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ABSTRACT

Quasi-yagi microstrip antenna arrays were desigsietulated, built,
and tested for 3, 5, and 9 elements at 10 GHzn#l738 element arrays are
also designed and simulated. The radiation pattefnthese arrays are
considered as approximations to a given desiretrad pattern. Antenna
synthesis was done for this given desired radigt@ttern to obtain the best
excitation coefficients for the finite arrays. Bdsen this synthesis the
antennas were designed, simulated and measurede3uks are discussed

based on array theory, simulation and measurement.
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1. INTRODUCTION

1.1 MOTIVATION

Antenna arrays are commonly used in many real waggdlications such as;
radar, satellite communication, wireless commuibcat etc. Due to the deficient
properties of the single antenna element for mapyi@ations, it becomes very important
to design such a system that produces specifiatiadi characteristics. This can be done
by combining several antennas that constitute dledcdarrays”. An array can be
classified as Linear, Planar and Circular dependimghe spatial alignment of the array
elements.

Since radar applications and wireless communicatiare developing very
rapidly, the demand of specific radiation patteiorsparticular applications is increasing
proportionally. This demand can be solved by usangenna arrays. Designing good
working antennas in terms of bandwidth, return |@s&l a desirable radiation pattern is
becoming more important.

Antenna analysis is the process of the finding rdiation pattern for given
excitation coefficients whereas antenna synthesighe process of the finding the
excitation coefficients for given radiation patteMany methods have been developed
for antenna synthesis to obtain the proper exoitatioefficients. Our design project
consists of pattern synthesis, array design, fabago, and measurement.

The single antenna element to be used in the &rayother important issue. One
has to pick the most efficient one to obtain bestlts. The quasi-yagi microstrip antenna

is chosen for our project.



1.2 PROBLEM DEFINITION

The goal of this project is to design and builtumsj-yagi antenna arrays at 10
GHz. The arrays are designed, built and testedddrnumbers of elements 3, 5, and 9.
The simulation results were obtained for 17 ance@nent arrays. This project mainly
consists of; pattern synthesis, array design, eysgi antenna design, fabrication, and
measurement.

First a desirable radiation pattern had to becsete In the intended application,
ground reflections are very undesirable thus dowdwadiation toward the ground must
be minimized. Backward lobes should also be minghizAs one can see more clearly
from Figure 2 the only desirable region into whittte antenna radiates is the first
elevation quadrant of the whole space. Theordyjicalf course, it is impossible to
produce that radiation pattern exactly. In fact eovauld need an infinite number of
elements to obtain such a pattern.

The first step of the antenna synthesis was tmdtize a desirable radiation
pattern. Pattern synthesis is the process of detergnthe excitation coefficients of the
antenna array. MATLAB code was written to determthe coefficients of the array
elements by using a Fourier series method. Wheeettact recovery of the ideal pattern
requires infinite number of elements, we only tréwt cases here of 3, 5, 9, 17, and 33
element arrays.

After determining the excitation coefficients bktarray elements, it is necessary
to design a feed network that delivers the propepldaude and phase for each single
element. Since we work with odd numbers one evdlgtuall need a three-way power

splitter for the center of the array. Two-way powglitters on the right and left side of



the center element are used, and then combinedtheticentral three-way splitter. The
power division is done by changing the impedandafi® branches of the transmission
line which basically means changing the width oésd branch transmission lines.
Designing the feed network is the most difficulttpaf the array design because of the
sensitivity of the properties to the design speatibns. For instance, at 10 GHz the
wavelength of the signal is 30 mm in free space Hhdnm in the substrate which has
10.2 permittivity and 25 mils thickness. So we @ealing with very small numbers.

We used a quasi-yagi single element which ha® aqigsirable properties for our
purpose. Our quasi-yagi antenna design is basdtleoprocedure in the references: [7,
8]. Arrays are built on 25 mils Rogers 3010 sultstra

We fabricated and tested the arrays in Microwaab bf Syracuse University.

The simulation and the measurement results aredgvell.



