequency region, whereas port 2 and 4 relate to those boosters in charge of the high
frequency region.

The matching network topologies used in this case are equivalent to those needed in the case where
the slots were not considered (Fig. 6.36). Thus, port 1 and port 3 intended for the low frequency region
require a series inductor, a broadband matching network, and just a series capacitor as a fine tuning stage.
The same topology applies to the high frequency region (port 2 and port 4) (Fig. 6.38). The impedance
bandwidth is not altered by the integration of the slots and it continues offering dual-band operation in the
low frequency region (824-960MHz (bands 5-8)) and hexa-band operation in the high frequency region
(1710-2690MHz) (Table 6.1). Moreover, they significantly contribute to minimize the transmission
coefficient, more significantly at the low frequency region where the integration of the slots produces
minimums around -12dBs and -14dBs.
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Fig. 6.38 Left) Geometry of the proposed multi-band MIMO system comprising four ground plane boosters and two slots
inspired in the Hilbert fractal. The ground plane is etched over a 1 mm thick FR4 piece (¢,=4.15, tan5=0.013). The matching
network connected to each port contains a series inductor, a broadband, and a series capacitor as a fine tuning stage; Right) S-
parameters. The axis coincide with those illustrated in Fig. 6.4a.

The enhancement in isolation introduced by the Hilbert-based slots improves antenna efficiency

values at the low frequency region, since peaks of efficiency around 65% appear (Fig. 6.39). The antenna
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efficiency in the high frequency region remains at high values. Nevertheless, an undesired dip is
appreciated at frequencies around 2GHz. The reasoning behind, relies on the fact, that although the
Hilbert-based geometry is suitable to attain miniaturization it could introduce poor radiating or even non-
radiating modes at certain frequencies. These modes are featured by opposite currents that tend to reduce
the radiation resistance, hence leading to low radiation efficiencies. The simulated radiation efficiency
illustrates this fact and shows a periodic efficiency decrement that corresponds to the excitation of these
radiating modes having low radiation resistances (Fig. 6.39). These efficiency drops do not affect the low
frequency region, since they do not appear in the operating bands. In the high frequency region, the

efficiency dip is around 60% and 40% regarding port 2 and port 4, respectively.
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Fig. 6.39 Radiation and antenna efficiency corresponding to the MIMO system illustrated in Fig. 6.38. Port 1 and 3 refer to the
ground plane booster intended for the low frequency region, whereas port 2 and 4 relate to those boosters in charge of the high
frequency region.

Owing to the correlation, the proposal based on the integration of the two Hilbert-based slots in the
ground plane significantly reduces correlation values with respect to the proposal that does not integrate

the slots, when regarding the low frequency region.
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Fig. 6.40 a) Comparison of the correlation coefficient with (Fig. 6.38) and without the Hilbert-based slots (Fig. 6.36) computed
through radiation patterns (6.9) for the low and high frequency region.

As discussed in the previous section, the correlation values for the high frequency region are below
the required threshold of 0.5 for a large range of frequencies. At these high frequencies, the electrical
distance is large enough as for guarantee low correlation coefficients even when having similar or equal

radiation patterns, thus avoiding the need of including mechanisms to reduce isolation and correlation.
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Nevertheless, at the low frequency region, they are strongly required and even more when regarding
radiating system fully based on ground plane boosters. In view of the results, the proposal becomes a
feasible solution to reduce not only isolation (Fig. 6.38) but also to minimize correlation (Fig. 6.40) at
these low frequencies. In addition, it provides the flexibility to tune the correlation nulls at the desired
frequencies, since they can be easily adjusted through the series capacitor connected to the open edges of
the Hilbert-based slots. The main cuts of the radiation patterns computed, for instance, at the frequency
where the second correlation null appears (0.94GHz), makes evident the differences between them, which

lead to this low correlation value (Fig. 6.41).

——T Port3 i Port3
e Port 1 —=—{ Port1

(180—9)

008l oogk
Elevation Pattern b)

00
)
)
‘o

®
§ 0.0

Elevation Pattern
a)

—— Port3 | Port 3
s Port 2 ] Port 1

(180—9)

060 -8.0-~10.0-8.0, %

0b€1

N

&
ook oogk

Elevation Pattern C) Elevation Pattern d)

Fig. 6.41 a)-b) E-total regarding the ¢=0° and $=90° cuts associated to the radiating systems of Fig. 6.36 at the frequency of 0.94
GHz; c)-d) E-total regarding the ¢=0° and ¢$=90° cuts associated to the radiating systems of Fig. 6.38 at the frequency of 0.94
GHz. Note that the null appearing at $=90°, 6=90° is due to the infinite FR4 piece considered in the simulation. In practice, when
finite dielectrics are regarded, the $=90° cut is omnidirectional.

