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NOVEL TECHNIQUES OF ARRAY ANTENNA DESIGN FOR SATELLITE
COMMUNICATION

SUMMARY

Antennas with high directivity or narrow beam width are preferred to be used in
satellite communications to offer better reception performance in terms of reducing
interferences from dense geo orbital sources. Sources of interference mostly are nearby
satellites, other nearby earth stations or nearby microwave towers. Consequently,
array antennas with high number of elements are developed over the past decades to
obtain high directivity, narrow beam width and low side lobe level to minimize
interference from these unwanted sources.

On the other hand, increasing number of the elements in the design of arrays causes to
long microstrip lines in feed network leading to dielectric and ohmic losses. Also, the
use of large number of power splitters leads to increasing insertion and isolation losses.
The power-splitting network is also limiting the band width and enlarging the size.
Therefore, optimization of feed network of large arrays has been investigated
extensively. Moreover, miniaturizing the dimensions of antenna used in both satellite
or ground station have been subject of developed studies. Consequently, main goal of
this thesis is to determine methods for array antenna design with higher directivity,
low side lobe level, effective feed network and smaller dimensions.

Radiation characteristics of an array depends on the radiation pattern of the element
antenna and the geometrical configuration along with relative displacement and
excitation of the overall array described by the array factor. Most of the available
design techniques are accomplished by optimizing the array factor, neglecting abilities
of the element antennas. In Chapter 4 of this thesis, three novel approaches of array
design are proposed by using different combinations of special element antennas. In
comparison with existing design procedures, the novel proposed methods are based on
effective uses of both array factor and element factor with respect to each other.
Consequently, array antennas with small aperture, effective feeding or narrow beam
width are designed by using three distinct novel methods. Accuracy of all the
approaches are confirmed based on theoretical studies and calculations. However,
validity of the techniques are also demonstrated with simulations or measurement of
prototype antenna(only for section 4.2). All the designs and simulations are
accomplished in the range between 10.7GHz and 12.7 GHz which is allocated as
satellite downlink for KU band.

In section 4.1 of this thesis, a novel method is proposed to design array antenna with
desirable directivity but smaller aperture compared to the method used in available
designs. The design approach is well-demonstrated in two-element array structure. In
an array with two elements, although reducing the element spacing from 4 to 4/2 causes
to a wide beam, but the resulting beam has no side lobs. Consequently, a special
element antenna having a beam with a more narrow main lobe and probable side lobs
at any other directions can be used to achieve a beam with single narrow lobe. Then,
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this approach can be developed to design arrays with large number of elements with
small element spacing. Accuracy of the method is demonstrated and studied by using
Ansoft HFSS software simulations.

The second novel approach (section 4.2) proposes a method to design a low loss array
antenna. It is demonstrated that the same beam width can be achieved by using 24
element spacing with half the number of elements compared to the design with
conversional limit of 4 element spacing. Consequently, reducing the number of
elements in microstrip arrays leads to lowering the loss made by long feed lines and
insertion or isolation loss made by the power splitters. Also, using larger element
spacing lowers the coupling between adjacent elements. However, the method needs
a directive element antenna to cancel additional lobes. An element antenna with a very
directive beam is simulated and fabricated. Then, a prototype array antenna is also
simulated and fabricated based on the method with 24 spacing of that element antenna
and the measured results are provided to confirm the method.

Results of section 4.2 confirms that beam width of an array is determined by aperture
length of the array; more clearly by the elements placed towards the ends of the array.
Subsequent results confirms that those additional interior elements are mostly effective
in cancelling minor lobes, while having negligible effect on the beam width. Therefore,
placement of the interior elements towards the ends of the array is aimed to improve
the beam width, while this method distorts the side lobes. This is considered as a
favorite achievement given that in some cases such as satellite applications the beam
width of main lobe is more required than the side lobe level. Consequently, a novel
nonlinear array design is presented in section 4.3 to achieve a narrower beam width
with acceptable side lobe level compared to linear array.

Chapter 5 of this thesis presents the forth study on array antennas advantageous for the
satellite communication applications. Although, the methods in Chapter 4 confirm
the good results in terms of small dimensions, efficiency and beam width. However,
quality of a directive antenna in suppressing the interferences is described by its side
lobe level. Regarding that the most favorite approach for this aim is the Binomial
array, study of Binomial arrays is presented in Chapter 5.

Binomial arrays, favorably show low side lobe level due to smooth amplitude
distribution from the center element toward those at the edges. As the other advantage,
binomial arrays with the element spacing equal or less than 4/2 have no minor lobes.
However, unfortunately, there are no compact expressions for the array factor and
directivity for binomial arrays with no restriction in element spacing, except for 4/2
spacing. In chapter 5, a novel procedure is proposed to derive compact expressions for
the array factor and directivity of binomial arrays. The properties of Pascal’s triangle,
upon which the excitation coefficients of the binomial array are based and distributed,
are used to obtain the compact expressions. It is demonstrated that the excitation
coefficients of an N-element binomial array can be expressed as an (N-2)th
convolution of the two-element binomial array. Then, the array factor and directivity
of the entire binomial array is obtained using the properties of Fourier transform.
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UYDU HABERLESMESI ICIN YENI DiZi ANTEN TASARIM
YONTEMLERI

OZET

Sikisik geo orbital kaynaklardan gelen girisimlerin azaltilmasi agisindan daha iyi alim
performansi sunmak i¢in yliksek yonlendiricili veya dar demete sahip antenlerin
kullanilmast uydu haberlesmesinde tercih edilir. Girisim kaynaklar1 genelde yakin
uydular, yakin diger yer istasyonlar1 veya yakindaki mikrodalga kuleleri olabilirler.
Sonug olarak, bu istenmeyen kaynaklardan gelen bozucu girisimleri en az seviyeye
indirmek amaci ile yiiksek yonlendiricilik, dar demet ve diisiik yan lob seviyesi elde
etmek icin son on yillar boyunca yiiksek sayida eleman igeren dizi anten ¢dziimleri
gelistirilmistir.

Ancak, ¢ok tercih edilen mikroserit antenlerde, uzun mikro serit hatlarin kullanima,
¢ok sayida eleman igeren dizilerin tasariminda neredeyse imkansiz kilmaktadir. Ote
yandan, gii¢ paylasim devrelerindeki ¢ok sayida gii¢ ayiricinin kullanilmasi izolasyon
kaybinin artmasina, bant genisliginin sinirlandirilmasina ve boyutun biiyiimesine
neden olmaktadir. Bu nedenle, besleme devresinin iyilestirilmesi, kisaltilmig serit
hatlarina sahip olmak i¢in veya gii¢ boliiciilerin sayisini diigiirmek i¢in yeni bir ¢dziime
ithtiyac duyulmaktadir. Seri beslenen ag sistemi, tiim tasarimlarda ideal bir yontem
olmamasina ragmen, gii¢ ayiricilarin sayisini ve iletim hatlarinin uzunlugunu azaltmak
icin Onerilen yontemlerden biridir. Diger yontemler arasinda, maliyet etkin olmayan,
ayni zamanda dizi anteninin boyutunda genislemeye yol agan ama besleme ag1 kaybinm
azaltan kilavuzlarinin kullanimi da bulunmaktadir. Tabana entegre olmus dalga
kilavuz yaklasimi, ayn1 zamanda kii¢iik boyutlara sahipken, kayiplar1 azaltmada etkili
bir yontem olarak onerilmektedir. Ama, yine de uygun maliyetli bir yontem degildir.
Dar demetli yonlii antenlerin yani sira, girisimlerin {istesinden gelmek i¢in sadece yan
lob seviyesini optimize eden tekniklerde Onerilmistir. Bazi tasarimlarda yan lob
seviyesini azaltmak i¢in, elemanlar aras1 esit olmayan aralik kullanim1 6nerilmektedir.
Simetrik dairesel anten dizisi (CCAA) ve esit aralikli olmayan kiiresel diziler de, yan
lob seviyesi kiigiiltiilmektedir. Optimize edilmis dizi tanimlamak icin ayri
incelemlerde yapilmaktadir. Genetik Algoritmalar (GA) gibi algoritmalarda, yan lob
seviyesinin bastirmasina yol acan etkili yontemler olarak Onerilmistir. Ancak, bu
tasarimlardan bazilar1 yan lob seviyesinde smnirli bir iyilestirmeye neden
olabilmektedirler. Buna ek olarak, baz1 yontemler, istenilen yan lob seviyesini sinirl
sayida elemanli diziler i¢in Onerilmistir. Ger¢cek Kodlamali Genetik Algoritma
(RCGA) kullanan diger yontemler ise, standart diziden daha biiytik bir dizi boyutuyla
sonuclanmakta ve bu da dezavantaj olarak degerlendirilmektedir.

Antenin boyutlar1 da fazla sayida arastirmalarin ve c¢alismalarin konusu olmustur.
Sekillenmis mikro serit yapili (DMS) veya sekillenmis toprak yapili (DGS)
yontemlerin kullanilmast dnerilmistir. Ancak, bu tasarimlar verimliligin diismesine
neden olmaktadir. E-sekilli bir DGS dizi anten, boyutlar kii¢lilmiig, ancak optimum
verimlilige sahip olmas1 i¢in Onerilmektedir. Buna ragmen yiiksek sayida olan
dizilerde arzu edilen bir yontem olmamaktadir. Diger tekniklerden bir 6rnek olarak,
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uydu uygulamalar i¢in yapay manyetik malzemeler kullanarak minyatiir dizi anten
coziimleri onerilmektedir. Fakat maliyet agisindan etkili bir yontem degildirler.
Sonug olarak, bu tezin ana amaci, daha pratik ve az maliyetli yiiksek yoneltilebilirlik,
diistik yan lob seviyesi, etkili besleme ag1 ve daha kiiciik boyutlara sahip olan yeni dizi
anten tasarim yontemlerini belirlemektir. Bir dizinin 1s1ma karakteristikleri, eleman
anteninin 1s1ma modeline ve dizilim faktorii olarak tanimlanmis olan dizi geometri
konfigiirasyon, toplam dizinin nispi yer degisimi ve beslenme devresine baglidir.
Mevcut tasarim tekniklerinin ¢ogu, eleman antenlerin kabiliyetini ithmal edip dizi
faktoriinii optimize ederek gerceklestirilir. Bu tezin 4. bdliimiinde, 6zel eleman
antenlerinin farkli kombinasyonlar1 kullanilarak dizi tasariminda {i¢ yeni yaklasim
Onerilmistir. Mevcut tasarim yontemleri ile karsilastiginda, yeni Onerilen yontemler,
hem dizi faktoriiniin hem de eleman faktoriiniin ikisinide birbirine gore etkin
kullanimlarina dayanmaktadir. Sonug olarak, kiiciik agiklikli, az kayipli besleme veya
dar demetli dizi antenleri ti¢ farkli yeni yontem kullanilarak tasarlanmigtir. Bu nedenle,
dalga kilavuzu beslemeli diziler gibi diger tasarimlarla karsilastirildiginda, onerilen
teknikler, imalat maliyetleri ve tasarim basitligi acisindan daha pratik bir sonug
verecegi goriilmiistiir.

Ug farkli 6nerilen yaklasim ayrtili olarak incelenmistir. Biitiin yaklasimlarin
dogrulugu teorik hesaplamalara dayanarak teyit edilmistir. Teorik calismalarin yani
sira, Ansoft HFSS simiilasyonlart kullanilarak birinci yaklasimin (bolim 4.1) ve
liclincti yaklasimin (boliim 4.3) sonucglari gosterilmistir. Bununla birlikte, Boliim
4.2'de sunulan yonteme dayanarak bir anten dizisi Uretilmistir. Tezin 5. bolimiinde
Binom dizilerinin ydnlendiricilik parametresini hesaplamak i¢in bir yeni yontem
gosterilmektedir. Onerilen yontemlerin bir 6zeti basitge aciklanmaktadir.

Ku bant uydu teknolojisi, iletisim diinyasinda kritik bir rol oynamaktadir. Internet
erisimi ve TV yayinciligr gibi farkli uygulamalar Ku bant kullanan hizmetlerin
ornegidir. Bu tezde onerilen prototip antenler Ku band frekanslarinin asagi baglanti
araliginda kullanilmak iizere dogrusal polarizasyonlu alict olarak tasarlanmistir. Bu
arastirmada, Ku band uydu iletisim sistemleri i¢in asag1 baglanti olarak tahsis edilen
10.7 GHz 1la 12.7 GHz (10-18 GHz arasinda) aralig1, dikkate alinmistir.

Bu tezin 4.1 boliimiinde, istenilen yonelticilik 6zelligine sahip olan ama mevcut
tasarimlarda kullanilan yontemle karsilastirildiginda, daha kiigiik aciklik ile dizili
anten tasarlamak i¢in yeni bir yontem Onerilmistir. Bu tasarim yaklagimu, iki elemanl
dizi yapisinda etkin bir sekilde gosterilmistir. iki elemanli bir dizide eleman araligini
A'dan A/2'ye indirgemek genis bir demet agisina neden olurken, ancak ortaya ¢ikan
demetin yan loblar1 yoktur. Sonug olarak, tek dar loblu bir demet elde etmek icin, daha
dar bir ana lob ve herhangi bir baska yonde muhtemel yan loblar1 olan bir demete sahip
olan 6zel bir eleman anten kullanilabilir. Ardindan, bu yaklagim, kii¢iik eleman
aralifiyla ¢ok sayida eleman iceren dizileri tasarlamak ic¢in gelistirilebilir. Yontemin
dogrulugu, Ansoft HFSS yazilim simiilasyonlar1 kullanilarak gosterilip ve
incelenmistir.

