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ABSTRACT

In this work, a phased antenna array based on 4x4 Butler matrix is designed and
simulated for 2.4 GHz applications using Roger RT 5880 as a substrate layer. CST

SUIT STUDIO is used for this purpose.

Two different designs of phased antenna array are simulated; the first one was based
on microstrip technology, which is used to design both the feeding network (Butler
matrix) and antenna array. The objective is achieved by switching the main beam to
+14 and +40. The side lobe levels of -9.4dB and -8.2dB were obtained while the
directivities were 12.4dBi and 11.5dBi when different input ports were applied. The

physical size of the overall structure is about 621 cm?.

An enhancement on antenna radiation pattern is obtained by using a strip line instead
of microstrip line in the design of the Butler matrix. The antenna array is shielded at
the top layer of the structure from the spurious radiation of Butler matrix radiation
effect. The radiation pattern is obtained by making square slits on the top layer of the
ground plane. The side lobe levels are reduced by 2.8dB and 0.3dB while the
directivity is increased. The proposed design has deeper nulls and smaller physical
size. The overall structure size is about 436.6 cm?. The scanning angle directions does
not change compared with the conventional design based on microstrip technology

since the spacing between antenna elements is the same in both cases.

Keywords: Phased Antenna Array, Butler Matrix, Strip line, Shielded Antenna.



0z

Bu ¢alismada, Roger RT 5880 katmani kullanilarak 2.4 GHz uygulamalari i¢in 4x4
Butler matrisine dayali fazli anten dizisi tasarlanmis ve sonuclar CST SUIT STUDIO

benzetim yazilimi ile elde edilmistir.

Fazli anten dizi sistemi iki farkli tasarimda ele alinmistir. Birinci tasarimda hem
besleme agi, hem de dizi anten, mikro serit teknolojisi kullanilak elde edilmistir.
Amaclandigi gibi +14 ° ve £40 ° yonlerinde, dort hlizme elde edilmistir. Elde edilen
isima deseninin yan loplart -9.4dB ve -8.2dB duzeylerindedir. Buna karsilik
yonlendirmeler, farkli besleme noktalart kullanildiginda 12.4dBi ve 11.5dBi

seviyelerindedir. Toplam yapinin fiziksel boyutu yaklasik 621 cm? dir.

Butler matrisinin tasariminda, mikro serit hatt1 yerine serit hatt1 kullanilmasi, Butler
matrisinin besleme devresinden kaynaklanan sanal 1s1ma etkisinin izole edilmesine ve
antenin 1s1ma yaratacak yapisinin Ust katmanda kalarak 1sima deseninde bir iyilesme

elde edilmesine sebep olmustur.

Isima deseni, zemin diizleminin iist katmaninda kare kesikler yaparak elde edilmistir.
Yan lob seviyeleri 2.8dB ve 0.3dB azaltilirken, yonlendirilmede artis elde edilmistir.
Onerilen tasarim daha derin bosluklara ve daha kiiguk fiziksel boyutlara sahiptir.
Toplam yap1 boyutu yaklasik 436.6 cm?. Anten elemanlar1 arasindaki mesafe her iki

durumda da esit olarak alindigindan tarama agilar1 de§isim gostermemistir.

Anahtar Kelimeler: Fazli anten dizisi, Butler matrisi, serit hatti, korunakli antyen.
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Chapter 1

INTRODUCTION

1.1 General Overview

The definition “Smart Antenna” refers to the digital signal-processing unit in the
antenna structure, which makes the system smart by means of signal processing,
although from the first glance, one thinks the antenna is smart, but on the contrary, it
is not. The unit inside of it gives the meaning. The algorithm is used to adjust and
assign direction of the main beam by controlling the phase shift and the amplitude

excited at each antenna input [1].
1.2 Smart Antenna System

Various studies focused on a smart antenna system as the number of users and the
demand for wireless service increases, in addition, the need of wider coverage area and
higher transmission quality. Moreover, rejecting the unwanted interference and
focusing the radiation pattern toward the desired user [2]. All of these reasons push the

researchers to employ the smart antenna system to overcome these problems.

Figure 1.1 illustrates the working principle of smart antenna system. Assume two
antennas are located at two points in space, the digital signal processing unit (DSPU)
measures the direction of arrival (DOA) of signal of interest (SOI) by computing the
time delay from each antenna element. The DSPU adjusts the weights w1l and w2,

which in turn adjusts the amplitude and excitation phase shift at the input of each



antenna element to produce a radiation pattern focused on the desired user and tuning

out the undesired SOI [3].

Desired
user

Unwanted
user

Figure 1.1: Smart antenna system.

Smart antenna system has two classifications, either switched beam system or adaptive
antenna system.

1.2.1 Switched Beam System (SBS)

The SBS generates multiple overlapped patterns that cover the surrounded area; the
system can choose one of these predefined patterns [2]. As the user moves throughout
the cell, the SBS detects the signal strength and the base station determines the best
beam that aligned in the SOI direction and switches to that beam to communicate with
the user as shown in Figurel.2.a.

1.2.2 Adaptive Antenna System (AAS)

Adaptive antenna system (AAS) is smarter than (SBS) [4] [5]. It can continuously trace
the user throughout the cell by steering the pattern towards the SOI while the nulls are

steered in the direction of undesired SOI, which in turn, results in better signal to



interference ratio (SIR) [6], as shown in Figure 1.2.b. This procedure is done by the
help of an adaptive array processor, which adopts the weights (complex) by an
adaptive algorithm. That in turn changes the amplitude and phase shift to steer the

main beam into the desired direction.

The beam is
selected

Cell phone
subscriber

(a): Switched beam system

Cell phone
subscriber

Mull at interfering cell
phone

Antenna Array
(b): Adaptive antenna system
Figure 1.2: (a): Switched beam system, (b): Adaptive antenna system.



1.3 Butler Matrix (BM)

1.3.1 Introduction

With the growth of wireless communication systems and techniques, the demand for
higher capacity and good transmission quality is important. On the other hand, multiple
users and multiple path signals propagation can degrade the quality of wireless
communication systems due to the presence of co-channel interference and fading [7],
which can be solved by the help of beam forming network with an antenna array by
generating a beam of signals in the desired direction. Therefore, only the desired user

can receive the signal and thus, the co-channel interference and fading is avoided.

Various kinds of beam forming networks can be connected to the antenna array such
as BM (circuit based beam former), Rotman lens (lens based beam former), Blass and
Nolen matrix. All of these solutions have capability of beam scanning by selecting one
or more input/output ports [8]. However, the popularity of BM as a SBS feeding
network takes many advantages, which are mentioned below.

1. Ease of fabrication process and low cost since it uses fewer and simple building
blocks such as directional couplers, phase shifters and crossovers.

2. BM can generate continuous orthogonal beams without any mechanical motions,
having narrower bandwidth (BW) and high directivity.

1.3.2 BM Structure

BM has 2" input and 2™ output ports, where n=1, 2, 3... etc., so this kind of beam
former called N x N BM where N =2". It generates N orthogonal beams when it is
connected to an antenna array, in addition to that, BM can cover from —180" up to

180" according to the type of elements used in the array and the spacing between

antenna elements [9].



BM also consists of glogz(N) directional couplers and %(logz(N) — 1) phase

shifters to select the desired pattern [10]. Figure 1.3 shows a block diagram of 4 x 4

BM which contains 4 hybrid (3-dB) couplers, 2 crossovers (0-dB) and 2 phase shifters.

3-dB Coupler Phase shifter

[i]
3
(22)
4 u 5
0-dB Crossover ‘
| t
npu Output
Ports Ports
Patch Antenna

Array
Figure 1.3: BM block diagram.

From Figure 1.3, it is easy to see that N orthogonal beams will be generated when the
signal is excited from each input port individually. The phase difference ¢ at output
ports of BM can control the direction of the main beam, as an example, if port 1 was
the feeding port then the phase difference is ¢ between output ports and hence the
antenna array can generate beam 1 as shown in Figure 4 and so on. In general, the
phase difference between input and output ports can be summarized in the following

Table:



Table 1.1: Ideal phase shift between different ports of the BM.