2. ANTENNA ARRAY THEORY

In this section a small brief of array theory vii# discussed.
2.1 ANTENNA ARRAYS

For many applications a single element antennaatab@ made to satisfy the
desired antenna characteristics such as; dirggtigdin, and radiation pattern. Several
elements can be combined to overcome such difiegjlivhich generates the so called
“array”. By changing the number of elements, geoitatarrangement of the elements,
and relative amplitudes and phases of the elemenéscan control the radiation pattern

of the array [1, 2].

22 PATTERN MULTIPLICATION

Kraus defines the pattern multiplication as “Theldf pattern of an array of
nonisotropic but similar point sources is the piidaf the pattern of the individual
source and the pattern of an array of isotropicipsources, having the same locations,
relative amplitudes and phases as the nonisotpmpid sources” [2].

This principle may be applied to arrays of any bems of sources provided only

that they are similar. Then the pattern multipimatcan be written as follows;
E(6,¢) = AF (6,9) (EF (6,9) (1)
where AF (8, ¢) is the antenna array factor a&F (6,¢) is the element pattern.

2.3 LINEAR ARRAYS

For linear arrays the array factor can be written

AF (6,9) = a, &™) )

n



200 . : , :
wherek =—— is the wave number) is the wave lengthd, is the distance between the

array elementsg, is the phase of the each array element, am®,1,2...N - _ is the
number of array element. Next, defining

¢, =kd, [eos(6) +, (3)
then AF becomes,

AF (6,0)=> a @&" . (4)

n

Now consider that the antennas are oriented alomg txis as fallows

v

Figure 1 Array aligned towards the z direction



where the black circles are the single elementh@farray, that are aligned symmetric to

the x-axis. For a symmetric case the array factor fai admber of elements can be

written
AF (9, (0) = a, +Z|:a~| @’j[(]kn"'an) +a_, @i[@kmn“yn)} (5)
Here the excitation amplitude coefficients are syeftrinal so thata, =a_,,

AF(6,0)=8,+) a, e +el% |. (6)

10



3. ANTENNA SYNTHESIS

Determining the coefficients of the array elemenfsthe antenna array is
basically named “antenna synthesis”. The procesiseigseverse of the antenna analysis.
First we define our desired radiation pattern thenchoose our single element antenna.
The rest is just the application of the patterntiplitation. There are many methods to
evaluate the coefficients for an array such asyieoseries method [3], Schelkunoff’s
method [4], Z Transform method [5], etc. Besidessthmathematical methods there are
also some other methods including so-called opaition methods such as; Particle
swarm optimization, and Genetic algorithm [6] whete basically finding the optimum
solution for given parameters.

In our study, The Fourier Series method has besed uo determine the
coefficients of the array elements. This methodbased on the inverse discrete-space
Fourier Transform of the array factor. Due to tbenf of our array factor, the array factor
can be thought as an expansion of Fourier seriest @he wants to find the excitation
coefficients of the array elements for a given akradiation pattern, the corresponding

inverse transform will be

an:%T]ZAF (¢)&"™dy ; m=0,£1+2.. (7)

where AF is the desired array factor.
In general, the ideal desired array factor reguisn infinite number of
coefficients to be represented exactly but we miatgio pretty close results by using a

relatively modest number of elements.

11



3.1 DETERMINATION OF THE DESIRED PATTERN

If we had an antenna which has a radiation patteahis shown in Figure 2, it
could be very useful in the specific airport apgiion of this study. It is seen from Figure
2 that there is no radiation towards ground orha backward direction. This then

becomes our “ideal” desired radiation pattern.

90

180

270

Figure 2 Ideal desired radiation pattern of the array
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3.2 CALCULATIONOF THE EXCITATION COEFFICIENTS

Using array theory we wrote a MATLAB code to detarenthe array coefficients

by using Fourier series method. The code was wriftge an odd number of array

elements, resulting in the array element numbdretin the form o2" +1. So the results

are for 3, 5, 9, 17, and 33 and so on. We wantdzlilol an array with 33 elements but
unfortunately the resources and time constraineclpded that. Table 1 shows the
amplitude, phase and the power values for eachegieror a total of 33 elements.
Smaller number of elements for smaller arrays carsddected from this table same of

values.

