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Abstract

Full-duplex mode is the future of modern wireless communication systems because
of its ability to transmit and receive simultaneously. But the mutual coupling be-
tween the transmit (Tx) and receive (Rx) antennas of the same node is the biggest
challenge for an in-band full-duplex system, also known as self-interference. This
thesis presents the design and development of highly isolated, co-polarized, in-band,
full-duplex planar antennas. In this dissertation, different simple and effective tech-
niques are introduced for self-interference cancellation (SIC). The proposed decou-
pling schemes are formulated in a manner that they do not deteriorate the antenna’s

radiation performance.

In the first work, a dual-substrate-layer-based highly isolated in-band full-duplex
antenna is introduced. The decoupling configuration consists of two resonated mi-
crostrip lines placed on the 2nd layer of substrate (beneath the patch) and a rect-
angular slot in the ground plane. The decoupling mechanism is illustrated based on
mode cancellation theory. The feasibility of the reported method for array applica-

tions is also demonstrated.

One, a compact and highly isolated in-band full-duplex antenna is proposed. This
work introduces the concept of neutralizing the electric field coupling between the
adjacent edges of the antennas. This concept is validated and applied to increase
the isolation between the Tx and Rx ports of the in-band full-duplex antenna. Fur-
thermore, a method is presented to increase the antenna’s bandwidth without com-
promising its isolation level. Additionally, the usability of the proposed work for the
array is examined. The antenna is simple, compact, and has high isolation enhance-

ment & bandwidth, which makes it a good candidate for the IBFD applications.

The capacity of in-band full-duplex antennas can be enhanced by using them for
integrated sensing and communication applications (ISAC), and it can be extended
to high gain by placing the antennas in an array configuration. One such possibility
is explored by designing an in-band full-duplex array at mmWave frequencies for the
array configurations. The coupled wave at the Rx antenna is cancelled by dividing
the Tx wave into two parts of equal amplitude and 180°phase shift. In the presented
array, the Tx and Rx ports are highly isolated and each port has a dual beam

function (one of each beam for communication and sensing).
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Furthermore, the coupling is also a major challenge for antenna arrays, specially
for the compact configurations where antennas are placed in a very close proxim-
ity. So, the decoupling methods are discussed for both E-plane and H-plane array

configurations.



R

quf-Se JoTTelt STy araRey TR da-ie &1 Hias AT ot 8, i S9H T &l
TG IYT T &1 SMaRT R Hdbd! b1 UV (ifire) 3R 7gur (Reftg) Sya giar g | fog, T
81 -ITe & ¢iufire Ud Rafla U o 0o Id B aTell YRR i (Fg3{dl Hufci), iS5
G- HIRIY (Hh-SeB ) BRI Il 8, 3-8 Hdl-GWIa YUIerd] ! Jad g1 gl g |
TR MUY H I GYTHRUI (8T8 SMSHIRM) AT 98- Hfad (@1-UeR1gws) 37-98 Ba-
S TR U & S NdHed- Td [qaT &1 Siere fosan TR g1 39 2y § W-3aried
FREIHRUT (Ao -Zerthed Huae) gq fafis WRd Ud UHTet dd-id! o1 ufdure- farar
A1 g | TRATad [SH @ a1 | &l 59 YR fawRid favar man ¢ fos 3 g o fafeor qorf
RFSTRA Ua=H) I guTfad A &1 |

TYH S H fg-Tetce-uRd SeRd T 3 JUTHUl Jad 31-68 Hd-griad YT TRd
o T § | FE e TRa | & SIS RS s) AShiRed JWT Tadce i gurl IRd
TR, 3 U & - RIMUT &1 T8 § U TS S-WH H U AIGR WC HiHd [bal T g |
fEHITiT 0= 31 aamen drs- ARk Rigia ([ Ha=H @R)) & YR R &1 75 ¢
Y B, 3T AB-1D B T Axa-13f H ST 1 ueRia &1 g 5|