Output
Ports Port 5 Port 6 Port 7 Port 8 @ average
Input
Ports
Port 1 0 45 90 135 45
Port 2 ) -135 90 -45 -135
Port 3 ) 135 -90 45 135
Port 4 0 -45 -90 -135 -45

From Table 1.1, it is obvious that if port 1 is the feeding port, that means the phase
difference between output ports relative to port 1 equal to 45. Now, to determine the
beam direction when ¢ = 45 degree, the phased antenna array equations in chapter
two can do this. So, from the previous illustrations, two factors can effect the steerable
beam, the phase shift between adjacent output ports in BM and the distance between

adjacent elements.

In 1961, J. Butler and R. Lowe firstly introduced BM [11]. Many researchers employed
it to solve the problems of interference and precise detection of the desired user, and
hence, it has been studied and improved by many antenna researchers to be adopted to
the new technologies used in communication systems. BM as a beamforming network
can be considered as a SBS [6] , which has a capability to cover 360° coverage area
when it is combined to an antenna array [10]. The physical structure size of SBS based
on BM is another important factor, so, the phase shifter can be designed based on T-
shaped array defected microstrip structure (ADMS) to reduce the width of the overall

structure with an acceptable coupling factors at the output of BM [12].



For large BW, the design of NxN wideband BM should be achieved. So, in order to
cover the IEEE 802.11b/g/n band, a 4x4 wide band, BM based on wide band 90°hybrid
couplers and crossovers is considered to cover the band from 2.1 GHZ 2.75 GHz [13].
On the other hand, to decrease the power distribution and phase error at the output of
BM, back to back bilayer microstrip method is applied without using crossover [14].
The proposed structure is suitable for 4.3 GHz applications by using 8x8 BM with an
acceptable reurn losses and isolations between feeding ports. Anew method to design
and implement the crossover is by cutting the ground plane and take the connection

from there. Based on this method a size reduction of BM is achieved [15].

The overall goal of SBS based on beamforming network is in increase the gain towards
the desired user while the side lobe levels should be reduced. This can be achieved by
adding 180" Power divider at the output of BM and hence the BM becomes Nx2N
instead of NxN which in turns doubled the number of an antenna elements at the output
of BM [16]. On the other hand, a Wilkinson power divider is used to obtain tapered
output amplitude distribution and to achieve SLL reduction [17]. The interference
problem is reduced by cascading two 3-dB wide band hybrid coupler to obtain wide
band crossover in order to form 4x4 BM for multibeam phased antenna array for 1.9

GHz with good performance in terms of phase and power distribution error [18].
1.4 Thesis Objective

In this work, a shielding method based on strip line technology with proximity
coupling feed technique is applied to shield the radiation pattern of microstrip antenna
array from the spurious radiation of microstrip line BM network. Which in turn can

enhance the beam pattern shape with lower levels of side lobes.



Chapter 2

MICROWAVE COMPONENTS

2.1 Introduction

As mentioned in Chapter 1, the BM consists of microwave components such as branch
line couplers, phase shifters and crossovers which are combined to antenna array. In
this chapter, a full description will be introduced to understand the behavior and

properties of these components.
2.2 Microwave Components

2.2.1 Directional Couplers

Directional couplers can be considered as passive four ports equal/unequal power
divider that the input signal is divided equally/unequally into two or more output
signals. The coupler usually has lossless ports; it can be designed as an equal power
divider. As a special case of directional coupler is the hybrid quadrature coupler which

have an equal power with 90’ phase shift at the output ports [11].

The directional coupler has four matched ports. For the ideal directional coupler
(reciprocal and lossless), the scattering parameters are shown in equation (2.1):

0 Siz Siz3 Sus

_|S12 0 Szz Sz
IS1= S13 S23 0 Sy (2.1)

Sl4 SZ4 S4-3 0



Where S;; = S;; for i,j = 1,2,3 and 4. Since the network is lossless, 10 equations
mentioned in [19] and [20] must be satisfied and hence, there are two choices to
describe the directional couplers:

Symmetric coupler

This kind of directional coupler has the following scattering matrix:

0 a jB O

a0 0 jB (2.2)
[S1= iB 0 0 «
0 jB o O

An anti-symmetric coupler

This kind of directional coupler has the following scattering matrix:

0 a p O

la 0 0 -p (2.3)
S1=1g 0 0 a
0 - 0 «a

Where f is the coupling factor and the constant a? = 1 — p2.
Assume that port 1 is the input port, ports 2 and 3 are the through and coupled ports
while the fourth port is an isolated port, to obtain the coupling, directivity, isolation

and insertion loss, the following quantities have to be used:

, P1 (2.4)
Coupling = C = IOIOgﬁ = —20logp dB
Directivity = D = 101o g 2010 dB (25)
y == 008y T 2085y
. P1 (2.6)
Isolation =1 = 10logﬁ = —201log|S14| dB
2.7

P1
Insertion Loss = L = 10 logﬁ = —20log|S12| dB
2.2.1.1 Conventional Hybrid Quadrature 9¢° Coupler
This type of coupler can be considered as a special case of directional coupler which

allows the signal to be divided equally between the coupled and the direct port, while



remaining port is isolated (i.e, the coupling factor is 3-dB that implies a = 8 = %)

with 90’ phase shift at the output ports as shown in Figure 2.1. The scattering
parameters in this case can be shown in (2.8), while the design of this kind of couplers

can be obtained from its even and odd mode analysis as shown in Figure 2.2.

Input Direct 3-dB

® - ®

Quardrature

= Phase Shift

v

v

OF

)

L.
-

Isolated Coupled 3-dB
Figure 2.1: 3-dB quadrature hybrid coupler block diagram.

Zy V2
Zy Zy
Input (P1) Za Output (P2)
i A %
4
Isolated (P4) Output(P3)

Zy Z
Figure 2.2: Geometry of 3-dB quadrature hybrid coupler.

01 5 0

[S] = dfr o0y (2.8)
V217 0 0 1
0 j 1 0

2.2.2 Crossovers
Crossover is a four-port network type, which is classified to be one of the transmission
line circuits. The crossover is obtained by cascading two hybrids such that cascading

two narrowband hybrids give a narrowband crossover while cascading two broadband

10



hybrids give broadband crossover. Crossovers must assure isolation between signals

at the crossing lines as shown in Figure 2.3 [18].

Zy! \'I_"
Ly
Input (P1) Za Output (P2)
N A
% Zy * 1 zop2 Zy
Isolated (P4) Output(P3)
£y Zy

Figure 2.3: Geometry of conventional crossover.

The scattering parameters for the crossover are shown in the following scattering

matrix [6].

(2.9)

—~ O o o
O O O
O O~ O

From the above scattering matrix, the following results can be concluded:

1. If port1is the input port, then S;4, S;, and S;, are equal to —oo while S5 is equal
to 0-dB

2. If port 2 is the input port, then S,,, S,;and S,5 are equal to —oo while S,, is equal
to 0-dB

3. If port 3 is the input port, thenS;5, S, and S, are equal to —oo while SS5, is
equal to 0-dB.

4. If port 4 is the input port, thenS,,, S4, and S, are equal to —oo while S,, is equal

to 0-dB.
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2.2.3 Phase Shifters

The phase shifters are designed based on, either microstrip or strip lines, aiming to
obtain a delay in the phase shift between two lines. This may be achieved by means of
adding extra length as shown in Figure 2.4. As a result, line 2 is longer than line 1

by AL.

Line 2

L
Figure 2.4: Phase shifter.

The phase 6, between input and output port of line 1 is given by
0, = Bl (2.10)
Where g = i—” and S is the phase constant.
g
The phase 6, between input and output port of line 2 is given by

0, = l, 2.11)
Where [,=1; + Al

The phase difference at the output ports between line 2 and 1 is given by

0, — 0, = A9 = Al (2.12)
Where 2, is the guided wave length [7].

2.3 Microstrip Antennas

Microstrip antennas, also known as patch antennas were introduced and became
extremely popular in 1970’s [2]. It consists of metallic patch placed on dielectric
substrate placed on a thin ground plane as shown in Figure 2.5. This kind of antenna

can take various configurations such as rectangular, square, circular and circular ring
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shape. Microstrip antenna received considerable attention due to its advantages which
mentioned below [21]:

Simple and cheap for manufacturing, fabrication and installation,

1. Low profile,

2. Versatile in terms of resonant frequency, input impedance and radiation pattern,

3. Compatible with monolithic microwave integrated circuit (MMIC) designs.

PATCH
MICROSTRIP FEED /

SUBSTRATE

GROUND PLANE
Figure 2.5: Microstrip antenna structure.