Finally the current distribution analyzed at both MIMO proposals depicts on one hand, how the
Hilbert-based slots are excited, more significantly, in the low frequency region, thus explaining their
effects over the radiation efficiency of the whole system (Fig. 6.39). On the other hand, it illustrates how
the slots contribute to minimize the transmission coefficient between those ports operating in the same
frequency region. In this way, the excitation of port 1 induces currents in port 3 when the slots are not

present (Fig. 6.42a). Nevertheless, these currents are minimized when the slots are integrated (Fig. 6.42c).
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0) d)
Fig. 6.42 a)-b) Current distribution at 0.9GHz and 1.9GHz without the slot when the ground plane boosters for the low and high
frequency region are excited; c)-d) Current distribution regarding the slots inspired in the Hilbert fractal when the ground plane
boosters for the low and high frequency region are excited. Port 3 and port 4 are connected to a 50Q load. Max-E current is 5A/m
and the dynamic range is 30dB’s. The axis coincide with those illustrated in Fig. 6.4a.

6.6.3 Measured Results

In order to validate the simulated results, two prototypes are built for measuring the MIMO
performance of the previous radiating systems. In this sense, four ground plane boosters have been
soldered in the respective four corners of a ground plane having typical dimensions of smartphone
platforms (120 mm x 50 mm). The ground plane boosters are made of a solid piece of brass and the
dimensions of each one are 5 mm x 5 mm x 5 mm (Fig. 6.43a). The measured S-parameters depict that
the ground plane boosters intended for the low frequency region (port 1 and port 3) are able of operating
the communication standards GSM850 and GSM900 and those in charge of the high frequency region
attain a sufficient impedance bandwidth as for covering GSM1800, GSM1900, UMTS, and LTE2100.
The detailed view of the prototype illustrates how the proposed matching networks are connected at each
port (Fig. 6.43c). The matching network topology illustrated in the simulated results (Fig. 6.36) is
maintained in the prototyped solution. Accordingly, each port is connected to a series inductor and to a
broadband matching network (Fig. 6.43d). In this case, the fine tuning stage is just used for the low
frequency region. The MIMO system under study presents a transmission coefficient that remains below -
12 dBs and -18dBs, for the low and high frequency region, respectively (Fig. 6.43b). In order to further
improve the transmission coefficient as well as the correlation values in the low frequency range, two

slots inspired in the Hilbert geometry are etched at the respective shortest edges of the ground plane. As
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explained in the former section, a capacitor is connected to the open edge of each one of the slots with the
aim of attaining further miniaturization thereof.
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Fig. 6.43 a) Geometry of the proposed multi-band MIMO system comprising four ground plane boosters. The ground plane is
etched over a 1 mm thick FR4 piece (¢,=4.15, tan=0.013); b) S-parameters. Port 1 and port 3 relate to the ground plane boosters
intended for the low frequency region whereas port 2 and port 4 refers to those in charge of the high frequency range; c) Detailed
view; d) Schematic representation of the implemented matching networks containing the commercial values of the reactive
elements (Murata 0402).

The measured radiation efficiencies are lower than that obtained by simulation (Fig. 6.37) mainly
due to the fact that the simulation considers ideal reactive elements, i.e. infinite Q elements. Nevertheless,
in practice, the matching network components are featured by a finite Q, which introduces ohmic losses
and degrades radiation efficiency. The radiation efficiencies are, in average, around 43%, in the low
frequency region (824-960MHz) and around 75% in the high frequency region (1710-2170MHz). At the
same time the antenna efficiencies values are, in average, around 38% and 65% for the low and high
frequency region, respectively (Fig. 6.44). In order to increase these values, each one of the two Hilbert
slots is etched at each one of the shortest edges of the ground plane with the aim of reducing the mutual
coupling, especially appearing in the low frequency region (Fig. 6.45). As expected, the slots reduce the
most critical mutual coupling, i.e. that appearing between those ground plane boosters intended for the
low frequency region (port 1 and port 3) with respect to the previous situation where the slots were not
considered (Fig. 6.43). Unlike the solution presented in section 6.5.3, where the slot was placed at the
center of a short edge of the ground plane, in this case, the slots are located closer to those ground plane
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boosters in charge of the high frequency region in order to minimize possible impedance mismatch effects
over the most critical elements, i.e. those intended for the low frequency region.
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Fig. 6.44 Radiation and antenna efficiency corresponding to the MIMO system illustrated in Fig. 6.43. Port 1 and 3 refer to the
ground plane booster intended for the low frequency region, whereas port 2 and 4 relate to those boosters in charge of the high
frequency region.

As seen in the simulated results (Fig. 6.38), the slots attain similar impedance bandwidths at both
frequency regions with the advantage of providing lower transmission coefficients. Namely, the slots
introduce two significant dips in the low frequency region. These drops can be easily adjusted through the
capacitors connected to the open edges of the slot. In this way the capacitor of slot a produces a drop at
0.95GHz whereas the capacitor at slot b produces a drop at 0.85GHz (Fig. 6.45b and Flg 6.46).
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Fig. 6.45 a) Geometry of the proposed multi-band MIMO system comprising the four ground plane boosters and two slots
inspired in the Hilbert geometry. The ground plane is etched over a 1 mm thick FR4 piece (g,=4.15, tan5=0.013); b) S-
parameters.
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Fig. 6.46 Effect of the Hilbert slots over the transmission coefficient.
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The antenna efficiency remains comparable to the case where the slots were not considered (Fig.