Ikinci yeni yaklasim (boliim 4.2), diisiik kayipli bir dizi anten tasarlamak igin bir
yontem onermektedir. Ayni demet agisi, geleneksel 4 eleman araligi sinir ile tasarima
kiyasla eleman sayisinin yarist ile 24 eleman araligi kullanilarak elde edilebilecegi
gosterilmistir. Sonug olarak, mikro serit dizilerindeki eleman sayisinin azaltilmasi,
uzun besleme hatlar1 tarafindan yapilan kayiplarin ve gii¢ béliiciilerin izolasyon
kaybinin azalmasina neden olmaktadir. Ayrica, daha biiyiik eleman araligi kullanilarak
komsu elemanlar arasindaki kuplaj etkisi de azalmaktadir. Ancak, ydontemin yarattigi
ek loblar1 kaldirmak igin bir yliksek yonlendiricili eleman anteninin kullanimina
ihtiyac duyulmaktadir. Istenilen yiiksek yonlendiricili eleman anten igin ¢dziim
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Onerilerek benzetimi yapilmis ve baski devre ile elde edilen prototip dlgiilerek tasarim
ile karsilastirilmistir. Ardindan, 24 eleman araligina sahip olan ve bu yonteme
dayanilarak bir prototip dizi anteni simiile edilip ve bastirilmistir. Ydntemi
dogrulamak i¢in prototip antenin Ol¢lilmiis S11 parametresi ve Ol¢lilmiis 1s1ma
karakteristikleri sunulmaktadir.

Boliim 4.2'deki sonuglar, bir dizinin demet agisinin dizinin agiklik uzunlugu tarafindan
belirlendigini teyit etmektedir; dizi demet genisiligi daha net bir sekilde dizinin
uclarina dogru yerlestirilen elemanlarla belirlenmektedir. Sonraki sonuglar, bu ek i¢
elemanlar, yan loblarin kaldirilmasi i¢in ¢ogunlukla etkili oldugunu ve demet agisinda
ihmal edilebilir bir etkiye sahip oldugunu dogrulamaktadir. Bu nedenle, i¢ elemanlarin
dizinin uc¢larina dogru yerlestirilmesi, demet agisi iyilestirmeyi amaglarken bu yontem
yan loblar1 deforme olmasina yol agmaktadir. Uydu haberlesmesi uygulamalar1 gibi
bazi durumlarda ana lobun demet agis1 yan lob seviyesinden daha fazla etkili bir
parametre olmasi nedeniyle, bu yontem en istenilen ¢oziimi olusturan yeni bir
yaklasim yontemi olusturacaktir. Sonug olarak, dogrusal diziyle karsilagtirildiginda
kabul edilebilir yan lob seviyesi ile daha dar bir demet agis1 elde etmek i¢in bdliim
4.3'te yeni bir dogrusal olmayan dizi tasarimi1 sunulmustur.

Bu tezin 5. boliimiinde, uydu iletisimi uygulamalari i¢in avantajli olan dizi antenleri
tizerinde yapilan 4. calisma sunulmaktadir. Bununla birlikte, B6liim 4'teki yontemler
kiigiik boyutlar, verimlilik ve demet agis1 agisindan iyi sonuglar teyit etmektedir.
Ancak, yiiksek yonelticilikli bir antenin girisimi bastirma kalitesi yan lob seviyesi ile
tanimlanmaktadir. Bu amaca yonelik en uygun yaklasim Binom dizisi oldugu i¢in
Binom dizilerinin incelenmesi Boliim 5'te sunulmustur.

Binom dizileri, merkez elemandan kenarlardaki elemanlarina kadar diizglin azalan
genlik dagilimina baglh olarak olumlu sekilde diisiik yan lob seviyesini elde
edilebilecegini gostermektedir. Diger avantaj olarak, eleman aralig1 4/2'ye esit veya
daha kiiciik olan binom dizileri yan loblara sahip degildirler. Ancak, 4/2 aralig
haricinde, eleman araliginda herhangi bir kisitlama olmaksizin, binom dizileri i¢in dizi
faktorli ve yonlendiricilik parametresi i¢in kompakt ifadeler mevcut degildir. Bolim
S'te, binom dizilerinin dizilim faktorii ve yonlendiricilik parametresi i¢in kompakt
ifadeler tiiretmek igin yeni bir yontem Onerilmistir. Binom dizisinin besleme
katsayilarinin dayandig1 ve dagilmis oldugunu gosteren Pascal tiggeninin 6zellikleri
kompakt ifadeleri elde etmek icin kullanilmigtir. Bir N elemanli binom dizisinin
besleme katsayilarinin, iki elemanli binom dizisinin bir (N-2) konvoliisyonu olarak
ifade edilebilecegi gosterilmistir. Daha sonra, binom dizisinin tiimiiniin dizi faktorii ve
yonlendiricilik parametresi, Fourier doniistimii 6zelliklerini kullanarak elde edilmistir.
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1. INTRODUCTION

First developments in the world of directive antennas emphasizing their importance in
long-range communications are carried out by Marconi [1] at around 1920s. Then,
several advances such as phased array technology are accomplished in the field of
array antennas. The requirements of World War II emphasized the role of array
antennas [1] leading to further development in this field. Nowadays, the concept of
smart antennas are arisen. Although, an antenna array may be used in a variety of ways
to improve the performance of a communication system, but, the most important one
is its capability to suppress interferences made in the systems including multiple
channels. Several novel approaches are proposed in this thesis to improve those

performances of array antennas.

This thesis is organized as follows. Chapter 2 provides the basics and terminology used
in understanding antenna arrays. Chapter 3 discusses the application of array antennas
in satellite communication. Chapter 4 introduces three novel methods of array design
with small aperture, effective feed and narrow beam. Chapters 5 presents a method for
calculating the directivity of Binomial array with no restriction on element spacing,

for the first time.

1.1 Purpose of Thesis

One of the main requirements of any satellite communication system is to use a highly
directional antenna. In satellite communications, there are always some sources of
interference, due to using multiple satellites and terrestrial sources, degrading the
performance of both satellite system and base station. Then, directive antennas with
very low Side Lobe Level (SLL) are required to be used in order to overcome the
interferences from unwanted sources [2,3]. Furthermore, antennas with miniaturized
dimension are preferred to be used in both base station and satellite [4]. Main aim of
this thesis is to propose novel approaches of array antenna design with improved
performance in terms of dimensions, Half Power Beam Width (HPBW) and SLL. The

methods are carried out by using arrays with appropriate spacing or weighting of



elements and consequently, adjusting the favored beam pattern of the array, along with

using special element antennas.

Ku band satellite technology plays a crucial role in the world of communications.
Different applications such as internet access and TV broadcasting are services that
are using Ku band. The prototype antennas proposed in this thesis are design with
linear polarization as the receiver for use in downlink range of Ku band frequencies.
The range between 10.7 GHz and 12.7 GHz (from 10-18 GHz) is allocated as downlink

for Ku band satellite communication systems, which is considered in this research.

1.2 Literature Review

Regarding that the directivity of element antennas are limited, arrays with high number
of elements are used in satellite communications, same as in available designs in [5].
But, the use of long microstrip lines is almost prohibitive in the design of arrays with
large number of elements [6,7]. On the other hand, the use of large number of power
splitters leads to increase of insertion or isolation loss in the power-splitting network
also limiting the band width and enlarging the size [8,9]. Therefore, it is required to
improve the feed network having shortened strip lines or lowered number of power
splitters. Serially fed network system is one of the methods proposed to reduce the
number of power splitters and length of transmission lines [ 10] while it is not an ideal
method in all designs. Other methods include the use of superstrate [11] or waveguides
[12,13] to reduce the loss in feed network, where, are not cost effective methods, also
leading to enlargement in the size of the array antenna. Substrate Integrated
Waveguide (SIW) approach is also proposed in [ 14] as an effective method in reducing

losses, while also having small size. However, it is not a cost effective method.

Dimensions of the antenna also have been subject of developed studies. The use of
Defected Microstrip Structure (DMS) [15] or Defected Ground Structure(DGS) [16]
are proposed. However, these designs result in reduced size with decreased efficiency.
An E-shaped DGS array antenna is proposed with reduced size but having optimum
efficiency, which still is not a desirable method in arrays with large number of
elements. The other technique is proposed in [17] proposing miniaturized array
antenna using artificial magnetic materials for satellite applications. But, it is not a cost

effective method.



Besides the efficiency and size, in many of the practical applications, such as in radar,
imaging or satellite communications, it is required to reduce the SLL of the radiation
pattern of an antenna array [18,19] to minimize interference from unwanted sources
[20]. Several designs have been proposed to reduce the SLL of array antennas. In [21],
the use of unequal spacing is proposed to reduce the SLL. A Concentric Circular
Antenna Array (CCAA) [22] and unequal spacing in spherical arrays [23] were
examined to identify an optimized array with minimized SLL. Metaheuristic
algorithms, such as Genetic Algorithms (GA) [24-26] have been proposed as effective
methods leading to the SLL suppression. However, some of those designs lead to a
limited level of improvement in SLL. In addition, the desired SLL can be obtained for
arrays with limited number of elements by using some methods, such as the element
placement based on GA [19,24]. In [25], position perturbation of the array elements
results in a reduction in the SLL at the central part but with higher minor lobes at the
outer parts of the pattern. Other methods such as in [26], using Real Coded Genetic
Algorithm (RCGA), result in a larger array size than the original, which may be

considered a drawback.

1.3 Hypothesis

In this thesis, three novel distinct methods are proposed to design array antennas with
smaller aperture, effective feeding and narrower beam compared to the existing design
methods. The proposed methods are based on effective use of array factor along with
special element antennas. Therefore, in comparison with other designs such as
waveguide-fed arrays, the proposed techniques result in more practical performance
in terms of simplicity of design and fabrication costs. Three proposed approaches are
studied in detail. Beside the theoretical studies, results of the first approach (section
4.1) and the third approach (section 4.3) are demonstrated by using Ansoft HFSS
simulations. However, an antenna array is fabricated based on the method presented
in section 4.2. Chapter 5 of the thesis also demonstrates a method to calculate the
directivity of Binomial arrays. The proposed methods are simply clarified in this

section.

In the first approach (section 4.1), a novel array antenna with desired directivity but
smaller aperture compared to available designs is presented. It is a well-established

fact that directivity of arrays increase by increase of the aperture dimensions [27,28].



However, a design with high directivity is introduced by using a reduced element
spacing compared to the conventional design. This method is based on the use of a

special element antenna with its corresponding array factor.

In the second approach (section 4.2), an array structure with reduced number of
elements is proposed. In fact reducing the number of elements leads to lowering the
ohmic loss made by long strip lines [6,7]. Its most favorite advantage is low insertion
or isolation loss made by reducing the number of power-splitting networks. This can
be accomplished by using 2A element spacing in comparison with A spacing (used in
all available designs). HPBW in both methods does not changes by far where the minor

lobes are canceled by using a directional element antenna.

In the third approach (section 4.3), study of a nonlinear array to achieve a narrower
beam with acceptable SLL is presented. In fact, HPBW of an array is determined by
the aperture length of the array [27]. Therefore, it is aimed to change the position of
interior elements towards the ends of the array in a nonlinear form to improve the

HPBW.

In chapter 5 of the thesis Binomial arrays are studied as the favorite design in term of
SLL. Except for the element spacing of A/2, there are no compact expressions for the
array factor and directivity for binomial arrays with no restriction in element spacing
[27]. In this chapter, compact expressions for the array factor and directivity of
binomial arrays are calculated. The properties of Pascal’s triangle is used to show that
the excitation coefficients of an N-element binomial array can be expressed as an (N-
2)th convolution of the two-element binomial array. Then, the array factor and
directivity of the entire binomial array is obtained using the properties of Fourier

transform.



2. ARCHITECTURE, ADVANTAGES AND APPLICATIONS OF ARRAY
ANTENNAS

2.1 Introduction

It was the most significant achievements in early radio communication science when
Guglielmo Marconi successfully received the first transatlantic radio message,
including the Morse-code for the letter ‘S’ by three short clicks on December 12, 1901
[1,29]. This communication system and the following improvements emphasized the
role of antennas in the world of long range communications. Design and enhancing
antenna directivity in order to establish long-range communication has been subject of
extensive researches since Marconi published the paper entitled “Directive Antenna”
[1,29]. As the milestone era in the world of communication, Karl Ferdinand Braun
performed a developed research in directive wireless communication technology.
Then, he won the Nobel Prize for demonstrating enhanced transmission of radio waves
in one direction [1,30]. As another instance, Beverage invented so-called wave
antenna or Beverage antenna with improved gain compared to dipoles and other simple
elements [31]. Then, several directive array antennas had been developed by mid
1930s [32], when the directivity of single element is limited. Antennas with fixed beam
radiation properties were primarily used to meet the demands for high directivity
applications up to 1920s. But, application of array antenna is developed in the next
years and demands for arrays with additional operations are increased. As the second
milestone era, in 1940s in the second World War the concept of an antenna array was
first introduced in military applications in the [1,30]. The progress in the array
technology in this era also enabled the antenna system to be electronically steered. In
the next years, developments in the field of signal processing led to new progresses in
array design [1]. Arrays could be used to receive signals from a particular direction
while rejecting signals in unwanted directions. Consequently, arrays could be used to
mitigate intentional interference (jamming) or unintentional interference (radiation
from other sources) directed toward the communication system by using signal

processing algorithms. Development in array technology was continued and the



concept of adaptive antenna arrays is arisen by the further development in signal
processing. This improvement again significantly contributed to the capacity available
in wireless communication systems. According to these developments, there has been
a large amount of work on algorithms and the signal processing aspects in early array
technology. But unfortunately, the physical geometry (or location of the antenna

elements in the array) has received relatively little attention.