The metallic patch and ground plane have usually the same characteristics. The
thickness of both of them is very thin (t <« A,) where A, is the wavelength in the free
space. On the other hand, the dielectric layer thickness is in the range of (0.0031, <
h < 0.0521,). Moreover, it has a dielectric constant in the range of (2.2 < ¢, < 12).
The ones that have dielectric constant in the lower end of this range with thick substrate
provide better antenna efficiency and larger BW. However, the option of thin substrate
selection with higher dielectric constant is suitable for microwave circuits to minimize
undesired radiation and coupling which in turn lead to small circuit size.

2.3.1 Microstrip Feeding Types

Various techniques can be used to feed the microstrip antenna. The mainly four
techniques used are:

1. Microstrip feeding lines.

2. Coaxial probe lines.
13



3. Aperture coupling technique.

4. Proximity coupling technique.

Each technique of the above-mentioned techniques can be used according to the
desired antenna performance. In the following subsections, each technique will be
summarized and introduced based on antenna performance and desired characteristics.
2.3.1.1 Microstrip Feeding Lines

The microstrip line is connected directly to the microstrip antenna as shown previously
in Figure 2.5. The microstrip line is a conducting strip that has smaller width compared
with microstrip antenna width. The popularity of this technique is due to easy of
fabrication and simplicity of matching with antenna itself when the impedances are
not equal. The matching can be achieved by using quarter wavelength transformer
technique or controlling inset position [22].

2.3.1.2 Coaxial Probe Lines

The coaxial probe line consists of two conductors, inner and outer conductor. The outer
conductor is connected to the ground plane surface while the inner conductor is
extended until it connects the patch surface in the upper side as shown in Figure 2.6.
The feeding to the antenna can be achieved from the lower layer of ground plain, and
the matching can be maintained by adjusting the feeding position. This method is easy

to fabricate and has low spurious radiation [22].

Patch Antenna

/4

substrate

/4

Ground Plane Coaxial Cable

Figure 2.6: Coaxial probe feeding line.
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2.3.1.3 Aperture Coupling

This technique can be considered as the most difficult technique among the four
techniques of feeding. Two substrates are used separated by a ground plane, while the
microstrip line is located on the bottom side of lower substrate whose radiation pattern
is coupled through a slit on the ground plane as shown in Figure 2.7. The option of
selecting substrate types will not be random. The selection must satisfy wide range of
BW. This can be achieved by choosing a very thin with high dielectric constant for
bottom substrate while another substrate could be thick with lower dielectric constant

[22] [23].

Patch

ﬂ Substratel

Slot
C 1 ) Common ground

Feed Line

‘ Substrate2

Figure 2.7: Aperture coupling.

2.3.1.4 Proximity Coupling

In this technique, two substrates will be used, both of the substrates will be one on top
of the other, where the ground plane will be at the lower layer and the patch on the
other side of the substrate, where the feeding line is sandwiched between the two
substrates, as shown in Figure 2.8. By regulating the terminated stub, 13% fractional
BW can be accomplished. The substrate selection have to be taken into consideration

to improve the antenna bandwidth [24].
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Patch Substrate (h2)
Radiating Patch element

Feed Substrate (h1)

Microstrip feed line

Figure 2.8: Proximity coupling.

2.3.2 Transmission Line Model

Though it has low accuracy, the transmission line model can be considered as the
suitable approach for microstrip line analysis compared to full wave and cavity model.
Antenna has been represented by three parameters; antenna widthiW, height of the
substrate h and the antenna length L. Figure 2.9 represents transmission line model
concept. The microstrip line positioned on top of the dielectric substrate, where the air
will be the other substrate. Figure 2.10 shows the behavior of electrical field lines for
the aforementioned case, it’s clear that the majority of the electric fields are distributed

in the dielectric region while the rest of it will lost in the air [21].

- 5

e

.

Radiating slots

Substrate

Ground plane

Figure 2.9: Transmission line model.
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Conducting strip w I

Ground Plane

Dielectric substrate

(@): Microstrip line

,ﬁ‘i—%f:@\%

B SIEC I

———-H

(b): Electric field distribution
Figure 2.10: (a) Microstrip line structure, (b) Cross section shows the electric and
magnetic field distribution of (a).

The fringing field in the microstrip line has identical electrical characteristics as shown
in Figure 2.10 and hence, the effective dielectric constant e, must be taken into
account which is in the range of 1 < e.4 < €, [2]. Microstrip patch antennas radiate
due to the fringing fields created between the patch and the ground plane. It resonates
according to the dimensions of the radiating patch.

2.4 Phased Antenna Array

Many kinds of antennas like wire antennas, aperture antennas, resonant antennas and
travelling wave antennas [21], can be considered as single element antennas. Most of
these kinds suffered from lack of flexibility and gain. Moreover, single element
antennas could not be considered as a good solution for tracking applications since the

antenna radiation pattern for the above types cannot be controlled to be in the desired
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direction. So far, the development of antenna array had been proposed to overcome

the above problems.

Antenna array consists of more than one element arranged in a specific manner to
achieve the desired antenna characteristics and performance. The total radiated field
of the array is calculated by vector addition of the fields radiated by individual element.
Therefore, to provide a very directive pattern, the radiated field of each single element
must interfere constructively (in phase) in the desired direction and to interfere
destructively (out of phase) in the other directions to minimize the side lobe level
(SLL). Other approaches will be discussed in the coming sections that is used to shape
the overall pattern such as [2]:

1. Controlling the amplitude and excitation phase shift between individual elements.
2. The distance between adjacent elements.

Antenna array can take many configurations. The most popular configurations are
linear, planar and circular. In this work, a linear antenna array arrangement is used to

provide a directive pattern in some direction fed by beam forming network.

Figure 2.11 shows a typical antenna of N-elements arranged in linear way. The far
field radiation from an isotropic source can be expressed as [21]:

Eie =

4ntr

Where g is the Phase constant and r is the distance between isotropic source and the
observation point. The total radiation field of an isotropic linear array is:

N ; 2.14
Eiq = Eje X Ay, e/¥m ( )
n=1
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Where 4,, is the amplitude of element n and ¢,, is the relative phase (to a common
reference) of element n. The second term of (2.14) is called the isotropic array factor
(AF).

N . 2.15
AF = A, elPn (215
n=1
As shown in Figure 2.11, the spacing between antenna array elements is d and
assuming that they have the same amplitude but each succeeding element has a
progressive phase shift ¢o lead the current excitation relative to the proceeding one
[21], in this case the uniform AF can be expressed as:

AF = 2 el -0 = Jl(N-1)/2lp [_Sm (No/2) (2.16)
sin(p/2)

Where @ = 3d sinb + @,, B = 27“ and A is the free space wave length. The maximum

array factor is equal to N and so, the normalized Array factor is equal to:

sin (Np/2) (2.17)
[ sin(p/2)

d d
Figure 2.11: Typical antenna of N-elements arranged in linear way.

The maximum radiation occurs when ¢ equal to zero, and thus the main lobe direction

6 will be directed according to 2.16 to:

2@, ) (2.18)

o = —sin-
s 2nd
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Chapter 3

DESIGN AND SIMULATION RESULTS

3.1 Introduction

In this chapter, a BM will be designed and simulated for 2.4 GHz applications. First,
a conventional 4x4 BM using microstrip line technology is presented in details. A
motivated method is applied on BM having the same properties of the conventional
one using shielded antenna array and strip line technology in order to form the feeding
network. Hence, the SLL is reduced and the directivity of phased antenna array is
increased. The following subsections introduce the conventional and modified designs

to compare their performances.