6.47). Nevertheless, the correlation values are significantly improved since two correlation dips appear at

those frequencies where the slots are tuned. The solution attains correlation values below the threshold of

0.5 across the entire frequency range associated to the low frequency region (824-960MHz) (Fig. 6.48).
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Fig. 6.48 a) Comparison of the correlation coefficient with (Fig. 6.45) and without the Hilbert slots (Fig. 6.43) computed through
measured radiation patterns (6.9) for the low and high frequency region.
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The comparison between the radiation patterns measured at those ports intended for the low

frequency region, namely port 1 and port 3, illustrates the differences that produce the correlation null

found at a frequency close to 0.95GHz (Fig. 6.49). In particular, the null found at port 1 when considering
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the prototype integrating the slots appears at a direction close to $=180°, 6=150°. In contrast, this null
appears at a direction close to $=100°, 6=40°, when port 3 is measured, thus illustrating a rotation of the

radiation pattern, which is the responsible of the correlation coefficient null close to these frequencies.
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Fig. 6.49 Comparison of the radiation patterns associated to each one of the ports of the low frequency region at a frequency
where the correlation null appears regarding both configurations, with and without slots.

6.7. Conclusions

A MIMO system increases the channel capacity by the integration of multiple antennas in
transmission and reception. This increment is directly proportional to the number of paired decoupled and
uncorrelated antenna elements. Accordingly, the antennas forming a MIMO system must be sufficiently
uncorrelated and decoupled as to preserve the benefits of the technology in terms of data rate increments.
In this way, a new challenge arises for handset antenna engineers, who not only have to satisfy current
requirements focused on providing miniature and multi-band antennas, but also have to face the difficult
task of integrating multiple antenna elements operating at the same number of frequency bands in a
handset terminal with strict constraints in terms of dimensions, weight, and energy consumption.

The dimensions of current handset platforms hardly limit the integration of multiple antennas, more
significantly in the low frequency region (690-960MHz) where some of the new LTE standards, capable
of supporting MIMO, are allocated. Sometimes, the electrical distance between antenna elements at these
frequencies, mainly fixed by the longest dimensions of the handset platform, is not sufficient for ensuring
low coupling and low correlation values. Nevertheless, at frequencies above 1.5GHz, this challenge
disappears, since in this case, this electrical distance becomes sufficient as for ensuring high isolation and
low correlation. Usually the increment of the electrical length of the ground plane directly translates into
an increment of the physical dimensions of the handset platform. This increment is advantageous as long

as it does not exceed the specified dimensions of the handset platform, since it allows shifting the
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correlation minimums at lower frequencies. In this sense, the coupled monopoles arranged over a ground
plane of 110 mm length present a first correlation minimum (0.9GHz) at lower frequencies than those
offered by the dual-band (1.0GHz) and the hexa-band PIFA (0.95GHz). Other mechanisms, such as the
integration of slots in the ground plane, allow increasing the electrical length of the ground plane, thus
reducing the frequency at which the first correlation minimum appears. Nevertheless, this mechanism
improves the contribution of the ground plane to the radiation process, thus increasing the similarities
between the radiation patterns and consequently the correlation values. Accordingly, the proposed
solution based on a set of coupled monopoles in a ground plane having dimensions of 110 mm x 47 mm
becomes preferred to maximize isolation while minimizing correlation. These parameters can be further
improved if the two set of coupled monopoles are fed at diagonally opposite corners of the ground plane.
In this case, the correlation values for the low frequency region (824-960MHz) remain below the required
threshold of 0.5. The larger the dissimilarities between the radiating systems, the better the correlation
values. Accordingly, the combination of different antenna topologies in a MIMO system becomes
preferred, since they introduce dissimilarities in the current distribution of the radiating structure that
directly leads to an improvement of the correlation values. In this sense, the proposed MIMO system
based on the combination of an hexa-band PIFA with a set of coupled monopoles presents low correlation
values below the threshold of 0.5 across the entire frequency range associated to the low frequency region
(824-960MHz).

The previous conclusions, extracted from the MIMO analysis of antenna systems having resonant
dimensions, remain for the case where these antennas are replaced by non-resonant solutions such as the
ground plane boosters proposed along this thesis. Accordingly, the distance between those radiating
systems operating in the most critical frequency range, i.e. the low frequency region, should be
maximized in order to minimize coupling and correlation. This distance increment is achieved by feeding
each radiating structure at diagonally opposite corners of the ground plane.

