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Abstract

An antenna can be modeled as a two-port network using S-parameters. However,
having antenna S-parameters are not su cient for modeling an array of antennas as
that requires mutual coupling. This thesis proposes a network model to represent an
antenna array including mutual coupling. Using the proposed model, an N-element
antenna array can be modeled as a combination of two-port networks to represent
each element and an N -port network to represent mutual coupling. In this thesis, the
operation of the proposed model is explained and the concept of complete antenna
array scattering matrix representation is introduced. Two techniques to calculate mu-
tual coupling S-parameters are presented: primary method using numerical solutions
and general method using general expressions. The proposed model was validated
with reference to the radiation e ciency and S-parameters between the physically ac-
cessible ports using several arrays: various inter-element lengths, varying the number

of elements and con gurations, and non-identical array elements.



Acknowledgements

First of all, I'd like to thank Dr. Michal Okoniewski for his guidance, interest, and
support lent to my research. My heartfelt gratitude goes out to him for trusting me
and motivating me. | must say that his supervisory style made me a better learner,
which helped me to look at engineering problems in several di erent angles. I've
greatly bene ted from his vast knowledge of antenna theory and electromagnetics.
I’d also like to thank Dr. Leonid Belostotski, who contributed his time and energy
to make this research a success. His enthusiasm and the understanding of the appli-
cability of this research ndings in the eld of radio telescopes inspired me. | highly
appreciate the long discussions on the subject matter of network analysis and brain-
storming sessions with him on emerging new concepts, which were highly useful in
developing this thesis. Once again, a very big "thank you™ to my supervisor, Dr.
Michal Okoniewski and my co-supervisor, Dr. Leonid Belostotski for being a major
strength behind me.

The Applied Electromagnetics Group (AEG) is a great group of friendly and
resourceful people. I'd like to thank the AEG and the Department of Electrical
and Computer Engineering of the University of Calgary for all the resources and
facilities provided to make my research a success. Also, I'd like to thank Thomas
Apperley, Patricia Groves, Mahbod Salmasi, Ben Lavoie, Pouyan Keshavazian, and
Tony Dratnal for all interesting discussions on and o the subject matter and for
making my time at the University of Calgary memorable and enjoyable. Special
thanks go out to Dr. Mike Potter for his valuable ideas, comments, and inputs
during group meetings. I’d also like to acknowledge Dr. Elise Fear for giving me the
opportunity to present my work to a wider audience and supporting me.

I’d like to thank Jeremie Bourqui for helping me at the laboratory and nding



all the resources | need in an instance. Also, | wish to extend my appreciation to
Joe Sabourin at the machines shop for fabricating the antenna arrays just the way |
needed them.

In addition, I’d like to thank the CMC Microsystems for providing the necessary
software tools.

Special thanks to my parents Sisil De Silva and Shirani De Silva, for all the love,
motivation, and life lessons given to me since my early childhood. Last but not least

I’d like to thank my wife, Viraji Bandara for all the love, support, and encouragement.



Table of Contents

BDBSTIaCT . . . ..ot [
IACKNOWIEAGEMENTS| . . . .t e e e e e i
Hable OF CONtENTLS| . .. ..o e e e v
LISt OF Tables|. . ... e Vi
[LIST OF FIQUIES| . . o oo e e e e Vil
[List of Symbols and AbBDreviations| . ............. i i IX
A INErodUcCtion]. . . .. oot 1
(L1 MOtIVaALION| . . . .o oo 1
(1.2 _Thesis Goalsl. . ... ..o 4
(1.3 Thesis Outling] . . ... 4
(1.4 Thesis CONTIIDULIONS| . .. oottt et e e e e e e 5

[2 Modeling an Antenna using a Two-Port Network| ................ 7
(2.1 Two-Port Network Representation of an Antennaj. ................... 7
[2.1.1 Notation of Two-Port Antenna S-Parameters in an Antenna Array| 10
[2.2_Calculation of Two-Port S-Parameters of an Antennal ................ 11
[2.2.1 Wheeler Cap Method, ............ ... ... ... . ... ... ... ..., 12

[2.2.2 Improved Wheeler Cap Method|. .. .......... ... ... ... .. .... 13

[2.2.3 Spherical Wheeler Cap Method|............. ... .. oot 15

2.2.4 Aberle’s Methodl. . ... 18

[2.2.5 Summary of Techniques to Calculate S-Parameters of an AUT|.. 18

[3 Proposed Technique to Model Mutual Coupling In an Antenna |

| tual Coupling|. . ... 28
3.3.1 Calculation of SZe" for Two-Element Antenna Array| .......... 29

3.3.2 Calculation of S for Three-Element Antenna Array|......... 30

3.3.3 Calculation of Sg" for N-Element Antenna Array| ............ 33

3.3.4 Validation of the General Method using the Calculation of Sg" |

for Four-Element Array|. . ... i 34




4 Complete Scattering Matrix and the Radiation E cilency of an

[ ANtenna Array| . ...... .. e e 40
4.1 Complete Scattering Matrix of an Antenna Array|. ................... 40
4.1.1 Sarof a Two-Element Array| ............. ... 43

4.2 Radiation E CIENCY| . ... ..ot e e e e e 48

[5 Model Veri cation using Measurements and Simulations| ......... 50
[0.1 S-Parameters of a Single Array Elementi. .............. ... ... ...... 50
0.2 Varying Element Distance]. ............. ... i 54
[.2.1  S-Parameters of Mutual Coupling|........................... 54

[0.2.2 Complete Antenna Array S-Parameters|...................... 54

[0.2.3 Radiation E ciency of the Antenna Array| ................... 59

[0.2.4 Comparison of S-Parameters between the Physically Accessible |

I 0 64
[0.3 Varying the Number of Array Elements and Con guration|............ 64
[0.3.1 S-Parameters of Mutual Coupling|........................... 69

[0.3.2 Complete Antenna Array S-Parameters|...................... 69

[0.3.3 Radiation E ciency of the Antenna Array| ................... 78

[0.3.4 Comparison of S-Parameters between the Physically Accessible |

I POITSl . e 84
0.4 Non-ldentical Antenna Elements iInan Array|. ....................... 85
[0.4.1 S-Parameters of Mutual Coupling|............... ... ... ...... 93

[0.4.2 Complete Antenna Array S-Parameters|...................... 93

[>.4.3 Radiation E ciency of the Antenna Array| ................... 97

[>.4.4  Comparison of S-Parameters between the Physically Accessible |

I 0 £ 97
6 CoNnCIUSIONS]. . . .ot e 100
6.1 ThesisSummary| ......... ... 100
0.2 Future WOrKl ... ... e 102
Bibliography/. . .. ... e 103




List of Tables

[.1 Spherical Wheelercap radil.| ............ ... ... i .. 51
0.2  Measured Input re ection coe cient of the monopole under test,...... 53
[>.3 S; of the monopole antenna under test.|.............. .. ... .. ....... 53
[0.4 Inter-element distance of tested two-element antenna arrays.|.......... 54
0.9  Synaiij Of arrays under test with di erentd......................... 56
5.6 Calculated Sy in two-element arrays under test with di erentd.| .. ... 57
5.7 Calculated Sg" in two-element arrays under test with di erentd). . ... 58
[0.8  Sar Of the tested two-element antenna array with d =15 mm.| ........ 59
[5.9 S of the tested two-element antenna array withd=20mm,| ........ 60
[6.10 S, of the tested two-element antenna array with d =30 mm.| ........ 61
[0.11 S, of the tested two-element antenna array with d =40 mm.| ........ 62
[0.12 Radiation e ciency of two-element arrays under test.|................ 63
[>.13 Inter-element distances of arrays In terms of wave-lengths.| ........... 69
[0.14 Syna.j of arrays under test with di erent number of elements and |

CON QUIATIONS.| . ..ot e 71
5.15 S{ of arrays with di erent number of elements and con gurations.| ... 72
5.16 S of arrays with di erent number of elements and con gurations.|... 73
5.17 S, of the tested three-element linear antenna array.|................ 74
5.18 SR of the tested three-element linear antenna array.| ............... 75
5.19 S, of the tested three-element triangular antenna array.| ............ 76
5.20 SFe" of the tested three-element triangular antenna array.|............ 77
5.21 S, of the tested four-element square antenna array.| ................ 78
5.22 Continuation of Sy of the tested four-element square antenna array. .. 79
5.23 SR of the tested four-element square antenna array.|................ 80
5.24 Continuation of S of the tested four-element square antenna array.| . 81

|525 Radiation e clency of the tested arrays with di erent number of ele- |

MeNnts and CoON guUrationsS.|. . ... ...ttt ie e 82

[0.26 Measured Input re ection coe cient of the monopole attached with 1 |

[5.27 S of the monopole antenna under test with 1 dB attenuator attached.|. 94
0.28 Syna Of arrays under test with non-identical elements.|............... 95
5.29 Calculated S{" of the two-element array with non-identical elements.|.. 95
5.30 Calculated Sg" of the two-element array with non-identical elements.| . 95
[0.31 S,y of the tested two-element antenna array with non-identical elements.| 96
[5.32 Radiation e ciency of two-element arrays under test with non-identical |

BlEMENES. . . . . e e 97

Vi



List of Figures and Illustrations

(1.1 Assignment of ports according to the conventional network represen- |
tation of an antenna array.|. . ...ttt e e 2
[2.1 Single antenna represented with two-ports.|......................... 7
[2.2  Two-port network representation of an antenna using lumped elements.| 8
2.3 Two-port network representation of an antenna with the free space |
Impedance at POrt 2. . ... e 10
[2.4  The signal ow graph and the schematic diagram of an antenna, mod- |
eled as a two-port Network.| . ...... ... . i e 10
2.5 The signal ow graph and the schematic diagram of the i*" element of |
an antenna array.]. . ........ .. . e e e 11
[2.6  Determination of  s:min @Nd  s:max USINg the smith chart, .......... 14
[2.7 The signal ow graph of an antenna under a Wheelercap.] ........... 16
[3.1 Schematic diagram of an N-element antenna array.|.................. 21
[3.2 Signal ow graph of an N-element antenna array.|................... 22
[3.3 Schematic diagram of a two-element antenna array.| ................. 24
(3.4 Signal ow graph of a two-element antenna array.|................... 24
[3.5 Schematic diagram of a three-element antenna array.|................ 30
[3.6 Signal ow graph of a three-element antenna array.|.................. 31
[3.7 Schematic diagram of a four-element antenna array.| ................. 35
[3.8 Signal ow graph of a four-element antenna array.| .................. 36
4.1 Signal ow graph of N-element array with accessible nodes to indepen- |
dently excite ports associated with the free space.|................... 41
4.2 Schematic diagram of an N-element antenna array represented with |
an 2N-port NELWOIK.| . . ... . 42
4.3 Signal ow graph of a two-element antenna array with accessible nodes |
to Independently excite ports associated with the free space.|.......... 43
4.4 Schematic diagram of a two-element antenna array represented using |
a TOUM-POIt NETWOIK.| . ..ot e 44
5.1 The prototype of single monopole on a ground plane.|................ 51
5.2 3D printed caps painted with metallic stlver paint.| .................. 52
[.3 Tested two-element arrays with di erent inter-element distances.|. . . ... 55
[>.4  Comparison between Syna VS. calculated S, for two-element array |
with d =15 mm. ... 65
[b.5 Comparison between Syna VS. calculated S, for two-element array |
WITD d =20 MM ..o e 66
[.6  Comparison between Syna VS. calculated S, for two-element array |
WITD d =30 MM ..o 67
.7 Comparison between Syna VS. calculated S, for two-element array |
WItD d =40 MM .. ..o e 68

vii



[>.8 Tested antenna arrays with di erent number of elements and con gu- |
FALIONS. ... e 70
0.9 Comparison between Syna VS. calculated Sa, for the three-element |
AN ArTaY.[. . ot e 86
[>.10 Continuation of the comparison between Syna VS. calculated S, tor |
the three-element linear array.|........... ... .. ... 87
[6.11 Comparison between Syna VS. calculated Sa, Tor the three-element |
triangular array.|. . ... . 88
[>.12 Continuation of the comparison between Syna VS. calculated Sa, tor |
the three-element triangular array.|.......... ... .. i, 89
[0.13 Comparison between Syna VS. calculated Sa, for the four-element |
SQUANE aITaAY. . . oottt it e 90
[0.14 Continuation of Figure [5.13] of the comparison between Syna VS. cal- |
culated Sa, for the four-element square array.f ...................... 91
[6.15 Continuation of Figure [5.14] of the comparison between Syna VS. cal- |
culated S, for the four-element square array.| ...................... 92
[0.16 Continuation of Figure [5.15{ of the comparison between Syna VS. cal- |
culated Spa, for the four-element square array.| ...................... 93
0.1/ Comparison between Syna VS. calculated S, for non-identical two- |
BlemMEeNt array.|. .. ... e 99
(6.1 Ar VS. occurrence observed In the experiments.| . .................. 101

viii



Symbol
AUT

HFSS
IWC

LNA

Ar
Ar;Calculated
Ar;HFSS

Ar

List of Symbols and Abbreviations

De nition

Antenna Under Test

Inter-Element Distance

High Frequency Structure Simulator
Improved Wheeler Cap

Wavenumber

Low Noise Ampli er

Wavelength

Radiation E ciency of a Simple Antenna
Radiation E ciency of an Antenna Array
Calculated A, using the Network Model
Simulated a, using HFSS

Di erence between arcaiculated @Nd  Ar:HFsS
Radiation E ciency of the it" Element
Dissipative Loss Resistance of an Antenna
Radiation Resistance

Two-Port S-parameters of it" Array Element
S-Parameters Calculated using a VNA
Multi-Port Mutual Coupling S-Parameters
Smu Calculated using the General Method
Swmu Calculated using the Primary Method
Complete S-parameters of an Antenna Array
Sar Calculated using the Primary Method

Sar Calculated using the General Method



SWC
VNA

Zo

Zfs

Spherical Wheeler Cap

Vector Network Analyzer
Reactance of an Antenna
Characteristic Impedance

Impedance of the Free Space



Chapter 1

Introduction

1.1 Motivation

Antenna arrays are widely used across many elds: from radars [I], (2 3, 4] to mobile
communication systems [5, 6] [7, 8, 9, 10] to radio astronomy [11], 12, 13|, 14, 15].
They o er many advantages over single antennas: high gain, high directivity, and the
capability to steer the beam [16, [17]. However, arrays are more complex and more
di cult to design due to mutual coupling [18]. Mutual coupling in an array can be
de ned as the interchange of energy between array elements [16]. Due to mutual
coupling, the intended antenna performance, radiation pattern, beam-width, input
impedance at each array element, gain and directivity are altered [19, [20, [21]. Thus,
it needs to be taken into account in the design of antenna arrays.

A network representation of an antenna array, which includes the physically acces-
sible ports and the ports associated with the free space, is desirable in many situations.
The scattering parameters of such a network represent the complete S-parameters of
an antenna array. Much of the literature has been devoted to modeling antenna
arrays using Z-parameters or S-parameters associated only with the physically acces-
sible ports of the array [16) (17, 22), [23]. According to this conventional approach, an
array element is considered as a single port device: Figure [1.1 presents the ports of
the it" and j* elements of a N-element array.

Mutual coupling between the it" element and the j® element are typically indi-

cated through either Z;; or S;;. The S-parameters of an antenna array according to



Element 1

Port 1

@

Element i

——---- - Port i
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Figure 1.1: Assignment of ports according to the conventional network representation
of an antenna array.

such representation are presented as:
(@)

Sii Syj
Si Si
Sji Sij
Sni SNij

and can be measured directly using a Vector Network Analyzer (VNA).

(1.1)

This conventional method of modeling an array, lacks information needed to calcu-

late the array radiation e ciency and to calculate mutual coupling between elements

through the free space.



The accurate measurement of radiation e ciency is vital in antenna array design
and its e ective operation, for example for radio telescopes. If an antenna array
is represented as a network taking mutual coupling into consideration, the radia-
tion e ciency can be calculated accurately. Furthermore, changes of radiation e -
ciency with di erent excitation such as di erent beam patterns, can be calculated.
Therefore, modeling mutual coupling as a network and the construction of the com-
plete S-parameters of an antenna array are bene cial for antenna designers as well as
radio-frequency circuit designers. The sensitivity of the radiation e ciency to mutual
coupling between elements and excitation can be observed through calculations that
use the network S-parameters of the array. Also, once the complete S-matrix (S-
parameter matrix) of the array is known it can be used to model an antenna array in
circuit simulation environments, which is useful for design and optimization of arrays
and associated circuits. For example, matching networks with non-foster or passive
components [24] and feed networks to the array can be optimized in simulators when
the network representation of the array is known. Thus, circuit designers and antenna
designers can use the knowledge of modeling an antenna array as a network to design
systems with better performance.

For the Square Kilometer Array radio telescope, the sensitivity is one of the key
performance parameters, and it is in uenced by the system noise temperature [25].
For receivers, noise generated from inputs of low noise ampli ers (LNAs) couple to
other antennas of the array due to mutual coupling. This coupling complicates the
design of LNAs to achieve its minimum noise [26], [27]. Considering future work,
complete S-parameters of the array along with the S-parameters of other components
such as LNAs, transmission lines, and beam-formers can be linked in calculation of the
overall noise gure of a receiver. Thus, the design of each component and the whole

system can be optimized to obtain the optimum noise temperature performance.



Current literature supports modeling a single antenna using a two-port network
S-parameters, which is explained in Chapter [2l However, currently there seems to
be no published work available on the network representation of an antenna array,
which include all ports: physically accessible ports and the ports associated with the

free space. Thus, | have developed the research presented in this thesis.

1.2 Thesis Goals

The main goals set to achieve through this thesis are listed as follows:

Establishment of a methodology to model and calculate mutual cou-
pling between ports, which are associated with the free space of the

array elements.

Creation of the network representation of an antenna array as a com-
bination of two-port networks for each array element and a multi-port

network for mutual coupling between all elements.