3P UYTd, Ue I (@1iac) U4 I JYaHhRul ad 31-98 Ha-gwiad YeAT TRaTfad
P TS | 9 BT § U1 & G U frIRT & Her I [Iegd-&9 g (3afaed bice
HUICHT) BT AR X DT SHTYRIT UG D1 718 ¢ | T RIGId B FATUd Bl gU SATHe
ud Rfig UIey & Te QU § S gfa U &t T8 g1 39 Sfaied, TeT &
JYaHRUI &R &1 gHTfad ot o S dsfagy A gfg s &t faftr i seqa et e 1y
o, TRaTfad TR &1 QR faama & Suaifirar &t oft usteror fsar e | | g G IR, fera
TUT I JUHUT U4 fagd SSfagy god 811 & HRUI 3H-98 Fd-griad SIIuanT & forg
3fd I R g 3 |

3798 PA-GWR YAl Bt &Hdl & UDHIPpd ¥dad U4 ¥aR (3chics IR T8
HRABTA) VAN H TR FHRap 3R 31T IGMAT o Foball ¢ | 1Y &, Tl I W
TR H a0 R S oM (8T8 T9) N UTed fohan St It g1 38 THTSAT T g
fircirieR-ag il W 3-8 Bo-gWed W & 3ifibeq gRT foar mar 3| fedia Ger
TR YT R O (PUTS dd) Bl CIRITHE R I FH A Ud 180° TRUI-3HcR dTdl! &l
M fauTiord e R v man 81 vRgd @R A Tifie ud Refla oidy & 1 3=
YT YT BT & a1 T UIe f-fahur (ega o\ srdermdr UeH &l &, fored tah
fopR0T AR quT gt e (@RI 3 T gl 7

% JHfaRad, U= (@ufer TeT W yunfeadt & forg it te o g 8, fagivee 34
Tfare fa=ara & SreT €T sfcdd e QI R R BIA | | 31k, Y MY A §- U1 TI-TH
G THR B W IRA131 5 (BRI ah-1oh! o1 [aedRgdd 31eq9 Td b fopam
gl




Contents

Certificate i
Acknowledgements ii
Abstract iv
Contents vi
List of Figures xi
List of Tables xvii
Abbreviations Xix
Symbols xxi
1 INTRODUCTION 1
1.1 Motivation . . . . . . ..o 1
1.2 Types of Data Communication . . . . . . . . ... .. ... ... ... 2
1.3 Advantages of FD communication . . . . . . .. ... ... ... ... 4
1.4 Challenges in IBFD Communication. . . . . . .. .. ... ... ... 5
1.5 Literature Survey based on Self-Interference Cancellation Techniques 7
1.5.1 Physical Separation . . . . . . ... ... Lo 7