2.2 Array Principle and Architecture

Total electrical field of an array of identical elements is demonstrated by multiplication

of the radiation pattern of a single element and the array factor [27], as in (2.1).
E(total) = |E (single element)|. [array factor] @.1)

where, E demonstrates vector electric field.

The array factor, is a scalar function of the number of elements, their geometrical
positioning, their relative magnitudes, their relative phases and their spacing’s. The
array factor for all the arrays in this thesis is calculated independent of the polarization
of the elements and coupling between the elements (it is assumed that all the elements
have same polarization and coupling between the elements is negligible). As the array
factor is independent of the directional characteristics of the radiating elements, then
it can be formulated by replacing the actual elements with equally polarized isotropic
(point) sources. Therefore, for the two-element (point sources) array with identical

excitation in Figure 2.1, the normalized array factor is presented in (2.2) [27].

Figure 2.1 : Array of two elements along the Z axis.
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where,



Y =kdcos8 +f (2.2a)

where, f is the difference in phase excitation between the elements, k& (27”) s wave

constant, d is the spacing between the elements and the angle 6 is demonstrated in

Figure 2.1.

Then, consider an array with N elements each placed with d spacing relative to each
other, where the first element place in z= 0. Assuming that the elements have identical
excitation coefficients but £ progressive phase relative to each other, the normalized

array factor is given by (2.3) [27].

N

AF = z e (=Y 2.3)

n=1

The normalized array factor in (2.3) can also be expressed in more compact form by

shifting reference point to center of array as in (2.4) [27].

l sin (% 1,0)

N @ (2.4)

AE, =

In addition to linear arrays, the elements can be positioned in rectangular or circular
forms as planar arrays. Planar arrays provide additional variables which can be used
to control and shape the pattern and could provide more symmetrical patterns with
lower side lobes. Consider Figure 2.2a in which M elements are positioned along the

X axis as a linear array.

Figure 2.2 : (a) Linear array (b) Planar array.



The planar array demonstrated in Figure 2.2b would be formed by convolving the

linear array in Figure 2.2a with another N-element array along the y axis.

The array factor for the M-element and N-element arrays in x and y axis’s respectively,

are given by (2.5a) and (2.5b) [27].

M
AFxm — Z Imlej(m—l)(kdxsin9cos¢+ﬁx) (2.53)
m=1
N
AFyn — Z Inlej(n—l)(kdysmesm¢+[3y) (2.5b)
n=1

Where, 1,,; and I,; are the excitation coefficient of each element in linear arrays along
the x and y axis’s, respectively. The spacing’s between the elements along the x and y
axis’s are demonstrated by d. and d,, respectively. f: and p, demonstrate the
progressive phase shifts for the linear arrays along the x and y axis’s, respectively.
Since the planar array in Figure 2.2b can be expressed as the convolution of the two
linear arrays, consequently, the array factor for the entire planar array can be written

in multiplication form as (2.6) [27].

M N
AF =1, Z J(m=1)(kdy sin 6 cos ¢+Bx) Z o/ (n=1)(kdy sin 6 sinp+p,) (2.6)
m=1 n=1

where, I.» = Iy exhibits the amplitude excitation of any element throughout the array.

The compact and normalized form of array factor can also be written as (2.7).

1 sin (%l[)x) lsin (glpy)

AR0.9) = |55 ) | [ an(®) 2.7)

where,
Wy = kdy sin g cos ¢ + By (2.72)
W, = kd,, sinfsing + B, (2.7b)



Directivity of a linear array increases, relative to a single element, in the plane
perpendicular to and containing the linear array antenna. However, the directivity does
not change and remains that of a single element in the plane perpendicular to this plane.
But, by the positioning the elements in a planar array the directivity would increase in

both principal planes of the array antenna.

2.3 Advantages of Array Antennas

An array antenna may be used in a variety of ways to improve the performance of a
communication system. The most important is its capability to suppress interferences
made in the systems such as satellite communication in both transmit or receive modes.
By combining signals from different antennas and consequently, adjusting the beam

pattern of the array, it is possible to cancel the interference.

Performance of the array antennas are then developed by using some algorithms
combining multiple antennas which are called as phased arrays. The most
advantageous side of phased array technology is that direction of main beam of the
antenna can be controlled by adjusting the phase between different antennas [33]. The
development in array technology is continued in the concept of adaptive arrays. In
adaptive antennas, both of the gain and the phase of the signals induced on the elements
are changed to adjust the gain of the array in a dynamic fashion, as required by the

system [2, 33]. Consequently, the array adapts to the situation required for the system
[2].

Nowadays, the mobile systems are developed so that operate over two or more
frequency bands and consequently, the need for antenna arrays operating in more than
one frequency band are emphasized. Then, the role of array antennas which have
ability to operate at the two frequencies is highlighted [34]. Nowadays, the smart
antennas have achieved more attention due to their configurability’s. In fact, smart
antenna structure is based on the use of an adaptive antennas array, consisting of
elements whose outputs are adaptively combined through a set of complex weights.
Although, these operations improve the system’s performance but, adaptive antennas

have high implementation costs and complexity limitations [2, 35].



2.4 Application of Array Antennas in Mobile Communication Systems

Array antennas have been used in different aspects of mobile communications

including base-mobile and satellite-to-mobile communication systems.

In the base-mobile system, a base station situated in a cell to communicate multiple
mobile systems within the cell. Therefore, it is required to use array antenna providing
adaptive beams to find the location of each mobile, and then the beams are formed to
cover different mobiles or group of mobiles. The beams are also shaped to cover the
cell considering the traffic in different sections of the cell as well as moderating the
energy. Besides directing the beams toward the mobiles, the system may be able to
adjust the pattern having nulls toward other mobiles to reduce the undesirable

interferences in both receive and transmission mode[2].

The array antennas used for satellite mobile communications are divided into two
categories including the antennas mounted on board of the satellite and the antenna
mounted on the mobile. The array antenna mounted on the satellite is able to provide
the beam-generation facility, resulting in different forms of beams depending on the
requirements of the system. It can be used in generating spot beams of varying shapes
and sizes dictated by positions of the mobiles. Consequently, this will reduce the
transmitted power, relaxing the need to generate large amounts of power onboard of a
satellite. The ability of adapting beam shapes is also useful in reducing the
interference. In the mobile or terrestrial side, directive array antennas can be used to
reduce interference from other neighboring satellites by pointing the beam in only

required direction or desired satellite [2].

In fact, variable combinations of elements with variable weighting generate required
beams in the desired direction [2]. This concept may be used in both satellite antenna
or ground station, with ability to reduce interferences in such satellite systems having
large number of channels. Chapter 5 of this thesis proposes the directive properties of

Binomial array which can be used for this aim.

2.5 Feeding Techniques

Feeding of the array elements may be accomplished by a variety of methods. For a 4
x 4 planar array antenna, different feeding arrangements are shown in Figure 2.3[36,

37]. The main difference between the four methods in Figure 2.3 is feeding phase
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difference between the elements. For instance, all the elements in Figure 2.3d are fed
with equal phases, where the elements placed along any row of the array in Figure 2.3a
are fed with different phases. Another difference between the feed networks is the

number of power splitters used in the feed networks.

A TTTr eyey

(a) (b) (c) (d)
Figure 2.3 : Different feeding networks.

Microstrip antenna has been widely used in various applications due to its special
features. However, it also suffers from some drawbacks, especially its low efficiency.
One of the common challenges in designing a planar array antenna is the loss in the
feeding network. Using high number of elements such as in Figure 2.3, causes to loss
in increased transmission line lengths. In these years, a lot of efforts have been done
to solve this problem. Most suitable choice would be hybrid microstrip and waveguide
feed system, but the size of the corporate feed for the sub-array must be carefully
determined. In [7] waveguide-fed planar antenna array is proposed and designed for
Ku band direct broadcast from satellite reception for mobile systems. Prototype of a

waveguide-based feed network is shown in Figure 2.4.

However, in comparison with the advantages of waveguide-fed arrays, their size and

fabrication costs are considered as the man disadvantages of this approach.

Figure 2.4 : A Waveguide feed network [38].
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2.6 Different Array Structures

In one category, arrays are divided into two broadside and end-fire arrays. In broadside
arrays, the maximum radiation of the array directed normal to the axis of the array.
Advantage of the broad side array over the end-fire array is its steerable beam which
can be used in several applications such as radars. Radiation of the end-fire array is

along the axis of the array.

In another category, arrays are organized with their nonuniform excitation, such as
Binomial and Dolph-Tschebyscheff arrays. Binomial array may be preferred as an
advantageous approach in array antenna design having minimum SLL. In fact,
binomial arrays with element spacing smaller than one-half of a wavelength [27] do
not exhibit any minor lobes. Therefore, it can be considered for use in applications
where SLL plays a crucial role in the system. However, there are no compact
expressions for the array factor and directivity for binomial arrays of any spacing
between the elements except for A/2 spacing. However, in Chapter 5 a method is

proposed for this aim.

In comparison with Binomial array, the Dolph-Tschebyscheff array is proposed as the
most practical approach in array design with small side lobes. In fact, Dolph used
Tschebyscheff polynomials to obtain the excitation coefficients to determine the
optimal weights for linear, equally spaced arrays which is published in 1946 [39]
known as the Dolph-Tschebyscheff method.

In comparison with Binomial and Dolph-Tschebyscheff arrays which are based on
arrays with linear spacing but nonuniform amplitudes, others modification based on
geometry considerations are proposed. The first research is introduced in 1960s
proposing the improvement in array performance via geometry optimization. Based on
Unz study [32], in 1960, performance of the array can be improved by holding the
weights constant and varying the element positions. In 1960, King [32] proposed
eliminating grating lobes via element placement in an array. In 1961, Harrington [40]
considered small element perturbations to obtain a desired array pattern. A simple
method of nonuniformly spaced linear array design based on Gaussian quadrature is
introduced by Stutzman [41]. Array geometry optimization has been also under
investigation recently using biologically inspired algorithms, such as Genetic

Algorithms (GA).
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3. APPLICATION OF ANTENNAS IN SATELLITE COMMUNICATIONS

Subject of this study is Ku band, where the range between 1 GHz and 60 GHz is

dedicated to commercial satellite communications[3].

3.1 Directional Properties of Antennas

At a fixed radius from an isotropic source, which defines a sphere, the power density
is uniformly distributed over the surface of the sphere regardless of direction. Then,

density of the power radiated over the sphere of radius r is calculated by (3.1)[27].

Prad

W =
4mrr?

(W/m?) 3.1)

where, W is power density at distance » of the isotropic source and p,.,4 1s the total

radiated power.

As seen from (3.1), density of the power at a distance decreases by 1/72 as the point
of reception moves farther away from the source. Consequently, the challenge of
antenna design is to maximize the fraction of energy that the transmitter antenna
actually delivers to the receiver in long range communications. Then, concept of
directive antennas are arisen to increase the effective aperture of antennas. Directivity
of an antenna in a given direction is defined as the ratio of the radiation intensity in

this direction to the radiation intensity averaged over all directions as in (3.2) [27].

U@, ¢)

Prad (3 .2)
4m

D(6,¢) =

where, D (6, ¢) is the directivity in a given direction and U (6, ¢) is radiation intensity

in that direction that is defined as the radiated power per unit solid angle.

Also, unit solid angle (steradian) is defined as the solid angle whose vertex is at the

center of a sphere with redius 7 that is subtended by a spherical surface area equal to

13



that of a square with dimension of r. Also, element of the unit solid angle of a sphere
d(Q is defined as (3.3). Angles 8 and ¢ are considered as in Figure 2.2 with respect to

z and x axes, respectively.

dQ = sinf df d¢ (3.3)

In fact, the effective aperture of an antenna is related to its directivity by (3.4) [27].
The more the directivity increases, the more the aperture efficiency increases.
AZ

Aerp = 72D (3.4)

where, A.fy is effective aperture of the antenna, A is wavelength ans D is directivity

of the antenna.
For typical dish antennas, amount of the efficiency varies between 55% and 70%.

By using directive antennas, it is possible to concentrate the energy towards the
necessary directions. In other words, it is the critical parameter describing the ability
of antenna in suppressing interferences from unwanted directions. An antenna
radiation pattern with a main beam, side lobes and a back lobe is shown in Figure 3.1.
For comparison, the uniform pattern of an isotropic source is superimposed to scale on

the directional antenna pattern.

Sidelobe

/Half Power Points

Backlobe\" \

Uniform pattern

Figure 3.1 : Radiation pattern of a directive antenna [3].
3.2 Beamwidth and Sidelobes

The HPBW is the angular width of the main beam measured between the points where
the power intensity is one-half that of the peak. In other words, the half power point is
where the directivity is 3 dB down. Assuming that the microwave link can still function
with a 3-dB decrease in signal strength, the HPBW defines the range of antenna

pointing over which the antenna or satellite can move. However, only a 0.5-dB drop
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in signal power is suggested, which demands either tighter antenna pointing accuracy

or satellite position control[3].