The integration of a quarter wavelength slot into the ground plane further contributes to improve
isolation and correlation. The results illustrate that the isolation between a ground plane booster operating
in the low frequency region and the dual-band PIFA improves from 4dBs at 0.95GHz up to
approximately 16dBs when a quarter wavelength slot is etched in the ground plane. The reduction of this
mutual coupling directly increases antenna efficiencies from the initial average values around 56.1% for
the ground plane booster and 37.4% for the dual-band PIFA up to 59.4% and 63.7%, respectively. In
addition, the slot introduces a correlation coefficient null at the center frequency of the low frequency
region (0.9GHz), thus significantly improving the results with respect to the solution without slot.

The results further demonstrate that the quarter wavelength slot can be miniaturized through
reactive elements, namely through the use of a capacitor connected to the open edge of the slot. The
proposed multi-band MIMO system formed by the set of coupled monopoles, two ground plane boosters,
and a miniaturized slot significantly reduces the correlation coefficient in the low frequency region,

attaining values below the threshold of 0.5 across the entire operating frequency range of the low (824-
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960MHz) and high frequency region (1710-2170MHz). In fact, at the center frequency of the low
frequency region (0.9GHz), the integration of the slot produces a correlation coefficient of 0. Similarly,
the slot significantly reduces the mutual coupling in this region by introducing a transmission coefficient
dip at this center frequency. This enhancement contributes to improve antenna efficiencies in this low
frequency region. The antenna efficiency in the high frequency region remains comparable to the solution
without slot since the transmission coefficient does not suffer significant variations at this frequency
region. Thus, the proposal provides a 2x2 MIMO system capable of operating in six communication
standards, namely GSM850, GSM900, GSM1800, GSM1900, UMTS, and LTE2100.

Table 6.2 Summary of the proposed MIMO solutions based on ground plane boosters.

MIMO Architecture Features Performance

. MIMO 2 x 2 at the low and high
frequency regions combining ground plane
booster antenna technology with a
monopole antenna.

. Two electric ground plane boosters

e  First ground plane booster:
GSM850 and GSM900
e Second ground plane

of 5 mm x 5 mm x 5 mm, one for the low gosol\s/ltigoo UM?’ngga?nod
and the other for the high frequency LTE2100 ' '
region. One coupled monopole antenna for )
both frequency regions. ¢ Coupled monopoles:
. Ground plane: 120 mm x 50 mm. ggm%(éo G%iﬂl\qggg
. Slot for decoupling at the low UMTS an’d LTE2100 '
frequency region. Slot is miniaturized with '

a capacitor.

. MIMO 2 x 2 solution comprising

only ground plane booster. e Two ground plane boosters
. Four ground plane boosters, each operating at  GSM850,
one of 5 mm x5 mm x5 mm. GSM900

. Ground plane: 120 mm x 50 mm. e Two ground plane boosters
. Two miniature slots using Hilbert- operating at GSM1800,
based geometry and capacitive loading to GSM1900, UMTS, and
broadband decoupling at the low frequency LTE2100

region.

The MIMO challenges further increase when a full ground plane booster solution is considered,
since in this case the current distribution is mainly determined by the ground plane. The benefits of
integrating slots also apply to the proposed full ground plane booster solution. The results demonstrate
that the slots not only can be miniaturized through reactive elements but also through its geometry. In this
case, two slots are proposed to increase the correlation and isolation bandwidth where correlation and
isolation are below the required threshold. The slots are placed at each one of the short edges of the
ground plane. In order to minimize some possible impedance mismatch effects over the ground plane
boosters intended for the low frequency region, these slots are positioned closer to those ground plane
boosters associated to the high frequency region. The full-boosters solution integrating the two

miniaturized Hilbert slots significantly reduces correlation values across the entire frequency range
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associated to the low frequency region. Not only the correlation values are below the threshold of 0.5
along the whole range but also two correlation nulls appear at those frequencies where the slots are tuned.
Similarly, the transmission coefficient is minimized and two significant dips also appear at the
frequencies where the slots are tuned. In the high frequency region, the correlation values remain below
0.1 across the entire frequency range and the antenna efficiency remain at high values. In addition, it
provides the flexibility to tune the correlation and transmission coefficient nulls at the desired
frequencies, since they can be easily adjusted through the series capacitor connected to the open edges of
the Hilbert-based slots. Accordingly, this ground plane booster solution positions as a good alternative to
provide a compact multi-band MIMO system capable of being integrated in current handset platforms.
The solution attains 2x2 MIMO performance in six communication standards (GSM850, GSM900,
GSM1800, GSM1900, UMTS, and LTE2100). Table 6.2 summarizes the two proposed architectures for
MIMO 2x2, the first one combining the ground plane booster antenna technology with a set of coupled

monopoles and the second one only based on ground plane boosters.
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CHAPTER 7 CONCLUSIONS