1.5.2 Beam separation . . . . ... .. ... ... ... 8

1.5.3  Orthogonal Polarization . . . ... .. ... .. ... ..... 10

1.5.4 Near-field Cancellation . . . . . . . .. ... ... ... .... 13

1.5.5 Feeding Network . . . .. .. ... .. .. ... ... ..... 15

1.5.6  Printed decoupling structure (PDS) . . . . .. ... ... ... 17

1.6 Research Gaps. . . . . . . . . . . . . .. 18
1.7 Scope and Objectives . . . . . . . . .. ... 21



1.8 Thesis Organisation . . . . . . . . . . .. .. ... 23

HIGHLY ISOLATED CO-POLARIZED IBFD ANTENNA DESIGN

USING MODE CANCELLATION THEORY 27

2.1 Introduction . . . . . . . .. ... 27

2.2 Proposed Antenna Structure . . . . . . .. ... ... 30

2.3 Analysis of decoupling between the two microstrip patch antennas . . 31

2.3.1 Working principle . . . . . . .. ... 31
2.3.2  The study of decoupling between two closely placed patch an-

tennas . . ..o 33

2.3.3 Fabrication and measurement . . . . . ... ... .. .. ... 40

2.4 DISCuSSIOn . . . . . ... e 42

2.5 Extension to the Array . . . . . . ... 44

251 I1-Darray . . .. ... 44

252 2-Darray . . ... 44

2.6 Conclusion . . . . . . . . . ... 47

A DECOUPLING SCHEME FOR HIGH ISOLATION IN COM-

PACT CO-POLARIZED PLANAR IBFD ANTENNA 49
3.1 Imtroduction . . . . . . . ... 49
3.2 Design Principle and Guidelines . . . . . . . ... ... ... ..... 51
3.2.1 Decoupling Principle . . . . . . ... ... .. ... ... ... 52
3.2.2  Understanding decoupling mechanism . . . .. ... ... .. 54
3.2.3 Equivalent Circuit Diagram . . . . ... ... ... ... ... 60
3.2.4  Symmetric Port configuration . . . . ... ... ... ... .. 64
3.2.5 Large ground plane effects . . . . . ... ... .. ... .... 66
3.2.6 Bandwidth Enhancement . . . . . . . . ... ... ... . 67
3.3 Experimental Verification and Discussion . . . . . . . ... ... ... 69
3.4 Extension to the Linear Array . . . . . . . . .. ... ... ... ... 73
3.5 Conclusion . . . . . . . . .. 77
AN IBFD ANTENNA ARRAY FOR THE INTEGRATED SENS-
ING AND COMMUNICATION APPLICATIONS 79
4.1 Introduction . . . . . . . ... 79
4.2 Design Principle and Guidelines . . . . . ... ... ... ... ... 82
4.2.1 Working Principle . . . . . . .. ... 82
422 2x2Fulduplexarray. . . ... ... ... 0L 84
4.3 Power divider Design . . . . . . .. ... oo 88
4.3.1 Fully Integrated 4 x 4 Full duplex array . . . .. ... .. .. 89
4.4  Fabrication and Measurement . . . . . . . ... ... ... 91
4.5 Discussion . . . ... e 94

4.6 Conclusion . . . . . . . 96



5 MUTUAL COUPLING REDUCTION TECHNIQUES FOR THE

EXTREMELY CLOSELY PLACED ANTENNA ARRAYS

5.1 Introduction . . . . . . . ...

5.2 H-plane configuration . . . . . . ... ... Lo
5.2.1 Modelling of the Antenna Design . . . . . .. ... ... ...
5.2.2 Parametric variation analysis . . . . ... ... ...
5.2.3 Fabrication and measurement . . . . ... ... ...
5.2.4 Extension to the Linear Array . . . . . .. .. ... ... ...

5.3 E-plane configurations . . . . . .. ... 0oL
5.3.1 Antenna Configuration-I . . . . . .. ... ... .. ... ...
5.3.2  Design Methodology . . . . .. .. ... ... ... ......
5.3.3 Duplicate Antenna Configuration . . . . ... ... ... ...
5.3.4  Measured Results and Discussion . . . . ... ... ... ...
5.3.5 Extension to the Linear Array . . . . . . ... ... ... ...
5.3.6 Antenna Configuration-IT . . . . . .. .. ... ... .. ...
5.3.7 Working principle . . . . . ... oo
5.3.8 Experimental Performance . . ... ... ... ... .....
5.3.9 Extension to the 1-D Array . . . . ... ... .. ... ....