3.2 Analysis and Design of the Components of 4x4 Conventional BM

Based on Microstrip Line Technology

The conventional BM consists of three main parts which are:

1. Branch line couplers (3 dB hybrid coupler).

2. Crossovers.

3. Phase shifters

3.2.1 Branch Line Coupler Design and Simulation Results

The branch line coupler or 3-dB hybrid coupler consists of a main line having an
impedance of 50Q which is coupled with a secondary line by two quarter wave length
sections having an impedance of 35.35Q spaced one quarter wave length apart as

discussed in Chapter 2.
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In order to find the widths and lengths of coupler main lines, microstrip line equations

will be used.
601 (8h+W> . W<1
V Eeff "\W T an h = (3.1)
zo = 120m oW :
or — =2
\Veer [ + 1393 + 0,667 + In (- + 1.444)]
also,
8eh f W .,
W e2hA —2 or <
2
h —(B-1-In(2B- 1)+ (3.2)
28 e - 1) +039 - 22 for Vs 5
T 28, {n( -+ _Sr} or - =
where;
Zo e +1 & —1 0.11 (3.3)
=75 0.23
60 2 +£r+1( s )
_ 377n (34
" 2Zov/e,
e +1 g —1
Eeff = > + = (3.5)
2 /1 + 12W
where;

Zo: Characteristic impedance

h: Substrate thickness

€. Substrate relative permittivity

€ofr. Substrate effective relative permittivity

Based on the above equations, the coupler parameters can be designed easily. Table
3.1 shows the summary of the coupler parameters using Roger RT 5880 substrate for

2.4 GHz applications.

21



Table 3.1: Coupler parameters.

Parameter Value

£, 2.4 GHz
2.2
£T
h 1.6 mm
W s00) 4.9 mm
W 35350 7.62 mm
Eeff(s00) 187
€eff(35.350Q) 1.92
Ag(sog)/‘l 17.95 mm
Ag(35.359)/ 21 mm
4

According to Table 3.1, the coupler can be designed and simulated using CST SUITE
STUDIO. Figure 3.1 shows a schematic diagram of branch line with its input and

output ports.

Figure 3.1: Designed branch line coupler.

The performance of 3-dB coupler was checked by testing the isolation, and the phase
difference among the output ports, in addition to the return and coupling losses of the
coupler. Figures 3.2 and 3.3 show the scattering parameters for branch line coupler

and the phase difference between output ports when port 1 was fed as an input port.
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S-Parameter [Magnitude in dB]

51,1 :-35.077997
52,1 :-3.06802
53,1 :-3.1471872

2 21 2.2 23 25 2.6 2.7 2.8 2.9 3
Frequency / GHz

Figure 3.2: Coupler return loss, insertion loss and isolation loss.

S-Parameter [Phase in Degrees]

S2,1:77.032519}

-50 1 S3,1: 166.89776

100 ] i | S S —— — S —

-150 + ‘ f s broeeamemne e feomeeinnnen brmmenmnmes

200 ; ; ; ; ; ; ; ;
2 24 2.2 2.3 2.5 2.6 2.7 28 2.9 3
Frequency / GHz

Figure 3.3: Phase difference between output ports.

Figure 3.2 shows the coupling, return and the isolation losses for the 3-dB coupler.
The return loss S;; and isolation loss S,; are about -35dB and -31dB respectively.
Hence, it is concluded that the designed coupler is roughly matched; on the other hand,
the adjacent port 4 was isolated based on the value of S,;which is below -10dB. The
coupling S, and S3, are about -3dB which means that the power is divided equally
between output ports. In terms of the phase shift, the phase difference between the

output ports was 90 as shown in Figure 3.3. This means that the output signal at output

ports are almost in phase quadrature when port 1 was the excitation port.

3.2.2 Crossover Design and Simulation Results
As mentioned in Chapter 2, cascading two branch line couplers results in a crossover.

The objective of this design is to eliminate the mixture of signals, so isolation between
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signals at the crossing lines is achieved. Table 3.2 summarizes crossover parameter

dimensions using Roger RT 5880 for 2.4 GHz applications.

Table 3.2: Crossover parameters.

f~ 2.4 GHz
&, 2.2
h 1.6 mm
W (500) 4.9 mm
W (35350 71
W (250) 10 mm
Eeff(500) 1.87
€eff(35.350Q) 1.91
Eeff(250) 1.95
Ag(sm)/4 17.952 mm
Ag(35350) /s 21 mm

According to the parameter dimensions mentioned in Table 3.2, it is simple to

construct the crossover design as shown in Figure 3.4.

Figure 3.4: Crossover design using microstrip line.
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The performance of the designed crossover was tested by checking its scattering
parameters. In perfect crossover, all adjacent ports should be perfectly isolated from
each other. That is if port 1 is fed with a signal, the isolation losses at ports 2 and 4
should be zero, which in turn allows signal to pass through port 3. Figure 3.5 presents

the scattering parameters of the designed crossover when port 1 is excited.

S-Parameter [Magnitude in dB]

T

............................
K o S U P

51,1 : -36.331015 |
52,1 : -26.673968 |
53,1:-0.23967445 |

2 24 2.2 2.3 2.5 26 2.7 2.8 2.9 3
Frequency / GHz

Figure 3.5: Crossover return, isolation, and insertion losses.

The isolation S,; between port 1 and port 2 was about -27dB where the isolation S,
between the ports 1 and 4 approximately, -29dB. These achievements exhibit a very
good isolation results that prevent the signal to pass through the specified ports when
port 1 is fed. In addition, the return loss S;; was about -36dB which shows an
acceptable matching nearby the operating frequency. This means that there is no
reflected signal to the input port side; all the power will be passed just from port 3,
which is clear from coupling factor S;,that was exactly -0.23dB.

3.2.3 Phase Shifter

Phase shifters are used to delay the signal with a certain degrees of phase shifts. In this
work, 45 phase shifter will be used by adding extra limited lengths Al to the
transmission line to provide 45 phase shift. Table 3.3 shows the dimensions for the

added lengths shown in Figure 3.6.
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Table 3.3: Phase shifter parameters.

Parameter Value

fr 2.4 GHz
&, 2.2
h 1.6 mm
W (500) 4.9 mm
Eeff(500) 1.87
L500) 15 mm
Al 11.42 mm

input3 | 'Output 4
Figure 3.6: Phase shifter with added lengths.

In Figure 3.6, two microstrip transmission lines are simulated by using CST SUITE
STUDIO. The input ports are port 1 and port 3, while the output phase shift must be
measured at ports 2 and 4 respectively. Figure 3.7 shows the phase shift between the

output ports when port 1 and port 3 were excited.

S-Parameter [Phase in Degrees]

-50
-60
70
,80 4
90
-100
-110
-120
-130
-140
-150

— 21
-——543

Frequency / GHz

Figure 3.7: Measured phase shift at ports 2 and 4 when ports 1 and 3 fed.
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To achieve the required phase shift, Al line is divided and combined symmetrically
between port 3 and port 4 as shown in Figure 3.6. The phase difference between the
phase shifter output and the straight transmission line output when port 1 and port 3 is
fed is about 45. The phase shifter has good performance in terms of required phase
shift.

3.2.4 Design and Simulation Results of 4x4 Conventional BM

3.2.4.1 Introduction

The BM components had been successfully designed and simulated. The performance
of each component is guaranteed with the theoretical calculations. In this section, a
BM components are combined to obtain a full design of BM.

3.2.4.2 Design and Simulation Results

Figure 3.8 shows a complete design of 4x4 BM, which consists of 4 hybrid couplers,
two phase shifters and two crossovers. The input ports of BM are ports 1, 2, 3 and 4

where the output ports of BM are ports 5, 6, 7 and 8.

T = = §i 0

-

Figure 3.8: 4x4 conventional BM.

Then, each port is excited individually such that the return, isolation and insertion
losses among BM are obtained from the scattering parameters of BM. Moreover, the
phase shift between output ports when each input port fed individually can also be

introduced from scattering parameters, as shown in Figure 3.9.
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S-Parameter [Magnitude in dB]
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Frequency / GHz
(a): Return and isolation losses when port 1 is fed.
S-Parameter [Magnitude in dB]
o o o
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(b): Insertion losses when port 1 is fed.
S-Parameter [Phase in Degrees]
200 T T

$5,1 : 154.70831
56,1 : -161.39771
57,1 : -115.47683 [t
)...|s8,1: -69.340718[

-200

2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 29 3
Frequency [ GHz

(c): Phase distribution of the output ports when port 1 is fed.

When port 1 is excited, the return loss Si1 is around -26.2dB, which means that there
is no reflected power to the input port side (i.e, matched port at 2.4 GHz). The insertion
losses Ssi, Se1, S71 and Sg; are fluctuating between -6dB and -7dB due to losses in
microstrip lines. The phase difference between output ports of BM when port 1 is fed
is 45.32, which is matched with theoretical calculations. Table 3.4 represents the losses
values when port 1 is fed.
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Table 3.4: The insertion losses, return and isolation when port 1 is fed.