This thesis demonstrates that the ground plane, inherently present in any wireless device is able of
supporting efficient radiating modes at mobile frequencies (from 0.5GHz up to approximately 3GHz).
The theory of characteristic modes, developed by Harrington and Mautz in the early 70s, has become a
useful tool to compute the wave modes supported by any conducting object just as a function of its shape
and size. In the context of this thesis, this theory has been applied to determine the wave modes
associated to the typical ground planes of current handset platforms, namely to those supported by a bar
phone platform, a smartphone platform, and a clamshell platform. The ground plane modes analysis
carried out, not only reveals the modes supported by these conducting structures, but also indicates if
these modes are radiating modes or if in contrast they contribute to store electric or magnetic energy. The
results demonstrate that efficient radiating modes appear at mobile frequencies. In particular, a ground
plane having the typical dimensions of a bar-phone platform (100 mm x 40 mm) presents two efficient
radiating modes, which resonate at a frequency around 1.33GHz (fundamental mode) and 2.94GHz,
respectively. The advantage of the fundamental radiating mode is that it presents efficient radiation
properties from its resonance up to a wide frequency range that includes some of the main communication
standards. The study further reveals that the resonance of these radiating modes can be moved to lower
frequencies by increasing the longitudinal dimensions of the ground plane. In this sense, a ground plane
having the typical dimensions of current smartphone platforms shifts these resonances to 1.08GHz and
2.49GHz, respectively, which become advantageous for those communication standards allocated in low
frequency regions, such as GSM850 and GSM900. Similarly, the clamshell platform analyzed further
reduces these resonant frequencies due to its larger longitudinal dimensions. In this case, three efficient
radiating modes, resonating at 0.63GHz, 1.59GHz, and 2.10GHz, appear, which are advantageous to
provide operation in those communication standards allocated at lower frequencies.

Due to the fact that in some cases the computation of these wave modes through the characteristic
modes theory could be complicated, this thesis proposes a faster and simpler method to compute the
fundamental modes associated to any conducting object, the Radar Cross Section analysis (RCS). It
consist in illuminating the conducting object, for instance the ground plane of a wireless device by a plane
wave impinging from the normal direction and polarized according to the current distribution of the mode
under analysis. Therefore, the method holds as long as the modes to analyze present a polarization aligned
with the polarization of the impinging wave. The results of the RCS method are in well agreement with
those obtained from the characteristic modes theory, thus validating the proposal. Further to its simplicity,
the RCS analysis also has the advantage that it allows considering the effect that dielectric materials as
well as techniques to electrically increase the dimensions of the conducting object produce over the
resonance of the fundamental modes. The techniques analyzed along the thesis to increase the electrical
length of the ground plane mainly consist in the integration of slots in the ground plane and in the

addition of metallic strips. The RCS analysis of these methods demonstrates the feasibility thereof, since a
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shifting to lower frequencies of the resonant frequency of the fundamental mode is demonstrated in both
cases.

The challenge, once the existence of these efficient radiating modes is known, relies on properly
exciting them in order to use the ground plane as main radiator. This thesis demonstrates that these
efficient radiating modes can be properly excited through the use of non-resonant elements featured by
considerably reduced dimensions. In order to arrive to this conclusion, a deep study has been carried out
with the aim of determining the role that plays the geometry, the size, and the resonant frequency of the
elements, used to excite the ground plane, in the radiation properties thereof. The study concludes that in
order to improve the performance of the whole radiating system, the resonance of the element used to
excite the fundamental mode of the ground plane, should be equal or above the resonance of the mode.
When the resonance of the element coincides with the resonance of the fundamental mode, the geometry
of the element affects the performance. Nevertheless, when the elements are small enough as for
providing a resonance well above the resonance of the fundamental mode, the geometry losses its
relevance. Consequently, non-resonant elements having simple geometries become preferable over
resonant elements having more complex geometries, fact that supposes a significant advantage not only in
terms of size but also in terms of manufacturing costs.

In order to demonstrate the aforementioned statement, this thesis develops several radiating
systems based on the use of small non-resonant elements featured by simple geometries. These elements
present very poor radiation properties, since they are featured by high quality factors at the frequency
regions of operation. The name ground plane booster is proposed to refer to these electrically small non-
resonant elements. The proposals are classified into radiating systems including on one hand electric
ground plane boosters, and on the other hand magnetic ground plane boosters. The reasoning behind
relies on the fact that not only the size, the geometry, or the resonance of the element used to excite the
ground plane modes condition the performance of the system, but also its nature (inductive or capacitive)
together with its placement in the ground plane. In this sense, electric ground plane boosters featured by a
capacitive input impedance should be placed at the corners of the shortest edges of the ground plane, i.e.
where the current distribution of the fundamental ground plane mode is minimized. In contrast, magnetic
ground plane boosters should be placed at the center of the longest edges of the ground plane where
maximums of current distribution appear. Although these considerations guarantee the proper excitation
of the ground plane mode by providing high radiation efficiencies across a wide range of frequencies,
they are not sufficient to provide operability in the desired communication standards, since the system is
featured by a high reactive input impedance. In order to overcome this shortcoming, this thesis proposes
the use of broadband matching networks capable of increasing the impedance bandwidth in a factor
around 2.45 (Standing Wave Ration (SWR)<3). Since the size of the non-resonant element conditions the
performance, this thesis further provides a systematic matching network design, which consists in
computing the inherent bandwidth (BW,) associated to a particular radiating system across the operating