Derivation of the complete S-parameters of antenna array, which rep-

resent the relationship of signal ow between all the ports of an array.

Calculation of the radiation e ciency of an antenna array using the

obtained network representation.

Validation of the proposed antenna array S-parameter model using sim-

ulations and measurements.

1.3 Thesis Outline

This thesis is structured in the following manner:



Chapter[2 explores the literature related to modeling of a single antenna

using a two-port network.

Chapter 3| presents the proposed technique to model mutual coupling in
an antenna array as well as the network representation. Two methods
to calculate the S-parameters of the network, which represent mutual

coupling are presented.

Chapter [4] presents the proposed complete scattering matrix of an an-
tenna array, which provides the signal ow relationships between all
the ports. Furthermore, calculation of the radiation e ciency using

the S-parameters from the proposed scattering matrix is discussed.

Chapter[5|veri es the proposed technique to model antenna arrays using
simulated and measured results of various con gurations of antenna

arrays.

Chapter [6] provides conclusions and suggestions for future work.

1.4 Thesis Contributions

This thesis presents a novel model to represent mutual coupling between antenna array
elements using S-parameters. Mutual coupling between array elements was success-
fully modeled using multi-port network S-parameters. Subsequently, two methods
were developed to calculate the multi-port network S-parameters, which represent
mutual coupling.

The signal ow graph representation of an antenna array using S-parameters of
each element and the S-parameters of mutual coupling between elements was estab-
lished. Using the above representation the relationship of signal ow between each

port of the array was made. Consequently, antenna array S-parameters were derived.
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The methodology to calculate the radiation e ciency of the antenna array was also

presented in this thesis. The proposed model was validated using simulations and
measurements.

Thesis goals were successfully achieved, and the thesis was able to contribute to

Il @ major research gap in the eld of antenna array network representation. The

author has also contributed to two other publications:

The concept of modeling mutual coupling between elements using S-
parameters and the array radiation e ciency calculation was presented
at the IEEE International Symposium of Antennas and Propagation
& USNC/URSI National Radio Science Meeting held in San Deigo,
CA, USA during 9t 14™ July 2017 [28]. The concept was validated
through simulation and measured results using the simplest form of
an array: two elements antenna array. This conference article is co-

authored by S. De Silva, L. Belostotski, and M. Okoniewski.

The concept of modeling several non-identical antennas in a system
using S-parameters and calculation of the radiation e ciency of an in-
dividual antenna in a system of multiple non-identical antennas were
presented in [29]. This conference article is co-authored by S. De Silva,
L. Belostotski, and M. Okoniewski and was presented at the XXXII"
URSI General Assembly and Scienti ¢ Symposium which was held dur-

ing 19™  26'™ August 2017 at Montreal, Canada.



Chapter 2
Modeling an Antenna using a Two-Port Network

Modeling of an antenna using electrical parameters, such as S-parameters is vital
to model an antenna array, which consists of several antennas. Consequently, this
chapter discusses the concept of a two-port network representation of a single antenna
and techniques to calculate the S-parameters of such antenna, which radiates into the

free space.

2.1 Two-Port Network Representation of an Antenna

Figure [2.1] presents a simple antenna using two ports. Port 1 is the connecting end
of the cable to the antenna, which is the only physically accessible port, and port 2

is associated with the free space.

Port 2

Port 1 —

@

Figure 2.1: Single antenna represented with two-ports.

An antenna can be represented using a lumped model of its dissipative loss re-



sistance (R)), reactance (X,), and radiation resistance (R,) according to Thevenin’s
equivalent [16]. The two-port network representation of an antenna can be explained
using an RLC circuit model, which is presented in Figure[2.2] The generator at port 1
corresponds to the antenna in transmit mode and the generator at port 2 corresponds
to the antenna in receiving mode.

It should be noted that this model is valid only for a given set of R, , X3, and R;.
Thus, in order to acquire S-parameters for a wide range of frequency points, R, Xj,

and R, values must be calculated accordingly for each frequency point.

X a

R
ZO Rr
Port 1 Port 2

Figure 2.2: Two-port network representation of an antenna using lumped elements.

Considering the two-port network, port 1 is the connecting end of the cable to
the antenna, which is also the only physically accessible input port to the antenna.
Impedance of port 1 is denoted with Zy, which is the characteristic impedance of
the connecting cable. Port 2 is the radiation resistance of the antenna, where its
impedance is denoted with R;.

S-parameters of a two-port network is presented as
o 1

gsn 312§: @.1)

SZl S22

Considering an antenna modeled as a two-port network, S;; is the input re ection at

the connecting end of the cable to the antenna in transmit mode. Sj; is the power

8



transfer from the connecting end of the cable to the radiation resistance in transmit
mode.

When the antenna is in receiving mode, S;, denotes the power transfer through
the antenna from the radiation resistance to the connecting end of the cable. S,,
denotes the back re ection occurring when the power is delivered from the radiation
resistance in receiving mode.

Due to reciprocity [17],
Sy1 = Syo: (2.2)

This relationship was used throughout this thesis.

The power delivered to the radiation resistance of an antenna represents the power
delivered to the free space [24]. In other words, for an antenna, the free space rep-
resents a matched termination [30]. Thus, radiation resistance (R,) can be replaced
with a lossless transformer to the impedance of the free space (Zss) [24]. Figure
2.3 presents Thevenin’s equivalent of the antenna with its radiation resistance trans-
formed to impedance of the free space. The turns ratio of the lossless transformer

is,
N= — (2.3)

according to [24].

Even though the two-port representation of an antenna was discussed using an
RLC circuit model in this chapter, it can be discussed using other equivalent models
as well. The region marked by the dotted line in Figure [2.3 can be substituted with
the two-port network for a more generalized representation.

Figure[2.4 presents the signal ow graph and the schematic diagram of an antenna,
modeled as a two-port network, which provides a generalized representation of an

antenna. The property of reciprocity according to (2.2) was used to simplify the

9



Figure 2.3: Two-port network representation of an antenna with the free space
impedance at port 2.

calculation. Since free space represents a matched termination, there would not be
any re ections occurring ( ; = 0) [30]. It should also be noted that port 1 and port

2 have di erent impedances.

Zo Sl 51

=0
T S, S Z1s

(a) Signal ow graph (b) Schematic diagram

Figure 2.4: The signal ow graph and the schematic diagram of an antenna, modeled
as a two-port network.

2.1.1 Notation of Two-Port Antenna S-Parameters in an Antenna Array

An antenna array consists of several antenna elements. In order to avoid confusion,

S-parameters of a two-port network, which represents the it" antenna element (S;),

10



is denoted as:
Si;ll Si;12
: (2.4)

The signal ow graph and the schematic diagram of the it" element of an antenna
array, which consist of N elements, is presented in Figure [2.5 The property of reci-

procity according to (2.2)) is displayed on the gure as well. These schematic diagram

a L SLZl L-}\Hi
-0 Zy SL,11 SL,z
S‘” SLZ = SL,21 SL,zz Zrs
b L S_z]_ a\|+i
(a) S|gna| ow graph of ith element (b) Schematic diagram of ith element

Figure 2.5: The signal ow graph and the schematic diagram of the it" element of an
antenna array.

blocks and the signal ow graphs are used throughout this thesis to represent antenna
elements in an array con guration. Representation of mutual coupling between an-

tenna elements is discussed in Chapter 3|

2.2 Calculation of Two-Port S-Parameters of an Antenna

Improved Wheeler Cap (IWC) method by Johnston et al. is one of the early con-
tributions to model an antenna as a two-port network [30]. The IWC method was
developed with the objective to accurately measure the radiation e ciency of an
electrically small antenna. The IWC method can successfully calculate S;; and S;
but cannot calculate S,, of an Antenna Under Test (AUT). However, the Spher-

ical Wheeler Cap (SWC) method presented by Thal can successfully calculate all

11



S-parameters of an electrically small antenna, which radiates spherical waves [31].
Both the IWC method and the SWC method use Wheeler caps and are developed
based on the concepts presented by Wheeler in [32].

Aberle presented a novel method to calculate the S-parameters of an AUT without
using Wheeler caps. However, in order to use Aberle’s method, the radiation e ciency

of the AUT must be determined beforehand [24].

2.2.1 Wheeler Cap Method

Wheeler cap method can be used to measure the radiation e ciency of an electrically
small antenna. An electrically small antenna is considered to be an antenna where
its maximum dimension is less than the radianlength [32], 33, 34]. Radianlength is

the radius of the radiansphere, which is

Radianlength = B (2.5)

according to [32], 33, [35]. The radiansphere is a transitional boundary between the
near eld and the far eld of an electrically small antenna [32]. Considering the
radiansphere, the near eld is inside and the beginning of the far eld is outside of
the radiansphere [32, 35]. Placing a radiation shield (perfect conducting spherical
shell) in the radiansphere of an AUT, prevents radiation with minimal disturbance
to the near eld [32]. The metal enclosure used as a radiation shield is known as a
Wheeler cap.

The Wheeler cap method calculates the radiation e ciency by determining the
R, and R, of an AUT. Assuming an RLC circuit model of the AUT at the resonant

frequency, the radiation e ciency ( ) is calculated as [30]

— Rr .
= R+R (2.6)

Measurements of re ection coe cients of the AUT, in free space ( ) and under a
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Wheeler cap ( wc) are

Ziss Zo
fs ZL;fs + ZO ( )
ZL'wc Z0
= - @@ - , 2.8
w7, (2.8)

where Z_.¢s and Z ., are the input impedances of the antenna, when the antenna is
immersed in the free space and is under a Wheelr cap, respectively.

According to the Wheeler cap method
<fZ g =R, +R, (2.9)
and
<fZ_.w0 =R, (2.10)

as radiation resistance is short circuited. Thus, radiation e ciency of the AUT can
be calculated using (2.6). This method yields accurate results for an AUT at its
resonance frequency as presented in comparison to radiometric method, and directiv-

ity/gain method [36].

2.2.2 Improved Wheeler Cap Method

The re ection-e ciency measurement theory presented by Johnston et al. in [30] is
known as the IWC method. IWC method avoids the requirement of the AUT being
at resonance in order to measure the radiation e ciency, which is a major limitation
in the Wheeler cap method. In practice, the resonant frequency of the AUT does not
always occur at the test frequency [37]. Thus, the antenna reactance must be taken
into account.

The IWC method is able to calculate S,; of an electrically small antenna using

the measurements of S;; immersed in the free space and under several di erently
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sized Wheeler caps. According to [30], the re ection coe cients of an AUT under
di erently sized Wheeler caps form a circle on a Smith chart. Determination of s.min

and  s;max Using a Smith chart is presented in Figure [2.6]

Figure 2.6: Determination of s.min @nd  s.max Using the Smith chart.

This dotted circle in Figure [2.6| demonstrates the phase variation of the re ection
coe cient under di erently sized Wheeler caps (Si1.wc). Once the circle is plotted,
the re ection coe cient of the AUT in the free space (Si1.fs) is also plotted on the

Smith chart. Subsequently, S,; is calculated according to [30]:

2
iSauj’ = (2.11)
( S;max) ! + ( S;min) !
where
S:max — max fjsll;wc Sll;fsjg; (2-12)
S:min — min fjsll;wc Sll;fsjg : (2-13)

Values for smax and  s.min are calculated using Smith chart, which contains the

circular plot of Sy;..c and the Si;.¢s data point.
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The two-port network representation of an antenna is presented in Figure [2.4

According to [38], the e ciency of a two-port device can be expressed as

— — (2.14)
jaaj?  jbj?
S .2 1 . .2
= . ) 2 1 _: (2.15)
J1 Spo 4" J(S12S21  S11S22) 1+ Suj
As discussed earlier, ; = 0 and S;, = S,; for an antenna. Therefore, the radiation

e ciency of an antenna represented as a two-port device can be calculated using

iS .2
= ﬁ (2.16)

The IWC method on electrically small antennas have produced accurate radiation
e ciency measurements [30, [39, 40]. The applicability of the IWC method to calcu-
late the radiation e ciency of electrically large antennas was examined in [41, [42].
Wheeler caps larger than the radiansphere have to be used with electrically large an-
tennas. Thus, multi-mode resonances occur inside the cavity. The use of overmoded
cavities to measure the radiation e ciency using numerical methods and circle tting
algorithms to reduce errors introduced due to cavity multimoding are presented in
[41), 142), 43]. However, Johnston states that IWC method generates useful but less
accurate measurements for large antennas compared to small antennas [42]. IWC
method was also used to study the thermal noise generated in a Vivaldi antenna in

[44].

2.2.3 Spherical Wheeler Cap Method

Figure [2.7] presents the signal ow graph of an antenna under a Wheeler cap. The
re ection due to the Wheeler cap is denoted with . According to the signal ow

graph, input re ection coe cient is

(2.17)



Figure 2.7: The signal ow graph of an antenna under a Wheeler cap.

Assuming the cap is lossless
=1 ¢ (2.18)

where is the re ection phase. Thus, (2.17) reduces to

2
S12

=S+ —
H (e S2)

(2.19)
Rearranging (2.19) gives
SH+S2( Su)=eld ( Su) (2.20)

Two di erently sized spherical Wheeler caps produce di erent re ection phases. Input
re ection coe cient and the re ection phase at the 1t Wheeler cap are ; and
respectively. Simultaneously, , and , denote the input re ection coe cient and
the re ection phase at the 2"¢ Wheeler cap. Subsequently, for cap 1 and cap 2

becomes

SL+S( 1 Suw)=el (1 Su) (2.21a)

S%,+Sn( 2 Su)=el (. Sy (2.21b)

Using (2.21a) and (2.21b)), S,, can be calculated as

Sp=-eJ (1 Su) el?(, Su)=(1 2 (2.22)
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and S;, can be calculated as

SL=(1 Su)el* Sp) (2.23a)

=(2 Swe!? Sp) (2.23b)

The calculation of antenna S, and S;, using and requires the measure-
ment of re ection phases under both Wheeler caps. These values can be calculated
using a circuit model for spherical Wheeler caps presented by Thal in [31]. The
impedance of outward-traveling omni-directional spherical waves presented in [45] [46]
and the propagation of the spherical wave between two surfaces presented in [47] were
used in construction of the circuit model.

The re ection phase can be calculated using
8

% 2 k(b a)+tan?

— TEim
kb
:§ ( )kb (2.24)
1
= 2 k(b a)+tan —(kb)2 1 TMim

where

a = Radius of smallest sphere, which completely encloses the antenna structure;
b = Radius of the spherical Wheeler cap;

k=2 =:

Sizing the two caps to yield minimum and maximum de-tuning result in higher-
accuracy e ciency measurements. Thus, in order to yield the minimum and maximum

de-tuning of the antenna

TEim: k(b a)+tan ' kib + tan *(ka) 7 =n; (2.25)
. 1 1 _ _ —
TMym: k(b a)+tan D)2 1 + tan “(ka) > 2 n (2.26)

according to [31, 48, 49], where n 2 N. Two solutions for spherical Wheeler cap

sizes (b) produced from (2.25) present the two cap sizes, which yield the maximum
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de-tuning and minimum de-tuning for TE;» waves. Similarly, (2.26) present the
solutions for TMy,, Waves.
Thal’s SWC method was used in [48, 149] to calculate the S-parameters, radiation

e ciency and noise parameters of an antenna, and has produced accurate results.

2.2.4 Aberle’s Method

The input impedance of an antenna, when immersed in the free space (Z,.¢s), can be

calculated using (2.7) and expressed as:

Zigs = Za + | Xa: (2.27)
According to Aberle in [24]:
R = Z, (2.28)
and
Ri=(1 )Za (2.29)

Using the calculated R,, R;, and X, an antenna can be modeled as presented in
Figure [2.3] The turns ratio for radiation resistance to impedance of the free space
can be calculated using (2.3). Thus, the two-port S-parameters can be calculated.
Note that the radiation e ciency of the AUT should be known in order to use
Aberle’s method to calculate the two-port S-parameters of an antenna. The radiation
e ciency of an AUT can be found using several methods: using the data-sheet of the
AUT, using the IWC method, using an anechoic chamber, using simulation results,

or any another feasible method.

2.2.5 Summary of Techniques to Calculate S-Parameters of an AUT

Three methods to calculate two-port S-parameters of a single antenna were identi ed

from literature. They are listed as follows:
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if the radiation e ciency of an antenna is known or readily available,

the method presented by Aberle in [24] can be used.

if the radiation e ciency of an electrically small antenna is unknown,
the radiation e ciency can be calculated using the IWC method pre-
sented by Johnston et al. in [30]. Subsequently, the two-port S-
parameters can be determined by the method presented by Aberle in

[24].

if the radiation e ciency of an electrically small antenna is unknown
and the antenna radiates spherical waves, two-port S-parameters can

be determined by SWC method presented by Thal in [31].
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Chapter 3

Proposed Technique to Model Mutual Coupling in

an Antenna Array

This thesis proposes to model an antenna array as a combination of two-port net-
works and a multi-port network; two-port networks, which represent array elements
are linked through the multi-port network, which represents mutual coupling. Tech-
niques to represent an antenna array element as S; were discussed in Chapter [2 The
proposed technique to represent mutual coupling as a multi-port network and the ap-
proach to use the modeled multi-port network to link the two-port networks, which
represent antenna elements are discussed in this chapter. Furthermore, two meth-
ods were introduced to calculate the S-parameters of the multi-port network, which
represent mutual coupling (Swmy): primary method (S5) and general method (SSM).

u

3.1 Representation of Mutual Coupling as a Multi-Port Device

The number of ports of the multi-port network, which represent mutual coupling
equals to the number of antenna elements of the array. Thus, mutual coupling of an
antenna array with N elements is represented with an N-port network. Figure [3.1]
presents the schematic diagram of the N-element antenna array, where its signal ow
graph is presented in Figure . Considering the it" element of the antenna array,
the transmitting wave to the free space is associated with node by« and the incident
wave from the free space is associated with node ay+i. In order to represent mutual
coupling, the signal ow from node by +; is fed to node a;n+i and the signal ow from

node bon+i IS fed to node ay 4.