5.4 Discussion . . . . ... Lo

55 Conclusion . . . . . . . .

6 CONCLUSION AND FUTURE SCOPE
6.1 Thesis Summary . . . . . . . ...
6.2 Future Scope . . . . . ..

99

A Dual Band Antenna for future extension to the IBFD Dual Band

Antenna

Bibliography

List of Publications

131

135

151



List of Figures

1.1
1.2
1.3
1.4
1.5
1.6

1.7

1.8

1.9

1.10

1.11

1.12

1.13

1.14

1.15

2.1

Simplex communication . . . . . ...
Half duplex communication . . . . .. ... .. ... ... ......
FD communication . . . . ... .. ... ... .. ... .. ...,
FD communication, (a) frequency division multiplexing, (b) IBFD
communication. . . . .. ... Lo
Self intereference cancellation analysis in different domains for a femto-
cellular system in [1]. . . . . . ... .
Coupling reduction by placing Tx and Rx antennas at a certain dis-
tance 'd’. . L.
Coupling reduction by providing a physical separation and changing
the orientation of Tx and Rx antennas (a) configuration-I (50 cm
physical separation and 90°beam separation), (b) configuration-II (50
cm physical separation and 60°beam separation, (c) configuration-I11
(35 cm physical separation and 60°beam separation. . . . . . . . . ..
Mutual coupling reduction in the FD antenna (a) bistatic antenna
structure, (b) monstatic antenna structure. . . . . ... ... ...
Monostatic antenna in [2], used differential feeding + orthogonal po-
larization for coupling reduction, (a) proposed antenna design, (b)
simulated s-parameters. . . . . . . .. ... 0L
Used 180° hybrid coupler 4+ orthogonal polarization for coupling re-
duction, For [3] (a) antenna design (b) simulated s-parameters, For
[4] (c) antenna design (d) simulated s-parameters . . . ... ... ..
Near field cancellation techniques by providing 180°phase difference
in the coupling waves at Rx. . . . . . .. .. .. ... ...
Near field cancellation techniques by providing a gradient phase to
Tx/Rx antennas and placing them around Rx/Tx antennas, respec-
tively. . . .o
Circular phased array prototype reported in [5]. . . . . . . ... ...
Coupling reduction using a (a) single circulator, (b) circulator in com-
bination with hybrid coupler. . . . . . . ... ... o000
(a) Coupling without PDS, (b) no coupling with PDS. . . . . .. ..

Coupling mechanism in microstrip patch antennas . . . . . . . . . ..

X1



2.2

2.3

24

2.5

2.6

2.7

2.8
2.9

2.10

2.11
2.12

2.13
2.14
2.15

2.16
2.17

2.18
2.19

3.1
3.2

3.3

Proposed structure’s dimensions: W = 57.8 mm, L = 42 mm, wp =
18.8 mm, [p = 15.1 mm, g = 6 mm, w,, = 2.8 mm, [,, = 15 mm, [, =

13.5 mm, wy = 2.27 mm, l,= 13.65 mm, h; = 0.79 mm, hy = 1.57 mm.

Mode between two coupled antennas, (a) CM, (b) DM, and for the
proposed structure (¢) CM, and (d) DM. . . . ... .. ... .. ...
At Step-I, (a) antenna design, (b) simulated s-parameters, (¢) CM and
DM impedance chart, (d) simulated E-plane (yz plane) and H-plane
(xz plane) radiation pattern. . . . . . . ... ...
Power flow from Tx to Rx at (a) step-I (5.4 GHz), and (b) step-II

(5.9 GHz). The arrow represents the flow of direction of surface waves.

At Step-II, (a) antenna design, (b) simulated s-parameters, (¢) CM
and DM impedance chart, (d) simulated E-plane (yz plane) and H-
plane (xz plane) radiation pattern. . . . . . ... ... L.
S-parameters for variations in (decoupling microstrip line dimensions)
(@) Wiy (B) Lo o o o o
Impedance chart for variation in [, (a) CM, (b) DM. . . .. ... ..
Power flow from Tx to Rx at (a) step-II (5.9 GHz), and (b) step-III

(5.9 GHz). The arrow represents the flow of direction of surface waves.

At Step-I1I, (a) antenna design, (b) simulated s-parameters, (¢) CM
and DM impedance chart, (d) simulated E-plane (yz plane) and H-
plane (xz plane) radiation pattern. . . . . ... .. ... L.
S-parameters for variation in (at step-III) (a) [, and (b) w,. . . . . .