In the previous section, the advantages of directive antennas in long range
communications is provided. For planar array antennas, directivity is related to HPBW
as in (3.5)[27]. However, this approximate is accurate where, the intensity of minor or

side lobes are very low.

5 . 32400
~ a0, (3.5)

where, 6; and 6, (in degrees) are HPBW of the radiation pattern in two perpendicular

planes.

Most of the available designs are accomplished with aim of increasing directivity
according to (3.5). Although, the proposed approaches in this thesis are also aimed to
design array antennas with high number of elements to increase the directivity.
However, in some applications it may be required to use very narrow beams to
overcome unwanted interference, without needing to increase the directivity (by
lowering SLL) based on (3.5). For instance, the novel method in section 4.3 of this
thesis is developed for this aim to achieve narrow beams without increasing the

directivity.

Side lobes of antennas may be additional sources of interference. Radiation pattern of

a 10-element antenna in term of directivity is demonstrated in Figure 3.2.
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Figure 3.2 : A comparison of the radiation pattern of a real 10-element C-band
antenna with the ITU sidelobe envelope [3].
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In Earth station antennas, sidelobes and backlobs are important characteristics which
can lead to interference in transmission or receive modes. A smooth curve called
sidelobe envelope defining the specification of maximum sidelobes is demonstrated in

Figure 3.2.

3.3 Isolation

The directive property of an antenna determines how effective it will be for getting
signal power from the source to the receiver. However, as it was shown in the previous
section, side lobes may lead to an interference effect causing to degrade a link by
signals on the same frequency. Same as in reception, a transmitting station can cause
degradation to other systems by sidelobe radiation. Techniques such as beam shaping,
cancelation, and shielding are developed to overcome this drawback. The interference
can also be optimized in acceptable limits by using isolation by natural (geographical
or angular/orbital separation) or artificial (shielding or beam cancellation) approaches.
This interference is more critical in satellite communications. But, by using directional
ground antenna it is useful to focus on one particular satellite, suppressing the
interference produced by adjacent satellites. Therefore, several satellites can operate

in the geostationary arc in the same frequency band same as in Figure 3.3.

Beam of
earth station
antena

Figure 3.3 : Improved GEO arc utilization by using earth station antenna having
narrow beam [3].

The specification shown in Figure 3.2 as the sidelobe envelope defines the worst case
potential for interference which can be used in practice. The (3.5), which was adopted
by the International Telecommunication Union (ITU) as Recommendation S.465-5,
provides a common standard for the larger ground antennas used at C and Ku bands.
In it, gain at a particular off-axis angle is specified in the direction of a potentially

interfering (or interfered-with) satellite by (3.6) [3].
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G(6) <29 — 25 log,, 0, dBi (3.6)

where 0 is the offset angle between the direction of the main beam and that toward the

interfering or interfered-with satellite, for angles between +1 degree and +37 degrees.

3.4 Satellite Antennas

Although, reflector antennas provide considerable aperture efficiency. However, array
antennas are mostly recommended due to their different advantages and applications,
which some of them are provided in Chapter 2 of this thesis. The use of array antennas
have provided more complicated performances such as beam steering, beam shaping
and configurability of the beam. It may be aimed to achieve a desired beam by
selecting proper weighting of the elements as an effective approach in suppressing
interferences. Therefore, arrays antennas have multiple advantages over reflector and

other type.

Microstrip technology is widely used in order to design satellite antennas. Although,
performance of the microstrip antennas are limited and also efficiency of microstrip
antennas are low, But array of microstrip antennas are widely proposed to be used in
satellite technology. This is preferred mostly in the design of receive station structure.
The most desirable characteristics which leads to wide use of microstrip antennas are
their low weight and low fabrication costs. As a typical model, a TX/RX 4x4 elements
passive Sub-Array of a larger array antenna designed for Ku band is demonstrated in

Figure 3.4a [42].

Figure 3.4 : Array structures based on microstrip technology (a) a sub-array of a
larger array antenna designed for Ku band [39] (b) Raysat array
antenna for KU band in RF Lab. of Istanbul Technical University.
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The antenna is low-profile and is designed for integration in small aircrafts and ground
vehicles. The beam steering is electronic for the elevation and polarization angles and
mechanical for the azimuth scan. In Figure 3.4b, another larger array with about 512
elements is demonstrated which includes four sub-array with mechanical steering in

both planes.

Besides, arrays with waveguide feed network have attracted high attention due to their
high efficiency. The wave guide network can be used as both feed network or as the
antenna with apertures operating in the frequency of interest. A typical example of a
waveguide array antenna with slot apertures designed for Ku band is demonstrated in

Figure 3.5[43].

Figure 3.5 : Prototype of a waveguide-fed array antenna for KU band[43].
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4. THREE NOVEL METHODS OF ARRAY ANTENNA DESIGN

Based on the application of interest, it is required to improve dimensions, efficiency
or HPBW of the antenna. Although, there are several designs available for these aims.
But, most advantages of the methods proposed in this Chapter are their simplicity and
low cost in terms of practical use and fabrication. In fact, the improvements are
achieved by using effective array factors and special elements. Section 4.1 proposes a
novel design with desired directive property but having smaller aperture compared to
available designs. Section 4.2 introduces a novel method to design an array with
reduced number of elements. Finally, a new method to achieve a narrow beam width

is offered in section 4.3.

4.1 Novel Array Antenna Design with Small Aperture

All the designs in [38] and [44-47] have used conventional method of array design
with 4 element spacing (or the range between 0.7 4 and 1) independent of properties of
the element antennas to achieve a beam with narrow main lobe and to avoid the second
and third strong lobes. This region of element spacing is also recommended by ITU in
[48]. Unlike those arrays, procedure in this section is developed on optimizing the

array factor based on the properties of a special element.

In Figure 2.1 in Chapter 2, an array with two elements on the z axis is demonstrated.
Normalized array factors for this array with 4 and /2 spacing’s are demonstrated in
Figure 4.1a and Figure 4.1b, respectively. Designs in [38] and [44-47] use A element
spacing to achieve a minimum beam width for the lobe at 8 = 90°, although having
side lobes at 8 = 0° and 6 = 180° as in Figure 4.1a. In fact, the main lobe of the
array factor at & = 90° would be narrower by enlarging the element spacing from 4/2
to 4. The element antenna with conventional beam as in Figure 4.1a has been used with

nulls at 8 = 0° and 6 = 180° to cancel the side lobes of the array factor.

Considering Figure 4.1a and Figure 4.1b, main lobe of the array factor at & = 90° with

smaller spacing is wider than the lobe of array factor with larger spacing. But, the array
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factor in Figure 4.1b has the advantage of having a single lobe without unwanted side
lobes by its own shape. Therefore, element antennas with a very directive lobe at 8 =
90° along with side lobes at any other directions can be used to achieve the same
directivity obtained by the conventional approach, but with a smaller size. More
clearly, it seems that forms of the element factor and array factor in conventional
designs (in Figure 4.1a) are changed in this approach (in Figure 4.1a). Directivity of
the conventional element antennas with single lobe such as in Figure 4.1a can be
increased up to a limited value. But, it may be possible to design element antennas
with a very narrow lobe at 8 = 90° along with having any unwanted lobes at other
directions (which will be canceled using 4/2 spacing arrays), demonstrated as the
element factor in Figure 4.1b. In fact, the array factor is chosen corresponding to the

properties of the special element antenna.

Array Factor Element Factor
|

.ng,x O . 0 .

Array Factor Element Factor

8 B S

Figure 4.1 : (a) Two-element array with A spacing (b) two-element array with 0.54
spacing and using a special element.

In Figure 4.2, radiation patterns of the antenna proposed in [49, 50] with and without

a parasitic element in H-Plane are demonstrated.

a1 s
-180

Figure 4.2 : Radiation pattern of the element antenna proposed in [49, 50] with and
without the parasitic element at the frequency of 11 GHz.
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Beam of the antenna without the parasitic element includes a single lobe with
maximum at & = 90° such as the element factor in Figure 4.1a. However, beam of the
same antenna with the parasitic element demonstrated by red highlight in Figure 4.2 is
changed so that two nulls are appeared at 6 = 30° and 6 = 150°. Also, the main lobe
at 8 = 90° is narrowed and the side lobes at 8 = 0°and 6 = 180° are enlarged such
as the element factor demonstrated in Figure 4.1b. Then, those unwanted side lobes

can be canceled by using the array factor demonstrated in Figure 4.1b with A/2 spacing.

The antenna demonstrated in Figure 4.2 is a modified form of the antenna in [49, 50]
which is designed with smaller dimensions for Ku band. Gain of the antenna without
the parasitic element is 4.5dBi and with the parasitic element at 6 = 90° is 3dBi. Array
designs with 4/2 and 4 spacing with and without the parasitic element, respectively
based on this element are compared to each other in Figure 4.3. In the conventional
method (4 spacing), the gain is increased up to 2.5dBi from 4.5dBi to 7dBi. But, gain
of the antenna is increased up to 4.5dBi from 3dBi to 7.5dBi by using the novel
approach.

-180

Figure 4.3 : Radiation pattern of the two-element array (array of element
antenna proposed in [49, 50]) with and without a parasitic element with different
spacing’s at the frequency of 11 GHz.

HPBW of the array with 4 spacing is smaller than the array with A/2 spacing due to
fact that the antenna with the parasitic element has no ideal expected radiation
properties with a very narrow lobe at 8 = 90°. However, the larger slope of gain raise
(4.5dBi) by using the novel method in comparison with the conventional approach
(2.5dBi) confirms the accuracy of the approach. Spacing in the array in Figure 4.1b is
half of the spacing in Figure 4.1a.
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This approach can be also accomplished in the next step for four-element arrays. The
same improvement could be accomplished only if the array of two elements includes
two unwanted side lobes which can be eliminated by using the proposed method.
Subsequently, the two-element arrays with /2 spacing demonstrated in Figure 4.3 may
be considered as new element antenna to design another two-element array (four-real-
antenna but two new-elements) with 24 spacing from center of the new element
antennas (demonstrated in Figure 4.4c) . But, both array factors with 24 and 4 spacing’s
produce large lobes at 8 = 0° (as is demonstrated in the following in Figure 4.8 for 8-
element array that is the same for 2-element array). Consequently, the spacing can be
reduced from 24 to the range between A and 2A depending on the properties of the new

element antenna.

Simulation of the four-element array with different spacing’s are demonstrated in

Figure 4.4.

new element

@

Figure 4.4 : (a), (b) and (c) four-element arrays with A, 3A/2 and 24, spacing’s
respectively, between centers of the two new element antennas, (d)
conventional four-element array with A spacing.

Figure 4.4d demonstrates a conventional array of 4 element antenna with A element
spacing. In Figure 4.4a, Figure 4.4b and Figure 4.4c, several arrays are demonstrated

with different spacing’s between the elements. In these Figures, the proposed two-
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element array (based on the novel approach) in Figure 4.3 is considered as the new

element antenna.

Radiation pattern of those arrays demonstrated in Figure 4.4 are demonstrated in
Figure 4.5 in H-plane at the frequency of 11 GHz. HPBW and dimension of all the

arrays are demonstrated in Table 4.1.

120

180 150

Figure 4.5 : Radiation pattern of the antennas demonstrated in Figure 4.4, in H-
plane, at the frequency of 11 GHz, simulated in HFSS.

Table 4.1 : Characteristics of the beams demonstrated in Figure 4.5.

Array structures  Size (1) HPBW(degrees) Gain (dBi)

Arrayl 1.5 26° 10.5
Array2 2.04 18° 10.5
Array3 254 14° 10.6
Array4 3.0/ 13° 10.2

For arrays 2 and 3 demonstrated in Table 4.1, HPBW values are desiable compared to
that 13° value achieved by array4, considering that the aperture sizes are smaller than
that of array4. However, the beam width can be more improved by the use of a more
ideal special element antenna. It is tried to use two similar antenna structures to
maintain the accuracy of this study. But, the more the ideal special element is used,

the more the ideal results can be achieved.

4.2 Novel Array Antenna Design with Reduced Number of Elements

Array antennas with high number of elements are developed to obtain high directivity,
and low side-lobes. Microstrip technology has been widely investigated for use in
array antenna designs having the drawback of dielectric and ohmic losses in the

feeding network [6,7]. On the other hand, the use of large number of power splitters
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leads to increase of insertion or isolation loss in the power-splitting [8,9]. Therefore,
optimization of feed network of large arrays have been investigated extensively to
shortening the strip lines or lowering the number of power splitters. Serially fed
network system is proposed to reduce the number of power splitters which is not an
ideal method. Waveguide feeding [12,13] also is not a cost effective method. In this
section a new approach is proposed to reduce the number of elements and

consequently, reduce the number of power splitters.

In all available designs such as in [38] and [44-47] an element spacing equal or less
than 4 is used to discard the drawback of minor lobes. However, the arrays based on
directive elements such as in [51] can be designed by using reduced number of
elements with larger spacing than 4, resulting in the same HPBW achieved with A

spacing. Then, number of power spliters will be reduced.

Consider a linear array of N elements with d spacing along the z-axis as in Figure 4.6
(In this figure odd number of elements are shown and the reference point in Figure 4.6

is taken at the physical center of the array).

y y
2 &
X
foNJe 9
Z g nnnnn @ e —— sxan s &
N N+1 1
2

Figure 4.6 : Uniform linear array of N elements.

Then, normalized array factor of equally spaced N elements (odd or even) with

uniform and unity excitation can be written as (4.1) [27].