20



Two - Port
Network

AntennaN

Multi - Port
Network

Two - Port
Network

Mutual
Coupling

Antenna 1

Antenna 2

Figure 3.1: Schematic diagram of an N-element antenna array.
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3.2 Primary Method of Calculation of Multi-Port Network S-Parameters

of Mutual Coupling

In order to determine the mutual coupling between the antenna array elements, Sy
has to be calculated. However, mutual coupling, which occurs through the free space
cannot be measured directly as the ports of the modeled muti-port network cannot
be physically accessible by a VNA (Vector Network Analyzer).

With reference to the signal ow graph of an N -element antenna array as presented
in Figure [3.2, port 1 to port N are the only physically accessible ports for a VNA.
Thus, considering those ports of the antenna array, S-parameter measurements using

a VNA can be expressed [50] as

b
Svnaiii = — (3.1)

i ay=0 for x&i

and

b_
Sunaij = — ; 3.2)

1 ax=0 for x&j
where x;i;j2Zand 1 Xx;i;j N.
There exists N? (less due to reciprocity) of S-parameter measurements that can
be derived according to and using a VNA. In order to obtain expressions

.....

solving the signal ow graph in terms of the calculated S; and incident power waves

expressions were solved using numerical methods to obtain Sy,. This method of
calculating the Sy, is referred as the primary method (SF1). It is further elaborated

using an example of an antenna array with two elements.
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3.2.1 Calculation of SF! for Two-Element Antenna Array

Elements of the antenna array are represented with two-port networks. Mutual cou-
pling is also represented with a two-port network since the antenna array contains
two elements. The proposed schematic diagram of the two-element antenna array is

presented in Figure [3.3 and its signal ow graph is presented in Figure [3.4]

Two - Port Zf Two - Port Z Two - Port
Network Network S| Network
Antenna 1 Mutual Antenna 2

Coupling

Figure 3.3: Schematic diagram of a two-element antenna array.

a_ Su b 1 & im,zltg 1 & Sa b
S

Y3u a4 Y420 VSt n22A +=0

\ 4

by 5,21 & 1 bS 3’“*12 & 1 b, %,21
Antenna 1 Mutual Antenna 2
Coupling

Figure 3.4: Signal ow graph of a two-element antenna array.
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S-parameters of the signal ow diagram presented in Figure are expressed as

by = Symas + Sy183; (3.3a)
b, = Sy.;184 + Sp182; (3.3b)
bs = Si;2283 + Sy2184; (3.3c)
ba = Sy.2084 + Spo180; (3.3d)
bs = Smu:1185 + Smu;126; (3.3e)
bs = Smu;2185 + Smu;2286! (3.3f)

The expressions in (3.3) can be represented in matrix form;

o1 O 10 1
b]_ 81;11 0 81;21 0 0 0 ai
b2 0 82;11 0 82;21 0 0 Ao
b3 81;21 0 81;22 0 0 0 as
— X 3.4
bs 0 Szzu 0 So 0 0 a4
bs 0 0 0 0  Smuir Swmur2 as
be 0 0 0 0  Smu2t Swmuz2z 36

Considering the nodes of the signal ow graph, incident power waves are expressed

as

az = bs; (3.52)
as = bg; (3.5b)
as = bs; (3.5¢)
ag = by: (3.5d)
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Substituting (3.5) expressions into (3.4) generates

o1 O 10 1
b1 81;11 0 81;21 0 0 0 a1
b2 0 52;11 0 82;21 0 0 Ao
b3 81;21 0 81;22 0 0 0 b5
= (3.6)
ba 0 Syo;1 0 Sy O 0 be
b5 0 0 0 0 SMu;ll SMu;12 b3
b6 0 0 0 0 SMu;Zl SMu;22 b4

.....

all the measurements using the VNA are derived by substituting a, = 0 as per the
de nition of and (3.2). In this thesis, 'solve’ function in Matlab was used to
perform this computation [51].

For a two-element antenna array, there exists 22 combinations of the VNA mea-
surements. Thus, non-linear functions for the VNA measurements of the two-element

antenna array are derived as

b
Svnail = - (3.7a)

a —
b ey 3
2 (1 S1;228Mu;11 SZ;ZZSMU;ZZ) S1;11 + SizlsMu;llg

2
+ S1;1181;2282;22 S1;2152;22 (SMu;llsMu;ZZ SMu;lZSMu;Zl)

)
Sl;ZZSMu;ll + SZ;ZZSMU;ZZ + S1;2282;22 (SMu;lstu;Zl SMu;llsMu;ZZ) 1

b

al az =0

(3.7b)

SVNA;21 =

(81;2182;21SMU;21)
Sl;ZZSMu;ll + SZ;ZZSMU;ZZ + S1;2282;22 (SMu;lstu;Zl SMu;llsMu;ZZ) 1’
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by

SvNa12 = (3.7¢)
a2 a;=0
— (SZ;ZISl;leMu;lZ)
Sl;ZZSMu;ll + SZ;ZZSMU;ZZ + S1;2282;22 (SMu;12SMu;21 SMu;llsMu;ZZ) l,
b
Sunap2 = = (3.7d)
o alio 3

2 (1 SZ;ZZSMU;ZZ Sl;ZZSMu;ll) S2;11 + Sg;zlsMu;ZZE

2
+ S2;1182;2281;22 S2;2181;22 (SMu;ZZSMu;ll SMu;leMu;lz)

Sl;ZZSMu;ll + SZ;ZZSMU;ZZ + S1;2282;22 (SMu;lZSMu;Zl SMu;llsMu;ZZ) 1:

The only unknowns in these non-linear functions are Syy,. Consequently, nu-
merical values for S-parameters of the two-port networks, which represent antenna
elements and the VNA measurements, are substituted and solved for Syy:11, Swmu:22,
Smu:12 and Syy21 using numerical methods. This was performed in Matlab using
the function ‘fsolve’[52]. This method can be applied to antenna arrays with any
number of elements to determine Sp,.

Due to the reciprocity of mutual impedances,
SvnAiij = SvNAjji (3.8)

as highlighted in [16] [17, B3] for mediums that are linear, passive, and isotropic. It
was observed that Spy.21 = Swmu:12 according to (3.7b) equals (3.7¢) since Synar =
Svna:12, due to reciprocity. Similarly, this relationship can be proved for larger arrays

as well. Hence, this relationship can be expressed as
Smuiij = Smugji 3.9

Using the relationship of reciprocity presented in (3.8), the number of VNA measure-

ments required for the calculation reduces from N? to

N(N 1)

No. of VNA Measurements = N + 5

(3.10)
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3.3 General Method to Determine Multi-Port Network S-Parameters

of Mutual Coupling

The Sy, are calculated in Section[3.2l The derivation of expressions for measurements
and numerical methods are used in the process. However, this section presents an
alternative method to calculating the Sy, by simplifying the signal ow graph using
an approximation. Note that the accuracy is somewhat compromised, but the results
are close enough for quick calculations for application where high accuracy is not
essential. Chapter 5] presents the measured results using both methods, which provide
an indication of the level of accuracy.

To simplify the signal ow graph and the calculations, measured values from (3.1)

and (3.2)) are approximated by following expressions

_b

. (3.11)

Svnaiii - Cii :
I ax=0; Sx:22 0 for x&i

and

bi
Swnaiij - Cij = — ; (3.12)
Q) a,=0; Sy 0 for x&j & y&ijj

where x;y;i;j 2 Zand 1 x;y;i;j  N. In (8.11), it was assumed that the
energy re-scattered from antennas other than the it" antenna are approximately zero.
Similarly, considering (3.12), it was assumed that the re-scattered energy from the
antennas other than the it" antenna and the j* antenna was approximately zero. This
is to avoid signal ow paths created due to multiple re-scattering from other antennas,
which are very low in strength. Thus, the approximation does not signi cantly impact
the numerical solution but signi cantly reduces the complexity of the signal ow graph

used to obtain general expressions.
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3.3.1 Calculation of SG" for Two-Element Antenna Array

The signal ow graph of a two-element antenna array is presented in Figure [3.4
Expressions for all the measurements using the VNA are derived by solving
after substituting a, = 0 as per the de nition of and (3.12). These sets of
linear equations are solved using the function ‘solve’ in Matlab [51].

Thus, linear expressions representing the VNA measurements of the two-element

antenna array are obtained as

Cll — SMu;llsl;212 + S1;11 Sl;llsl;ZZSMu;ll; (3.138.)
S1;228Mu;11 1

Coy = S1;2182;218Mu;21
21 —

S1;228Mu;11 + SZ;ZZSMU;ZZ + S1;2252;22 (SMu;leMu;lZ SMu;llsMu;ZZ) 1’
(3.13b)

2
C22 SMu,2282,21 S2,11 SZ,llsZ,ZZSMu,ZZ; (3130)

S2.22Smu22 1

S1;2182;21SMu;12

C :
2 S1:22Smur + S2:22Smuz2 + S1:2252222 (SmuztSmuizz - SmuaaSmuze) 1
(3.13d)
According to (3.8), the above equations are reduced to
Cpy = S|\/|u;1151;212 +S1n11 51;1181;228'\/'“?11; (3.14a)
Sl;ZZSMu;ll 1
S1:21S2:21Smu:

Cpr = 1;2192;21 Mu,212 . (3.14b)
S1:229Muii1 + S2:22Smuiz2 + S1:225222 Syyr SmuitaiSmuzz 1
SmurSo012 + S. S5:1152:22Smu:

C22 — Mu;2292;21 2;11 2;1192;22 Mu,22: (314C)

SZ;ZZSMU;ZZ 1
In this thesis, ‘solve’ function in Matlab is used to solve the above equations [51].
Sen are determined as

Suui = St Cn _
B S122(Sy11 Cu)  Sia’

(3.15)
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Sz11 Cx .
S222(S211 C22) S,

SMU;22 = (316)

and

v
v
2 2 2 2
U Sz Stz SuuSize + S22 452201 + 55 Cu
u
g

S1;2152;21 +5522(C2 Sz11) Sfa +S1:22Cii S111S122

2 2
251,225220C12 Sfp +S1:22C11 SyuaS12 S5p +S222C2  S2:11S222

SMu;lZ =

S1.215201 .
251.2252:22C12

(3.17)

3.3.2 Calculation of S for Three-Element Antenna Array

The elements of the antenna array are represented with two-port networks. Mutual
coupling is represented with a three-port network since the antenna array contains
three elements. The proposed schematic diagram of the three-element antenna array

is presented in Figure 3.5 and its signal ow graph is presented in Figure [3.6]

-

Antenna 3| TWo - Port
Network

Zfs
I o

Two - Port 7 Three - Port 7 Two - Port
Network fs Network fs Network

Antenna 1 Mutual Antenna 2
Coupling

Figure 3.5: Schematic diagram of a three-element antenna array.
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Figure 3.6: Signal ow graph of a three-element antenna array.
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Similar to the case of two-element antennas, the signal ow graph presented in
Figure [3.6] is solved. Afterwards, expressions are obtained for all combinations of

(3.11) and (3.12)); furthermore they are simpli ed according to (3.9) to give

Smu11S1912 + Sy S1:11S1:22SMmu:
Cll — Mu;1191;21 1;11 1;1191;22 Mu,ll; (3.183)
S1;228‘Mu;11 1

S1;2182;218Mu;12

C2 - 1
1 Sl;ZZSZ;ZZSMu;122 + Sl;ZZSMu;ll + SZ;ZZSMU;ZZ Sl:ZZSZ;ZZSMu;nSMu;zz 1
(3.18b)
Cs = S1:21S3:21SMmu;13 _
S1.22S3:22Smui13” + S1:22Smu11 + S3:22Smu:as S12253:22Smu11SMuzs 1
(3.18¢)
Snvu0S,012 + S, S.11S05Shs
Cypy = Mu;2292;21 2;11 2,1192;22 Mu,22; (3.180)
S2.22Smu22 1
Cqyp = S2;2183;21SMu;23 .
S2.2253.20SMu:23” + S2:22Smuz2 + S3:20SMmuas S2:22S3.22SMu22SMuzs 1
(3.18e)
Css = SmusSaz1” + Szt 83;1183;228Mu;33: (3.18f)

S3.22Smuzs 1

By solving the above equations, S5 of the three-element antenna array were deter-

mined:
Sma1 = 5— (Si;“ Cil)l sz, (3.19)
Sz = 5— (Sii” CZZ)Z 52, (3.20)
Smu;zz = SanCa (3.21)

S3:22(Ssa1 Cas) S,
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v
v
2 2 2 2
U Sz Stz SuuSize +S122 452201 + 552 Cu
u
g

2
+S,. : .+ S, : .
S1.21S2:21 S222(C22 Sz11) Sioy +S1;22C11 S111S122

SMu;12 = 5 5
251:20592:22C12 S{p; +S122C11 S1;11S1220 S5 +S2:22C2 S2,115222

S1:21S221 .
251.22S2:2:C12”

(3.22)

ot

ul

2 2 2 2

U Sz Stz SuuSize +Si22 4532:C15 + S5 Cu
o

2
+S.. . .+ Sy 11S1.
S11Ss1 @ S3:22 (Caz Sz11) S +S1;22C11 S1;11S1:22

Smu;13 = 5 5
251,225520C13 Sfy +S1;22C11 S1;11S122 S5p1 + S3:22Ca3 S3:11S322

S1;2183;21 .
231;22 S3;22Cl3 ’

(3.23)

v
v
2 2 2 2
U S3a1 St S211Saze + Szze 45322053 + S351C22
U
g

2
+S,. : 01 + S, 1150
S2.21S3:21 S3:22(Cas Sz11) Syop +S222C2  S211S222

Smu;2z = . .
252,225520C23 S5 +S222C22  S211S222  S5p1 + S3:22Cs3 S3:11S3:22

S$2219321 .
257.22S3:22C23°

(3.24)

3.3.3 Calculation of Sg&" for N-Element Antenna Array

By inspection of the expressions obtained for the Sg&" in a two-element antenna array
and in a three-element antenna array, the general expressions for S-parameters of an

N -element antenna array are inferred as

Siin Gii
o _ ; 3.25
Mu;ii Sii2 (Si;ll Cii) Si2;21 ( )

33



and

bt
ul
4 Sj2;21 SZ1  SiuSizz + Siz 4Sj;22Ci2j+Sj2;21Cii
U
ul
Sl\cilfpij _  SiuSin ¢ +Sj22 (Cjj  Sju1) Sfa + SieCii  Si1Size
’ 25i:22S5:22Cij  SZyy + Si2Cii SimaSize  Sfay +Sj22Cij  SjuiSj2
Si;lej;Zl
2Si:22Sj:22Cij
(3.26)

If all the antenna elements in the array are equivalent, it can be considered that

S-parameters of each antenna element are equal to the 1% element of the array. Then,

(3.25) and (3.26) simplify to

Si11 G
séen. — ' : 3.27
MU 812 (St Cii)  Siy (3:27)

and

AV 4
o
H Sf;zl 812;21 Sl;llsl;ZZ +Sl;22 481;22Ci2j +Si21Cii
ul
ul

seen. = St, Y +8122(Cjj S111) SPon +S122Cii StuiSize

u;ij
28%;22Cij 55;21 + S1.22Cii  S1:11S1:22 55;21 +S5125Cjj  S1;11S12
Sf;Zl
(3.28)

3.3.4 \Validation of the General Method using the Calculation of SS&" for Four-
Element Array

The elements of the antenna array are represented with two-port networks. Mutual

coupling is represented with a four-port network since the antenna array contains

four elements. The proposed schematic diagram of the four-element antenna array is

presented in Figure [3.7, and its signal ow graph is presented in Figure [3.8

Using the rst principles similar to the two-element antenna case and the three-
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Figure 3.7: Schematic diagram of a four-element antenna array.
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element antenna case, S5 are determined as

St Cu
Muitt S122(S111 Ci1)  Siz? (3:29)
So11 Ca
S0 = ! ; 3.30
R N O W (3:30
Sur o= Sza1 Cas . (3.31)
Mui33 S322(Sz1 Css)  Szm?® .
S S4;11 C44 . (3 32)
Musa4 Su22(Sas Cas)  Sam®’ .
\V4
Ui
H 85;21 85;21 81;1181;22 +Sl;22 482;22C§2+S§;21C11
ul
ul
Smu12 = SIS o *+S222 (G2 Soa) Sf;21+51;22C11 S11151:2
251225220C12 SZ,1 +S1,22C11 S111S122 SZo1 +S222C2 S211S222
S1219221
2S1:22S2:25C12’
(3.33)
\V4
Ui
U S§;21 Sf;ﬂ S11181220 + Sy 453;22053"'53%;21(:11
u
ul
Smu;s = S11831 ¢ S92 (Cos Sont) Sia * Szl SunSize
25122S322C13 Sfy +S122C11 S1:11S122 S5 + S322C33 S311S320
S1:218321
2S1.22S3:22C13’
(3.34)
N4
i
H S};Zl S]Z_;Zl 81;1151;22 +Sl;22 484;22Ci4+8i21cll
ul
u
Syuse = StzaSuas v} +S422(Cas  Sa11) Sfor +S122C11 S111S8120
251:22S54:20C14 85;21+31;22C11 S1:1181:22 S§;21+S4;22C44 S4;1154;22
S121S421 |
281;2284;22(:14 ’
(3.35)
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v
v
2 2 2 2
U S3zu Sz S2uSzze + Sz 4532005 + S5 C22
u
g

2
+S.. : o+ S, . :
S2:21S3.21 S322(Cas Sz11) Syop +S222C2  S211S2:22

SMu;23 = 5 5
252.2253:22C23 S50 +S5220C22  S2,11S220 S5+ S3:22C33 S311S322

S2.21S3.21 |
257.22S3:22C23"

(3.36)

Vs
Ul
2 2 2 2
U Sio Szr SomaSaze +Sz0 4S4:22C% + S521Co0
U
=

S2.01S421 +S4,20 (Cas Sa11) S22;21 + 52.00C2  S2:11S2:22

SMu;24 = 5 5
252.:2254:22C24 S50 +S5220C20  S2,11S220  Sipn + Ss22Cas Sa11Sa22

S2;2184;21 .
282;2284;22(:24 ’

(3.37)

AV 4
i
2 2 2 2
U Sio Sz SsiaSse + Ssz 4542205 + S552.Cas
u
=

+S,.0, (C Ss S2.. + S3.,C S3:11S3
S3:21S4:01 422 (Cas  Sa11) S3o1 +S3:22C33  S3:11S3:22

SMmu;za = 5 5
253225422C34  S§1 +S322Cs3  S3:11Ss22 Sipr +Ss20Cas Ss11Ss22

S3;2184;21 .
283;22 S4;22(:34 .