Table 1 Antenna Weights for 33 Element Array

Element# | Amplitude Phase (Degree) Power (dB)
1 0.0890 87.3847 -21.0081
2 0.1011 88.1552 -19.9009
3 0.1077 -89.7892 -19.3574
4 0.1130 88.2835 -18.9416
5 0.1292 85.2771 -17.7720
6 0.1526 86.8129 -16.3282
7 0.1714 89.8986 -15.3203
8 0.1930 -89.5846 -14.2876
9 0.2347 -87.6845 -12.5903
10 0.2836 -79.7056 -10.9460
11 0.3066 -69.6290 -10.2675

13



12 0.3035 -66.6077 -10.3574
13 0.3558 -73.0781 -8.9768
14 0.5292 -69.5180 -5.5271
15 0.7534 -51.8148 -2.4595
16 0.9324 -27.1921 -0.6080
17 1 0

18 0.9324 27.1921 -0.6080
19 0.7534 51.8148 -2.4595
20 0.5292 69.5180 -5.5271
21 0.3558 73.0781 -8.9768
22 0.3035 66.6077 -10.3574
23 0.3066 69.6290 -10.2675
24 0.2836 79.7056 -10.9460
25 0.2347 87.6845 -12.5903
26 0.1930 89.5846 -14.2876
27 0.1714 -89.8986 -15.3203
28 0.1526 -86.8129 -16.3282
29 0.1292 -85.2771 -17.7720
30 0.1130 -88.2835 -18.9416
31 0.1077 89.7892 -19.3574
32 0.1011 -88.1552 -19.9009
33 0.0890 -87.3847 -21.0081

14



4. ANTENNA ARRAY DESIGN

41 SINGLE QUASI-YAGI ANTENNA

Quasi-yagiprinted antennas have reasonably wide bandwidth and désira
properties when they used in linear arrays [7,fure 3 shows the layout of the quasi-
yagi printed antenna element. The simulations aréopned using ANSFOT HFSS [9].

The antenna was built on 25 mils thick Rogers 3filfstrate [10].

h

_ » Director

—» Driver

Ground
Plane

A4

Feed line

Figure 3 The layout of the single quasi-yagi printed antealement

Figure 4 shows the return loss of the single guagi antenna which has 4GHz

bandwidth below -10 dB and -30 dB return loss aGH¥. Figure 5 shows the radiation

pattern of the single quasi-yagi element.

15
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Figure 4 Return loss of the single quasi-yagi printed améeglement

Radiation Pattern

Figure5 Radiation pattern of the single quasi-yagi primieana element
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42 FEED NETWORK DESIGN

All the simulations for feed network design are fpaned using ANSOFT

DESIGNER [11].

421 3-ELEMENT ARRAY

We need to design a three way power splitter wipidvides the proper power

division. The phases of the right and left elemeai$® should be opposite sigh8(’

phase different) which means the length of thestrassion line of these lines should be

correspondingly by one-half wavelength differentheTproper power division was

achieved with the following design. Figure 6 shdhes layout of the feed network for a

3-element array.

XXXXX

deste
RS0
X

QR

Pe% %%
4
&
9%

53

X

ete!
%%

$7070707020¢:

Portl

Figure 6 The layout of the feed network for 3-element array
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Figure 7 shows the power values for each portthedeturn loss. 0.6 dB power
ratio was achieved between the center elementrendings and the return loss is about -

40 dB at 10 GHz.

21 Jul 2008 Ansoft Corporation 16:40:36
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Figure7 S parameters of the 3-element array

Figure 8 shows the phase values of the feed nktfer3 elements.27 is

achieved with+5° error which not very big for 10 GHz design.
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Figure 8 Phases values for 3-element array

421 5-ELEMENT ARRAY

Now we need to use two way splitters at the wiagd combine this with the
three-way power splitter. The power ratio is albargged for three-way power splitter
because of the increased number of elements fbrsde.