Input Return Isolation Insertion
Port 1 Loss Losses Losses
(dB) (dB) (dB)
S.. 1 2 3 4 5 6 7 8
Y -26.2 | -19.1 -36.1 | -285 | -6.8 | -6.8 | -6.7 | -6.3

S-Parameter [Magnitude in dB]

1 -21.479448
1 -22.879259

1 -34.403345

45 : : : : : : ‘ ‘
2 21 2.2 23 25 26 27 28 2.9 3
Frequency / GHz
(d): Return and isolation losses when port 2 is fed.
S-Parameter [Magnitude in dB]

* ‘ : —_—52
-=-56,2
==582

55,2 6.5514431]
56,2 : -7.7056307
58,2 : 6.5176805
2 21 2 23 25 26 27 28 29 3
Frequency / GHz
(e): Insertion losses when port 2 is fed.
S-Parameter [Phase in Degrees]
- —5,2
-==56,2
== 582

55,2 : 66.114694 | !
56,2 : -67.722874 -1

11582 : 20,0546
——

Frequency / GHz

(M: Phase distribution of the output ports when port 2 is fed.
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Different types of losses is obtained when port 2 is excited. The feeding port is matched
based on the value of return loss S22 which is below -10dB. In terms of insertion losses,
the values are fluctuating around -6dB due to insertion losses of microwave
components. The phase difference between output ports of BM is about -135.35, which
assures the theoretical part which is mentioned in chapter 1. Table 3.5 represents

different type of losses when port 2 is fed.

Table 3.5: The insertion losses, return and isolation when port 2 is fed.

Input Return Isolation Insertion
POE’)'[ 2 Loss Losses Losses
(dB) (dB) (dB)
S 2 1 3 4 |5 6 [ 7] 8
Y -21.5 -19.3 -22.9 -344 | -6.6 | -7.7 | -5.8 | -6.5
S-Parameter [Magnitude in dB]
0 : ‘
—_—13
P B
T T e b IR 53,3
_e!a,..j,_.‘e_-_-.f:r.g:\_q':.‘_ S SN .

--151,3 : -34.390247
§2,3 : -22.879257
§3,3 :-21.48269

2.2 23 25 2.6

2 21 27 28
Frequency / GHz
(9): Return and isolation losses when port 3 is fed.
S-Parameter [Magnitude in dB]
2 . .

et
r ﬂ,.‘-;,....uu:——

,3 0 -6.5178245
:-5.8590791 1,
. -7.7055923
: -6.5515533

57,3
58,3

25 26 27 2.8
Frequency / GHz

(h): Insertion losses when port 3 is fed.

2.3
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S-Parameter [Phase in Degrees]

55,3 : 20.054108 | et
56,3 : 153.84538
+a57,3 1 -67.722015
58,3:66.115349 |+

‘-

27

2.5 2.6
Frequency / GHz

(i): Phase distribution of the output ports in case of port 3 is fed.

When the third port is considered as an excitation port, the return loss Szs hits -21.4dB.
This value assure that there is no reflected power toward the input port side; most of
power will be passed through port 3. The insertion losses have acceptable fluctuating
values around -6dB while the phase difference between output ports are about 135.35.

These results are presented in Table 3.6.

Table 3.6: The insertion losses, return and isolation when port 3 is fed.

Input Return Isolation Insertion
Port 3 Loss Losses Losses
(dB) (dB) (dB)
S 3 1 2 4 5 6 7 8
Y -215 | -344 -229 |-193 | -65 | -5.8 | -7.7 | -6.6

S-Parameter |Magnitude in dB|

: -28.506323

o i

| £ -19.105917
3 L 26.254071 [T e
45 f i i i i ‘ ‘ i
2 24 22 23 25 26 2.7 2.8 29 3

Frequency / GHz

(J): Return and isolation losses when port 4 is fed.
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(K): Insertion losses when port 4 is fed.
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(I): Phase distribution of the output ports in case of port 4 is fed.
Figure 3.9: Return losses, isolation losses, insertion losses and phase shift at each
output port when different input ports are fed.

Finally, port 4 is the input port. The return loss S44 is below -10dB which assures
matching at the operating frequency. The insertion losses is roughly -6dB as shown in

Table 3.7 where the phase difference at the output of BM is around -45.32.

Table 3.7: The insertion losses, return and isolation when port 4 is fed.

Input Return Isolation Insertion
Port 4 Loss Losses Losses
(dB) (dB) (dB)
S 4 1 2 3 5 6 7 8
Y -26.2 | -28.5 -36.1 | -19.1| -6.3 | -6.7 | -6.8 | -6.8

As shown in Figure 3.9, a very good matching between simulated and theoretical

measurements had been presented. The power at the output ports is divided equally
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(about — 6dB) when each input port was fed individually. On the other hand, a very
good isolation and return losses is obtained as shown in Figure 3.9. In terms of phase
shifts, an acceptable phase shift difference between adjacent output ports is obtained.
Tables 3.8 summarizes the phase difference between output ports of BM when

different input ports are excited.

Table 3.8: Phase shift between different ports of the BM.

Output
Ports

Input Port 5 Port 6 Port 7 Port 8 @ average
Ports
Port 1 154.70° -161.39 -115.47 -69.34° 45.3>
Port 2 66.11° -67.77 153.85 20.05 -135.35
Port 3 20.05 153.85 -67.72 66.11° 135.35
Port 4 -69.34 -115.47 -161.39 154,71 -45.37

3.2.5 Patch Antenna Design and Simulation Results

In the previous sections, the BM is successfully designed and simulated; it had a very
good performance in terms of phase shift and different types of losses. Now, patch
antenna array consists of four elements that must be combined at the output of BM. In
the following section, a design and simulated results of a single rectangular patch
antenna with its radiation characteristics is illustrated.

3.2.5.1 Single Patch Antenna Design and Simulation Results

Figure 3.10 shows the single element rectangular patch antenna fed by inset feed line
technique. The dimensions of the parameters are given by Table 3.9. The antenna is
designed with Roger RT 5880 having 2.2 relative permittivity and operates at 2.4 GHz.
The following equations are used to obtain the length and width of the rectangular

patch antenna.
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W C 2 (3.6)

P Z_fr & +1
w
.o+ 0.3) (% + 0.264
AL = 0.412h (eesr +03) (5 - ) (3.7)
(eers — 0.258) (7 +0.8)
L ¢ (3.8)
eff _fT lgeff

Moreover; the inset feed line dimension can be calculated using the following formula

T
Zo = R;, cos? (E y) (3.10)

Where;

W, Patch Width

L,: Patch Length

L.sf: Effective Patch length

AL: Enlargement on Lp due to fringing field effects.

R;,: The resonant input resistance when the patch is fed at a radiating edge

y: Inset distance from the radiating edge which is selected such that Zo is equivalent

to the feed line impedance.

Figure 3.10: Designed single patch antenna.
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Table 3.9: Single patch parameter with dimensions.

Parameter Value

fr 2.4 GHz
&, 2.2

h 1.6 mm
w, 49.41 mm
L, 40.75 mm
y 13 mm
g 2mm

The return loss and radiation pattern of the simulated patch antenna are shown in
Figures 3.11 and 3.12 respectively. It is clear that the rectangular patch antenna has a
very good matching around resonant frequency, since the return loss Si1 is below -
10dB. The radiation pattern can also describe the antenna performance; the directivity
is shown in polar coordinate system to show the beam pattern shape. At 2.4 GHz, the
directivity hits the peak at 7.79dBi while the SLL reached to -19.4dB. Table 3.10
summarizes the performance and characteristics of a single patch antenna operating at

2.4 GHz.

S-Parameter [Magnitude in dB]

— 51,1

2 2.1 2.2 2.3 2.5 2.6 2.7 2.8 2.9 3
Frequency / GHz

Figure 3.11: Patch antenna return Loss.
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Figure 3.12: Radiation pattern of patch antenna.

Table 3.10: Patch antenna performance and characteristics.

S11

Directivity

Gain

SLL

HPBW BW

-29.5dB

7.79 dBi

7.52dB

-19.4 dB

74.8 36.6 MHz

3.2.6 Phased Antenna Array Based on 4x4 BM

In this section, a combination between antenna array consisting of four elements of
previously designed rectangular patch antenna with 4x4 BM based on microstrip

technology, as shown in Figure 3.13. The spacing between antenna elements are half

wave length in order to obtain the desired radiation pattern when different input ports

*

are fed.