frequencies. The knowledge of this BW, together with the enhancement factor of the broadband matching
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network allows knowing in advance if the radiating system will be able of providing operation in the
required communication standards. The systematic design entails significant advantages since it avoids
cumbersome matching network processes based on trial and error, which could hide, in some cases, the
potential bandwidth of the system. Although most of the proposed solutions rely on a modular design, i.e.
a ground plane booster and a radiofrequency system for each frequency region, the thesis further disclose
a proposal where at least one ground plane booster is reused at one or more frequency regions. This
solution allows simplifying the radiofrequency systems by reducing the number of the required reactive
elements with respect to the modular designs. The proposals provide multi-band operation and attain a
size reduction around one order of magnitude with respect to other handset antenna solutions, widely
spread in the wireless industry (Table 7.1).

The interaction of the human head when, for instance a user holds a handset during a phone call,
significantly affects the antenna performance. Nevertheless, not only the human head affects the
performance of the antenna, but also the electromagnetic waves radiated by the antenna produce
biological effects, such as temperature increments, over the human head. These effects are carefully
controlled by standardization organisms which determine safety thresholds (Specific Absorption Rate
(SAR) values) intended for ensuring the safe use of the device. Accordingly, the effect of the human
interaction over the antenna performance of the proposed radiating systems is analyzed along this thesis
from this two main perspectives: functional and biological. The results obtained from the proposed
compact radiating systems based on ground plane boosters are compared with those obtained from other
handset antenna technologies based on the use of antennas having resonant dimensions, namely to a dual-
band Planar Inverted F-Antenna (PIFA), a hexa-band PIFA, and a set of coupled monopoles. In general
terms, the effects of the human head over the performance of handset antennas mainly translate into
detuning and efficiency decrements. The analyzed radiating systems do not suffer significant detuning
effects in the presence of the human head but efficiency decrements. The analysis reveals that the power
absorbed by the human head and consequently the effects over the antenna efficiency can be minimized if
the distance between the antenna or the ground plane boosters and the human head is maximized. It is
accomplished by placing the antennas or the ground plane boosters in the lower part of the Printed Circuit
Board (PCB) that is closer to the cheek than to the ear. In this case, the performance of the radiating
system based on ground plane booster remains comparable to that offered by the set of coupled
monopoles in the low frequency region (824-960MHz) and by the hexa-band PIFA in the high frequency
region (1710-2170MHz) but with the advantage of its reduced size. When regarding the biological
compatibility in terms of SAR, the compact system based on ground plane booster stands out over the
other handset solution, since is the one that considerably reduces SAR values at both frequency regions.
In this position the SAR values are below the recommended standards (American standard (ANSI/IEEE):
1.6mW/g (1g) and European standard (ICNIRP) 2mW/g (10g)), even when regarding the touch position,

which considers just a distance of 1 mm between the ground plane and the human cheek.
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The results conclude that SAR values and power absorption are not directly linked. SAR is defined
as the power absorbed by the human head by unity of mass and its dimensions are mW/g. Consequently,
it only gives information about the maximum value of absorption and the location where it takes place.
On the contrary, the total power absorption is calculated as the integral along all the head volume so it is
directly connected with the distribution of the near electrical fields. Therefore, the better solution is the
one that maximizes antenna efficiency while minimizes SAR. In order to take into account both
parameters when assessing the performance of the solutions under study, a figure of merit, defined as the
ratio between antenna efficiency and SAR, is proposed. Further to the advantage of the small dimensions
of the compact solution using ground plane boosters (250 mm®), the analysis of the human interaction
concludes that the compact radiating system is the one that performs better in the presence of the human
head, since it maximizes antenna efficiency while minimizes SAR at both frequency regions.