Far field measurement setup. . . . . . . . .. .. ... ... ... ...
Measured normalized radiation pattern at 5.87 GHz. (a) E-plane (yz
plane), (b) H-plane (xz plane). . . . . . ... ... ... ... ... ..
Simulated versus measured gain. . . . . . .. ...
4 element linear 1-D array. (a) without decoupling structure, (b)
decoupling structure not at the edges, and (c) decoupling structure
at the both edges of side antennas. . . . . . ... ... ... .. ...
4 x 4 elememt 2-D array . . . . .. ...
Simulated s-parameters for the 2-D array . . . . . . .. .. ... ...

3-D view of the proposed design with hg = 0 mm and hg = 4 mm.

Antenna-1, (a) antenna design, (b) simulated s-parameters, (c) electric
field distribution, (d) simulated E-plane (yz plane) and H-plane (xz
plane) radiation pattern.(Dimensions:W=103mm, L= 60mm, W, =

30

32

35

38

42mm, L, = 33.8mm, wy = 3.1mm, v = 1.2mm, g = 6mm, Y; = 8mm) 53

Coupling near the corner of the patch antennas (a) antenna-I, (b)
antenna-I(a). . . . ... Lo



3.4

3.5

3.6

3.7
3.8

3.9

3.10

3.11

3.12
3.13

3.14
3.15
3.16

3.17
3.18

3.19

3.20

3.21

3.22

Antenna-I(a), (a) antenna design, (b) simulated s-parameters, (c¢) sur-
face current distribution, (d) electric field distribution. . . . . . . ..
Coupling near the corner of the patch antennas (a) antenna-I, (b)
antenna-II. . . . . . .00 o
Antenna-1I, (a) antenna design, (b) simulated s-parameters, (c) elec-
tric field distribution, (d) simulated E-plane (yz plane) and H-plane
(xz plane) radiation pattern.(Dimensions: dj = 2.16mm, Wy, =
42.3mm, Ly, = 36.6mm, L,,; = 3.53mm, Y5 = 10mm, d; = 1.6,
Wy =44, Lys = 18.8, Ly = 3.5, p=1.9,d = 1.4, Y3 = 12) . . . . .
E-field pattern drawing for (a) antenna-I, (b) antenna-II. . . . . . ..
(a) Antenna-IT with decoupling structure at one corner, (b) simulated
S-parameters. . . . .. .. Lo e e e e e e e
Average FE, magnitude (rectangle box shows the phase value corre-
spondingly E, magnitude) (a) antenna-I, (b) antenna-II. . . . . . ..
Antenna-1II, (a) antenna design, (b) simulated s-parameters, (c) elec-
tric field distribution, (d) simulated E-plane (yz plane) and H-plane
(xz plane) radiation pattern.(Dimensions: dj; = 1.6mm, W3 = 44mm,
L, = 18.8mm, L,» = 3.5mm, p = 1.9mm, d = 1.4mm, Y5 = 12mm)
(a) E-field pattern drawing for Antenna-I11, (b) average £, magnitude
(rectangle box shows the phase value correspondingly F, magnitude)
for Antenna-II1. . . . . . . . ..o oo
Simulated s-parameters for parametric variation in (a) di, (b) Lye.
(a) Equivalent circuit diagram for the proposed antenna structure,
(b) equivalent circuit for decoupling structure, (c) full-wave vs circuit
simulation. Lumped elements values: Rp = 50 €2, Lp = 0.145 nH,
Cp =29.5 pF, L; = 0.4 nH, L,, = 1.549 nH, L, = 3.5 nH, C, = 1.14