1 = N-1
AFy(8) = Z =) 4.1)
n=0

where:
Y=k.d.cos0+f (4.1a)

2 . . . . . .
k (7”) is the wave number and d and S (is considered as zero in this thesis) are the

spacing between the elements and the progressive phase shift, respectively.
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Where, the aperture distribution on Z axis for discrete elements can be written as (4.2).

(N-1)
Iy(z) = Z 8(2—[n—(NT_1>] d) 4.2)
n=0
where:
5(z) = {é ZZ:(? (4.22)

The value of §(z) at z = 0 is considered as 1 as a representative value of its area
(normalized value)[52]. In (4.1), the array factor includes expressions for any of the
elements. Where, transforming (4.1) to a multiplication form reduces the number of
those expressions as well as simplifying the analysis of the array factor. For this aim,
Fourier transform can be used as the effective method. Since the array factor is related
to the aperture distribution through an inverse Fourier transform [27,53,54], the
aperture distribution of a favorably determined array factor can be derived through a
direct Fourier transform. It can be simply seen that array factor in (4.1) is formally the
inverse Fourier transform of the aperture distribution in (4.2). Then, by using the
multiplication property of the Fourier transform [52], if an aperture distribution is
indicated by convolution of minor expressions then, the array factor can be expressed
by multiplication of minor array factors corresponding to those minor expressions.
Consider a linear array of 8 elements. Then, the aperture distribution / on Z axis can

be demonstrated same as in Figure 4.7.

1 (8 e[ezlfrgems )
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Figure 4.7 : Distribution of 8-element linear array in the form of two convolutions of
minor components /1, > and /3.
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Considering the shifting property of convolution of a hypothetical function f{z) with
6(z) asin (4.3) [52],

f(2)*8(z—2z) = f(z—2) (4.3)
and taking into account that:
6(z+2p) = 6(z+20) + 8(z—2) (4.3a)

accuracy of the convolutions in Figure 4.7 is demonstrated in (4.4).

LI, 13 =68(z % 2d) * 6(zid)*6(zi§)]= (4.4)

d 3d 5d 7d
6<Zi§)+6<Zi7)+6<zi7)+5<zi7)=18—e1ements

where,

I, = 8(z + 2d) (4.4a)
12 = 6(2 i d)

d
h=s(zt3)

Then, the normalized array factor for the array shown in Figure 4.7 can be written as

(4.5).

Also, each of the minor array factors AFi, AF, and AF3 are based on (4.1).

AF = (AF,).(AF,) .(AF;) = (4.5)
[cos (47r % cos 9)] . [cos (27‘[ % cos 9)] . [cos (n % cos 9)]

Array factor in (4.5) with different element spacing’s d is demonstrated in Figure 4.8.
The more the element spacing increases in Figure 4.8 the more the main lobe at 6 =
90 would be narrower. HPBW values for arrays with same aperture length but different
number of element and spacing between the elements confirms that aperture length of
the array is the major parameter determining HPBW. This concept is used to reduce

the number of interior elements in an array. But, it is seen in Figure 4.8 that the
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additional lobes appear besides the main lobe at & = 90° by using the element spacing
larger than A. In other words, additional lobes are made by elimination of intertwined
elements. This undesirable side lobe can be eliminated by the use of a directional

element.

Figure 4.8 : Array factor of the two-element array with different spacing’s d.

To better demonstrate the approach, a comparison between two arrays with 8 and 16
elements with 24 and 4 spacing’s, respectively is presented. Aperture distribution of a

16-element array with 4 element spacing is indicated in Figure 4.9, similar to the array

in Figure 4.7.
16 elements
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Figure 4.9 : Distribution of 16-element linear array in the form of three convolutions
of minor components /1, >, I3 and /4.

Therefore, the array factor for the array in Figure 4.9 is presented by (4.6).
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AF = (AF;) . (AF,) .(AF5).(AF,) = (4.6)
[cos (87‘[ ; cos 9)] . [cos (471 % cos 9)]

cos (2 cos )] os o)

Subsequently, array factor for 8 elements with 24 spacing can be demonstrated by the
same (4.6) without the component(AF,). The array factors corresponding to each of
the elements (AF,), (AF,),(AF;) and (AF,) are demonstrated in Figure 4.10.
Multiplication of those components with and without (AF,) corresponds to the array

factor of 16 (with 4 spacing) and 8 (with 24 spacing) elements, respectively.
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Figure 4.10 : Array factors corresponding to /1, I, /3 and /4 indicated in Figure 4.9.

Respective multiplication of those elements are demonstrated in Figure 4.11 to better

show the role of intertwined elements on the array factor.
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Figure 4.11 : Respective multiplication of minor elements of distribution of 16
elements demonstrated in Figure 4.9.
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Then, it can be simply seen from Figure 4.11 (the change from (AF;) to
(AF,).(AF,).(AF;). (AF,)) thatrespective intertwining additional elements between
the two largely spaced elements leads to elimination of undesirable lobes. Multiplying
AF> . AF3 to AF; leads to elimination of all undesirable beams except from that in 8 =
60° (Figure 4.11), while final multiplying with AF4 eliminates all the minor beams
(Figure 4.11). Therefore, major role of the intertwined elements are in elimination of
undesirable lobes. HPBW for main lobes of those minor array factors shown in Figure
4.10 are provided in Table 4.2. Those values confirm a regular widening in main lobe
of array factors from AF; to AFs. The great value of 28.96° for HPBW of AF4
compared to 3.58° for HPBW of AF; confirms that the beam of AF4 is wide enough to
neglect improvement in HPBW of AF; multiplying to AF4. This can be better shown
by providing a comparison between normalized intensities of those minor array
factors. Intensity of those array factors at 8 = 88.21° (8545 for AF1) is demonstrated
and compared to each other in Table 4.3. Those values of Table 4.3 are demonstrated
in Figure 4.12a. It reaches to constant value of 1 through AF3 to AF4 after sharp rise
from AF; to AFs;.  Thus, multiplication of AFs; with normalized intensity of

0.9951 = 1 at § = 88.21° (8345 for AF1) does not improves the HPBW of AF;.

Table 4.2 : HPBW of main lobe of minor array factors demonstrated in Figure 4.10.

Array factors  HPBW(degrees)

AF, 3.58
AF, 7.14
AF3 14.38
AF4 28.96

Table 4.3 : Normalized intensity of minor array factors demonstrated in Figure 4.10
at = 88.21 (6345 for AF1) degrees.

Array factors ~ Normalized

intensity
AF; 0.707
AF, 0.9231
AF; 0.9806
AF4 0.9951

Consequently, convolution of array distributed by I; I, * I3 (8 element with 2A
spacing) with I4; in other words, intertwining more elements between elements of array
distributed by I; * I, * I3 does not improve the HPBW. This is finally confirmed by

values provided in Table 4.4 where HPBW values after respective multiplication of
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minor array factors are demonstrated. In Figure 4.12b and Table 4.4 the amount of
HPBW value sharply drops from 3.582° in AF; to 3.154° in (AF;). (AF,). (AF3). Then,
it tends to reach approximately constant value through 3.154° to 3.142°. In other
words, those amounts of 3.142° and 3.154° HPBWs corresponding to the arrays with
and without AF4, respectively in Table 4.4 confirms that the HPBW of 16 elements
with / distance is not by far different from that of 8 elements with 24 spacing. It should
be noted that the improvement (fast drop in Figure 4.12b) in values of HPBW by
convolving I with I; or multiplying (AF,) to (AF,)is majorly due to enlargement in
the size of array. Although, those intertwined elements can be effective in
improvement of gain beam by elimination of side lobes. But, the use of a highly
directive element eliminating undesirable side lobes will eradicate the need for those

elements.

Table 4.4 : HPBW of main lobe of array factors demonstrated in Figure 4.11.

Array factors HPBW(degrees)
(AF,) 3.582
AF1234 = (AFl) (AFz) (AF3) (AF4) 3.142
g
g /’
= 09
g os
T 07 (a)
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Figure 4.12 : (a) Normalized Intensity of AF’s at 8 = 88.21 (65,45 for AF1), (b)
variety of HPBW by intertwining additional elements.

It is demonstrated that AF; and AF; are the major elements determining HPBW of the
main lobe. While, major role of AF; and AF; are in elimination of minor lobes. As a

result, the role of AF4 in elimination of minor lobes can be substituted by using a
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directive element. The directive element must have radiation characteristics similar to
AF4 to achieve the similar results with only main lobe at 8 = 90°. Direction of the
minor lobe (without AF4) is at 8 = 60° and changes from 8 = 0° to 8 = 60° with
increasing the element spacing from 4 to 24. Therefore, the beam of the element is
required to have a null at the same direction 8 = 60°. Several highly directional
antennas such as in [50] can be used for this aim. Therefore, the array can be designed
with 24 or greater spacing to reduce the number of elements. The optimum element
spacing is corresponding to the direction at which the minor lobe reaches to the null in
the beam of the element. A prototype array antenna is fabricated and measured based

on the results of this section that is provided in Section 4.4.

4.3 Novel Nonlinear Array Antenna Design with Narrow Beam Width

One major requirement in satellite communications is narrow beam width of the
antenna to overcome interferences from neighbor satellites . In some cases, beam width
of the antenna is the major determining factor (in terms of interference) and is more
critical than the SLL. Therefore, a small amount of optimization in the beam width of

the antenna may be effective, although resulting in reduced directivity.

In section 4.2, it is demonstrated that HPBW of the array factor is determined majorly
by larger distributions /; and /> as a measure of the aperture length of the array; more
clearly by the elements placed at ends of the array. Subsequent results confirmed that
those additional interior elements are mostly effective in elimination or reduction of
undesirable side lobes. The idea behind design of the novel nonlinear array is arisen

from these observed characteristics.

In Figure 4.12, placement of additional elements corresponding to I3 and specially /4
do not by far improves the HPBW. As the HPBW is majorly determined by I
(corresponding to AFi), then nonlinear method includes enlarging the distance in
minor component /;. Convolving those other components with larger /; results in an
optimum aperture distribution in which those inefficient interior elements are swept
towards ends of the array. In order to better comparison with linear array consider the
linear array demonstrated in Figure 4.13a in which 8 elements are placed with element
spacing d. A nonlinear array with the same size is demonstrated in Figure 4.13b. This
Nonlinear array can be displayed with two convolutions of minor elements

demonstrated in Figure 4.13c. In Figure 4.13b, di corresponding to /; is selected larger
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than d (in linear array) to increase the density of elements towards the ends of the array.
But, d» and d5 corresponding to /> and /3, respectively must be optimized in a way that
size of both linear and nonlinear arrays become equal. Although, enlarging the spacing
for /1 cause to reduce the spacing in />, but improvement in HPBW due to increased /i

is greater than increase in HPBW due to reduced L.

To simplify the calculation, d3 is determined equal to d>. Therefore, for minor elements
b and I3 element spacing are 2d> and da, respectively. The aperture distribution of the

array can be demonstrated in the convolution form in Figure 4.13¢ same as in section

4.2.
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Figure 4.13 : Aperture distribution of 8 element linear and nonlinear array.

Size of the both linear and nonlinear arrays are the same as in (4.7).
dy +6d, =7d=7A (4.7)

Same as in section 4.2, for nonlinear array in Figure 4.13b, the array factor can be

written as (4.8).

AF = (AF,). (AF,). (AF,) =

d, + 3d, d, d,
[cos (n T cos 9)] . [cos (27‘[ 7 cos 9)] . [cos (n 7 cos 9)]

(4.8)
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Substituting d; 4+ 3d, = 7A — 3d, from (4.7) and d, = d—; , (4.8) can be simplified as

(4.9).

AF = (AF,). (AF,).(AF3) = (4.9)

[cos(n(7 — 3d,) cos 6)] [cos(anz cos 0)] [cos(ndz cos 9)]

Equation (4.9) is simplified to a function of parameters d, and which distributes the
properties of array factor as a function of d, and 8. Two methods can be used to
determine an optimum value for d, resulting in narrower beam or minimum HPBW.
In the first approach, substituting the normalized intensity of array factor
corresponding to HPBW in (4.9) as AF = 0.707 then, (4.9) could be transformed to
achieve O34 (first 8 corresponding to HPBW) as a function of a single parameter d,

as demonstrated in (4.10).

B345(d) = f(d;) (4.10)
Then, applying (4.11),
Taae _ 4.11
d (dy) -11)

Optimum value for d, corresponding to minimum HPBW will be obtained. However,
this approach is not favorable. Then, numerical results of (4.9) can be used to follow
the study. Figure 4.14 shows the HPBW of main beam versus different values of d,.
It confirm the uniform drop of HPBW by regular decrease in d,. It means that HPBW

of the antenna would be reduced constantly by decrease in d,. However, in the
practical use it must be determined in a limited range. Therefore dimensions of
individual element and coupling between adjacent elements also must be taken into

account in the determination of d,,.

Major drawback of the method is great side lobes in smaller amounts of d,. Same as
in section 4.2, those side lobes can be controlled by the use of a directive antenna. But

it is required to moderate level of those side lobes. Array factor of nonlinear array for

d, = 0.7 is compared to linear array in Figure 4.15.
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Figure 4.14 : HPBW of array versus d, ( d, axis is inversely positioned to
demonstrate the HPBW values with increase of d1 whose value inversely

increase by reducing d).
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Figure 4.15 : Array factor for linear (red) and nonlinear array with d,=0.7 (black).