(3.38)
It is noted that the expressions derived using rst principles and the expressions
generated from and are the same. Thus, general expressions ((3.25)
and (3.26)) are validated. This method of calculating Sy, is referred as the general
method as it uses general expressions.

Considering the two methods, the primary method produce much accurate results
compared to the general method, since the general method assumes that the energy
re-scattered from elements other than the elements involved with Syna measurements
are negligible. For antenna arrays with very short inter-element distances, the pri-

mary method is preferred over the general method, since the signal chains due to
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re-scattered energy from other elements would be hard to neglect. However, primary
method is computationally involved, thus is time consuming and becomes very com-
plex when applied to arrays with large number of elements. In contrast, the general
method can be easily applied to large arrays without increasing the complexity and

can produce results fast using the general expressions.
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Chapter 4

Complete Scattering Matrix and the Radiation

E ciency of an Antenna Array

The techniques to model and to calculate mutual coupling were discussed in Chapter
Bl This chapter presents the complete antenna array scattering matrix after taking
the mutual coupling into account. Calculation of radiation e ciency of an array is

also discussed in this chapter.

4.1 Complete Scattering Matrix of an Antenna Array

Complete scattering parameters of an antenna array (Sar) present the relationship
between all the ports associated with array elements. As discussed in Chapter [2, a
single element of an array can be modeled using a two-port network. Thus, an array
with N elements consist of 2N ports. The signal ow graph of an N-element antenna
array is presented in Figure 4.1 where the incident wave nodes associated with the
free space are extended in order to be independently accessible in the receiving mode
of each element.

By calculating the signal ow between all ports associated with each element in
Figure [4.1} a multi-port representation is obtained and is presented in Figure [4.2] It
presents the schematic diagram of an N-element antenna array, where the antenna
array is represented with an 2N-port network. In Figure 4.2, ports from 1 to N are
the physically accessible ports of each element. Ports from N + 1 to 2N are the ports

of each element associated with the free space.
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Figure 4.1: Signal ow graph of N-element array with accessible nodes to indepen-

dently excite ports associated with the free space.
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Figure 4.2: Schematic diagram of an N-element antenna array represented with an
2N -port network.

Thus, S-matrix of an N-element antenna array is de ned as

O 1 O 10 1
b1 Sar @) SAr@M) SAr@)(N+1) Sar1)eN)
bn SAr(N)@) SAR(N)NY  SArN)(N+1) SAr(N)@2N)
bN +1 SAr;(N +1)(2) SAr;(N +1)(N) SAr;(N +1)(N+1) SAr (N+1)(2N) aN +1
ban Sar;2N)(1) SArEN)N)  SArEN)(N+1) SAr;2N)@2N)
(4.1)
where the S-parameters are cEi;e ned as,
bi ]
= Forl<j N
1 axay= YE
SarGiyG) b B2y =0 for xiyed (4.2)
= ForN <j 2N
- g ax;ay=0 for x;y&j
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where, fi;J 2Nji;j 2Ng, ™X2Njx Ng,andfy2NjN <y 2Ng.
According to (4.2), Sar can be determined by solving the node expressions of the
signal ow graph of the antenna array, since S; and Sy, are known. The calculation
of S; and Sy, are discussed in Chapter [2] and Chapter [3 respectively. Since Sy
can be calculated using the primary method and the general method, S, can be
calculated using SF and S, Thus, the notation of SE' and S$e" correspond to
Sar calculated using SP' and SGe", respectively. Due to the reciprocity of S; and
Smus Sar too is reciprocal. The procedure is best demonstrated using an example of

a two-element antenna array in Section [4.1.1]

4.1.1 Sp, of a Two-Element Array

Figure [3.4 presents the signal ow graph of a two-element antenna array. Considering
the receiving mode, the node associated with the incident wave from the free space
for each antenna is extended to be accessible independently, as is presented in Figure

4.3 Figure[4.3 can be represented as a four-port network as presented in Figure [4.4]

a §,21 b, 1 & %wu,zlba
SAU,ZZA

u,11

A 4

Y31 SoA Y40 'S,

by §,21 & 1 b aju,lz & 1 b, %,21 2

Antenna 1 Mutual Antenna 2
1 Coupling

Figure 4.3: Signal ow graph of a two-element antenna array with accessible nodes
to independently excite ports associated with the free space.
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Figure 4.4: Schematic diagram of a two-element antenna array represented using a
four-port network.

Considering Figure [4.3, expressions for nodes are obtained as

by = Spa181 + S1:2183; (4.32)
az = bs + as; (4.3b)
bs = Si;2283 + Sy2124; (4.3c)
as = bg; (4.3d)
bs = Smu;1185 + Smu:218s; (4.3e)
bs = Smu;2185 + Smu;226; (4.3f)
ag = by; (4.39)
as = bg + agu; (4.3h)
bs = Sp2084 + S2212; (4.3i)
b2 = Sz:2184 + S2:1182: (4.3))

These expressions are solved to nd as....¢ and by...¢ using ‘solve’ function in Matlab

..........

[51]. Substituting these values on (4.2), Sar can be found.
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The complete S-matrix is found to be

O1 O 10 1
by Sarm@ Sar®m@ Sar®mE) Sanw@G B
b, Sar@@ Sar@@ SarE@e) Sane@mE Baz 4.4)
bs Sar@@ Sar@@ SarE@E) Sanem& Bas
by Sar@@ Sar®w@ Sar@E) Sar@@ A
where
ba
Sarm@ = — (4.5)
a a,3.7=0
2 3
9 (1 S1;22Smuar S2;22Smu22) S1i1 +Sf;218Mu;1lg
+ S1;1181;2282;22 85;2182;22 SMu;llSMu;ZZ S|%/|u;21
S1.20SMu11 + S2:20SMui22 + S1;2052:22 S,%Au;zl SMu:11SMu:22 1
by
Sar@@) = — (4.6)
al a2;§;Z=O
— (81;2182;218Mu;21) B
S1.22SMu11 + S2:22SMmui22 + S1:22S2:22 S,%Aum SMu:11SMu:22 1’
bs
Sar@@) = o 4.7)
a2;§;Z=0
_ S1:21(S2:22Smup2 1)
S1:20SMu11 + S2:20Smuz22 + S1;2252:22 S.%Au;m SMu:11SMu:22 1
ba
Sar@a) = — (4.8)
al a2;§;1=o

(51;2182;228Mu;21)
2
S1;225muii1 + S2:22Smuize + S1:22S222 Siyyr SmuitiSmuzz 1

45



by

Sar@y@2) = % (4.9)
al;?;Z:O
— (81;2182;218Mu;21)
S1.22Smu:11 + S2:22Smuz22 + S1:2252:22 Sl%/m;z:]_ SMui11SMu:22 1’
b
Sar@)2) = a_2 (4.10)
2 al;iZZO 3
2 (1 SZ;ZZSMU;ZZ Sl;ZZSMu;ll) S2;11 + Szz;zlsMu;ZZE
+ S1;2252;1182;22 S%;2181;22 SMu;ZZSMu;ll S|%/|u;21
S1.22Smu:11 + S2:22Smuz22 + S1:2252:22 Sl%/m;z:]_ SMu:11SMu:22 1’
b
Sar@)@) = a—z (4.11)
al;§;Z=O

(51:2252:21Smu:21)
2 1
S1.22Smu:11 + S2:22Smui22 + S1:22S2:22 SMu;gl SMu:11SMu:22 1

by

Sar@y@) = ~ (4.12)

al;§;Z=0

_ S221(S1:22Smuin 1)
= > :
S1:20SMu11 + S2:20Smu22 + S1;2252:22 SMu;Zl SMu:11SMu;22 1

by

Sarm@E) = = (4.13)

al;Z;HZO

_ S1;21(82;228Mu;22 1)
S1:20SMu11 + S2:20Smuz22 + S1;2252:22 S.%Au;m SMu:11SMu;22 1

b
Sar@@) = 2 (4.14)

33 a1;2;Z=O
(81;2282;218Mu;21)
2
S1;225Muii1 + S2:22Smuiz2 + S1:22S222 Siyyr SmuitiSmuzz 1
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bs

Sar@E)@E) = = (4.15)
al;Z;ZZO
_ S1,22(S222Smu22 1) _
S1.22Smu:11 + S2:22Smur22 + S1:22S2:22 S|%/|u;21 SMu;11SMu:22 1
b
Sar@@) = ’c’l_: (4.16)
al;Z;Z:O
_ (51:2252:22Smu;21) ,
S1.22Smu:11 + S2:22Smuz22 + S1:2252:22 S|%/|u;21 SMu:11SMu:22 1’
b
Sanw® = a—z (4.17)
al;2;§=O
_ (51:2152:22Smu;21) ,
S1.22Smu:11 + S2:22Smur22 + S1:.22S2:22 S|%/|u;21 SMu:11SMu:22 1’
b
Sar@)@) = a_z (4.18)
a1;2;§=0
_ S2:21(S1;22Smu11 1) _
S1:20SMu11 + S2:20Smuz22 + S1;2252:22 S|%/|u;21 SMu:11SMu:22 1
b
Sar@@ = eTj (4.19)
al;2;§=O
_ (S1;2252,22Smuz21) _
S1:20SMu11 + S2:20SMui22 + S1;2052:20 S[%AU;ZJ_ SMu:11SMu;22 1
b
Sar@@ = ET4 . (4.20)
a1;2;§=
_ S2:22(S1;22Smu11 1) _
S1:22Smui11 + S2:22SMur22 + S1:2252:22 S.%Au;m Smu1Smuzz 1

It is observed that Sx, is reciprocal.
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4.2 Radiation E ciency

According to [54] the radiation e ciency of an antenna is de ned as

Radiated Power

Radiation E ciency () = Net Accepted Power:

(4.21)

Thus, pursuant to (4.21) the radiation e ciency of the antenna array ( ar) IS ex-
pressed as:

p - -2 - -2
. (JbN+iJ JaN+iJ )
= = : (4.22)

Ar —

(aij?  jbij?)

i=1
where power at each port is calculated according to [55]. Mutual coupling between
the antennas alters the expected radiation e ciency of each antenna measured in the
free space. Calculated S-parameters of the antenna array can be used to measure
the radiation e ciency of the single element of an array as they are positioned in
the array. The radiation e ciency of the it" element ( ;) of an N-element array is
determined as

= ij+ij2 jaN+ij2.

AL Ll 4.23
jaij?  jbij? (4.23)

In order to determine the radiation e ciency using and (4.23), incident
power wave amplitudes (a;j) and re ected power wave amplitudes (b;) have to be
determined. Re ected power wave amplitudes can be determined in terms of incident
power wave amplitudes by solving the node expressions of the proposed signal ow
graph of the particular array. a; to ay in an N-element antenna array correspond to
the incident power wave amplitudes at the connecting end of the physically accessible
port to each element. They can be determined using

. Vi+ _ VJ‘+ Zoli

di = P———= —
! P< ong 2P< ong

(4.24)
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where V; denote voltages, I; denote currents, and Z, denote the characteristic impedances
at the connecting cable of the it" element [50]. Nevertheless, for antenna arrays with

identical excitation, where
a, = fay;as;:::;ang; (4.25)

radiation e ciency can be calculated using (4.22) and (4.23) without determining
the numerical value of the incident power wave amplitude as it cancels-out from the

denominator and the numerator.
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Chapter 5

Model Veri cation using Measurements and

Simulations

This chapter presents the measurements, calculations, and simulation results, which
are used to validate the proposed model of mutual coupling between array elements
and antenna array S-parameters. Di erent experimental monopole array set-ups are
tested to validate the proposed model: varying inter-element distance and varying
the number of elements in an array as well as their con gurations. For each set-up,
the radiation e ciency and the S-parameters of the physically accessible ports are
calculated using the proposed model with reference to SF and SGe". Subsequently,
the results are compared with simulation results and measurements for accuracy as-

sessment.

5.1 S-Parameters of a Single Array Element

All array prototypes are fabricated using identical monopoles. Each monopole is made
of copper (height: 14 mm, diameter: 1.27 mm) and is surrounded by a layer of Te on
(relative permittivity: 2.1, height: 14 mm, inner diameter: 1.27 mm, outer diameter:
4.11 mm). An aluminum sheet (length: 380 mm, width: 380 mm, thickness: 1.14
mm) is used as the ground plane. It should be noted that the metallic cap, the
ground plane, and the contact between the metallic cap and the ground plane would
introduce additional loss [31, 56]. Figure presents the above described monopole
on a ground plane. The frequency points of interest are chosen to be 4.2 GHz, 4.6

GHz, 5.0 GHz, and 5.4 GHz.
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Figure 5.1: The prototype of single monopole on a ground plane.

In order to calculate S; of a single monopole antenna, the SWC method is used
[31]. Spherical Wheeler cap radii are calculated according to (2.26) and presented
in Table 5.1 The caps were 3D printed and their inner surfaces were painted with

conductive metallic silver paint. The fabricated caps are presented in Figure 5.2

Table 5.1: Spherical Wheeler cap radii.

Test Frequency ka kb kb3™®  bi%F b

(GH2) (cm) (cm)
4.2 061 371 537 421 6.10
4.6 067 3.72 539 386 559
5.0 0.73 3.75 541 357 5.16
5.4 0.78 3.77 5.43 333 480

Input re ection coe cient of the AUT was measured while immersed in free space
and under each cap and is presented in Table 5.2l The S-parameters are calculated

according to the SWC method and presented in Table 5.3
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(a) Top view

(b) Side view

Figure 5.2: 3D printed caps painted with metallic silver paint.
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Table 5.2: Measured input re ection coe cient of the monopole under test.

Frequency (GHz) Input Re ection Coe cient (dB\ deg)

AUT immersed in the free space

4.2 -14.14\  66.37
4.6 -15.11\ -64.04
5.0 -9.21\ -112.50
5.4 -6.26\ -141.97

AUT under the cap of kbi* = 3:71 at 4.2 GHz

4.2 -0.1205\ 104.25
AUT under the cap of kb3®® = 5:37 at 4.2 GHz
4.2 -0.0817\ -34.46
AUT under the cap of kb®® = 3:72 at 4.6 GHz
4.6 -0.1102\ 61.26
AUT under the cap of kb;* = 5:39 at 4.6 GHz
4.6 -0.0612\ -93.38
AUT under the cap of kb;* = 3:75 at 5.0 GHz
5.0 -0.1026\ 11.08

AUT under the cap of kb;* = 5:41 at 5.0 GHz
5.0 -0.0342\ -130.10

AUT under the cap of kb{* = 3:77 at 5.4 GHz
5.4 -0.0655\ -36.32

AUT under the cap of kb;* = 5:43 at 5.4 GHz
5.4 -0.0302\ -156.90

Table 5.3: S; of the monopole antenna under test.

Test Frequency Si1 So; Sy
(GHz) (dB\ deg)
4.2 -14.14\  66.37 -0.23\ -15.14 -12.91\ 87.21
4.6 -15.11\ -64.04 -0.18\ -40.97 -15.50\ 164.47
5.0 -9.21\ -112.50 -0.58\ -63.38  -9.92\ 173.96
5.4 -6.26\ -141.97 -1.18\ -81.82  -7.22\ 170.06
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5.2 Varying Element Distance

In order to test the performance of the proposed model with varying inter-element
distance (d) and hence mutual coupling, several two-element array set-ups with iden-
tical monopole antennas were used: 15 mm, 20 mm, 30 mm, and 40 mm. Table 5.4
presents the tested d of the array in terms of wave-lengths. Figure [5.3] presents the

arrays under test with di erent d.

Table 5.4: Inter-element distance of tested two-element antenna arrays.

Test Frequency Inter-Element Distance (d)
(GHz) 1I5mm 20 mm 30 mm 40 mm
4.2 0:21 0:28 0:42 0:56
4.6 0:23 0:31 0:46 0:61
5.0 0:25 0:33 0:50 0:67
5.4 0:27 0:36 0:54 0:72

S-parameters of the physically accessible ports of antenna arrays under test with
di erent inter-element distances were measured using a Keysight 8719ES VNA. The

measurements are presented in Table [5.5

5.2.1 S-Parameters of Mutual Coupling

Figure [3.3 and Figure [3.4] present the schematic diagram and the signal ow graph
of a two-element antenna array, respectively. Considering the two-element monopole
arrays with varying d, S and SSe were calculated and is presented in Table
and Table 5.7

5.2.2 Complete Antenna Array S-Parameters

As discussed in Chapter [4, Sar for a two-element antenna array is presented using a

four-port network. Using the values presented in Table 5.6 for S{ii and Table [5.7] for
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(@) d =15 mm (b) d =20 mm

(c) d =30 mm (d) d =40 mm

Figure 5.3: Tested two-element arrays with di erent inter-element distances.
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Table 5.5: S-parameters between the physically accessible ports of the array under

test with di erent d measured from a VNA.