*

*

?E
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Four orthogonal radiation patterns are obtained by exciting the input ports individually.
Figures 3.14 and3.15 show the radiation patterns in Cartesian coordinate system when

the signal is fed from ports 1 and 4.

Farfield Directivity Abs (Phi=0)

15 —— farfield (=2.4) [Port1_Conv] ||
10 + -
Frequency = 2.4
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@ Side lobe level = -9.7 dB
-10 4 -
I3 I S SSRGS A0 SO SO SOOI SN UE RO SR S SN
-20 1 ; : R R e | S A . T
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Figure 3.14: Radiation pattern of the conventional structure when port 1 is fed.
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Figure 3.15: Radiation pattern of the conventional structure when port 4 is fed.

Figures 3.14 and 3.15 illustrate that the main beam directions are -14'and 14’when the
signal was excited from ports 1 and 4 respectively. The main beam has narrower BW
comparing it with single element patch antenna. Moreover, high directivity was
obtained when the first and last ports were fed. Therefore, a very directive pattern with
minimum side lobe levels can be obtained. On the other hand, Figures 3.16 and 3.17

show the radiation patterns when the signal is fed from ports 2 and 3 individually.
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Figure 3.16: Radiation pattern of the conventional structure when port 2 is fed.
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Figure 3.17: Radiation pattern of the conventional structure when port 3 is fed.

The main beam is switched to 40°and -40° when the input signal is fed from ports 2 and

3 respectively. They have the same characteristics except the direction of the main lobe

while the directivity is about 11.5dBi with acceptable side lobe levels. Moreover, a

narrower BW is obtained in each case of feeding.

The design and simulation of phased antenna array based on 4x4 conventional BM

was successfully achieved for 2.4 GHz applications. It is important to see the four main

beams together to check the covering range at the operating frequency. Figure 3.18

introduce the beams in -14, 40, -40° and 14" in Cartesian plot for different excitation

ports.
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Figure 3.18: Four radiation patterns when different input ports were applied in
Cartesian coordinate system.

The spatial scan coverage was about 106.8, which means that this kind of SBS can
detect the target among the mentioned range. The simulation results of phased
microstrip antenna array based on microstrip BM are summarized in Table 3.11 which
shows the system physical size, directivity of antenna array, spatial scan coverage,

scanning angles, and SLL’s when different input ports is excited by a signal.

Table 3.11: Phased antenna array based on BM.

Features Phased Antenna Array using B.M
Center Frequency 2.4 GHz
Physical Size 27cmx23cm

Antenna Directivity:

@ = 145 12.4 dBi

@ = 1135 11.5 dBi
Spatial Scan Coverage 106.8
Maximum scan angle:

@ = 145 +14

@ =+135 +40°

SLL:
@ = 145 -9.4 dB
@ = +135 -8.2dB
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3.3 Analysis and Design of Modified BM

3.3.1 Introduction

The strip line has two homogeneous dielectric substrates. Theoretically, the substrate
is extended from -co to oo, but the strip line fields will not extend far away from the
center of conductor, and hence the geometry of strip line structure can be simplified

by truncating the plates beyond some distance near to the edges of conductors.

In this section, a strip line technology will be used instead of a microstrip line
technology as a feeding network to form a BM. The reason of using this technique is
to reduce the radiation loss at the edges and discontinuities of the microwave feeding
circuit, which appears as long as the microstrip feeding network is used, in turns
disturbs the pattern of the integrated antennas at the output ports of BM and increases
the SLL’s. This method of feeding is called a proximity coupling technique, which
was mentioned in chapter 2. In order to form an antenna array, square slots are
punctured to deploy the array on the upper ground plane layer. The feeding network
consists of 3-dB quadrature coupler, crossover and 45 phase shifter will be designed
based on the strip line technology, having the same substrate layer properties in terms

of the substrate permittivity and conductivity as shown in the coming subsections.

Figures 3.19 and 3.20 show microstrip and strip line. The strip line consists of two
ground planes in the above and lower layers while the substrate is printed between
them. The strip line is located in the middle of substrate layer as shown in Figure 3.20.
The objective is to select the appropriate line technology to be used for the
implementation of the feeding network of phased antenna array based on BM. The

radiation tests were carried out by using CST SUIT STUDIO on both lines.
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Figure 3.19: Microstrip line Figure 3.20: Strip Line

Figure 3.21 shows the simulation results of microstrip and strip lines. It is obvious that
the radiation loss is decreased when a strip line technology is used, especially in the
vertical direction. Based on these results, it is expected that the BM based on the strip
line technology will be better than BM based on microstrip technology in terms of
radiation loss, because the effect of radiation of strip line is less compared to microstrip
line and hence, the antenna array radiation pattern will not be affected from the

superior’s radiation due to the feed network.

30 phi=180 —— Microstrip Line
\ —— Strip Line

Figure 3.21: Microstrip and strip line radiation test

3.3.2 3-dB Coupler Design and Simulation Results Using Strip Line Technique
The 3-dB strip line coupler consists of main of 50Q line, which is coupled to two
secondary lines having an impedance of 35.35Q and a length of quarter wave length.

The dimensions of the strip line can be calculated based on the following formulas:
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_ 30m b (3.11)
Ve, (W, + 0.441b)

where b is the overall substrate thickness and W, is the effective width of the center

Zo

conductor which is given by Equation 3.12:

w
b b

14
(0.35 — (W/b))?, for > < 0.35
During the design of strip lines, one usually needs to find the width of the strip line

based on Equation 3.13:

w X ,for J&.Zo < 120
—= 3.13
b 0.85 — V0.6 — x, for \/e,Zo > 120 (313)
where;
=30 441
=g z0 (3.14)

Based on strip the line formulas, it is easy to obtain the coupler dimensions. Table 3.12

presents the 3-dB coupler dimensions, which are illustrated in Figure 3.22.

Table 3.12: Coupler parameters based on strip line technology.

Parameter Value

f, 2.4 GHz

€, 2.2
h, 0.8 mm
h, 0.8 mm
W(son) 1.2 mm
W (35.350) 2.07 mm
)'g(SOQ)/ 20.4 mm

4
Ag(35350) / 20.4 mm
4
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Ground Plane Substratel
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/ /

Strip Line  Ground Plane Substrate2 Strip Line
Port1 Port 4

(a): Side view

(b): Top view
Figure 3.22: 3-dB Coupler design, (a): side view, (b): top view.

The coupler performance can be determined according to its scattering parameters.

Figure 3.23 shows the coupler scattering parameters.

§-Parameter [Magnitude in dB]
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!w::;ﬁ-;::.-u-:::Epu;-.\‘dhn----T-----uug&:: .......... H _51'1
) [ S . Rl rore-o TR I = ===521
: ) : [ A 3,1
I O ] . N A R N == 541
| | ; . 51771782 |
L o P Y A §2,0 1 30307424 [T e
| | } §3,1: 3.0351308 |
L T A o §4,1 : 55524256 [Ty e
50 e e e — .
£0 i i 1 i i
1 15 2 [24]25 3 35 4
Frequency [ GHz

Figure 3.23: Scattering parameters of 3-dB coupler design.
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In this design, the input port is port 1. The return loss shows that the designed coupler
has better matching comparing with the conventional 3-dB hybrid coupler since Si1
dropped to -51.7dB. On the other hand, port 4 is an isolated port (i.e. the isolation loss
Ss1 hit -55.5dB) while the insertion losses are around -3dB which means that the power

is equally divided between output ports.

In terms of the phase shift, Figure 3.24 shows that there is 90" difference in phase

between ports 2 and 3 when port 1 is excited.

S-Parameter [Phase in Degrees]

200

LT
faa,
ey,

52,1 : -168.42269
53,1 : 101.86611 -

[2.4]2.5 3 3.5 4

Frequency / GHz

Figure 3.24: Phase shift at output ports.

3.3.3 Crossover Design and Simulation Results Based on the Strip Line
Technology

Cascading two couplers designed by using strip line technology results in a crossover.
The objective of this design is to obtain a very good isolation between the crossing
lines. Table 3.13 shows the crossover design parameters while Figures 3.25.a and

3.25.b show the schematic diagrams of the designed crossover.
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Table 3.13: Crossover parameters.