Further to the human head analysis, hand loading is also an important aspect to consider. When the
user holds a phone, the proximity of the hand could also contribute to degrade the antenna performance.
In order to minimize detuning effects or efficiency decrements, this thesis further proposes radiating
systems robust to hand loading effects. The solutions rely on the redundancy principle and consist in
integrating two or more antenna elements operating in the same frequency region into the handset
platform. The proposal combines the input impedances of the antenna elements into a single input/output
port through a delay means, such as a transmission line, thus attaining a passive antenna array, also called
along the thesis as distributed radiating system. The advantage in terms of robustness of the proposed
passive antenna array mainly relies on the fact that when the finger of the user obstructs an antenna
element, the other elements can still operate properly. The length of this delay means, in a first proposal,
is selected to improve the impedance bandwidth with respect to a solution just integrating a single
antenna. Thus, the system not only offers greater robustness in front of hand loading, but also improves
the performance in free-space with respect to a single element solution. The results demonstrate that the
impedance bandwidth can be improved proportionally to the number of antenna elements to be combined.
Although performing better than the single element solution, the drawback of this out-of-phase feeding
scheme, which is based on the combination of complementary input impedances, relies on the fact that
the power is not equally distributed between the elements of the array, hence being the performance
dependent on the finger location. In order to overcome this shortcoming, an in-phase feeding mechanism
able to equally distribute the input power is proposed. This in-phase feeding scheme does not produce the
significant bandwidth enhancement of the previous out-of-phase solution but this inconvenient is solved
by the addition of a matching network at the input/output port of the radiating system. After the addition
of the matching network, the solution is capable of providing similar impedance bandwidth than the out-
of-phase proposal, but with the advantage of removing the dependency of the antenna performance to the
finger location. Another benefit of the in-phase solution is that it increases radiation efficiency with
respect to that obtained through the out-of-phase mechanism. The reason relies on the fact that the in-

phase feeding scheme produces a symmetric excitation of the ground plane whereas the out-of-phase
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mechanism could introduce asymmetries in the current distribution, i.e. different amplitudes and phases,
which could produce lower efficiency values or even significant efficiency drops at the frequency regions
of operation.

The ground plane booster antenna technology has been also applied to the proposed distributed
radiating systems in order to minimize as much as possible the volume occupied in the PCB. In this case,
the previous out-of-phase proposal based on complementary input impedances has been replaced by an
out-of-phase proposal based on conjugated input impedances. This feeding scheme overcomes the
previous efficiency shortcomings associated to the out-of-phase mechanism based on complementary
input impedances, while preserves the benefits of increasing the impedance bandwidth. In the low
frequency region (690-960MHz), the in-phase solution is still preferable not only when the human hand
interaction is regarded, but also in free-space conditions. It offers larger efficiencies and impedance
bandwidth even when compared with a single element solution having the same volume as that presented
by the in-phase proposal. In the high frequency region, the out-of phase scheme based on conjugated
input impedances offers greater impedance bandwidth than the in-phase proposal but similar to the single
element solution. The advantage in this case is found when the finger loading is regarded, since the
distributed solution performs better than the single element case.

The proposed distributed systems do not alter the omnidirectional radiation properties of the
radiation pattern, since the half-wavelength and wavelength dipole types radiating modes of the ground
plane at the low and high frequency regions, respectively, are preserved. Finally, it is important to
underline that the proposed distributed systems are completely passive, being advantageous in terms of
simplicity and battery consumption.

In order to be aligned with the market trends, this thesis further proposes handset antenna solutions
intended for providing multi-band MIMO (Multiple Input Multiple Output) operation. The challenges of
designing multi-band and small handset antennas have been significantly exacerbated with the appearance
of the MIMO technology. MIMO systems require the integration of multiple antennas in transmission and
reception to provide high speed data rates. In order to preserve the benefits of the technology, these
multiple antennas operating in the same number of frequency bands, must be sufficiently uncorrelated and
isolated. This fact supposes a significant challenge when regarding the strict constraints otherwise
imposed by the handset platforms in terms of size, weight, and energy consumption.

The results reveal that for frequencies above 1.5GHz, the electrical distance between the antennas,
usually fixed by the longest dimension of the ground plane, becomes sufficient for providing low
correlation and low coupling. The challenge appears when regarding the low frequency region, since in
this case the antennas are electrically closer. The analysis carried out along the thesis reveals that the use
of different antenna elements fed at diagonally opposite corner of the ground plane significantly reduces
correlation. In this way, the proposed MIMO system based on the combination of an hexa-band PIFA

with a set of coupled monopoles presents low correlation values below the threshold of 0.5 across the
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entire frequency range associated to the low and high frequency region (824-960MHz and 1710-
2400MHz).

Nevertheless, these solutions are still based on antennas having resonant dimensions which occupy
a considerable volume of the PCB. With the aim of minimizing this volume, this thesis expands the
MIMO proposal to the use of ground plane boosters. In the previous cases, different current distributions
appeared at each antenna according to its geometry, fact that contributed to increase the differences
between the radiation patterns thereof. In the ground plane booster-base case, the radiation is mainly
provided by the ground plane, thus increasing the difficulty of attaining low correlation values between
radiating systems.