Test Frequency Svna;L1 Svna;21 Svna;22
(GH2) (dB\ deg)
d =15 mm
4.2 -12.18\ 40.59 -8.24\ 111.63 -11.82\ 36.91
4.6 -11.02\ -67.19 -8.94\ 76.28 -10.85\ -71.22
5.0 -7.18\ -117.53 -10.77\ 47.92  -7.26\ -119.79
5.4 -5.51\ -146.07 -12.76\ 29.99 -5.23\ -148.36
d =20 mm
4.2 -14.87\ 439 -9.93\ 92.68 -14.9\ 37.93
4.6 -13.13\ -77.33  -10.8\ 57.35 -12.73\ -79.46
5.0 -8.61\ -121.44 -12.4\ 28.71 -8.41\ -121.81
5.4 -6.53\ -146.81 -14.16\ 7.16 -6.26\ -146.7
d =30 mm
4.2 -15.83\ 77.35 -12.52\ -84.83 -16.56\ 70.39
4.6 -18.57\ -62.09 -13.26\ -125.32 -17.29\ -70.30
5.0 -10.72\ -112.02 -14.23\ -159.12 -10.27\ -113.41
5.6 -7.28\ -139.42 -15.78\ 168.08 -6.78\ -138.67
d =40 mm
4.2 -14.05\ 70.39 -14.74\ -126.91 -11.60\ 82.90
4.6 -15.14\ -50.10 -14.40\ -179.79 -16.05\ -26.61
5.0 -8.83\ -109.33 -16.67\ 137.09 -10.11\ -100.78
5.6 -6.07\ -140.83 -17.79\ 103.19 -6.76\ -135.87

56



Table 5.6: Calculated Sfi in two-element arrays under test with di erent d.

Test Frequency Sfin.11 Sfino1 Sfin2
(GHz) (dB\ deg)
d =15 mm
4.2 -22.01\ 24.08 -7.67\ 139.27 -20.05\ 21.06
4.6 -18.16\ -1.32  -8.25\ 157.57 -17.34\ -9.62
5.0 -16.26\ -11.88 -8.92\ 172.93 -16.04\ -19.76
5.4 -18.71\ -8.37 -9.65\ -168.86  -16.4\ -15.68
d =20 mm
4.2 -25.30\ -11.80 -9.58\ 121.09 -22.66\ -14.65
4.6 -22.47\ -45.64 -10.31\ 138.06 -20.98\ -44.18
5.0 -20.41\ -57.98 -11.01\ 152.71 -19.74\ -53.86
5.4 -22.49\ -73.23 -11.74\ 167.66 -22.24\ -58.77
d =30 mm
4.2 -24.54\ -139.84 -12.24\ -52.65 -26.89\ -116.84
4.6 -23.89\ -159.32 -13.05\ -43.60 -25.88\ -135.78
5.0 -24.18\ -154.52 -13.35\ -32.96 -26.33\ -140.90
5.4 -22.71\ -169.05 -13.85\ -26.95 -27.14\ 177.40
d =40 mm
4.2 -30.76\ 147.64 -14.08\ -94.06 -19.18\ 146.72
4.6 -26.06\ 120.28 -14.14\ -96.46 -18.56\ 137.38
5.0 -30.67\  85.05 -15.66\ -94.46 -20.69\ 140.50
5.4 -30.54\ 120.71 -15.72\ -91.23 -20.68\ 150.39
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Table 5.7: Calculated S5 in two-element arrays under test with di erent d.

Test Frequency  SSe, SIS S
(GHz) (dB\ deg)
d =15 mm
4.2 -18.66\ 1851 -7.65\ 138.28 -17.27\ 17.07
4.6 -18.96\  9.42 -8.26\ 158.02 -18.30\ -0.64
5.0 -18.78\  -9.47  -9.11\ 173.49 -18.52\ -19.90
5.4 -22.31\ -21.06 -9.97\ -169.04 -18.86\ -26.67
d =20 mm
4.2 -22.10\ -17.43  -9.63\ 120.54 -20.18\ -18.50
4.6 -23.46\ -35.01 -10.30\ 138.33 -21.80\ -35.23
5.0 -23.04\ -57.61 -11.07\ 153.52 -22.13\ -52.21
5.4 -24.99\ -92.56 -11.91\ 168.58 -25.55\ -72.71
d =30 mm
4.2 -25.44\ -127.30 -12.26\ -52.98 -26.87\ -99.56
4.6 -24.48\ -166.06 -13.04\ -43.45 -27.13\ -141.76
5.0 -24.18\ -168.41 -13.37\ -32.42 -26.90\ -159.02
5.4 -21.95\ 178.18 -13.89\ -26.05 -25.14\ 160.32
d =40 mm
4.2 -31.31\ 165.12 -14.11\ -94.00 -19.42\ 151.10
4.6 -27.08\ 116.01 -14.13\ -96.55 -19.04\ 136.60
5.0 -30.79\ 67.53 -15.61\ -94.59 -21.46\ 138.11
5.4 -32.79\ 98.76 -15.63\ -91.49 -21.79\ 148.04
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Seen, SR and S$en are calculated. These calculated Sp, for the arrays with inter-
element distances 15 mm, 20 mm, 30 mm, and 40 mm are presented in Table 5.8

Table 5.9, Table [5.10, and Table [5.11] respectively.

Table 5.8: Sa, of the tested two-element antenna array with d = 15 mm.

o (dB\ deg)
ATOD 4.2 GHz 4.6 GHz 5.0 GHz 5.4 GHz
SKri
r
SRiye 1218\ 4059 -11.02\ -67.19 -7.18\ -117.53  -5.51\ -146.07

SR 8.24\ 11163 -8.94\ 7628 -10.77\ 47.92 -12.76\ 29.99
SR 020\ -13.70  -0.34\ -40.86 -0.88\ -62.83 -1.42\ -80.87
SPM 2093\ -146.01 -24.27\ -78.28 -20.11\ -74.74 -18.80\ -78.13
SR -11.82\ 36.91 -10.85\ 7122  -7.26\ -119.79  -5.23\ -148.36
SPrae -20.93\ -146.01 -24.27\ -78.28 -20.11\ -74.74 -18.80\ -78.13
SEMme 030\ -1344 -0.35\ -40.65 -0.87\ -62.46 -152\ -80.19
SPra@ -12.98\ 88.65 -15.67\ 16458 -10.22\ 17450 -7.47\ 171.02

SEMp -33.62\ -43.66 -39.50\ 127.16 -20.45\ 162.59 -24.85\ 173.75

SR -12.98\ 88.91 -15.67\164.79 -10.21\ 174.87 -7.56\ 171.69
Sar”

Sy -1154\ 33.70 -11.10\ -62.65 -7.75\ -11557  -6.03\ -145.94
SSe,y 824\ 11163 -8.94\ 76.28 -10.77\ 47.92 -12.76\ 29.99
SSyq 0.30\ -13.21 -0.33\ -41.08 -0.79\ -63.10 -1.27\ -80.78

825?4)(1) -20.93\ -146.01 -24.27\ -78.28 -20.11\ -74.74 -18.80\ -78.13
Sgen -11.14\  30.58 -11.07\ -66.85 -7.84\ -118.00 -5.73\ -148.42

Ar;(2)(2

ng;’z‘;; -20.93\ -146.01 -24.27\ -78.28 -20.11\ -74.74 -18.80\ -78.13
525?4)(2) -0.30\ -12.95 -0.34\ -40.87 -0.78\ -62.73 -1.36\ -80.11
SSeny;y -12.98\ 89.14 -15.66\ 164.36 -10.13\ 17423 -7.31\ 171.10
825?4)(3) -33.62\ -43.66 -39.59\ 127.16 -29.45\ 162.59 -24.85\ 173.75

525?4)(4) -12.99\  89.41 -15.66\ 164.56 -10.12\ 174.60 -7.41\ 171.77

5.2.3 Radiation E ciency of the Antenna Array

Radiation e ciency of the antenna array was calculated according to (4.22) as dis-

cussed in section [4.20 Table 5.12) present the radiation e ciency: obtained using
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Table 5.9: S, of the tested two-element antenna array with d = 20 mm.

S (dB\ deg)
' 4.2 GHz 4.6 GHz 5.0 GHz 5.4 GHz

Sar

SRy -14.87\ 43.90 -13.13\ -77.33  -8.61\ -121.44  -6.53\ -146.81
SR 993\ 92.68 -10.80\ 57.35 -12.40\ 2871 -14.16\  7.16
SRise 017\ -14.18  -0.24\ -40.48 -0.67\ -62.23 -1.13\ -80.45
SRy -22.62\ -164.97 -26.12\ -97.22 -21.74\ -93.96 -20.21\ -100.96
SRrie 1490\ 37.93 -12.73\ -79.46  -8.41\ -121.81  -6.26\ -146.70
SRl 2262\ -164.97 -26.12\ -97.22 -21.74\ -93.96 -20.21\ -100.96
SRlime 016\ -13.95 -0.25\ -40.37 -0.70\ -62.18 -1.20\ -80.52
SPriae 1286\ 88.17 -15.57\ 164.96 -10.01\ 17510 -7.18\ 171.44
SRriu@ 3531\ -62.62 -41.45\108.22 -31.09\ 14337 -26.25\ 150.93
SRlim@ -12.85\ 88.40 -15.58\ 165.07 -10.04\ 17516 -7.25\ 171.36
Sl

SSenqy -15.05\ 36.32 -12.99\ -73.65 -8.84\ -11850 -6.81\ -144.85
sS993\ 92.68 -10.80\ 57.35 -12.40\ 2871 -14.16\  7.16
S 015\ -13.91  -0.25\ -40.61 -0.64\ -62.63 -1.05\ -80.90
SSeNyy -22.62\ -164.97 -26.12\ -97.22 -21.74\ -93.96 -20.21\ -100.96
SSe, 2 1495 3027 -12.62\ -75.92 -8.64\ -118.95 -6.53\ -144.81
SSe e 2262\ -164.97 -26.12\ -97.22 -21.74\ -93.96 -20.21\ -100.96
SSeh, 013\ -13.68 -0.26\ -4051 -0.66\ -6257 -1.12\ -80.98
SSe e 1284\ 88.44 -1557\164.82 -9.98\ 17470 -7.10\ 170.98
SSe@ 3531\ -62.62 -41.45\108.22 -31.09\ 14337 -26.25\ 150.93
sgen o -12.82\ 88.67 -1559\ 164.93 -10.00\ 17476 -7.17\ 170.91

Ar(H)4)
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Table 5.10: Sa, of the tested two-element antenna array with d = 30 mm.

S (dB\ deg)
' 4.2 GHz 4.6 GHz 5.0 GHz 5.4 GHz

Sar

SRy -15.72\ 79.03 -1857\ -62.09 -10.72\ -112.02  -7.34\ -138.56
SRy 1253\ -83.68 -13.26\ -125.32 -14.23\ -159.12 -15.74\ 168.74
SRia 014\ -1560 -0.09\ -40.99 -0.41\ -63.27 -0.88\ -82.25
SRlimay -25.22\ 18.67 -2858\ 80.12 -2357\ 7822 -21.78\ 60.62
SR 1610\ 70.90 -17.20\ -70.30 -10.27\ -113.41  -6.83\ -138.34
SRie 2522\ 1867 -2858\ 80.12 -2357\ 7822 -21.78\ 60.62
SRlime 014\ <1527 012\ -40.81 -0.46\ -63.16 -0.99\ -82.52
SPrie 1283\ 86.76 -15.42\ 164.45 -9.75\ 174.07 -6.92\ 169.64
SRl 3791\ 121.02 -4391\ -74.44 -32.91\ -44.45 -27.82\ -47.50
SRlimw -12.83\ 87.08 -15.44\ 164.63 -9.80\ 174.17 -7.04\ 169.36
Sl

SSenqy -16.16\ 7527 -18.24\ -58.84 -10.74\ -109.35 -7.33\ -136.58
SSe, .y 1253\ -83.68 -13.26\ -125.32 -14.23\ -159.12 -15.74\ 168.74
SSenqy 013\ <1543 010\ -41.06 -0.40\ -6354 -0.86\ -82.70
SSeh, -25.22\ 1867 -2858\ 8012 -2357\ 7822 -21.78\ 60.62
SSe, 2 1655\ 6653 -17.07\ -67.24 -10.30\ -110.89  -6.83\ -136.49
SSen e 2522\ 1867 -2858\ 80.12 -2357\ 7822 -21.78\ 60.62
SSeye 013\ <1511  -0.12\ -40.88 -0.45\ -63.43 -0.97\ -82.97
SSe e 1282\ 86.92 -15.42\ 164.38 -9.74\ 17380 -6.90\ 169.19
SSe@ 3791\ 121.02 -4391\ -74.44 -32.91\ -44.45 -27.82\ -47.50
Sgen o -12.82\ 87.24 -1545\ 16456 -9.79\ 173.90 -7.02\ 168.91

Ar(H)4)
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Table 5.11: Sa, of the tested two-element antenna array with d = 40 mm.

Sarnt) (dB\ deg)
/ 4.2 GHz 4.6 GHz 5.0 GHz 5.4 GHz

SAr

SRy -13.67\ 7300 -15.14\ -50.10 -8.83\ -109.33  -6.18\ -139.99
SRl -14.67\ -125.82 -14.40\ -179.79 -16.67\ 137.09 -17.80\ 103.03
SR 024\ 1548 -0.17\ -41.39 -0.62\ -63.84 -1.18\ -82.40
SR -27.36\ -23.46 -20.72\ 2564 -26.01\ 14.42 -2385\ -5.09
SRz -11.42\ 83.78 -16.05\ -26.61 -10.11\ -100.78 -6.87\ -135.36
SRl -27.36\ -23.46 -20.72\ 2564 -26.01\ 14.42 -2385\ -5.09
SPme 034\ <1631  -0.09\ -41.90 -0.42\ -6455 -0.95\ -83.22
SPria@ 1293\ 86.87 -15.49\ 164.05 -9.96\ 173.49 -7.22\ 169.49
SPrl@ -40.05\ 78.89 -45.05\ -128.92 -35.36\ -108.24 -29.89\ -113.21
SP@ -13.03\ 86.04 -15.42\ 16354 -9.76\ 17279 -6.99\ 168.67
Sar

Sy -13.99\ 7403 -14.99\ -51.90 -8.67\ -110.01  -6.05\ -140.66
SS, 0y -14.67\ -125.82 -14.40\ -179.79 -16.67\ 137.09 -17.80\ 103.03
SSyw 023\ 1551 0.7\ -41.35 -0.64\ -63.78 -1.22\ -82.27
S -27.36\ -23.46 2072\ 25.64 -26.01\ 14.42 -23.85\ -5.09
SSe, 2 1163\ 84.86 -16.02\ -28.90 -9.96\ -101.77  -6.74\ -136.19
SSNyey -27.36\ -23.46 -20.72\ 2564 -26.01\ 14.42 -2385\ -5.09
Sy 032\ -16.34 -0.10\ -41.86 -0.45\ -64.48 -0.99\ -83.09
SSe @ 1291\ 86.84 -1550\ 164.09 -9.98\ 17356 -7.26\ 169.61
SSy@ -40.05\ 78.89 -45.05\ -128.92 -35.36\ -108.24 -29.89\ -113.21
S -13.01\ 8601 -15.43\ 16358 -9.79\ 172.85 -7.03\ 168.79

Ar(H)4)
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HFSS simulations, calculated referring to S{ii, and referring to SS.

Table 5.12: Radiation e ciency of tested two-element antenna arrays with di erent d
obtained using HFSS simulations, calculated referring to SFii, and referring to SG.

Tested Frequency Radiation E ciency

(GH2) HFSS Primary General
d =15 mm
4.2 99:7%  96:6% 96:5%
4.6 99:7%  99:0% 99:0%
5.0 99:7%  98:7% 98:6%
5.4 99:7%  97:0% 96:6%
d =20 mm
4.2 99:6%  96:9% 97:0%
4.6 99:7%  99:1% 99:1%
5.0 99:7%  99:2% 99:3%
5.4 99:7%  98:5% 98:6%
d =30 mm
4.2 99:6%  99:9% 99:9%
4.6 99:7%  98:7% 98:7%
5.0 99:7%  98:3% 98:5%
5.4 99:7%  98:4% 98:8%
d =40 mm
4.2 99:7%  99:9% 99:9%
4.6 99:7%  98:7% 98:7%
5.0 99:7%  98:0% 98:0%
5.4 99:7%  97:0% 97:0%

It can be observed that the simulation results and calculated results using the
measurements via primary method and general method for radiation e ciency of the
array are very close to each other, thus validating the ability of the proposed model

to calculate the radiation e ciency of an array.

63



5.2.4 Comparison of S-Parameters between the Physically Accessible Ports

Table presents the measured S-parameters of the physically accessible ports using
a VNA of the tested set-ups. The same measurement was obtained using the SE" and
Sgen. Since, port 1 and the port 2 are the physically accessible ports of the tested
two-element array, S-parameters measured using the VNA (Syna:11; Suyna:21; Suna:22)
and Sar.1), Sar@@), and Sar2)2) Of the complete array S-parameters should be
identical.

Table present the measured S-parameters between port 1 and port 2 for inter-
element distances: 15 mm, 20 mm, 30 mm, and 40 mm. Table 5.8 Table 5.9, Table
5.10, and Table presents SE™ and S$e" for the same arrays, where their d are
15 mm, 20 mm, 30 mm, and 40 mm, respectively. Figure 5.4, Figure [5.5, Figure [5.6]
and Figure present the comparison between the measured Syna Vs. calculated
Sar for the two-elements arrays with the inter-element distances of 15 mm, 20 mm,
30 mm, and 40 mm, respectively. It was observed that the measured and calculated
S-parameters between the physically accessible ports via primary method and via

general method are near identical, thus validating the proposed model.

5.3 Varying the Number of Array Elements and Con guration

The proposed model was tested with varying the number of elements and con gura-
tion in an array: two-element linear array, three-element linear array, three-element
triangular array, and four-element square array. Since the two-element linear array
was considered in the previous section, only the three-element linear array, three-
element triangular array, and the four-element square array are considered in this
section. Each set-up was fabricated using identical monopoles on ground planes and
all set-ups are presented in Figure 5.8 The d is 20 mm in all tested array set-ups.