Symmetric port configuration antenna designs and their simulated
S-parameters . . .. o. ..o Lo L
E-field pattern drawing for (a) antenna-Y, (b) antenna-Z. . . . . . . .
DS at one corner for (a) antenna-II1, and (b) antenna-Z. . . .. ...
DS at one corner for (a) antenna-IIl, and (b) antenna-Z. . . . .. ..
Antenna-1V (a) top-view, (b) side-view. (Dimensions: W1 = 106.5
mm, L; = 4.7 mm, Wy, = 48 mm, L,y = 29 mm, d; = 1.6 mm, L,,;3
=48mm, Yy =11mm, hy =4mm.) . . .. ... ... ... ... .
Simulated s-parameters for (a) antenna-11I, (b) antenna-IV.. . . . . .
Antenna-1III (a) top view of the fabricated prototype, (b) simulated
vs measured s-parameters. . . . . . . ... ... L.
Simulated vs measured normalized radiation pattern for Antenna-III
(a) E-Plane (yz plane), (b) H-plane (xz plane). . . . . . ... ... ..
Antenna-IV (a) Top view of the fabricated prototype, (b) side view
of the fabricated prototype, (c¢) simulated vs measured s-parameters. .

29

71



3.23 Simulated vs measured normalized radiation pattern for Antenna-IV
(a) E-Plane (yz plane), (b) H-plane (xz plane). . . . . . .. ... ...
3.24 Illustrative example of residual self-interference in [1], [6], [7], [8],
[9] and proposed work, motivated by contemporary femtocell cellular
systems [1]. . . . oL
3.25 Linear array of 1x4 patch elements with two side dummy elements:
(a) without decoupling structure, (b) decoupling structure not at the
edges, and (c) decoupling structure at the both edges of side antennas.
Note: Due to the symmetry [S11] = |Su| = [S22| = [Sss], [S12] = |Sa1]
= |Ss4| = |Sus|, |S24] = |Su2| = |S51| = |Sus] - - - -
3.26 Simulated electric field distribution for (a) 1 x 2 configurations (Tx
is excited and Rx is terminated with 50 ohm load), (b) 1 x 4 configu-
ration (port-2 is excited, and other ports are terminated with 50-ohm

3.27 Linear array of 1x4 quarter patch elements: (a) without decoupling
structure, (b) decoupling structure not at the edges, and (c¢) decou-
pling structure at the both edges of side antennas. Note: Due to the
symmetry |Sii| = [Su| = [Saa| = [Szs], [S12| = |Sa1] = [Sz4| = |Sus],
|So4| = |Su2| = [Ss1] = |Sus] - - - - o oo

4.1 IBFD antenna array architectures. . . . . . . .. .. . ... ... ...
4.2 Proposed antenna array. . . . . . .. ..o
4.3 Near field cancellation by providing phase shift of 180°(a) using \/2
distance, (b) using 180°phase shifter. . . . . . ... .. ... ... ..
4.4 2 x 2 IBFD antenna array (a) array architecture, (b) simulated s-
parameters, (d) normalized far-field radiation pattern for the simul-
taneous excitation of the ports-1,2,3 and 4 (Dimesions: 1 = 2.9 mm,
w=39mm,g=11mm,y=18mm,d, =61mm,d, =11mm.
4.5 4 x 4 IBFD antenna array (a) array architecture, (b) simulated s-
parameters, (d) normalized far-field radiation pattern for the simul-
taneous excitation of Tx elements. . . . . . . . ... ... ... ...
4.6 1:N power divider design. . . . . . . . . . .. ...
4.7 Two 1:16 power divider (PD) for the Tx and Rx port (a) printed
design of PD, (b) simulated S-parameters, (c¢) phase shift for the re-
spective ports. . . . . . L L
4.8 Proposed antenna array layer view. . . . . . .. .. ... L.

4.9 4x4 proposed antenna array simulation results: (a) s-parameters.
Normalized radiation pattern at (b) 28.3 GHz, (b) 29.5 GHz, (c) 30.6

4.10 Printed antenna array (a) top-view, (b) bottom view, (¢) bottom-view
with SOUTHWEST connector. . . . . . . .. ... ... ... ....