Parameter Value

£, 2.4 GHz
€, 2.2
h, 0.8 mm
h, 0.8 mm
W(Sm) 1.2 mm
W 35350 2.03 mm
W(zsn) 3.17 mm
4
lg(ss.ssn)/ 21 mm
4
Substratel Ground Plane

<

4
/' //
Strip Line Ground Plane Substrate2 Strip Line
Port 1 Port 4

(a): Side view

(b): Top view
Figure 3.25: Designed crossover, (2): side view, (b): top view.
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Figure 3.26 presents the scattering parameters of the designed crossover when the

input power was excited from port 1.

§-Parameter [Magntude in dB]

______________________________ ‘.:-;\-tﬂk':-::-_':_-_:_--- == St
i , soml — 5
m=ag3i
fsti:a0472048 |
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Figure 3.26: Scattering parameter of the designed crossover.

From Figure 3.23, the return loss hit -30 dB, which means that there is no power
reflected to the input port side, in addition, ports 2 and 4 are perfectly isolated while
port 3 is the output port.

3.3.4 Phase Shifter Based on Strip Line Technique

Adding extra length to the transmission line (microstrip or strip line) can change the
phase shift between input and output ports. If port 1 is an input port and port 2 is the
output port, then according to Equation 2.12, a specific length Al can be added to
obtain 45 phase shift between input and output ports. Table 3.14 represents the
parametric dimensions of the designed phase shifter based on the strip line technology.

Figures 3.27.a and 3.27.b show schematic diagrams of the designed phase shifter.

46



Table 3.14: 45 Phase shifter parameter.

Parameter Value

f, 2.4 GHz
. 2.2
hy 0.8 mm
h, 0.8 mm
W son, 1.2 mm
l(son) 21 mm
Al 51.54 mm
Sll?me 1 Ground Plane

¥

Strip Line
Port 1

/

Ground Plane Substrate 2

Strip Line
Port 2
(a): Side view

(b): Top view
Figure 3.27: 45 Phase Shifter design, (a): side view, (b): top view.

Figure 3.28, demonstrates the measured phase shift at the output port when the

excitation port is port 1. The phase difference is about 45.
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S-Parameter [Phase in Degrees]
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Figure 3.28: Phase shift at the output port of 45 phase shifter.

3.3.5 Design and Simulation Results of 4x4 Modified BM based on Strip Line

Technique

3.3.5.1 Introduction

The three main parts of BM are successfully designed and simulated for 2.4 GHz
applications. The next step is to combine BM components to get a feeding network
based on strip line technique.

3.3.5.2 Design and Simulation Results

Figure 3.29 shows a complete design of 4x4 BM. It consists of four 3-dB couplers,
two crossovers and two-phase shifters. The designs are carried out based on strip line

technology. The input ports are 1, 2, 3, and 4 while the output ports are 5, 6, 7 and 8.

Figure 3.29: BM based on strip line technology.

Each input port is individually excited by the signal while the return, isolation and

insertion losses are obtained at the output of BM. It is expected to get results close to
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the theoretical calculations that mentioned in Chapter 1. The detailed simulation results

are shown in Figure 3.30.
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(c): Phase distribution of the output ports when port 1 is fed.
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When port 1 is fed, the return loss S11 hits -19dB, that in turns achieve matching at
the operating frequency, in addition, the insertion loss is around -6dB as expected. In
terms of phase, a 45.7 average phase difference is achieved at the output of BM. Table

3.15 shows the simulation results when port 1 is excited.

Table 3.15: The insertion losses, return and isolation when port 1 is fed.

Input Return Isolation Insertion
Port 1 Loss Losses Losses
(dB) (dB) (dB)
S 1 2 3 4 5 6 7 8
Y -19.1 | -29.0 -28.7 | -175| -6.1 | -6.7 | -6.7 | -6.4

S-Parameter [Magnitude in dB]

------------------------------------------------------------

,2:-28.622491

,2 1 -27.951398
1 -28.020734

1 15 2 [2.4]25 3 35 4
Frequency [ GHz

(d): Return and isolation losses when port 2 is fed.
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(e): Insertion losses when port 2 is fed.
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(F): Phase distribution of the output ports when port 2 is fed.

The next feeding port is port 2. Different loss types are obtained at output ports of BM.

At 2.4 GHz, the return loss S, is about -24.7dB, which means that a good matching is

achieved at the operating frequency. Insertion losses at the output ports of BM are

about -6 dB. In addition, the average phase difference between output ports when port

2 is fed are about -134.12 The simulation results in this case are summarized in Table

3.16.
Table 3.16: The insertion losses, return and isolation when port 2 is fed.
Input Return Isolation Insertion
Po?t 5 Loss Losses Losses
(dB) (dB) (dB)
S 2 1 3 4 5 6 7 8
Y 247 | -28.6 -27.9 -280 | 64 | -64 | -6.4 | -6.2
S-Parameter [Magnitude in dB]
0 :
g R e oo
_10 e e

3:-28.168489
52,3 :-27.951411
: -25.610538

28.327773

[24]25

Frequency [ GHz

(9): Return and isolation losses when port 3 is fed.
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S-Parameter [Magnitude in dB]

55,2 : 6.1688424 14
56,3 : 5.4304952
57,3 : -6.4216788 |

0.9210/60
58,3 :-0.3726932( * .

——————————————————————————————————————————————————————————————————————————————————

1 15 2 2.‘5 3 35 4
Frequency / GHz
(h): Insertion losses when port 3 is fed.
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(i): Phase distribution of the output ports in case port 3 is fed.

As port 3 is excited, the simulation results are obtained at 2.4 GHz. The return loss Ss3
is around -25.6dB while the insertion losses are around -6dB as expected. The
measured phase difference at the output of BM is about 134.29 that is closer to the

theoretical calculations. Table 3.17 shows the above illustrations.

Table 3.17: Return, isolation and insertion losses when port 3 fed.

Input Return Isolation Insertion
Port 3 Loss Losses Losses
(dB) (dB) (dB)
S.. 3 1 2 4 5 6 7 8
4 -25.6 | -28.1 -27.9 -283 | -6.2 | -64 | -6.4 | -6.3
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(K): Insertion losses when port 4 is fed.
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(I): Phase distribution of the output ports when port 4 is fed.
Figure 3.30: Return losses, isolation losses, insertion losses and phase shift at each
output port when different input ports are fed.

Finally, the fourth port is fed. As shown from Figure 3.30.j, there is no mismatch
occurred at the input port side since the return loss Sas is below -10dB. The insertion

losses are close to -6dB while the phase difference between output ports when port 4
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is fed is around -45.67 that assure the theoretical part of BM. Table 3.18 represents the

above illustrations.

Table 3.18: Return, isolation and insertion losses when port 4 is fed.

Input Return Isolation Insertion
Port 4 Loss Losses Losses
(dB) (dB) (dB)
S.. 4 1 2 3 5 6 7 8
Y -19.3 | -175 -28.6 | -28.7| -65 | -6.7 | -6.7 | -6.1

From Figure 3.30, it is concluded that the return losses are better than -19dB when the

signal is applied from different input ports. Moreover, the isolation among input ports

and output ports are better than -20dB in general. In terms of insertion losses, all of

them are around -6dB as expected. The average phase differences between output ports

when the signal is applied from the input ports 1, 2, 3 and 4 were 45.7, -134.17, 134.29

and -45.67. Table 3.19 describes the phase difference between output ports when

different input ports are fed.

Table 3.19: Phase shift between different ports of the BM.

Output
Ports | Port5 Port 6 Port 7 Port 8 @ average

Input

Ports

Port 1 143.57 -168.96 -124.00 -78.94 45.7
Port 2 53.14 -716.32 145 10.78 -134.1>
Port 3 10.74 145,55 -76.471 53.62 134.29
Port 4 -78.94 -124.04 -169.04 144.03° -45.67

3.3.6 Antenna Design

In this section, a single element antenna is designed based on the shielding method and

strip line technology. The idea in the shielding method is to implement the microwave
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components of BM using proximity coupling technique. By using proximity coupling,
a 13% fractional BW can be achieved as mentioned in Chapter 2, wherever the
deployment of the antenna is different comparing it with the conventional patch. The
antenna design is achieved by using an aperture at the top layer of the overall structure.
3.3.6.1 Antenna Design and Simulation Results Based on Shielding Method

Figure 3.31 shows a layout of a single element antenna for 2.4 GHz applications. The
dimensions of the shielded antenna can be obtained by using microstrip line equations
while the feed line dimensions can be calculated by using strip line equations. The

antenna parameters and dimensions are introduced in Table 3.20.