HPBW in Figure 4.15 is improved from 6.38° degrees to 5.6°. But, that 0.6 normalized
intensity shown in Figure 4.15 for side lobes of array factor is not desirable.
Normalized intensity of array factor distributed by (4.9) from 6 = 0°to 8 = 180° by

increase of d, from 0 to 1 is demonstrated in detail in Figure 4.16.
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Figure 4.16 : Normalized intensity of nonlinear array factor in different
values of d, (d, axis is inversely positioned to demonstrate the intensities
with increase of d1 whose value inversely increase by reducing d).
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The beam width at 8 = 90° narrows by decrease of d, from 1 to 0. For d, « 0.4
several side lobes are appeared throughout 6 from 0° to 180°. In d, = 1 there are only
two side lobes at 8 = 0° and 6§ = 180° corresponding to the linear array. The region
encircled by black highlight (0.7 < d, <«0.95) describes an optimum value for d,for
nonlinear array with controlled side lobes. Although, HPBW of array factor is
regularly decreased by the reduce of d,. But, optimum or minimum value for d, is the
amount at which the HPBW of gain pattern is starting to be increased due to great side
lobes. It depends also on directive properties of individual element. In practical
applications such as satellite communication, improvement in HPBW of gain or
radiation pattern will be significant using d, in the range 0.9 < d, « 0.99 with

negligible increase in side lobe levels.

In Figures 4.15 and 4.16, two greater side lobes would be closer to the main lobe by
decrease of d,. It is mentioned that an optimum value for d, can be determined
considering individual element and application of interest with minimum increase in
side lobes. But, as an alternative method to overcome to this problem, (4.9) can be

rewritten as (4.12) with two additional parameters k1 and ko>.

AF = (AF,). (AF,). (AF;) = (4.12)

[cos(m(7 — 3d;) cos 8)]. [cos(k,nd; cos 8)]. [cos(k,md, cos 8)]

The idea behind (4.12) is arisen from the concept of previous section (changing the
position of interior elements to effect the minor lobes). In other words, parameters £
and k> determines the optimum spacing for 12 and I3 corresponding to AF2 and AF3,
respectively to deform the unwanted side lobes. Optimum values for k1 and k> are
determined as 3 and 1.5, respectively and the corresponding spacing’s between the

elements of array are demonstrated in Figure 4.17.

Final dimensions of this array is 8.054 which is greater than linear array. In fact, the
design uses the benefits of both concepts investigated in this section and section 4.2;

more clearly nonlinear array with larger element spacing than A.

Figure 4.18 compares two nonlinear designs based on (4.9) and (4.12). Normalized
intensity of Side lobes close to the main lobe are considerably reduced from 0.6 to

0.33. In logarithmic range of gain beam that value of 0.33 is corresponding to
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approximately -10 dB. Also, it is shown that the larger side lobe is swept from

6 =79.53° to 8 =32.44° which be eliminated using a directional element.

8 elements (nonlinear)
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Figure 4.17 : Nonlinear array based on (4.12).

Figure 4.18 : Comparison between two nonlinear arrays based on (4.9) and (4.12).
4.4 Simulation and Measurement Results Based on Sections 4.2 and 4.3

Based on the results of section 4.2, a 8-element array antenna is analyzed and simulated
by using Ansoft HFSS v.15 to confirm the results. Also, an element antenna is
designed, simulated and fabricated. The 8-element array, is also fabricated based on
the designed element antenna. Then, the corresponding measured results for the S11
parameters and the radiation pattern of the array antenna are provided in this section.
Also, result of the method in section 4.3 is demonstrated by simulation of a planar

array of the same element antenna.
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4.4.1 Simulation of the element antenna

The element antenna used in this thesis and shown in Figure 4.19 is designed based on
[50] with ideal directional properties. Consequently, dimensions of the antenna are
optimized based on the results and discussion presented in [50]. Therefore, details
about the optimized parameters c1, ¢2 and ¢3 shown in Figure 4.19 and the other
parameters in [50] are out of scope of this study and are not studied in this thesis. Those
parameters are optimized to the frequency range of KU band (10-12GHz) based on the
explanations in [50]. However, the unique modification in the structure of the antenna
compared to [50] is its symmetry along the side of the ground plane, and subsequently,
its feed approach. Then, surface current, electric fields and subsequently radiation
characteristics made by the feed and circular patch are demonstrated in this section.
The antenna is designed on a Taconic substrate with relative permittivity of 4.4, tan.

loss of 0.003 and height of 1.02mm.

Curve 1 (cl1) =« Curve 2 (c2)

Curve 3 (c3)

35mm

, y
52mm 7 é

Figure 4.19 : The simulated element antenna.

S11 of the antenna 1s demonstrated in Figure 4.20 which includes two frequency bands
and covers the frequency range between 7-12 GHz.
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Figure 4.20 : S11 of the element antenna.
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The antenna is optimized in a way that its second band is tuned to the desired band
between 10-12 GHz. It’s due to fact that, direction of the current on the circular patch

in the second band causes to a more symmetric beam.

In Figure 4.21, surface currents on the circular patch are demonstrated both for
fundamental mode at the frequency of 8.2GHz (Figure 4.21a) and in the higher mode
at the frequency of 11.5GHz (Figure 4.21Db).
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Figure 4.21 : Surface currents on the circular patch (a) frequency of 8.2GHz, (b)
frequency of 11.5GHz.

Considering Figure 4.21, it can be clearly clarified that different edges of the circular
patch cause to the resonance at the two frequencies of 8.2GHz and 11.5GHz. Validity
of this issue can be simply confirmed by considering the intensity of electric fields on
the circular patch demonstrated in Figure 4.22. In comparison with Figure 4.22a
(8.2GHz), position of the radiating edges of the circular patch in Figure 4.22b
(11.5GHz) are more symmetric with respect to the ground plane. Consequently, it is
expected to have a more symmetric pattern in the frequency of 11.5GHz compared to

8.2GHz.

It is clearly demonstrated that electric fields on the ground plane in Figure 4.23b (11.5
GHz) is in a very symmetric form on the both sides and positions. This is the main
accomplishment made by firstly appropriate feed leading to conduct the surface
currents in the desired direction, and subsequently selecting the proper band. But, the
electric fields on the ground plane in Figure 4.23a (8.2GHz) is not in a symmetric form,

and consequently causes to an asymmetric radiation.
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Figure 4.22 : Electric fields on the circular patch (a) frequency of 8.2GHz, (b)
frequency of 11.5GHz.
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Figure 4.23 : Intensity of electric fields on the parabolic ground,(a) frequency of
8.2GHz, (b) frequency of 11.5GHz.

Figure 4.24 clearly confirms the results observed in Figures 4.21, 4.22 and 4.23 by
demonstrating the symmetry of electric fields in the substrate layer. In comparison
with Figure 4.24a (8.2GHz), intensity of the electric fields in the substrate layer is in a

very symmetric form in Figure 4.24b.

It is clarified that this symmetry observed in Figures 4.23 and 4.24 is the result of the
characteristics observed in Figures 4.21 and 4.22 made by the appropriate feeding and
selecting the proper band. In fact, the major parameters determining the appropriate
surface current in Figure 4.21 are dimensions and position of the feed line beside the
circular patch. For instance, compared to the beam of the optimized antenna with 4 =

10.7mm, the beam of antenna with 7 = 9.5 mm is asymmetrically deformed. Although,
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effect of parameter ¢ ( same as ¢2 and ¢3) on beam of the antenna is also shown in

Figure 4.25.
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Figure 4.24 : Intensity of electric fields in the substrate layer(a) frequency of
8.2GHz, (b) frequency of 11.5GHz.
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Figure 4.25 : Effects of h and c1 on beam of the antenna at the frequency of
11.5 GHz.
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Finally, Figure 4.26 confirms the results shown in Figures 4.21-4.24 by comparing

symmetry of beams of the antenna at the two frequencies of 8.2 GHz and 11.5 GHz.
- “"\-"}%9

— .
=]
o

150 e 150

Figure 4.26 : Beam of the antenna at the two frequencies of 8.2GHz and 11.5GHz.

Although, the symmetrical and directive beam in the frequency of 11.5GHz is achieved
to use for array design with 24 spacing. However, the beam at the frequency of 8.2
GHz is desired enough for use to array design around A spacing. Then, the designed
array can be used as a double band array for both the frequencies of 11.5GHz and

8.2GHz by using a double band or wide band feed network.

Finally, beams of the antenna are demonstrated in Figure 4.27 in both E-plane and H-

plane.
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Figure 4.27 : Beams of the antenna in E-plane and H-plane.
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Normalized intensity of the beam in E-plane in 30 degrees from the maximum pointing
direction is -16dB. This is the direction in which the minor lobe would be placed in
the array with 24 spacing (the black line in Figure 4.27). Therefore, that normalized -
16dB value in the beam of the element antenna is low enough to cancel the minor lobes
of the array factor. Thus, the broadside array with 24 spacing is designed

corresponding to that beam in E-plane.

Also, beams of the antenna in both E-plane and H-plane for both Co-Polarization and
Cross-Polarization are demonstrated in Figure 4.28. Considering the position of
antenna in Figure 4.19, E-plane of the antenna is in z-y plane and H-plane is in x-y

plane.
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Figure 4.28 : Beams of the antenna in E-plane and H-plane and for Co-Polarization
and Cross-Polarization.

Input impedance of the simulated wave-port and that of the antenna with its real and

imaginal parts are demonstrated in Figure 4.29.
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Figure 4.29 : Input impedance of the simulated wave-port and that of the antenna.
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The prototype antenna is fabricated and shown in Figure 4.30.

Figure 4.30 : Prototype of the antenna.

Simulated and measured S11 of the the antenna are compared to each other in Figure
4.31. In high frequency operations such as this design, S11 parameter is very sensitive
to the accuracy of the soldering and connecting segment between the antenna and SMA
connector. Also, a negligible variety in the relative permittivity of the substrate
changes the results. Although, in frequency of 8.2GHz both the measurements confirm
the simulation results. But, sensitivity of the design to the soldering is seen in Figure
4.31 for more than 10dB difference in 8.2 GHz between S11 parameters of those
element antennas in right and left sides of Figure 4.30. This is a deforming factor
mostly in the higher frequency of 11.5GHz which made a considerable undesirable
effect on S11 parameter. However, it is clarified in the following that the soldering and
mounting the SMA connector is performed correctly for the array structure after two

tries.
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Figure 4.31 : Comparison between the simulated and measured S11.
4.4.2 Array simulation and measurement results

In Figure 4.27, beam of the antenna is very directive at E-plane with two nulls at 30

degrees from the direction of the maximum in the beam. Therefore, the array factor
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with 2\ element spacing having two minor lobes at 6 =30 and 6 = 120 degrees is used

to design the array antenna.

The designed feed network with its dimensions is demonstrated 4.32. In the design
with A spacing, the feed network includes 16 power splitters. However, it is seen in
Figure 4.32 that the number of power splitters is reduced to 7. This is the major
achievement of this design causing to reduce the loss. The input port is named as port
1 and the output ports are named as port 2- port 9. In any stage of the feed network a
simple 1(50 ohm) to 2(100 ohm) power divider is used, where, impedance of any
output port is transformed from 100ohm to 50 ohm, by using a 70.71 ohm of a /4
transformer. Width of the lines are calculated considering the properties of the

substrate in 11.5GHz and the lengths are shown in Figure 4.32.

Port 9
Port 8 l
Port 7 I
Porté I
Port 5 I

Port 4 ]

Port 3 [
Port1
70.71 chm-line
> [3.59 mm (A/4)
50 ohm ‘
T
100 ohm-line &)‘
30.12mm(27) QB 100 ohm-line
59 .88mm(4A)

50 ohm

Figure 4.32 : Feed network of the 8-element array.

In order to better observe behavior of the feed network, S parameters are demonstrated.
Figure 4.33 demonstrates the S11-S99 of the ports. The input port is matched in a wide
range, however the output ports are matched in a narrow band. This drawback is due

to low isolation between the output ports made by using standard power dividers.

Also, the S21-S91 parameters in Figure 4.34 demonstrate the ratio of transmitted

power to the output ports which is around -11dB.
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Figure 4.33 : S11-S99 parameters of the feed network.
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Figure 4.34 : S21-S91 parameters of the feed network.

In Figure 4.35, isolation parameters (S23, S24 and S26) of the feed network are

demonstrated.
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Figure 4.35 : S11, S12, S22, S23, S24 and S26 of the feed network.

It is seen that, the S23 which describes the isolation between port 2 and port 3 is

undesirably high. However, this result is more undesirable in phased arrays where
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signals with different phases must be collected, and is not disturbing in the application

of this design using a fixed beam towards the broadside.

Then, the 8-element array antenna with 24 spacing is simulated and shown in Figure

Y
2A =52mm

4.36.

70.19 mm

416mm

Figure 4.36 : The 8-clement array antenna.

Input impedance of the simulated wave-port and that of the antenna with its real and

fJ
Y

Curve Info

imaginal parts are demonstrated in Figure 4.37.
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Figure 4.37 : Input impedance of the simulated wave-port and that of the antenna.