Considering the four-element square array, diagonal element distance (d;) is 28.3 mm.
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(a) Magnitude of Syna;11 VS. Sar:1)) (b) Phase of Syna:11 VS. Sar (1))

(c) Magnitude of Syna;21 VS. Sar2) 1) (d) Phase of Syna:21 VS. Sar:2))

(e) Magnitude of Syna;22 VS. Sar2)2) (f) Phase of Syna;22 Vs. Sar2)2)

Figure 5.4: Comparison between Syna Vs. calculated Sa, for two-element array with
d =15 mm.
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(a) Magnitude of Syna;11 VS. Sar:1)) (b) Phase of Syna:11 VS. Sar (1))

(c) Magnitude of Syna;21 VS. Sar2) 1) (d) Phase of Syna:21 VS. Sar:2))

(e) Magnitude of Syna;22 VS. Sar2)2) (f) Phase of Syna;22 Vs. Sar2)2)

Figure 5.5: Comparison between Syna Vs. calculated Sa, for two-element array with
d =20 mm.
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(a) Magnitude of Syna;11 VS. Sar:1)) (b) Phase of Syna:11 VS. Sar (1))

(c) Magnitude of Syna;21 VS. Sar2) 1) (d) Phase of Syna:21 VS. Sar:2))

(e) Magnitude of Syna;22 VS. Sar2)2) (f) Phase of Syna;22 Vs. Sar2)2)

Figure 5.6: Comparison between Syna Vs. calculated Sa, for two-element array with
d =30 mm.
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(a) Magnitude of Syna;11 VS. Sar:1)) (b) Phase of Syna:11 VS. Sar (1))

(c) Magnitude of Syna;21 VS. Sar2) 1) (d) Phase of Syna:21 VS. Sar:2))

(e) Magnitude of Syna;22 VS. Sar2)2) (f) Phase of Syna;22 Vs. Sar2)2)

Figure 5.7: Comparison between Syna Vs. calculated Sa, for two-element array with
d =40 mm.
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Table presents the element distances in terms of wave-lengths at test frequencies.

Table 5.13: Inter-element distances of arrays in terms of wave-lengths.

Test Frequency d d;
(GH2) 20 mm 28.3 mm

4.2 0:28 0:40

4.6 0:31 0:43

5.0 0:33 0:47

5.4 0:36 0:51

S-parameters of the physically accessible ports of tested antenna arrays with dif-
ferent number of array elements and con gurations were measured using a VNA. The

measurements are presented in Table 5.14]

5.3.1 S-Parameters of Mutual Coupling

The signal ow graphs of a three-element array and a four-element array are presented
in Figure [3.6] and Figure [3.8] respectively. Calculated SFf and S5 for the three-
element linear array, three-element triangular array, and the four-element square array
are presented in Table [5.15] and Table [5.16] respectively. In three-element arrays,
mutual coupling is represented with a three-port network, whereas in the four-element

array, mutual coupling is represented with a four-port network.

5.3.2 Complete Antenna Array S-Parameters

Considering a three-element array and a four-element array, Sa, can be presented
using networks of six-ports and eight-ports respectively. Table and Table
present the calculated SR and S&" of the three-element linear array, respectively.
Calculated SR and S$e" for tested three-element triangular antenna array are
presented in Table and Table 5.20 respectively.
Table[5.21]and Table[5.22]present the calculated ST for tested four-element square
antenna array whereas, Table and Table present the calculated S for
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(a) Three-element linear array.

(b) Three-element triangular array.

(c) Four-element square array.

Figure 5.8: Tested antenna arrays with di erent number of elements and con gura-
tions.

70



Table 5.14: S-parameters between the physically accessible ports of the array under

test with di erent number of elements and con gurations measured from a VNA.

(dB\ deg)

SvnA

4.2 GHz 4.6 GHz 5.0 GHz 5.4 GHz
Three-Element Linear Array
Svnar  -13.76\ 50.00 -13.72\ -71.01  -8.50\ -121.71  -6.69\ -151.58
Svna2r  -8.99\ -4191 -9.70\ -85.77 -11.81\ -116.28 -13.66\ -140.83
Svnazi  -15.58\ -161.39 -18.46\ 147.27 -20.89\ 118.59 -22.67\ 84.44
Svnazz -12.44\  19.13 -11.03\ -91.86 -8.26\ -135.68  -6.70\ -159.35
Svnazz 891\ -4452 -9.72\ -86.93 -11.76\ -117.70 -13.66\ -142.10
Svnazz  -14.29\  39.03 -12.53\ -82.26  -8.38\ -126.82  -6.18\ -153.68
Three-Element Triangular Array
Svna11  -14.03\ 2414 -11.53\ -82.08 -7.33\ -124.65 -6.09\ -152.51
Svna2r -11.51\ 9950 -12.19\ 64.72 -13.65\ 39.40 -14.67\ 19.59
Svnazr  -11.48\ 100.51 -12.21\ 67.52 -13.58\ 4252 -14.81\ 22.22
Svnazz -13.52\ 2510 -11.27\ -83.45 -7.53\ -127.43  -5.92\ -153.24
Svnasz -11.40\ 99.14 -12.34\ 66.16 -13.41\ 43.03 -14.77\ 21.89
Svnazs -13.40\  28.71 -11.23\ -79.74  -7.68\ -123.88  -5.97\ -149.34
Four-Element Square Array
Svnar  -13.69\  26.94 -11.32\ -80.34  -7.29\ -124.55 -6.25\ -153.62
Svna2r -10.38\ 107.59 -10.82\ 69.27 -12.34\ 43.11 -13.39\ 20.63
Svnasi  -19.08\ 37.43 -23.34\ 25.87 -23.32\ 22.43 -22.55\ 11.65
Svnasar  -10.46\ 108.63 -10.82\ 70.57 -12.35\ 42.64 -13.45\ 2181
Svnaz -13.44\  16.76 -10.54\ -87.84  -7.26\ -131.72  -5.90\ -157.18
Svnazz -10.28\ 107.67 -10.88\ 69.64 -12.47\ 42.76 -13.38\ 21.21
Svna4z -18.75\  36.63 -23.36\ 22.06 -23.33\ 23.27 -22.79\ 9.00
Svnazz -13.52\  17.43 -10.38\ -85.45 -7.20\ -128.12  -5.91\ -153.51
Svnagz  -10.39\ 103.75 -11.04\ 66.48 -12.41\ 41.22 -13.44\ 19.47
Svnags -13.80\  18.60 -10.76\ -84.06 -7.07\ -125.07  -6.01\ -153.29
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Table 5.15: SEI of arrays with di erent number of elements and con gurations.

(dB\ deg)

St
4.2 GHz 4.6 GHz 5.0 GHz 5.4 GHz

Three-Element Linear Array

Shihr -24.77\ -19.55 -24.62\ -21.78 -21.05\ -38.57 -20.44\ -76.85
Shior 891\ -12.73  -9.29\ -6.24 -10.47\ 459 -11.49\ 14.00
S,'f,lﬂ;gl -13.84\ -131.23 -18.19\ -122.91 -20.54\ -102.97 -22.39\ -101.88
Stz -15.41\ -2545 -14.11\ -41.14 -14.22\ -58.73 -15.15\ -71.68
Shia, -891\ -1596 -9.27\ -7.94 -1040\ 241 -11.33\ 12.09
SPiias -20.40\ -26.02 -19.09\ -36.52 -18.21\ -51.96 -17.75\ -61.24

Three-Element Triangular Array

St -19.03\ -15.42 -17.47\ -37.28 -15.13\ -37.40 -16.53\ -54.07
Sk, -10.73\ 12875 -11.85\ 146.45 -12.56\ 162.97 -12.78\ 177.12
Skl -10.67\ 129.75 -11.83\ 149.59 -12.47\ 167.19 -12.95\ -178.33
St -18.87\ -8.48 -16.82\ -37.65 -14.80\ -46.08 -15.69\ -51.68
St -10.60\ 128.42 -11.97\ 148.13 -12.31\ 167.27 -12.86\ -179.01
SPihas -19.74\  -3.76 -17.33\ -30.46 -16.17\ -38.90 -18.33\ -41.00

Four-Element Square Array

Shii. -16.92\ -10.66 -18.36\ -24.71 -17.13\ -37.30 -17.71\ -77.08
Sti,. -10.10\ 133.55 -10.18\ 149.44 -10.70\ 165.61 -10.99\ 177.02
Shiiar -18.80\ 63.75 -22.68\ 105.99 -21.59\ 145.25 -20.04\ 168.90
Stil, -10.18\ 134.74 -10.18\ 150.95 -10.65\ 166.18 -11.08\ 179.28
Sk, -14.93\ -1535 -1575\ -3451 -14.73\ -54.77 -15.04\ -71.48
St -10.04\ 133.24 -10.21\ 149.46 -10.83\ 164.66 -10.89\ 177.58
St -1851\  62.63 -22.69\ 101.85 -21.60\ 145.41 -20.21\ 165.25
Stilss -15.08\ -15.45 -1576\ -29.29 -15.70\ -45.81 -17.36\ -66.06
SPiias -10.16\ 129.48 -10.36\ 146.52 -10.70\ 164.19 -10.97\ 177.02
St -1545\ -16.74 -16.67\ -28.84 -16.29\ -35.72 -17.68\ -69.00
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Table 5.16: S5 of arrays with di erent number of elements and con gurations.

(dB\ deg)

SGen
Mu
4.2 GHz 4.6 GHz 5.0 GHz 5.4 GHz

Three-Element Linear Array

Syer, -24.30\ 652 -27.95\ -23.20 -22.49\ -54.74 -19.35\ -92.50
Sy,  -8.53\ -15.03 -9.20\ -5.24 -10.54\  6.09 -11.61\ 15.26
Syl -15.17\ -133.02 -17.98\ -131.78 -19.51\ -117.80 -20.33\ -117.92
Sy, -14.56\ -6.72 -16.01\ -44.34 -15.09\ -75.49 -14.51\ -91.20
Sy, -850\ -18.12  -9.19\ -6.88 -10.49\  3.99 -11.47\ 13.42
Syt -20.31\ -10.26 -20.62\ -39.36 -19.00\ -63.98 -17.60\ -74.97

Three-Element Triangular Array

Sy, -16.57\ -15.34 -18.52\ -29.93 -17.20\ -38.06 -18.41\ -70.49
Sgen,, -11.22\ 125.82 -11.58\ 145.08 -12.02\ 162.57 -12.19\ 177.37
Sgeny,  -11.17\ 126.94 -11.59\ 148.05 -11.97\ 166.23 -12.34\ -178.94
Sgen, -16.44\ -10.45 -17.76\ -30.87 -16.76\ -48.95 -17.57\ -65.92
Sy, -11.07\ 125,51 -11.71\ 146.60 -11.84\ 166.34 -12.26\ -179.48
Syt -17.09\  -6.85 -18.24\ -22.78 -18.58\ -41.50 -21.19\ -59.80

Four-Element Square Array

Sy, -20.22\ -13.17 -16.88\ -34.43 -14.32\ -35.94 -15.40\ -55.01
Sy, -9.66\ 133.63 -10.18\ 150.08 -10.77\ 166.05 -11.08\ 177.28
Sy, -19.36\  88.30 -27.50\ 106.77 -29.85\ 141.24 -29.44\ 166.30
Sgen,,  -9.75\ 134.64 -10.17\ 151.58 -10.71\ 166.63 -11.15\ 179.80
Sy, -17.45\ -18.20 -14.53\ -40.91 -12.64\ -50.26 -13.07\ -55.64
Sy,  -9.61\ 133.22 -10.20\ 150.10 -10.91\ 165.12 -10.96\ 177.93
Sy, -19.13\ 86.28 -27.51\ 99.67 -29.87\ 142.18 -29.90\ 155.68
Syt -17.70\ -17.12 -14.68\ -36.61 -13.33\ -43.29 -14.50\ -48.08
S, -9.70\ 129.73 -10.37\ 147.19 -10.78\ 164.55 -11.06\ 177.22
Sy, -18.10\ -19.27 -15.46\ -36.73 -13.69\ -35.31 -15.02\ -49.59
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Table 5.17: SR" of the tested three-element linear antenna array.

Sar i (dB\ deg)

’ 4.2 GHz 4.6 GHz 5.0 GHz 5.4 GHz
Siiyw -13.76\ 50.00 -13.72\ -71.01 -850\ -121.71  -6.69\ -151.58
SK{E(Z)(D -8.99\ -41.91 -9.70\ -85.77 -11.81\ -116.28 -13.66\ -140.83
SAPQ@(D -15.58\ -161.39 -18.46\ 147.27 -20.89\ 118.59 -22.67\ 84.44
SKE(@@) -0.23\ -14.36  -0.22\ -40.73 -0.68\ -62.19 -1.10\ -79.17
Sins@ -21.68\ 60.44 -25.02\ 119.67 -21.15\ 121.05 -19.71\ 111.05
SAPQ(G)(D -28.27\ -59.04 -33.78\ -7.29 -30.23\ -4.08 -28.71\ -23.68
S,i{‘(z)(z) -12.44\  19.13 -11.03\ -91.86 -8.26\ -135.68 -6.70\ -159.35
SAr @@ 891\ 4452 -9.72\ -86.93 -11.76\ -117.70 -13.66\ -142.10
SAr(4)(2) -21.68\  60.44 -25.02\ 119.67 -21.15\ 121.05 -19.71\ 111.05
SR r(S)(z) -0.17\ -12.74  -0.30\ -39.67 -0.66\ -60.23 -1.07\ -77.15
Shr r(ﬁ)(z) -21.60\ 57.83 -25.04\ 118.51 -21.10\ 119.63 -19.70\ 109.78
SR ‘3@ 1429\ 39.03 -12.53\ -82.26  -8.38\ -126.82  -6.18\ -153.68
SAr(4)(3) -28.27\ -59.04 -33.78\ -7.29 -30.23\ -4.08 -28.71\ -23.68
SK{'(S)@) -21.60\ 57.83 -25.04\ 118.51 -21.10\ 119.63 -19.70\ 109.78
Sir,@(g) -0.18\ -13.92 -0.26\ -40.25 -0.69\ -61.47 -1.24\ -78.57
Sinm@ -12.92\ 87.99 -1555\ 164.71 -10.02\ 17514 -7.14\ 172.71
SK{i(S)@) -34.37\ 162.79 -40.35\ -34.90 -30.49\ -1.62 -25.75\ 2.94
SR 6y -40.96\ 4331 -49.11\ -161.86 -39.57\ -126.75 -34.75\ -131.80
SAr(5)(5) -12.86\ 89.61 -15.62\ 165.77 -10.00\ 177.11 -7.11\ 174.73
Shr r(ﬁ)(s) -34.29\ 160.18 -40.37\ -36.06 -30.44\ -3.04 -25.74\  1.67
Skr -12.87\  88.43 -15.58\ 165.19 -10.03\ 175.86 -7.28\ 173.31

Ar; (6)(6)
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Table 5.18: SFe" of the tested three-element linear antenna array.

Gen (dB\ deg)

A 4.2 GHz 4.6 GHz 5.0 GHz 5.4 GHz
ng;r(‘l)(l) -12.66\ 48.65 -14.47\ -68.39 -9.06\ -122.85 -7.12\ -153.25
Sanay 881\ -43.35 -9.52\ -85.26 -11.57\ -114.63 -13.33\ -138.56
Saly@ -17.41\ -163.00 -17.96\ 138.70 -19.35\ 107.98 -20.38\ 75.83
Satnw 029\ -14.20 -0.20\ -40.83 -0.61\ -62.06 -0.99\ -78.77
Sartsyay 2149\ 59.00 -24.84\ 120.18 -20.91\ 122.71 -19.37\ 113.32
Satew -30.10\ -60.65 -33.29\ -15.86 -28.69\ -14.69 -26.42\ -32.29
Sain@ 1044\ 21.05 -12.26\ -89.64 -9.34\ -138.89  -7.55\ -162.71
823?3)(2) -8.71\ -4582  -9.54\ -86.36 -11.54\ -115.97 -13.35\ -139.75
Satne 2149\ 59.00 -24.84\ 120.18 -20.91\ 122.71 -19.37\ 113.32
Sateye 028\ -12.23  -0.25\ -39.93 -0.51\ -60.15 -0.84\ -76.64
Sartey 2140\ 56.53 -24.87\ 119.08 -20.88\ 121.37 -19.39\ 112.14
Sl 1311\ 38.26 -13.22\ -80.73  -8.92\ -128.09  -6.58\ -155.22
Sain@ 3010\ -60.65 -33.29\ -15.86 -28.69\ -14.69 -26.42\ -32.29
Sartsy@ 2140\ 56.53 -24.87\ 119.08 -20.88\ 121.37 -19.39\ 112.14
Sale® 023\ -13.72 -0.23\ -40.35 -0.61\ -61.38 -1.12\ -78.20
Sain@ -12.98\ 88.15 -1552\ 164.60 -9.95\ 17527 -7.03\ 173.12
Sartsy@ -3418\ 161.35 -40.17\ -34.38 -30.25\ 0.04 -25.41\ 5.1
Saleyw 4279\ 4170 -48.61\ -170.42 -38.03\ -137.36 -32.47\ -140.41
Sals 1296\ 9012 -15.58\ 16551 -9.85\ 177.19  -6.88\ 175.24
Sarteys 3409\ 158.88 -40.20\ -35.49 -30.22\ -1.30 -25.43\  4.02
Sgen -12.92\ 88.63 -15.56\ 165.08 -9.95\ 175.96 -7.16\ 173.68

Ar;(6)(6)
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Table 5.19: SKM of the tested three-element triangular antenna array.

gPri (dB\ deg)

Ar 4.2 GHz 4.6 GHz 5.0 GHz 5.4 GHz
Sy -14.03\ 2414 -1153\ -82.08 -7.33\ -124.65 -6.09\ -152.51
525?(2)(1) -11.51\  99.50 -12.19\ 64.72 -13.65\ 39.40 -14.67\ 19.59
SK:?(3)(1) -11.48\ 100.51 -12.21\ 67.52 -13.58\ 42.52 -14.81\ 22.22
SK:?@)@) -0.14\ -13.30  -0.30\ -40.17 -0.85\ -61.67 -1.26\ -78.90
S,ﬁﬂ(s)(l) -24.20\ -158.15 -27.52\ -89.85 -22.99\ -83.27 -20.71\ -88.53
SAP{E(G)(D -24.17\ -157.14 -27.54\ -87.05 -22.93\ -80.15 -20.85\ -85.90
Sl -1352\ 2510 -11.27\ -8345 -7.53\ -127.43  -5.92\ -153.24
SRna@ -1140\ 99.14 -12.34\ 66.16 -13.41\ 43.03 -1477\ 21.89
552(4)(2) -24.20\ -158.15 -27.52\ -89.85 -22.99\ -83.27 -20.71\ -88.53
SK{E(S)(Z) -0.16\ -13.23  -0.31\ -40.08 -0.81\ -61.26 -1.31\ -78.67
525?(6)(2) -24.09\ -158.51 -27.67\ -88.40 -22.75\ -79.63 -20.81\ -86.23
82{5(3)(3) -13.40\ 28.71 -11.23\ -79.74  -7.68\ -123.88  -5.97\ -149.34
SK:?M)(S) -24.17\ -157.14 -27.54\ -87.05 -22.93\ -80.15 -20.85\ -85.90
S§{§(5)(3) -24.09\ -158.51 -27.67\ -88.40 -22.75\ -79.63 -20.81\ -86.23
SAP{E(B)@) -0.18\ -13.35 -0.32\ -40.25 -0.80\ -61.83 -1.30\ -79.81
S§{§(4)(4) -12.83\  89.05 -15.62\ 165.27 -10.19\ 175.66 -7.31\ 172.99
SZ{E(S)@) -36.89\ -55.80 -42.84\ 115.59 -32.33\ 154.06 -26.76\ 163.35
SAPQ(G)@) -36.86\ -54.79 -42.86\ 118.39 -32.27\ 157.19 -26.89\ 165.98
S,‘i{?(S)(S) -12.85\ 89.12 -15.63\ 165.35 -10.15\ 176.07 -7.35\ 173.21
SZ{E(G)(S) -36.78\ -56.16 -42.99\ 117.04 -32.09\ 157.70 -26.86\ 165.65
SAPQ(G)(G) -12.87\  89.00 -15.64\ 165.18 -10.14\ 175.51 -7.34\ 172.07
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Table 5.20: S of the tested three-element triangular antenna array.