Table 3.20: Shielded antenna structure dimension.

Parameter Value

[~ 2.4 GHz
&, 2.2
h, 0.8 mm
h, 0.8 mm
14 1.2 mm
Li 12.75 mm
L 42.5mm
w 49 mm
| 1.5 mm

The return loss and radiation pattern of the designed antenna are shown in Figures 3.32
and 3.33 respectively. In terms of the bandwidth, the proposed antenna has broader
bandwidth compared with the conventional patch antenna due to the proximity
coupling; however, such property for the shielding method in general depends on the
type of the feeding network and the devices in the circuit. Circuits containing narrow

band elements will have a narrow band overall response. The proposed structure has
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lower side lobe levels than the conventional patch. Referring to Table 3.10, Table 3.21

shows a brief comparison between the microstrip antennas fed by microstrip line and

the one fed by strip transmission line.

(@): Top view
Substratel Ground Plane
1' - : ,r
Ground Plane Strip Line Substrate2
Input Port
(b): Side view

Figure 3.31: Shielded antenna structure. (a): top view, (b): side view.
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Figure 3.32: Shielded antenna return Loss.
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180
Figure 3.33: Shielded antenna radiation pattern.
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Table 3.21: Comparison between conventional and pro

posed patch antenna.

Features Su Directivity SLL HPBW BW
Shielded -18.1dB 7.77dBi -23.1dB 75.8 39.7 MHz
Conventional | -29.5dB 7.79dBi -19.4dB 74.8 36.6 MHz

3.3.7 Shielded Phased Antenna Array

In this section, shielded antenna array spaced by a half wavelength, which was

designed in the previous section is combined directly to the designed 4x4 BM as shown

in Figure 3.34.

NN

Figure 3.34: Phased antenna array based on modified BM and shielded array.

Different input ports will be applied to form a SBS as mentioned in Section 3.2.4 to

obtain four orthogonal beams. Figures 3.35 and 3.36 show the radiation pattern

characteristics in Cartesian coordinate system when ports 1and 4 are fed with signal

while Figures 3.37 and 3.38 show the radiation pattern characteristics when ports 2

and 3are fed with signal.
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Figure 3.35: Radiation pattern of the modified structure when port 1 is fed.
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Figure 3.36: Radiation pattern of the modified structure when port 4 is fed.

In Figures 3.35 and 3.36, the main beam direction is switched to -14’and 14°when ports
1 and 4 are excited. Moreover, both radiation patterns have same directivity, but the
sided lobes achieved have lower levels comparing with the conventional phased
antenna array when the same ports are fed. The SLL’s in both cases of feeding are -
12.2dB. Interms of BW, both radiation patterns have narrow BW as shown in Figures

3.35 and 3.36 respectively.
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Figure 3.37: Radiation pattern of the modified structure when port 2 is fed.
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Figure 3.38: Radiation pattern of the modified structure when port 2 is fed.

When ports 2 and 3 are fed by signal, the main beam direction is switched to 40°and -
40" Both radiation patterns have the same directivity with acceptable levels of side lobe
levels. -8.5dB SLL’s are achieved in both cases of feeding with narrow BW as shown

in Figures 3.34 and 3.35.

Finally, the four radiation patterns are plotted in Cartesian coordinate system when
different input ports were applied as shown in Figure 3.39. The features of this system

can be summarized in Table 3.22.

59



Farfield Directivity Abs (Phi=0)

0 : ; fereen : ; || = farfield (-14) [Port1_Sheid]
: : [ . : [ EEE farfield (-40) [Port3_Sheid]

: 3 = = = farfield (40) [Port2_Sheid]

-5 1 e v pr P4 R R ST e R OEERE b S hailiEias A =
104 : . o Al bl Y AC N iy
-15 +- : ' .
,20 ~4-
-25 1- i
30 1 ! : : : ; : ; : S
o 08 TS I AN SOOI N M

40 + t : : t ; ;
-200 -150 -100 -50 V] 50 100 150 200
Theta / Degree

Figure 3.39: Four radiation patterns when different input ports were applied in
Cartesian coordinate system.

dBi

Table 3.22: Phased antenna array based on modified BM.

Features Phased Antenna Array using B.M
Center Frequency 2.4
Physical Size 18.5cmx23.6cm
Antenna Directivity:
@ = 145 12.6 dBi
@ = 1135 11.9 dBi
Spatial Scan Coverage 107.6
Maximum scan angle:
@ = 145 +14
@ = £135 +40
S.L.L:
@ = 145 -12.2 dB
@ = +135 -8.5dB

3.3.8 Comparison between the Conventional and Shielded Designs

Due to the shielding method, the radiation loss of feeding network is reduced by the
strip line technology. As expected, the radiation loss is reduced comparing with the
conventional feeding network based on microstrip technology, also, the side lobe and

minor lobe levels are reduced.
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A comparison between conventional and modified phased antenna array based on strip
line technology is done focused on SLL, directivity, physical size and spatial scan

coverage for both designs when different input ports are applied.

Figures 3.40, 3.41, 3.42 and 3.43 show the radiation patterns when ports 1, 2, 3 and 4

were applied for both structures.
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Figure 3.40: Radiation patterns in Cartesian coordinate system for shielded and
conventional phased antenna array when port 1 was fed.
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Figure 3.41: Radiation patterns in Cartesian coordinate system for shielded and
conventional phased antenna array when port 2 was fed.
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Figure 3.42: Radiation patterns in Cartesian coordinate system for shielded and
conventional phased antenna array when port 3 was fed.
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Figure 3.43: Radiation patterns in Cartesian coordinate system for shielded and
conventional phased antenna array when port 4 was fed.

From Figures 3.40, 3.41, 3.42 and 3.43, it is clear that the shielded structure has lower
level of side lobes than the conventional structure, which in turn could enhance the
SBS performance. Moreover, an increment on directivity is achieved for the shielded

system, and hence, the antenna gain will be increased spontaneously.

The shielded system has deeper nulls comparing with the conventional one, which in
turn can enhance the shape of main lobe at different directions when different input
ports are applied, and hence, the detection of the target will be more accurate than

using the conventional design.
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The physical size of the shielded design was smaller than the conventional design
obtained by using the strip lines instead of microstrip lines. Table 3.23 shows a
summary of the obtained results and improvements achieved in terms of the radiation

parameters when shielded phased antenna array based on strip line BM is used.

Table 3.23: Summary of results.

Design
Features Conventional Modified
Design Design
&, 2.2 2.2
h 1.6 mm 1.6 mm
f 2.4 GHz 2.4 GHz
Physical Size (27x23) cm (18.5x23.6) cm
L = 145 12.4 dBi 12.6 dBi
Directivity | ¥~ 5% 11.5 dBi 11.9 dBi
SLL @ = +45 -9.4dB -12.2dB
o @ =1135 -8.2dB -8.5dB
@ = 145 +14 +14
Scan Angle @ = +135 LA +4(
Scan Coverage 106.8 107.6
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Chapter 4

CONCLUSION

In this work, a method is used to shield the radiation pattern of BM to reduce the
radiation loss of the microstrip line technology feed network. The shielded phased
antenna structure design based on the proximity coupling design has better
performance compared with the conventional one based on microstrip technology in
terms of SLL and directivity. The SLL is dropped by 2.8dB when ports 1 and 4 are
excited by a sinusoidal signal and 0.3dB when ports 2 and 3 are the excitation ports.
This enhancement is useful to prevent grating lobes to appear in the radiation pattern.
The scan angle for both designs have the same direction when different input ports are
applied. Moreover, deeper nulls are obtained when shielding method is applied on

phased antenna array structure.

The physical size of the structure is also reduced; the overall size structure of shielded
design is smaller than the conventional structure based on microstrip line technology.
(18.5x23.6) cm? structure size is obtained when shielded method is used while (27x23)
cm? structure size is obtained when microstrip line technology is used to design the
phased antenna array. 184 cm? size reduction is achieved, and hence, it will be easy to

implement it in any 2.4 GHz communication system.
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