Then, S11 parameter of the designed array antenna is compared to those of the element

antenna and the feed network in Figure 4.38
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Figure 4.38 : S11 parameters of the designed 8-element antenna compared to the
S11 parameters of the element and feed network.
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Radiation pattern of the array in E-plane is demonstrated in Figure 4.39. It is seen that
the normalized intensity of that side lobe at 8= 60° is -16 dB which is corresponding
to the intensity of the element antenna. However, intensity of the side lobe at 8= 120°
is -12dB. The most important achieve is the very narrow HPBW of the antenna around
3 degrees seen in Figure 4.39 between the two points my and ms3. Also, gain of the

antenna reaches to 17.6 dBi.
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Figure 4.39 : Radiation pattern of the §8-element antenna at the frequency of 11.5
GHz at ¢ = 90°.
Also, 3D radiation pattern of the array antenna is demonstrated in Figure 4.40 from
different views. Beam of the antenna in H-plane is not directional due to fact that the
array is established in E-plane. Also, beside those side lobes observed in Figure 4.39
at = 60° and at &= 120° in @ = 90° plane, other sidelobes within 0° < 8 < 60°
and 120° < 6 < 180° at beyond the ¢ = 90° plane (even out of 60° < ¢ < 120°)
are obserbed. It must be noted that this array antenna is designed to be used as a
receiver in geosynchronic satellite system, where it is required and enough to use a
very directional beam in one plane. Therefore, the beam in H-plane and those side
lobes beyond the ¢ = 90° are not disturbing. However, in the following section these

side lobes are cancelled by using another array (nonlinear) in H-plane.
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Figure 4.40 : 3D Radiation pattern of the 8-element antenna at the frequency of 11.5
GHz.

The prototype antennas are fabricated and measured. In Figure 4.41 two sides of the
fabricated 8-element array antenna is demonstrated. However, due to sensitivity of the
design to the soldering section, wrongly mounting SMA connector and using a very
short feed line in the arrival of the first divider, the S parameters did not confirm the

simulation results.

Figure 4.41 : First prototype of the array antenna.

48



Then, the second 4-element antenna is fabricated by using a long feed line and

correctly mounting (and soldering) the SMA connector as in Figure 4.42.

Figure 4.42 : Second prototype of the array antenna.

Consequently, the measured S11 parameter desirably confirmed the simulation results
particularly in the range of 10-12 GHz as demonstrated in Figure 4.43. It was not
possible to continue the process of fabrication and measurement again for 8-eclement
array due to some restrictions. However, the measurements of radiation pattern
provided in the following for the 4-element array confirm the accuracy of the method

for array with 8 or any number of elements.
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Figure 4.43 : Measured and simulated S11 parameter of the antenna.
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Radiation pattern of the 4-element array antenna is measured in the two perpendicular
planes (E-plane and H-plane). The radiation pattern is measured at several frequencies
in the range of 10-12 GHz and the measured results desirably confirmed the simulated
results. However, only the measurements in 11.5 GHz are demonstrated to confirm the
simulated radiation patterns which are provided in the frequency of 11.5 GHz. The
Antenna Under Test (AUT) was placed in 1 meter away from the reference antenna

which was a pyramidal horn antenna to meet the requirement of far field measurement
2
setup that is 2 DT (in which D is the largest dimension of the antenna that is 21 ¢m for

the 4-element array)[27] considering the frequency of operation that is 11.5GHz. Both
the antennas are placed along the line of sight direction of each other with conformity
of polarization direction. Finally, the AUT is rotated with respect to the reference
antenna by using a turntable. The achieved results are provided in Figures 4.44, 4.45

and 4.46.

In Figure 4.44, the measured and simulated radiation patterns are compared with each
other at 11.5 GHz throughout the 0° «< 8 <« 180° in E-plane ( ¢ = 90°, z-y plane) of

the antenna.

20 E-plane, 11.5 GHz
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10 —Measurement
0
@ -10
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Figure 4.44 : Simulated and measured radiation patterns of the 4-element array in
E-plane at the frequency of 11.5 GHz in ¢ = 90° through 0° « 8 «< 180°.

As it is seen in Figure 4.44, the measured beam desirably confirm the simulated beam
particularly in the ranges of main lobe and its adjacent side lobes. The main lobe

around 6 = 90° degrees desirably conform that of the simulated pattern. Also,
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neglecting the nuls of the beam and small variations and shifts, the measured beam
follows and conforms the simulated pattern along the 0° < 6 <« 180°. However, the
beam in E-plane is measured again in the smaller range of 60° << 6 « 120° and is

demonstrated in Figure 4.45.

20 E-plane, 11.5 GHz
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Figure 4.45 : Simulated and measured radiation patterns of the 4-element array in
E-plane at the frequency of 11.5 GHz in ¢ = 90° through 60° « 8 « 120°.

In figure 4.45, the measured values along the main lobe at E-plane and 11.5 GHz again
confirm the simulated beam. The measured value of HPBW is 5.64° that is satisfactory
comparing to the simulated value of 6.2° and confirm the expected results for the 4-
element antenna. The observed gain of the antenna in both of the measurements is 15.2
dBi. Also, intensity of the first side lobes are -12.5 dB less than the intensity of main
lobe as seen in both the Figure 4.44 and Figure 4.45 that confirm the expected values
for the 4-element array. However, this value should be optimized as low as -25 dBi for
practical long range satellite applications by using larger arrays. Intensity of the side
lobes at 8 = 60° and 8 = 120° are also at least -14 dB (with a little shift) less than the
intensity of the main lobe that confirms the intended goals in this design method in
which the number of elements are reduced (by using 24 spacing). It must be noted
that, amplitude of those side lobes (which are in the direction of the second strong
lobes next to the main lobe in array factor with 24 spacing) would be as strong as the
main lobe without using the very directive element antenna. The amount of 5.64°
HPBW that is achieved by the 4-element array can be reached only by using eight

lements by the conventional method with A spacing. Finally, the obtained results of the
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4-element antenna (the achieved 5.64° for HPBW and the desirable levels for the first
side lobes and those at 60° and 120°) confirm the availability of achieving the same
desirable results for the 8-element array (with 24 spacing) and subsequently, confirm

the validity of the calculations in Section 4.2.

Radiation pattern at the same frequency 11.5 GHz is measured in H-plane (8 = 90°

x-y plane) of the antenna that is demonstrated in Figure 4.46.
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Figure 4.46 : Simulated and measured radiation patterns of the 4-element
array in H-plane at the frequency of 11.5 GHz in 8 = 90° through 0° K ¢ K
180°.

The measured beam in Figure 4.46 demonstrates better performance compared to the
simulated beam in H-plane. HPBW value of the antenna in H-plane reach to 35°.
Although, forms of the beams are very similar however, a difference is seen in Figure
4.46 that 1s increasing regularly towards ¢ = 0° and ¢ = 180°. Also, the nulls in the
simulations are not observed in the measured results in E-plane in Figure 4.44 and
Figure 4.45. Along with, Figure 4.44 demonstrates a little shift in the position of the
side lobes. Although, the measurement is performed considering the far field distance
requirements however, it must be accomplished by using a larger distance than 1 mm
to precisely provide equally phased arrival waves through the aperture of the receiver
antenna as is demonstrated in Figure 4.47. There is Ar = 0.38 cm variance between
the transmission distance of the two arrival waves with 0° and 5° angles of incidence

along the aperture of the receiver antenna that makes more than 50° phase difference

considering the wavelength ( % ~ 15% for the two waves with 5° difference in angle
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of arival at 11.5 GHz and in 1 meter ). Then, those minor differences between the
simulated and measured patterns are due to the accomplishment of the measurements

in a small distance.

Reference Antenna

Figure 4.47 : Phase difference between the arrival waves in the aperture of the
receiver antenna.

The achieved values observed in Figures 4.44-4.46 are demonstrated in the Table

4.5.

Table 4.5 : Characteristics of the beams in Figures 4.44-4.46.

Characteristics of Simulated Measured Simulated Measured
the beams E-plane E-plane H-plane H-plane
Gain (dBi) 15.2 15.2 15.2 15.2
HPBW (degrees) 6.2 5.64 60 35
Ratio of the first -13 -12.5 -15 =22
side lobe to main

lobe (dB)

Ratio of the side -14 for @ = 60° -22 for 8 = 60° - -
lobes in 30° next  -12 for 8 = 120° -13 for 8 = 120°
to main lobe (dB)

It is observed that the isolation between the outputs ports of the standard feed network
used in the design is considerably high. Though, it is noted that it is not important for
the aim of this thesis. However, the array is also simulated based on the Wilkinson
feeding network. But, it is not fabricated due to the high fabrication costs and also high
losses in the Wilkinson dividers. The simulated structure is shown in Figure 4.48 with

its dimensions and properties.

Also, S parameters of the feed network based on Wilkinson divider are compared to

those of the standard feed network in Figure 4.49.
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Figure 4.48 : Wilkinson feed network at the frequency of 11.5GHz.
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Figure 4.49 : Comparison between the S parameters of Standard and Wilkinson feed
network.

Then, the antenna is also designed based the Wilkinson feed network and is shown in
Figure 4.50. Also, S11 parameters of the antennas with standard and Wilkinson based

feed network are compared to each other in Figure 4.51.
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— o =
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¥

Figure 4.50 : Designed antenna based on Wilkinson feed network.

54



S11

— Normal Feed
— Wilkinson

T
12.50 13.00

T T T
10.50 11.00 11.50 12.00

Freq [GHz]

Figure 4.51 : Comparison between the S11 parameters of antennas with standard
and Wilkinson based feed network.

Beam of the element antenna presented in Figure 4.19 in H-plane is not as directive as
the beam in the E-plane to design a planar array with 24 spacing between all the
elements. However, linear array of that array antenna shown in Figure 4.36 (8-element
array) with A spacing is developed in H-plane ( y-x plane), resulting in a planar array
such as that demonstrated in Figure 2.2. Simulated radiation pattern of the planar array
antenna is demonstrated in Figure 4.52. Gain of the antenna reachs to 28dBi. Also, the

large side lobes seen in Figure 4.40 are canceled by using this planar configuration.

Figure 4.52 : 3D beams of the planar 8§ X8-array antenna.

Then, a planar array is developed based on the nonlinear array of the 8-element antenna
in (y-z) plane by using the results of Section 4.3. The planar array antenna is
demonstrated in Figure 4.53 in which the 8-element antennas (designed with 24

spacing) are arranged in the nonlinear form with d; and d> Spacing’s.
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Figure 4.53 : The 88 planar array antenna (nonlinear array of the 8-element array
antenna).

Main lobe of the beam of that nonlinear array is compared to that of the linear array
and demonstrated in Figure 4.54.

— Array 1

— Array 2

Array 3
Array 4

m2 m1g,

m1 90.0000 90.0000 27 3291
m2 90.0000 90.0000 26 6634
m?3 87.0000 87.0000 23 7849

Figure 4.54 : Compared main beam of nonlinear arrays in H-plane.

In this Figure, arrayl is the 8 X8-planar array (linear array of the 8-element array) with
26mm (4) spacing. Array 2 is 8X8 planar array (nonlinear array of the 8-element array)
with di = 38mm and d> = 24mm spacing’s and array3 is with d; = 50mm and d» =
22mm spacing’s. Parameters d1 and > are defined in Figure 4.13. It should be noted
that the simulations’ analysis are performed up to limited steps (due to the limitation
of the computer memory where number of meshes in the simulation reached over 1
million) to only demonstrate the effect of nonlinear design on the beam. However,
simulation results of array2 and array3 demonstrated narrower beam compared to
arrayl, as seen in Figure 4.54, that is the aim of the nonlinear method proposed in
Section 4.3. Points mi, mz and m3 are mentioned in Figure 4.54 as measures of HPBW
of arrayl and comparison between the HPBW of the beams. Array 4 demonstrates the
beam of array 3 with one more step of analyses accuracy in simulations. The amount
of improvement in Figure 4.54 may be seen small due to fact that > is selected in a
range having smaller deformed effect on side lobes and the improvement will be

increased by more reduce of d>.



5. CALCULATION OF A COMPACT EXPRESSION FOR THE ARRAY
FACTOR AND DIRECTIVITY OF BINOMIAL ARRAY WITH NO
RESTRICTION ON ELEMENT SPACING

5.1 Introduction

Antenna arrays possess several capabilities, such as fast electronic beam steering,
reconfigurability, conformal characteristics and adaptive pattern reshaping [23].
Configurability of the beam of array antennas is their most favorite property. In some
array structures such as smart array antennas, the beam of array antenna can be formed
in order to achieve preferred aims such as low SLL. In many of the practical
applications, such as in radar, imaging or satellite communications [22], it is required
to reduce the SLL of the radiation pattern of an antenna array [18,19] to minimize
interference from unwanted sources (or the interference made by adjacent satellites in

satellite communication)[20].

Several designs have been proposed to reduce the SLL of array antennas. The most
favorite approaches are the use of Genetic Algorithms (GA) as in [24-26]. However,
most of the designs lead to a limited level of improvement in SLL. Binomial arrays

with the element spacing equal or less than 4/2 have no minor lobes [27].

In general, Binomial arrays demonstrate the most favorite property in term of SLL.
However, no compact expressions exist for the array factor and directivity for binomial

arrays with no restriction in element spacing, except for 4/2 element spacing [27,55].

In this section, a formal procedure is proposed to derive compact expressions for the
array factor and directivity of binomial arrays. The properties of Pascal’s triangle, upon
which the excitation coefficients of the binomial array are based and distributed, are

used to obtain the compact expressions.

It is demonstrated that the excitation coefficients of an N-element binomial array can
be expressed as an (N-2)th convolution of the two-element binomial array. Then, the
array factor and directivity of the entire binomial array is obtained using the properties

of Fourier transform.
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5.2 Properties of Pascal’s Triangle and the Excitation Coefficients of the

Binomial Array

In this section, a formal procedure is outlined to derive compact expressions for the
array factor and directivity of the binomial array, with no restriction in element spacing

and number of elements.