Figure 9 shows the layout of the feed networkSf@tements. Figure 10 and 11

show the S parameters and phase values respectively
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Figure 9 The layout of the feed network of 5-element array
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Figure 11 Phase values of the 5-elements array

421 9-ELEMENT ARRAY

The layout, S parameters and the phase valueshaven in the following figures.

Port2 Port3 Port4 Port5 Porté Port7 Port8 Port9 Port10

Figure 12 The layout of the feed network for 9-element array
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S parameters of the feed network for 9-eleraenaty
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5. RESULTSAND DISCUSSION

In this chapter, the results of the array thesipulation and measurement will be
discussed. We first used array theory to find due €xcitation coefficients and
recalculate the radiation pattern by reducing teenent number to 3, 5, 9,17, and 33.
Then we simulate these arrays using ANSOFT HFS8vaoé. Finally we built our
arrays and measured the radiation patterns.

We have designed, simulated, built and measure8,f6 and 9 elements. Only
design and simulation was done for 17 and 33 el&ndime results agree well in terms
of radiation patterns and return loss.

Increasing the number of elements in our arrapshéd get a better radiation
pattern but it also makes the feed network desigrendifficult. We have done our tests
for a maximum of 9 elements. The further intenti®mo try to build arrays using 17 and
33 elements.

Since the milling machine in the S.U RF / Microwa\wab is not very sensitive for

our designs, the arrays that we built are not peliat the results are still admissible.

51 3-ELEMENT ARRAY

Figure 15 and 16 show the layout and the actichling of the 3-element array.
This array is fed by the excitation coefficientslapaced according to the Table 2. The
antennas are spaced by a half-wavelength and éxsyif@metrically. The phase values
are also symmetric but with opposite sign. Figlreand 18 show the simulated and
measured return losses respectively. Figure 13n2021 shows the radiation pattern of

array theory, simulation and measurement respédgtive
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Table 2 Spacing and the excitation coefficients of 3-elehagray

1 2 3

Space ) d 0 d

2 2
Amplitude 0.9324 1 0.9324
Phase 27.19212 0° -27.1921
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Figure 15 The layout of the 3-element array
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Figure 16 Actual array for 3-elements
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Figure 17 Simulated return loss for 3-element array
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Figure 18 Measured return loss for 3-element array

Figure 19 Radiation pattern for 3-element array of array thieo
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Radiation Pattern

]
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Hgure 21 Measured radiation pattern for 3-element array
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5.2 S5-ELEMENT ARRAY

Again the results for a radiation pattern are @disptl here according to the array

theory, simulation and measurement results. Nowbfelements we see that main beam

of the radiation pattern is getting narrower asrtmber of elements is increased.

Table 3 Spacing and the excitation coefficients for 5-elatregray

1 2 3 4 5
Space -A A 0 A A
2 2
Amplitude 0.7534 0.9324 1 0.9324 0.7534
Phase 51.8148 27.192% 0° -27.192% | -51.8148

Figure 22 The layout of the 5-element array
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Figure 23 Actual 5-element array
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Figure 24 Simulated return loss for 5-element array
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Figure 25 Measured return loss for 5-element array
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Figure 26 Radiation pattern for 5-element array of arraytle
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Radiation Pattern

i}

Figure 27 Simulated radiation pattern for 5-element array

Figure 28 Measured radiation pattern for 5-element array

31



5.3 9-ELEMENT ARRAY

As expected the displayed results are best forele®ent array. The following

figures show the comparison of array theory, sithieand measurement. They all agree

well.