4.11 Simulated vs measured s-parameters. . . . . . . . .. .. .. ... ..

85



4.12

4.13

5.1
5.2

2.3

5.4

2.5

5.6
5.7

5.8

2.9
5.10

5.11
5.12

5.13

5.14
5.15

5.16

5.17

Measured normalized radiation pattern (a) 28 GHz, (b) 29.5 GHz, (c)

3050 GHz. . . . . . o 95
Highlighted features of the proposed IBFD antenna array.. . . . . . . 96
Antenna array configurations, (a) E-plane, (b) H-plane. . . . . . . .. 100
Perspective view of the proposed antenna structure; Dimensions:- W=

103 mm, L=65mm, hs =16 mm . ... ... ... ......... 102

2-element H-plane array analysis without decoupling structure (a)
top-view of design (b) s-parameters for gap (g) parametric varia-
tions(c) radiation pattern for g = 2 mm at 2.45 GHz. Dimensions
—wp,=37Tmm , [, =282mm . .. ... ... 102
Proposed decoupling structure (a) top-view, (b) simulated s-parameters,

(c) radiation pattern, (d) simulated gain vs frequency plot. dimen-
sions - w, = 37 mm , [, = 282 mm , [ = 31.8mm , I, = 1.5 mm, [y
=296 mm d = 0.8 mm, w,, = 1.4mm , g = 2 mm, yp = 6.5 mm. . . 103
E-field distribution at 2.45 GHz (a) without decoupling structure (b)

with decoupling structure . . . . . . .. ... ... L. 104
Simulated S-parameters of parametric variation for l; (a) S11 (b) So; . 105
Fabricated Prototype (a) top-view (b) bottom-view (c) simulated ver-

sus measured s-parameters (Note - |Sy1| = [S12| due to symmetry . . 106
(a) Measurement setup in an anechoic chamber, simulated vs mea-~
sured radiation patterns (b) E-plane (yz-plane) (c) H-plane (xz-plane).107

Three-element linear array . . . . . . .. . ... ... ... .. 108
Simulated results for three linear patch arrays (a) s-parameters. Ra-

diation patterns at 2.43 GHz for (b) Port-1 (c¢) Port-2 (d) Port-3 . . 108
Perspective view of the proposed structure. . . . . . ... .. .. ... 109

Symmetric Configuration without decoupling (a) printed microstrip
structure (W, = 65 mm, L, = 105.3 mm, W, = 48.4 mm, L, = 39.6
mm, g = 1 mm), (b) simulated s-parameters for printed structure
and equivalent circuit diagram, (c) corresponding equivalent circuit
diagram. . . . . . .. 110
Symmetric configuration with decoupling (a) equivalent circuit dia-
gram (b) printed microstrip structure (W,1 = 48.4 mm, L,1 = 40.3
mm, W; = 3.2 mm, L; = 10 mm, Wy = 0.3 mm, X = 2.25 mm,
Y = 1.6 mm, Z = 0.65 mm), (c) simulated s-parameters for printed

structure and equivalent circuit diagram. . . . . . . . ... ... ... 111
Simulated S-parameters for variation in (a) Wi, (b) Wy . . . . .. .. 112
Symmetric configuration radiation performance with and without de-
coupling structure (a) E-Plane, (b) H-Plane. . . . . . .. ... .. .. 113
Duplicate antenna configuration (a) printed structure (b) simulated
s-parameters with and without decoupling structure . . . . . . . . .. 114

Duplicate antenna configuration radiation performance with and with-
out decoupling structure (a) E-Plane, (b) H-Plane. . . . ... .. .. 114



5.18

5.19

5.20

5.21

5.22

5.23

5.24

5.25

0.26

Al

A2

A3

Fabricated prototype (a) top-view, (b) bottom-view, (c) s-parameter

measurement setup, (d) simulated vs measured s-parameters. . . . . . 115
Measured vs simulated normalize radiation pattern for (a) E-Plane,
(b) H-Plane. . . . . . . . . .. 115