SGen (dB\ deg)

Al 4.2 GHz 4.6 GHz 5.0 GHz 5.4 GHz
ng;r(‘l)(l) -13.49\ 15,98 -11.60\ -77.33  -7.91\ -121.69 -6.85\ -151.04
Sfjf;f(‘z)(l) -11.94\ 97.66 -11.93\ 62.81 -12.91\ 37.86 -13.61\ 18.89
S‘A?‘f;r(g)(l) -11.92\ 98.80 -11.98\ 65.44 -12.88\ 40.48 -13.73\ 20.84
S,ff;r(‘4)(1) -0.12\ -12.90 -0.30\ -40.39 -0.77\ -62.17 -1.06\ -79.31
Sfjf;'(‘s)(l) -24.63\ -159.99 -27.26\ -91.76 -22.25\ -84.81 -19.66\ -89.23
S‘A?‘f;r(‘ﬁ)(l) -24.61\ -158.85 -27.31\ -89.13 -22.22\ -82.18 -19.78\ -87.28
Sﬁff(‘z)(z) -13.06\ 17.17 -11.34\ -78.91 -8.17\ -124.59 -6.67\ -151.86
823’23)(2) -11.82\  97.33 -12.09\ 64.11 -12.72\ 41.01 -13.71\ 20.61
Sg‘f;r(‘4)(2) -24.63\ -159.99 -27.26\ -91.76 -22.25\ -84.81 -19.66\ -89.23
S,ij;r(‘S)(z) -0.14\ -12.83 -0.31\ -40.30 -0.73\ -61.76 -1.10\ -79.10
Sfjf;’ge)(z) -24.51\ -160.32 -27.42\ -90.46 -22.06\ -81.65 -19.75\ -87.51
Sg‘f;r(g)@) -13.000 20.71 -11.29\ -75.23 -8.32\ -120.89  -6.71\ -147.78
S,Ef;r(‘4)(3) -24.61\ -158.85 -27.31\ -89.13 -22.22\ -82.18 -19.78\ -87.28
823’85)(3) -24.51\ -160.32 -27.42\ -90.46 -22.06\ -81.65 -19.75\ -87.51
Sg‘f;r(‘ﬁ)(g) -0.16\ -12.94  -0.32\ -40.47 -0.71\ -62.30 -1.09\ -80.16
Sty -12.80\ 89.45 -15.63\ 165.05 -10.11\ 175.16 -7.10\ 17257
825;’85)(4) -37.32\ -57.64 -42.59\ 113.68 -31.59\ 152.52 -25.70\ 162.65
SSE;QG)@) -37.30\ -56.50 -42.63\ 116.31 -31.56\ 155.15 -25.82\ 164.60
325?5)(5) -12.83\ 89.52 -15.64\ 165.14 -10.07\ 175.57 -7.15\ 172.78
ng;?e)(s) -37.20\ -57.97 -42.74\ 114.98 -31.40\ 155.68 -25.79\ 164.38
SSE;QG)(G) -12.85\ 89.41 -15.65\ 164.97 -10.05\ 175.03 -7.13\ 171.72
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tested four-element square antenna array.

Table 5.21: SR" of the tested four-element square antenna array.

gPri (dB\ deg)

Ar 4.2 GHz 4.6 GHz 5.0 GHz 5.4 GHz
sAr(l)(l) -12.75\  19.24 -11.46\ -74.14 -8.10\ -120.37  -7.41\ -150.92
SRl -10.78\ 109.77 -10.83\ 67.45 -11.82\ 40.27 -12.26\ 18.06
SRlgq -17.53\ 2142 -2027\ 24.40 -18.79\ 2134 -17.32\ 10.14
SRl -10.84\ 11098 -10.84\ 68.76 -11.83\ 39.76 -12.33\ 18.86
SRlgq 0.6\ -12.83 -0.31\ -4053 -0.74\ -62.37 -0.92\ -79.34
SRleq -23.47\-147.88 -26.15\ -87.12 -21.16\ -82.40 -18.30\ -90.05
SRy -30.22\ 12377 -35.59\ -130.16 -28.13\ -101.33 -23.37\ -97.98
SRleq -23.53\ -146.66 -26.17\ -85.80 -21.17\ -82.91 -18.38\ -89.25
SRl -12.36\ 1020 -10.77\ -82.35 -8.14\ -128.37  -7.04\ -155.06
Shlg@ -10.67\ 109.93 -10.90\ 67.82 -11.95\ 39.87 -1227\ 18.42
sAr(w) -17.22\  21.29 -20.28\ 21.78 -18.79\ 21.98 -17.46\  8.86
Sk r(w) -23.47\ -147.88 -26.15\ -87.12 -21.16\ -82.40 -18.30\ -90.05
Sk r(ﬁ)(z) -0.12\ -12.40 -0.33\ -40.09 -0.72\ -61.22 -1.00\ -78.31
S r(w) -23.36\ -147.72 -26.22\ -86.74 -21.29\ -82.80 -18.31\ -89.70
SRlee -29.91\ 123.65 -35.60\ -132.78 -28.13\ -100.68 -23.51\ -99.26
Shlge -12.51\ 1021 -1052\ -80.07 -8.01\ -124.25  -7.01\ -150.71
SRl @ -10.82\ 10574 -11.03\ 64.63 -11.88\ 38.46 -12.31\ 16.96
SRl -30.22\ 12377 -35.59\ -130.16 -28.13\ -101.33 -23.37\ -97.98
Shles -23.36\ -147.72 -26.22\ -86.74 -21.29\ -82.80 -18.31\ -89.70
SRl 011\ -12.44 035\ -40.18 -0.75\ -61.80 -1.02\ -79.39
Shlee -23.51\ -151.90 -26.35\ -89.94 -21.22\ -84.21 -18.35\ -91.15

5.3.3 Radiation E ciency of the Antenna Array

Radiation e ciency of the array was calculated according to (4.22) as discussed in
Section [4.2 by solving the signal

ciency: obtained using HFSS simulations, calculated referring to S, and referring

to SGen.

It can be observed that the simulation results and calculated results using the
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Table 5.22: Continuation of SKI of the tested four-element square antenna array.

(dB\ deg)

SPri
AT 4.2 GHz 4.6 GHz 5.0 GHz 5.4 GHz

SPim@ 1279\ 1134 -10.91\ -7843 -7.84\ -120.96 -7.11\ -150.55
SRy 2353\ -146.66 -26.17\ -85.80 -21.17\ -82.91 -18.38\ -89.25
SRy 2991\ 123.65 -35.60\ -132.78 -28.13\ -100.68 -23.51\ -99.26
SRri@ 2351\ -151.90 -26.35\ -89.94 -21.22\ -84.21 -18.35\ -91.15
SPg@ 011\ 1256 -0.34\ -40.29 -0.78\ -62.28 -0.99\ -79.43
SR 1285\ 89.52 -15.64\ 164.91 -10.08\ 17496 -6.96\ 172.54
SPrieys 3616\ -45.53 -41.48\ 11832 -30.50\ 154.94 -24.34\ 161.83
SRl -42.91\ -133.88 -50.92\ 75.27 -37.47\ 136.01 -29.41\ 153.90
SPriee 3622\ -44.31 -41.49\ 119.64 -30.52\ 154.43 -24.42\ 162.63
SPieye 1280\ 89.96 -15.66\ 16535 -10.06\ 176.12 -7.05\ 173.57
SPrle -36.04\ -45.37 -4155\ 118.70 -30.63\ 15454 -24.36\ 162.19
SPrieye 4260\ -134.00 -50.93\ 72.66 -37.48\ 136.65 -29.55\ 152.63
SRy 1280\ 89.91 -15.68\ 16526 -10.09\ 17553 -7.06\ 172.49
SPriem -36.200 -49.55 -41.68\ 11550 -30.56\ 153.12 -24.40\ 160.73
SPrige 1280\ 89.79 -15.66\ 16515 -10.12\ 175.05 -7.04\ 172.45
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Table 5.23: S$" of the tested four-element square antenna array.

Gen (dB\ deg)

A 4.2 GHz 4.6 GHz 5.0 GHz 5.4 GHz
ng;r(‘l)(l) -13.69\  26.94 -11.32\ -80.34 -7.29\ -124.55  -6.25\ -153.62
Saryay -10.38\ 107.59 -10.82\ 69.27 -12.34\ 43.11 -13.39\ 20.63
Sty -19.08\ 37.43 -23.34\ 2587 -23.32\ 2243 -22.55\ 11.65
Saiaay -10.46\ 108.63 -10.82\ 70.57 -12.35\ 42.64 -13.45\ 21.81
Sartsyay 016\ -13.34  -0.31\ -40.23 -0.86\ -61.69 -1.22\ -78.60
Salew -23.07\ -150.06 -26.15\ -85.29 -21.68\ -79.56 -19.43\ -87.48
Sain -3L77\ 139.78 -38.66\ -128.70 -32.66\ -100.24 -28.60\ -96.46
Sarteyay -23-15\ -149.02 -26.15\ -83.99 -21.69\ -80.02 -19.50\ -86.31
Satn@ 1344\ 16.76 -10.54\ -87.84 -7.26\ -131.72  -5.90\ -157.18
Sala@ -10.28\ 107.67 -10.88\ 69.64 -12.47\ 42.76 -13.38\ 21.21
Sarin@ 1875\ 36.63 -23.36\ 22.06 -23.33\ 2327 -22.79\  9.00
Satsy@ -23.07\ -150.06 -26.15\ -85.29 -21.68\ -79.56 -19.43\ -87.48
Saile@ 012\ -1291  -0.33\ -39.79 -0.84\ -60.53 -1.30\ -77.52
Sarin@ "22.97\ -149.98 -26.21\ -84.93 -21.81\ -79.91 -19.43\ -86.91
Saleye -31.43\ 138.98 -38.68\ -132.51 -32.67\ -99.40 -28.83\ -99.12
Saety@ -13.52\ 17.43 -10.38\ 8545 -7.20\ -128.12 -5.91\ -153.51
822?4)(3) -10.39\ 103.75 -11.04\ 66.48 -12.41\ 41.22 -13.44\ 19.47
Satsy@ -3L.77\ 139.78 -38.66\ -128.70 -32.66\ -100.24 -28.60\ -96.46
Saleym -22.97\ -149.98 -26.21\ -84.93 -21.81\ -79.91 -19.43\ -86.91
Sarin@ 012\ -12.95 -0.35\ -39.89 -0.86\ -61.09 -1.31\ -78.59
Sgen -23.08\ -153.90 -26.36\ -88.08 -21.75\ -81.45 -19.49\ -88.64

Ar;(8)(3)
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Table 5.24: Continuation of S$&" of the tested four-element square antenna array.

(dB\ deg)

g
4.2 GHz 4.6 GHz 5.0 GHz 5.4 GHz

SSyw 1380\ 1860 -10.76\ -84.06 -7.07\ -125.07  -6.01\ -153.29
SSN @ -23.15\ -149.02 -26.15\ -83.99 -21.69\ -80.02 -19.50\ -86.31
SS @ -3L43\ 138.98 -38.68\ -132.51 -32.67\ -99.40 -28.83\ -99.12
SS @ 2308\ -153.90 -26.36\ -88.08 -21.75\ -81.45 -19.49\ -88.64
S 012\ -13.06 -0.33\ -40.00 -0.90\ -61.58 -1.28\ -78.66

Sgre;r(‘S)(S) -12.85\  89.02 -15.64\ 165.20 -10.20\ 175.65 -7.26\ 173.29
Sgre;r(‘e)(S) -35.76\ -47.71 -41.47\ 120.14 -31.02\ 157.78 -25.47\ 164.40
S&en -44 .46\ -117.86 -53.99\ 76.74 -42.00\ 137.10 -34.64\ 155.42

Ar; (716

ng;rz‘gz;i -35.84\ -46.67 -41.47\ 121.44 -31.03\ 157.31 -25.54\ 165.57
S 1281\ 89.44 -15.66\ 16565 -10.18\ 176.80 -7.34\ 174.37
822?7)(6) -35.66\ -47.63 -41.54\ 120.51 -31.16\ 157.42 -25.47\ 164.98
Sff;r(‘s)(ﬁ) -44.12\ -118.67 -54.01\ 72.93 -42.01\ 137.93 -34.87\ 152.77
SSen oy 1281\ 89.40 -15.67\ 16555 -10.20\ 17624 -7.36\ 173.29
SEE?S)G) -35.77\ -51.55 -41.69\ 117.36 -31.09\ 155.89 -25.53\ 163.24
Sff;r(‘s)(g) -12.81\  89.29 -15.66\ 165.44 -10.24\ 175.76  -7.33\ 173.22
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Table 5.25: Radiation e ciency of the tested arrays with di erent number of elements
and con gurations.

Tested Frequency Radiation E ciency

(GH2) HFSS Primary General
Three-Element Linear Antenna Array
4.2 99:4%  98:4% 97:8%
4.6 99:5%  98:1% 98:3%
5.0 99:5%  98:9% 98:8%
5.4 99:5%  99:2% 98:5%
Three-Element Triangular Antenna Array
4.2 99:2%  94:9% 95:2%
4.6 99:3%  98:8% 98:8%
5.0 99:3%  98:1% 98:2%
5.4 99:3%  95:4% 94:7%
Four-Element Square Antenna Array
4.2 99:0% 92:4% 93:5%
4.6 99:1%  98:6% 98:6%
5.0 99:2% 97:7% 97:8%
5.4 99:2%  93:8% 92:1%
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measurements via primary method and general method for radiation e ciency of the
array are close to each other in most frequency points, thus validating the ability
of the proposed model to calculate the radiation e ciency of arrays with di erent
number of elements and con gurations. Considering the three-element triangular
array, radiation e ciency calculations at frequency points of 4.2 GHz and 5.4 GHz
are not very accurate. Also, similar inaccuracy is observed in the radiation e ciency
measurement of the four-element square array at 4.2 GHz and 5.4 GHz frequencies.

This error can be occurred due to several practical reasons, which are listed as follows:

Each array element in the set-up could be slightly di erent to the mea-
sured array element for S;. Therefore, S; for each element are di erent,

which is not accounted in the calculations.

Additional loss introduced due to the metallic cap, the ground plane,
and the contact between the metallic cap and the ground plane in

calculating S; [31), 56].

Calibration errors of the VNA produce errors in Syna measurements,

which a ect the calculations.

Three-element and four-element arrays were measured using a two-port
VNA while matched loads were attached to additional antennas. The
matched load of the calibration kit might have not created a perfect

matched.

Slight dissimilarities between the HFSS model and the actual set up.
One such dissimilarity is that HFSS simulates structure in perfect free
space, where practically there can be some re ections. Furthermore,
slight dimensional errors can exist in modeling the actual structure in

HFESS.
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It should be also noted that the simulated radiation e ciency of the arrays using
HFSS were over 100% with default meshing. Similar behavior was noted in simulat-
ing high e ciency antennas in [44, 57]. Thus, in order to achieve accurate results, the
maximum element length of the mesh was set to =15 in this thesis. Further decreas-
ing the maximum element length of the mesh would slightly increase the accuracy
but extremely increase the simulation time. Hence, it can be concluded that the
presented HFSS results for the radiation e ciency might be slightly overestimated,

which create an error compared to the calculated results.