Table 4 Spacing and excitation coefficients for 9-elemeraa

1 2 3 4 5 6 7 8 9

Space | -2/ 31 -A

Al o2
2 2

Amplitude| 0.35 | 0.52| 0.75] 0.93 1 093 0.75 0.b2 0,35

Phase | 73 | 69° | 51° | 27° | Q@ | =27° | -51° | -69° | -7

Figure 29 The layout of the 9-element array
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Figure 30 Actual 9-element array
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Figure 31 Simulated return loss for 9-element array
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Figure 32 Measured return loss for 9-element array
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Figure 33 Radiation pattern of 9-element array using arrapti
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Figure 34 Simulated radiation pattern for 9-element array

Figure 35 Measured radiation pattern for 9-element array
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5.3 17AND 33-ELEMENT ARRAY

The array theory and the simulation results aresegreed here for 17 and 33
elements. Figure 36 and 37 show the radiation até 17-element array for array
theory and simulation. Figure 38 and 39 show tligateon pattern of 33-element array
for array theory and simulation respectively. As inmerease the number of elements the

radiation pattern becomes closer to the ideal désadiation pattern.

180

Figure 36 Radiation pattern of 17-element array using atihapry
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Figure 37 Simulated radiation pattern for 17-element array
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Figure 38 Radiation pattern of 33-element array using atingpry
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6. CONCLUSION

In this work, we have designed, built and testexlduasi-yagi antenna array for
3, 5 and 9 elements. 17 and 33 elements are osigrtedl and simulated. The return
losses and radiation patterns of these arrays wlamned and discussed. It is seen that
the results of the array theory, computer simutatind measurement agree well.

Feeding the elements of an array with differenpltonde and phase values is the
difficult part of the design process. It is seeatth is crucial to feed each antenna with
proper excitation coefficients. Increasing the nembf array elements helps to get a

better radiation pattern but it also makes thegatesiore difficult and more complex.
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7. APPENDI X

7.1 MATLAB PROGRAMS

1) Antenna Synthesis Program for | sotropic Sources

This program calculates the desired radiationepatand finds out the excitation
coefficients for given array elements. Then it teglates the radiation pattern using the

coefficients. The code was written for odd numlfezlements.

clear all;
close all;
clc;
% Enter the number of array elements.
%This loop calculates the desired radiation pattern
N=input('Enter number of phased array elements (nadber)= ");
for k=1:2048
f(k)=(k-1)/1024;
if f(k)<=sin(pi/180)
y(k)=pi/180;
z(k)=1;
P(k)=0;
G(k)=0;
theta(k)=atan(y(k));
elseif f(k)<=1/sqrt(10)

z(K)=(3/4)*(1-f(k)"2)*(1+sart(1-(8/(9*(1-K)"2)))));
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y(K)=sqrt(0.25"2-(z(k)-0.75)"2):

P(k)=z(k)/(1-f(k)"2);

G(K)=P(k)*z(k)/sqrt(y(k)*2+z(k)"2);

theta(k)=atan(y(k)/z(K));

elseif f(k)<=1/sqrt(2)
z(k)=(1/(4*f(k)))*sqrt(1-f(k)"2);
y(K)=0.25;

P(k)=0.25"2/(z(k)*f(k)"2);

G(K)=P(k)*z(k)/sqrt(y(k)*2+z(k)"2);

theta(k)=atan(y(k)/z(K));

elseif f(k)<1
2(K)=(1-f(k)"2)/2;
y(K)=sqrt(0.25"2-(z(k)-0.25)"2);

P(k)=0.5;

G(K)=P(k)*z(k)/sqrt(y(k)*2+z(k)"2);

theta(k)=atan(y(k)/z(K));
elseif f(k)==1

y(k)=0;

2(K)=0;

P(k)=0.5;

G(K)=0;

theta(k)=pi/2;

else
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y(k)=0;
z(k)=1-f(k);
P(k)=0;
G(k)=0;
theta(k)=f(k)*pi/2;
end
end
thetad=theta*180/pi;
figure(1)
plot(thetad,G)
figure(2)
plot(f,P)
figure(3)

polar(theta,P.*cos(theta))

Q=ifft(P);
for m=1:2048
if m<=(N+1)/2
QR(m)=Q(m);
elseif m<=2048-(N-1)/2
QR(m)=0;
else