Linear 1-D array without dummy elements (a) printed structure, (b)
simulated S-parameters. (Note: Due to the symmetry |Sj; = |Say =
|533, |521 = |512 = |523 = |5327 |513 = |531) ............... 116
Linear 1-D array with dummy elements (a) printed structure, (b)
simulated S-parameters, (c)radiation pattern.(Note: Due to the sym-

metry ’5111 = |S22 = \533, ‘521 = ’5112 = ‘523 = |S32, |513 = ’5131) C. 117
(a) Proposed antenna structure; simulated s-parameters (b) without
decoupling design, (c¢) with decoupling design. . . . . . ... ... .. 118
Electric field distribution (a) without decoupling design, (b) with de-
coupling design. . . . . . .. .. L Lo 119
Fabricated prototype (a) top-view, (b) bottom-view, (c¢) simulated
versus measured s-parameters. . . . . . . ... 119
Simulated versus measured normalized radiation pattern for (a) E-
plane, (b) H-plane. . . . . . . . . ... . 120
(a) Linear 1x4 array (b) simulated s-parameters without decoupling,
(c) simulated s-parameters with decoupling. . . . . .. ... ... .. 121

Antenna designs at different stages with dimensions. (a) Stage I (sim-
ple patch) (b) Stage I (quarter patch) (c) Stage I (d) Stage III, (e)
Simulated s-parameters (Dimensions: 1 = 28.5 mm, w = 38 mm, 11 =
14.8 mm, wl = 12 mm, 13 = 1.5 mm, 16 = 1.5 mm, 12 = 17.5 mm, 14
=9 mm, 15 =16 mm, 17 =5 mm, I8 = 6 mm, 19 = 9 mm, d = 1 mm).132
Fabricated prototype (a) top-view, (b) bottom-view, (c¢) Simulated vs
measured s-parameters. . . . . ... ... 132
Simulated vs measured radiation pattern (a) E-plane at 2.44 GHz,
(b) H-plane at 2.44 GHz, (c) E-plane at 3.33 GHz, (d) H-plane at
333 GHz. . .. . 133



List of Tables

1.1
1.2
1.3
1.4

1.5
1.6

2.1

3.1
3.2

4.1

5.1
0.2
2.3

Performance Analysis of the configurations presented in Fig.1.7 . .. 9
Comparison of the reported orthogonally polarized antennas . . . . . 12
Comparison of the reported NFC techniques . . . . .. ... .. ... 15
Comparison of the reported different coupling reduction feeding tech-

NIQUES « « v v v v v e e e e e e 17
Comparison of the reported PDS techniques . . . . .. ... .. ... 19
Design Specifications for the IBFD Antenna . . . . . .. ... .. .. 24
Performance comparison of the Proposed Structures . . . . . . . . .. 43
PD b/w the E, Components for the Proposed Structures . . . . . . . 58
Comparison With Other Co-polarized Structures . . . . .. ... .. 72
Comparison With Other Co-polarized IBFD Antenna Array . . . . . 96
Performance Analysis for the Symmetric Antenna Configuration . . . 110
Lumped element Values . . . .. ... ... ... ... . ....... 111
Comparison of the proposed structure with other reported work for

the E-plane configurations . . . . . . .. .. ... ... 121

Xvil



Abbreviations

BW
CM
CST

dB

dBi
DGS
DM

DS
E-plane
EBG
ECD
FBW
FBR
FD
GHz
H-plane
IBFD
IE
mmWAVe
NFC
Rx

SIC

SI

SW

Tx

Bandwidth

Common Mode

Computer Simulation Technology

Dimensional

Decibel

decibels relative to Isotropic
Defected Ground Structure
Differential Mode
Decoupling Structure
Electric field-plane
Electromagnetic Band Gap
Equivalent Circuit Diagram
Fractional Bandwidth
Front-to- Back Ratio

Full Duplex

Giga Hertz

Magnetic field-plane

In Band Full Duplex
Isolation Enhancement
milli meter Wave

Near Field Cancellation
Receiver

Self Interference Cancellation
Self Interference

Surface Waves

Transmitter

XIX



Symbols

> > 8 N M O

Q

&~ Q

speed of light in vacuum
dielectric constant/permittivity
impedance

angular frequency

wavelength

free space wavelength
Capacitance

inductance

xx1