5.3.4 Comparison of S-Parameters between the Physically Accessible Ports

Table[5.14] presents the measured S-parameters of the physically accessible ports using
a VNA of the tested array set-ups. The same measurement was obtained using SRM
and S$&". Considering both linear and triangular three-element arrays, port 1, port
2, and port 3 are the physically accessible ports. The measured S-parameters between
these ports using the VNA (Suna;i1; Svnazi; Sunazis Svunagzz: Sunazz; Svnagas) and
Sar@@: Sar@: Sar@®: Sar@@: Sar@@ and Sare Of the complete array
S-parameters should be identical. Comparison between these values for the three-
element linear array are presented in Figure[5.9and Figure[5.10[ A similar comparison
for the three-element triangular array are presented in Figure [5.11] and Figure [5.12]

Considering the four-element square array, port 1, port 2, port 3, and port
4 are the physically accessible ports. Thus, the measured S-parameters between
these ports using the VNA (Synai1, Svnazi, Svnazt: Svnaat, Svnazz, Svnagze,
Sunaia2, Synazz: Sunass, Sunaiasa) and Sar )y Sar@)@)r Sar@E) @) Sar@) @) SAr@) @)
SAr3)@)r Sar@)@)r Sar@3)@)r Sar) @), and Sar.a)4) of the complete array S-parameters
should be identical. Figure [5.13 Figure [5.14] Figure [5.15, and Figure 5.16| present a
comparison between these values for the four-element square array.

Table [5.14] presents the measured S-parameters between port 1, port 2 and port 3
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for the three-element linear array, and three-element triangular array, as well as the
measured S-parameters between port 1, port 2, port 3 and port 4 for the four-element
square array. Table and Table present SE™ and S$e" of the three-element
linear array, respectively. Furthermore, it was observed that the measured and calcu-
lated S-parameters between the physically accessible ports via primary method and
via general method are near identical for the tested three-element linear array. Table
and Table present SE™ and S$" of the three-element triangular array, re-
spectively. It was observed that the measured and calculated S-parameters between
the physically accessible ports via primary method and via general method are near
identical for the tested three-element triangular array as well. Table and Table
present the SR! of the four-element square array. The S$" of the four-element
square array is presented in Table 5.23 and Table [5.24 Considering the measured
and calculated S-parameters via primary method and via general method between
the physically accessible ports are near identical for the tested four-element square

array, thus validating the proposed model.

5.4 Non-ldentical Antenna Elements in an Array

Typically, antenna elements are identical in antenna arrays. However, antenna ele-
ments of the array may slightly di er during fabrication, which result in non-identical
Si. This section considers an extreme scenario of non-identical elements in an array.
The set-up of two-element array with d = 30 mm was used while a 1 dB attenuator
was attached to the second element of the array in order to make the two elements
non-identical. SWC method was used in order to calculate S; and S, of the elements
in the array. Calculated S; is presented in Table 5.3} S, was calculated similarly to
the calculation of S;, which is discussed in Section [5.1] using the same set up and

Wheeler caps after attaching a 1 dB attenuator to the monopole.
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(a) Magnitude of Syna;11 VS. Sar:1)) (b) Phase of Syna:11 VS. Sar (1))

(c) Magnitude of Syna;21 VS. Sar2) 1) (d) Phase of Syna:21 VS. Sar:2))

(e) Magnitude of Syna;a1 VS. Sar3) @) (f) Phase of Syna;a1 Vs. Sar3) @)

Figure 5.9: Comparison between Syna Vs. calculated Sa, for the three-element linear
array.
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(a) Magnitude of Syna;22 VS. Sar:2)(2) (b) Phase of Syna:22 VS. Sar:(2)2)

(c) Magnitude of Syna:z2 VS. Sar3)2) (d) Phase of Syna:32 VS. Sar:(3)2)

(e) Magnitude of Syna;zs VS. Sar3)@3) (f) Phase of Syna;s Vs. Sar3)3)

Figure 5.10: Continuation of the comparison between Syna Vs. calculated Sa, for the
three-element linear array.
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(a) Magnitude of Syna;11 VS. Sar:1)) (b) Phase of Syna:11 VS. Sar (1))

(c) Magnitude of Syna;21 VS. Sar2) 1) (d) Phase of Syna:21 VS. Sar:2))

(e) Magnitude of Syna;a1 VS. Sar3) @) (f) Phase of Syna;a1 Vs. Sar3) @)

Figure 5.11: Comparison between Syna Vs. calculated Sa, for the three-element
triangular array.

88



(a) Magnitude of Syna;22 VS. Sar:2)(2) (b) Phase of Syna:22 VS. Sar:(2)2)

(c) Magnitude of Syna:z2 VS. Sar3)2) (d) Phase of Syna:32 VS. Sar:(3)2)

(e) Magnitude of Syna;zs VS. Sar3)@3) (f) Phase of Syna;s Vs. Sar3)3)

Figure 5.12: Continuation of the comparison between Syna Vs. calculated Sa, for the
three-element triangular array.
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(a) Magnitude of Syna;11 VS. Sar:1)) (b) Phase of Syna:11 VS. Sar (1))

(c) Magnitude of Syna;21 VS. Sar2) 1) (d) Phase of Syna:21 VS. Sar:2))

(e) Magnitude of Syna;a1 VS. Sar3) @) (f) Phase of Syna;a1 Vs. Sar3) @)

Figure 5.13: Comparison between Syna Vs. calculated Sa, for the four-element square
array.
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(a) Magnitude of Syna;a1 VS. Sar:a)() (b) Phase of Syna:a1 VS. Sar:(a))

(c) Magnitude of Syna;22 VS. Sar2)2) (d) Phase of Syna:22 VS. Sar2)2)

(e) Magnitude of Syna;z2 VS. Sar3)2) (f) Phase of Syna;z2 Vs. Sar3)2)

Figure 5.14: Continuation of Figure of the comparison between Syna VS. calcu-
lated Sa, for the four-element square array.
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(a) Magnitude of Syna;a2 VS. Sar:a)(2) (b) Phase of Syna:a2 VS. Sar:(4)2)

(c) Magnitude of Syna:33 VS. Sar3)(@3) (d) Phase of Syna:3s VS. Sar:(3)3)

(e) Magnitude of Synaa3 VS. Sar;4)(@3) (f) Phase of Synaa3 VS. Sar4)3)

Figure 5.15: Continuation of Figure of the comparison between Syna VS. calcu-
lated Sa, for the four-element square array.
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(a) Magnitude of Syna;as VS. Sar:(a)4) (b) Phase of Syna:aa VS. Sar:(a)4)
Figure 5.16: Continuation of Figure of the comparison between Syna VS. calcu-
lated Sa, for the four-element square array.

The measured input re ection coe cients of the AUT with 1 dB attenuator at-
tached immersed in the free space and under Wheeler caps are presented in Table
[5.26] The calculated S, is presented in Table according to the SWC method.
S-parameters between the physically accessible ports of the array under test was

measured from a VNA and is presented in Table [5.28]

5.4.1 S-Parameters of Mutual Coupling

The signal ow graphs of a two-element array is presented in Figure[3.4 and calculated
Shii and S&en for the two-element array are presented in Table and Table [5.30)
respectively. Since the array under test is a two-element array mutual coupling is

represented with a two-port network.

5.4.2 Complete Antenna Array S-Parameters

Considering a two-element array, Sa, can be presented using a network of four-ports.

Table present the calculated SXM and S$e" of the two-element array under test.
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Table 5.26: Measured input re ection coe cient of the monopole attached with 1 dB
attenuator.

Frequency (GHz) Input Re ection Coe cient (dB\ deg)

AUT with 1 dB immersed in free space

4.2 -16.90\ 115.39
4.6 -16.04\  55.28
5.0 -10.59\ 85.49
54 -7.88\ 132.85

AUT with 1 dB under the cap of kbi*® = 3:71 at 4.2 GHz
4.2 -1.9875\ 156.76

AUT with 1 dB under the cap of kb3*® = 5:37 at 4.2 GHz
4.2 -1.9419\  14.41

AUT with 1 dB under the cap of kbi®® = 3:72 at 4.6 GHz
4.6 -2.4542\ -178.73

AUT with 1 dB under the cap of kb5*® = 5:39 at 4.6 GHz
4.6 -1.6738\  32.21

AUT with 1dB under the cap of kbj* = 3:75 at 5.0 GHz
5.0 -2.3391\ -152.34

AUT with 1 dB under the cap of kb5*® = 5:41 at 5.0 GHz
5.0 -1.7229\  70.98

AUT with 1 dB under the cap of kbi®® = 3:77 at 5.4 GHz
5.4 -2.5760\ -132.87

AUT with 1 dB under the cap of kb5*® = 5:43 at 5.4 GHz
54 -1.8057\ 120.38

Table 5.27: S; of the monopole antenna under test with 1 dB attenuator attached.

Test Frequency S So1 Sx
(GH2) (dB\ deg)
4.2 -16.90\ 115.39 -1.13\ 10.48 -13.92\ 88.46
4.6 -16.04\ 55.28 -1.15\ 20.95 -14.49\ 150.30
5.0 -10.59\ 85.49 -1.55\ 36.92 -9.63\ 168.16
54 -7.88\ 132.85 -2.24\ 55.68 -6.81\ 157.98
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Table 5.28: Measured S-parameters from a VNA between the physically accessible
ports of the two-element array under test with non-identical elements, where a 1 dB
attenuator was attached to the 2"9 element.

Test Frequency SvnA;11 SvnA21 SunA;22
(GH2) (dB\ deg)
4.2 -16.67\ 141.44 -13.53\ 84.34 -18.22\ 55.51
4.6 -17.47\ 112.86 -13.99\ 25.35 -18.87\ -130.48
5.0 -10.22\ -179.15 -14.97\ -26.84  -11.8\ 153.31
5.4 -6.76\ -97.68 -16.64\ -78.36  -8.64\ 93.44

Table 5.29: Calculated S of the two-element array with

non-identical elements.

Test Frequency Shi11 St Shi2
(GH2) (dB\ deg)
4.2 -13.73\ -125.07 -12.68\ 89.09 -15.69\ -30.76
4.6 -10.47\ -164.67 -13.64\ 46.53 -9.65\ -169.1
5.0 -8.35\ -118.2 -14.23\ -0.67 -8.13\ 146.35
5.4 -7.72\ 148.17 -15.26\ -53.68 -7.7\ -105.15

Table 5.30: Calculated Sg" of the two-element array with non-identical elements.

Test Frequency STV S S
(GHz) (dB\ deg)
4.2 113.34\ -123.45 -12.72\ 89.12 -15.40\ -34.65
4.6 -10.29\ -163.49 -13.66\ 46.40 -9.57\ -167.89
5.0 -8.30\ -120.20 -14.30\ -0.50 -7.89\ 147.33
5.4 770\ 146.07 -15.16\ -53.10  -8.00\ -104.42
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Table 5.31: Sx, of the tested two-element antenna array with non-identical elements.

. (dB\ deg)
ArDBY 42 GHz 4.6 GHz 5.0 GHz 5.4 GHz
SKri
r
Skri -16.67\ 141.44 -17.47\ 112.86 -10.22\ -179.15 -6.76\ -97.68

Ar; (1)1

s,i;@;;il; -13.53\ 8434 -13.99\ 25.35 -14.97\ -26.84 -16.64\ -78.36
SR 012\ -16.86 028\ -40.92 0.3\ -57.28 -0.06\ -89.96
SK:?(4)(1) -26.33\ 162.32 -27.33\ 154.69 -23.05\ 104.41 -21.21\ 23.93
SRrie 1822\ 5551 -18.87\-130.48 -11.80\ 153.31 -8.64\ 93.44
SRrie 2622\ -173.31 -20.31\ -129.22 -24.32\ -149.50 -22.68\ 173.52
SK{?(@(Z) -0.95\ 12.09 -0.61\ 19.80 -0.73\ 31.03 -1.37\ 64.99
SRria@ 1257\ 8549 -15.05\ 16452 -9.31\ -179.95 -6.10\ 161.93
SRl -39.02\ -95.33 -42.66\ 0.3 -32.39\ -18.26 -27.25\ -84.18

SK{?(@(@ -13.75\  90.08 -13.96\ 149.15 -8.81\ 162.27 -5.94\ 167.28

Sar

Sy, -16.68\ 14586 -17.07\ 115.63 -10.49\ 178.98 -6.50\ -98.35
SSyqy 1353\ 8434 -13.99\ 2535 -14.97\ -26.84 -16.64\ -78.36
SSyqy 0.4\ -16.88 020\ -40.85 0.6\ -57.37 -0.11\ -90.25
Sy -26.33\ 162.32 -27.33\ 154.69 -23.05\ 104.41 -21.21\ 23.93
SS, 2 -18.65\ 5157 -18.67\-127.48 -1177\ 15571 -8.64\ 95.14
SSN o -26.22\ -173.31 -20.31\ -120.22 -24.32\ -149.50 -22.68\ 173.52
Sy 093\ 1207 -0.60\ 19.86 -0.70\ 30.95 -1.42\ 64.69
SSN @ -12.55\ 8547 -15.04\ 164.58 -9.28\ 179.97 -6.15\ 161.63
SS -39.02\ -9533 -42.66\  0.13 -32.39\ -18.26 -27.25\ -84.18
S -13.720 90.06 -13.95\ 149.21 -877\ 16219 -5.99\ 166.99
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5.4.3 Radiation E ciency of the Antenna Array

Radiation e ciency of the array was calculated according to as discussed in
Section by solving the signal ow graph. Table present the radiation e -
ciency: obtained using HFSS simulations, calculated referring to SEi, and referring
to Sgen.

Table 5.32: Radiation e ciency of the tested two-element antenna array with non-
identical elements obtained using HFSS simulations, calculated referring to SHi, and
referring to SGe",

Tested Frequency Radiation E ciency

(GH2) HFSS Primary General
4.2 89:2%  86:3% 86:5%
4.6 89:3%  89:1% 89:1%
5.0 89:3%  87:5% 87:5%
5.4 89:2%  88:3% 88:4%

It can be observed that the simulation results and calculated results using the
measurements via primary method and general method for radiation e ciency of the
array are very close to each other, thus validating the ability of the proposed model

to calculate the radiation e ciency of an array with non-identical array elements.

5.4.4 Comparison of S-Parameters between the Physically Accessible Ports

Table presents the measured S-parameters of the physically accessible ports
using a VNA. The same measurement was obtained using the SR and S$&". Since,
port 1 and the port 2 are the physically accessible ports of the tested two-element
array, S-parameters measured using the VNA (Syna;11; Suna:21; Suna:22) and Sar.1ya),
Sar2)1), @and Sar.2)2) Oof the complete array S-parameters should be identical.
Table presents SR and S$en for this array and a comparison of these values

vs. Syna are presented in Figure 5.17, It was observed that the measured and
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calculated S-parameters between the physically accessible ports via primary method

and via general method are near identical, thus validating the proposed model.
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(a) Magnitude of Syna;11 VS. Sar:1)) (b) Phase of Syna:11 VS. Sar (1))

(c) Magnitude of Syna;21 VS. Sar2) 1) (d) Phase of Syna:21 VS. Sar:2))

(e) Magnitude of Syna;22 VS. Sar2)2) (f) Phase of Syna;22 Vs. Sar2)2)

Figure 5.17: Comparison between Syna Vs. calculated Sa, for non-identical two-
element array.
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Chapter 6

Conclusions

6.1 Thesis Summary

This thesis has proposed, designed, and validated a network model to represent an
antenna array including mutual coupling. The model represents each antenna el-
ement as a two-port network and mutual coupling between antenna elements as a
muti-port network. For an N-element antenna array, mutual coupling is represented
using an N-port network. Techniques to model an antenna element in isolation, using
a two-port network and the calculation of S; are discussed referring to prior literature.
The thesis presents two methods to calculate Sy, for an N-element antenna array;
primary method using numerical calculations and general method using general ex-
pressions. The applicability of the proposed network model is demonstrated using
two-element, three-element, and four-element antenna arrays, where SF and SGen
are calculated. Subsequently, the thesis introduces Sa, to present the relationship
between all the ports associated with array elements using a single network device,
where an N-element antenna array is presented using an 2N-port network. S and
S&en are calculated referring to the calculated values of SF and SG". The accuracy
of calculations using the primary method and the general method are assessed during
model validation.

In order to validate the proposed model several monopole arrays were used: vari-
ous inter-element lengths (d = 15 mm, 20 mm, 30 mm, 40 mm), varying the number
of elements and their con guration (two-element array, three-element linear array,
three-element triangular array, and four element square array), and having non-

identical array elements (two-element array, where an 1 dB attenuator was attached

100



to the 2" element). The model was validated with reference to the radiation ef-

ciency and S-parameters between the physically accessible ports. The radiation
e ciency was calculated using the primary method, general method and was com-
pared to the simulation results obtained via HFSS. It was observed that calculated
and simulated radiation e ciency are in good agreement with each other. The typi-
cal di erence of the calculated radiation e ciency compared to the simulated results
( Ar = ArCalculasted  ArHrss) IS 2%. It should be also noted that the largest
discrepancy observed did not exceed 7:1%. This error is low compared to antenna
array radiation e ciency measuring uncertainties associated with conventional meth-
ods such as the radiometric method and the directivity/gain method as presented
in [30, [36]. Figure presents the occurrence of each A, bracket observed in all

experiments performed, under each frequency point.

Figure 6.1: Ar VS. occurrence observed in the experiments.

Also, it was observed that the calculated radiation e ciency is sensitive to the
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Svna measurement. The VNA measured S-parameters between the physically acces-
sible ports of the array were compared to analogous parameters of SR and S§en.
Subsequently, it was observed that the measured values and calculated values via the
model were in a good agreement with each other. Thus, it was concluded that the

proposed model is validated.

6.2 Future Work

The developed network model has the potential to represent the noise information of
the array. Current literature supports modeling and calculation of noise parameters
of a single antenna [48]. However, it is challenging to calculate the noise correlation
matrix and noise parameters of an antenna array taking mutual coupling between
elements into consideration. The network model presented in this thesis can be further
developed to calculate the noise contribution from the antenna array and calculate
the noise coupling between array elements. Such model can be used to represent the
noise information and coupling of antenna arrays in circuit simulation environments.
An entire receiver can be represented using S-parameters of the antenna array along
with the S-parameters of other components such as LNAs, transmission lines, and
beam-formers linked using signal ow graphs. The noise correlation matrices of each
component will be used to represent the noise information and calculate the overall
noise. Thus, LNA designers can use the proposed model to optimize LNAs to obtain

the optimum noise temperature performance of the entire receiver.
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