QR(m)=Q(m);
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end
end
for m=1:2048
PS(m)=P(m)*((-1)"(m-1));
end
QS=ifft(PS);
for m=1:2048
if m<=1024-(N-1)/2
QSR(m)=0;
elseif m<=1024+(N+1)/2
QSR(m)=QS(m);
else
QSR(m)=0;
end
end
PR=fft(QR);
PSR=fft(QSR);
figure(4)
bar(abs(QSR),0.1)
xlim([1020-(N-1)/2 1028+(N+1)/2])
figure(5)
bar(real(QSR),0.1)

xlim([1020-(N-1)/2 1028+(N+1)/2])



figure(6)
bar(imag(QSR),0.1)
xlim([1020-(N-1)/2 1028+(N+1)/2])
figure(7)
for m=1:2048
if real(QSR(m))==0
phaseQ(m)=NaN;

else

phaseQ=(180/pi)*atan(imag(QSR(m))/real(Q8RY;

end
end
bar(phaseQ,0.1)
xlim([1020-(N-1)/2 1028+(N+1)/2])
figure(8)
plot(real(PR))
figure(9)
plot(abs(PR))
figure(10)
polar(theta,abs(PR).*cos(theta))
figure(11)

plot(imag(PR))
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2) Function for Desired Radiation Pattern

%function [DP]=Pattern(theta)

dt=0.1758;
theta=0:dt*pi/180:2*pi;

I=length(theta);

thetal=0:0.88*pi/180:pi/2;

fori=1:1:103
DP(i)=.75+.25*cos(thetal(i));

end

for i=104:1:246
DP(i)=.75*(sin(theta(104))/sin(theta(i)));
end
for i=246:1:512
DP(i)=.46*cos(theta(i));
end
for i=512:1:1
DP(i)=0;
end

polar(theta,DP)
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3) Antenna Synthesis Program for Quasi-Yagi Antenna

clear all;
close all;

clc;

N=input('Enter number of phased array elements (nadber)= ");

theta=0:0.1758:360;

theta=theta*pi/180;

RESULT = DLMREAD('1.csv',',",1,1);
YagiP=RESULT",

YagiP=YagiP./max(YagiP);

for i=1:2048
if i>=513
YagiP1(i-512)=YagiP(i);
else
YagiP1(3*512+i)=YagiP(i);
end

end
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[DP]=Pattern(theta);

AF=DP./YagiP1;

Q=ifft(AF);
for m=1:2048
if m<=(N+1)/2
QR(m)=Q(m);
elseif m<=2048-(N-1)/2
QR(m)=0;
else
QR(m)=Q(m);
end
end

for m=1:2048

PS(m)=AF(m)*((-1)"(m-1));

end
QS=ifft(PS);
for m=1:2048
if m<=1024-(N-1)/2
QSR(m)=0;
elseif m<=1024+(N+1)/2

QSR(m)=QS(m);
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else
QSR(m)=0;
end
end
PR=fft(QR);
PSR=fft(QSR):
figure(4)
bar(abs(QSR),0.1)
xlim([1020-(N-1)/2 1028+(N+1)/2])
figure(5)
bar(real(QSR),0.1)
xlim([1020-(N-1)/2 1028+(N+1)/2])
figure(6)
bar(imag(QSR),0.1)
xlim([1020-(N-1)/2 1028+(N+1)/2])
figure(7)
for m=1:2048
if real(QSR(m))==0
phaseQ(m)=NaN;
else
phaseQ(m)=(180/pi)*atan(imag(QSR(m))/re&gm)));
end

end



bar(phaseQ,0.1)
xlim([1020-(N-1)/2 1028+(N+1)/2])
figure(8)
plot(real(PR))
figure(9)
plot(abs(PR))
figure(10)
yeniP=abs(PR).*YagiP1;
yeniP=yeniP./max(yeniP);
polar(theta,yeniP)
figure(11)
plot(imag(PR))
I=length(QR);
for i=1:N
Amplitude(i)=abs(QSR((I/2)-(N-1)/2+i))/QSR(I/2¥:
end
for i=1:N
Phase(i)=(pi/180)*phaseQ((I/2)-(N-1)/2+i);

end

Amplitude

Phase
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