The first solution proposes the use of a set of coupled monopoles and two ground plane boosters,
each one intended for a particular frequency region. Following the teachings extracted from the MIMO
analysis over resonant elements, the ground plane booster intended for the low frequency region is
positioned at diagonally opposite corners of the ground plane with respect to the feeding of the set of
coupled monopoles. In order to enhance correlation and isolation, this thesis proposes the use of a
quarter-wavelength slot placed near the center of a short edge of the ground plane and extending in a
direction parallel to the longitudinal edges of the ground plane. The quarter wavelength slot considerably
improves isolation and correlation values with respect to a solution without the slot. In particular, it
produces a null of transmission coefficient and correlation at that frequency for which the slot is tuned.
The thesis further demonstrates that the slot can be miniaturized through reactive elements, namely by
connecting a capacitor close to the open edge of the slot. In this case a size reduction of a factor around
1.8 is obtained, while the improvements in correlation and isolation are preserved. The proposal provides
a 2x2 MIMO system capable of operating in six communication standards, namely GSM850, GSM900,
GSM1800, GSM1900, UMTS, and LTE2100.

Finally, a full-booster multi-band MIMO solutions is proposed. In this case, two slots placed at the
short edges of the ground plane are used to further enhance isolation and correlation values. The use of
two slots becomes significantly advantageous to produce two pronounced dips of correlation and coupling
at the frequency region of operation. The benefit relies on the fact that the bandwidth, where correlation
and isolation remain below the required thresholds, can be controlled through the proper adjustment of
the resonant frequencies of these slots. In this case, the slots are miniaturized not only through reactive
elements but also through their geometry, which has been inspired in the Hilbert fractal. The results
further conclude that in order to reduce the effect of the slot over the performance of those boosters
intended for the low frequency region, they have to be moved closer to the ground plane boosters in
charge of the high frequency region. This solution positions as a good alternative to provide a compact
multi-band MIMO system capable of being integrated in current handset platforms. The solution attains
2x2 MIMO performance in six communication standards (GSM850, GSM900, GSM1800, GSM1900,
UMTS, and LTE2100).
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The feasibility of relying on the ground plane modes of current handset platforms has been deeply
analyzed along the thesis. The encouraging results demonstrate that the ground plane booster antenna
technology is a promising solution for handset antenna designs to satisfy not only multi-band and
miniature requirements for the new wireless handheld devices, but also the specifications imposed by
emergent technologies such as MIMO.
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Table 7.1 Summary and Conclusions

- .w Description Conclusions
EY el

The efficient radiation modes associated to handset platforms can be effectively

Characteristic mode analysis ~ Systematic broadband matching network design - i ' e
az excited through GPBs®. However, this excitation does not guarantee the proper

~ ‘g 2 performancg, sin(?e a radi_ofrequency sys_tem capgble of matching the input
= == impedance is required. In this sense, the design of radiofrequency systems becomes
‘% -‘g" g an essential part of emergent solutions based on GPB. In this regard, a systematic
6 I E ] broadbanding mechanism is proposed throughout the thesis based on a LC
resonator capable of enhancing the bandwidth 2.45 times at SWR=3.
*GPB: Ground Plane Booster
< 3D electric GPB 2D electric GPB Reuse GPB Magnetic GPB ~ Volumetric and planar GPB (electric and magnetic) excite
o < ground plane modes to provide operation at several 2G, 3G, and
g€ = 4G standards.
® a f ke Two kind of architectures have been proposed: the first, where a
g g g § GPB is in charge of providing operation at a given frequency
s 2879 region; the second, where the different GPBs cooperate.
O OmH+ GPB antenna technology provides 1/10 less volume than current
state-of-the-art handset antennas.
Slotted ground plane Coupled monopoles 3D electric GPB Performance of GPB antenna technology has been
= compared with PIFA, PIFA in slotted ground planes, and
v DB monopole antenna concluding that the proposed
5 < B technology is robust to human head interaction.
‘% g g From the finger loading perspective, GPB antenna
5 E = technology becomes advantageous because when the
finger blocks one GPB, the others can radiate properly.
) ~ vy Distributed antenna technology adds redundancy so as to
In-phase monopoles — In-phase GPB In/Out-of-phase GPB provide robustness to the finger loading effect.
In-phase and out-of-phase architectures provides besides
5 B = robustness, more bandwidth.
= E = g Distributed antenna technology combined with GPB antenna
‘é = %5 I technology provides multi-band operation at several standards
5 g = (% of 2G, 3G, and 4G while becoming robust to the finger loading
effect.
©) Coupled monopoles and GPB Full GPB Multi-band 2x2 MIMO solution based on GPB has been positioned as a feasible technology for the new generation of
= MIMO wireless handheld devices operating at 2G, 3G, and 4G.
> A first architecture combines a set of multi-band coupled monopoles with two GPBs, one for the low and the other for
- f—.‘_‘ 1= the high frequency region. Isolation and correlation are improved at the low frequency region by means of a slot
5 oo g capacitively loaded.
‘% % ‘g % A second architecture is based on a full GPB solution where two GPBs are used to provide MIMO at the low
6 3 8 2 frequency region and the other two, at the high frequency region. Isolation and correlation are improved at the low

frequency region by means of two slots miniaturized thanks to Hilbert-based geometry and capacitively loading.