The excitation coefficients for the binomial array are distributed by a series using the
binomial expansion presented in [27,56]. The coefficients of the series expansion for
different values of N can be demonstrated by using Pascal’s triangle, as in Figure 5.1
for 6 elements (up to 10 elements in [27]). The elements in Figure 5.1 are uniformly
spaced with d spacing along the z axis. While d is the total separation between the
elements, another separation s is introduced as in Figure 5.1 (s = d/2), to conveniently

illustrate the derivation; z = 0 represents the physical center of the array.

Center of Arrays &
n(N=1).. .S AN
I(N =3) o ! 65’ L o z
Ii(N = 4) ’ 1 gty 11, z

6 4 i

AR s S| NN (R SN

Figure 5.1 : Distribution of the excitation coefficients for binomial arrays in the
form of Pascal’s triangle up to 6 elements along z axis.

Assume that all the elements are fed without a progressive phase shift. Then, the
excitation distributions for the binomial array composed of different number of

elements can be written as listed on Table 5.1.

Table 5.1 : Amplitude excitation distribution for the binomial arrays composed of
different number of elements.

Number of Array amplitude excitation distribution
elements
[6(z+s)=68(z+5s)+6(z—5s)]
N=1 [,(z) = 8(2)
N=2 I,(z) = 8(z+5s)
N=3 I5(z) = 26(z) + 6(z £ 2s)
N=4 I,(z) = 36(z+s) + 8(z £ 3s)
N=5 Is(z) = 66(z) +46(z+2s)+68(z+4s)
N=6 I,(z) =108(z +s) + 56(z + 3s) + 6(z + 5s)
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The amplitude excitation coefficients demonstrated by Pascal’s triangle in Figure 5.1
exhibit a regular behavior. The most apparent property is that, as the number of
elements increases, the amplitude of the central elements increases compared to the
amplitudes of the ones at the edges. This behavior, along with its symmetry on both
sides of the z axis, is very similar to the properties of the convolution of two symmetric
distributions [52]. On the other hand, convolution of two distributions with N; and N>
elements has N1+N»-1 elements. Therefore, considering the number of elements in the
consecutive rows of the Pascal’s triangle (which is regularly increased with one
element), the rows in Pascal’s triangle are developed by convolving their previous row
with another two-element distribution resulting in an increase of only one element.
Consequently, taking into account the second row of Pascal’s triangle which includes
only two elements and convolving (* indicates convolution) its excitation distribution

I,(z), shown in Table 5.1, with the first row I, (z), as in (5.1)
8(zxs)*11(z) =8(zxs)*8(z) =8(zxs) =1,(2) (5.1)

confirms that the convolution of the excitation distribution of the first row with
8(z + s) results in the second row I,(z) of the excitation distribution of the binomial

array (the procedure for this and the following convolutions is demonstrated in Section

4.2).
Thus, the observed properties in Pascal’s triangle are confirmed. Continuing with the
second row of Figure 5.1 and convolving the second excitation distribution I,(z) of
Table 5.1 with 6(z % s), as in (5.2), results in the excitation distribution of the third
row I5(z).
8(z+s)x1,(z) =6(z+s)*8(z+s) (5.2)
= 26(z) + 6(z £ 2s) = 15(2)

This procedure is continued for the third, fourth and fifth rows, and it lead to (5.3),
(5.4) and (5.5).

8(zts) x13(z) =6(z+ts) *[26(z) + 6(z + 2s)] (5.3)
=38(z+s)+6(z+3s) =1,(2)
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8(z+s)x1,(z) =6(z+5s)*[38(z+s)+ 6(z+3s)] (5.4)
= 66(z) +46(z+2s)+6(z+4s) =1:(z)

8(z+s)x1s(z) =6(z+t5s)*[686(z) +48(z+2s)+6(z+ 4s)] (5.5)
= 108(z+s)+568(z+3s)+6(z+5s) =1,(2)

In (5.1) - (5.5), it is demonstrated that convolving each of the excitation distributions
in rows 1 to 5 of Pascal’s triangle with the two-element distribution of the second row
I,(z)= 6(z + s) results in the excitation distribution of their next row of Pascal’s

triangle.

To demonstrate the procedure, but due to space limitations, only a limited number of
convolutions (up to six elements) are provided in (5.1) - (5.5). As a result, the
amplitude excitation coefficients of the binomial array with different number of the

elements can be written as indicated on Table 5.2.

Table 5.2 : Excitation distribution for the binomial arrays composed of different
number of elements.

NumpgRet Array amplitude excitation distribution
elements

N=1 [,(z) = 6(2)

N=2 I,(z) = 86(z+5s)

N=3 I5(z) = 1;(2) * 1,(2)

N=4 I4(z) = 1,(z) * 1,(2) * 1,(2)

N=5 I5(z) =1,(2) * [(2) * 1,(2) * 1;(2)

N=6 lg(z) =1,(z) * I,(z) * 1,(z) * 1,(z) * 1,(2)

The most significant result which can be derived from Table 5.2 is that the excitation
distribution of all the arrays is represented in terms of only the two-element array with
8(z + s) distribution. More clearly, it is confirmed that the higher-order distributions
in all the rows of Pascal’s triangle can be demonstrated by simple multiplicative factors
I,(z) of the second row of Table 5.2. Therefore, the array factors corresponding to
those excitation distributions of binomial arrays can be expressed using only the array
factor of the two-element binomial array; it is, due to this basic characteristic, why
binomial arrays demonstrate a limited number of minor lobes. This issue is

demonstrated in the following section and in Figure 5.3.
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5.3 Derivation of the Array Factor and Directivity for the Binomial Array

The normalized array factor of equally spaced N elements with uniform unit excitation,
including even elements (N = 2M) or odd elements (N = 2M+1) with reference point

at the physical center of the array, can be written as (5.6) [27]

(N-1)
1 7 (N-1
ARy == ) ) (5.6)
Y =kdcos8 +f (5.62)

where k is the wave number, d and f are the spacing and progressive phase shift
between the elements, respectively, and O is the observation angle with respect to the

Z axis.

Since the binomial array excitation distribution is related to its array factor through a
direct Fourier transform [27,53,54], the array factor can be derived through an inverse
Fourier transform. To demonstrate this, consider (5.7) in which the placement of

discrete elements are distributed as the sum of (6) functions along the z axis.

(N-1)

W@ = Y 86 [n- ()| 67

n=0

Consequently, it can be observed that the array factor in (5.6) is formally the inverse
Fourier transform of the excitation distribution of (5.7); also (5.7) is the Fourier
transform of (5.6). Therefore, if the excitation distribution of an array is represented
by a convolution of minor components, its array factor can be demonstrated by
multiplication of minor array factors, corresponding to those minor components, using

the multiplication and reciprocity properties of the Fourier transform [52].

The two-element binomial array illustrated in Figure 5.1 or Table 5.2 can be
considered as a two-element linear array with uniform and unity excitations.

Therefore, the respective array factor can be written as (5.8) by using (5.6).

AFyN=,(6) = cos G 1/)) = cos (% kd cos 9) (5.8)
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From Table 5.2, the excitation distribution for a three-element binomial array can be

written as (5.9)

L) = L3 * L1 (5.9)

Therefore, from (5.9) and using the multiplication property of the Fourier transform,

the array factor for a three-element binomial array can be written as (5.10).

AFy=(0) = [AFno ONAFxo@)] = [cos (59)][cos (3¥)] 10

Consequently, the array factor for all the binomial arrays, with 1-6 elements whose

excitation distributions are listed in Table 5.2, are tabulated in Table 5.3.

Table 5.3 : Array Factor calculation for the binomial arrays composed of different

number of elements demonstrated in Figure 5.1.

Number of Array amplitude excitation distribution
elements
N=1 AFN-1(0) =1
1
N=2 AFy=,(0) = [cos (E 1]})]
1 2
N-3 AFy=3(8) = [AF=, O = [cos (59|
AFy_4(0) = AFN=3(8) AFy-,(0) = [AFN=2(9)]3
N=4 13\
- o )
AFy_5(0) = AFN=4(0) AFN=,(0) = [AFN=2(9)]4
N=5 1 \1*
= [cos v)
AFy=6(8) = AF\_5(6) AFN—2(0) = [AFN—,(8)]°
N=6

)

The process illustrated for arrays with up to 6 elements can be continued and expanded

to derive the array factor for arrays with larger number of elements.
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Following such a procedure, the array factor for a general N-element linear binomial

array with even or odd elements, can be written as (5.11).

AFN(6) = [AFy_1(0)][AF,(8)] = AF3Y~1(6) (5.11)

N-1 N-1

~Jos )] = s s

From [27], the radiation intensity U(8) of corresponding array factor can be written as

(5.12).

2N-2

U(®8) = [AFN(8)]? = [cos (% kd cos 9)] (5.12)

Based on (5.12), its maximum value (U4, ) occurs for 6 = /2 and it is unity, while

its average value U, is represented by (5.13).

1 2T T
Uy = —f f U(0) sinb do de (5.13)
an )y Jo

1 2T (T 1 2N-2
— Ef f [cos (E kd cos 0)] sinf df do
o Jo

The directivity Do of a binomial array, based on its basic definition [27] and with no
restriction in element spacing and number of elements, can be expressed as in (5.14)
[as the array factor in (5.12) is only a function of @ ]. For the special case of element
spacing d = A/2, (5.14) reduces to the same expression as in [27]; this is another

evidence that confirms the validity of (5.14).

U 2
Dy = T — (5.14)

f; [COS (% kd cos 9)] sin@ d@

By substituting u = % kd cos 8 and p = 2N — 2, (5.14) can be written as (5.14a)

kd (5.14a)

kd/2
f_kd/z[cosu]p du

D0:
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It should be noted that the cosine integral in the denominator of (5.14a) can be
represented in terms of a hypergeometric function F; [57] as in (5.14b).
sin(u) cosP*1(u) ,F, (%’sz; P ; 3 ; cosz(u))

(p + 1)4/sin?(u)

The directivity of a binomial array with undetermined element spacing and arbitrary

f cos?(u) du = — (5.14b)

number of elements is achieved in (5.14). It is not simply possible to study the
characteristics of the binomial array without using compact expressions for the array
factor or directivity of the binomial array composed of arbitrary number of elements
and undetermined spacing between the elements. In most of the designs, such as the
binomial array, aim of using array antennas is to achieve high level of the directivity.
It is demonstrated that binomial arrays with maximum spacing of /2 do not provide
any side lobes [27,58]. But, the behavior of the directivity could not be simply studied

or demonstrated without using (5.14).

5.4 Properties of the Binomial Array

The directivity of the binomial array can be simply demonstrated for an arbitrary
number of elements and undetermined spacing between the elements using (5.14),
such as in Figure 5.2. The directivity increases monotonically with increment of the
element spacing up to the maximum of /2, in the absence of side lobes. as it is shown
in Figure 5.2 for different number of elements. It’s due to fact that the binomial array
with maximum element spacing of 1/2 does not provide any side lobe. Subsequently,

as the element spacing is increased up to 1/2, the directivity increases (Figure 5.2).

Do(directivity)

0 0.125A 0.25A 0.375A 0.5A
d( element spacing)

Figure 5.2 : Directivity of binomial array for different number of elements with
spacing up to A/2.
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The array factor for a binomial array with different element spacing and different

number of elements is shown in Figure 5.3, using (5.11).

\\ =3 element Ly — 5 element Iﬂ wea 10 element
-==10 element ! — 5 element

Figure 5.3 : Array factor of a binomial array for different number of elements
(a) element spacing of 1/2, (b) element spacing of A, (c) element spacing
of 21.

It is demonstrated that for an element spacing of 1/2 there is no any side lobe. In
Figure 5.2, it is shown that the directivity is increased monotonically in the absence of
side lobes. However, the element spacing must be increased greater than A/2 in order
to achieve higher level of the directivity. The more the element spacing increases, the
more the directivity increases. On the other hand, the more the side lobes enlarge (with
element spacing larger than A/2), the more the directivity decreases by a factor
corresponding to those side lobes. Therefore, at a critical point (in spacing axis in
Figure 5.4), the unwanted decrease in the directivity due to enlarged side lobes would
be more than the increased directivity due to the enlarged element spacing. But, at a
critical point between A/2 and A the directivity would be decreased due to enlarged
side lobes. Consequently, determination of an optimum element spacing to achieve the
maximum directivity is a critical step in the design of a binomial array. This issue is

demonstrated for the arrays with different number of the elements in Figure 5.4.

It can be seen from Figure 5.4 that the critical point or optimum spacing (which gives
maximum of the directivity for binomial arrays) is different for the arrays with
different number of the elements. The maximum or optimum spacing for the three-
element binomial array in Figure 5.4 can be considered as approximately 0.77A which
is remarkably different from the values of 0.84 and 0.841 observed for five-element

and ten-element arrays, respectively. The line highlighted by blue color in Figure 5.4
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contains the optimum values of element spacing for the arrays composed of different

number of the elements.
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Figure 5.4 : The directivity of the binomial array for different number of elements
with spacing up to A.
It can be seen in Figure 5.3 that number of the side lobes for the arrays with a
determined element spacing but containing different number of the elements is the
same and limited. More precisely, number of sidelobs for binomial arrays is
independent of the number of the elements in array. This property is more significant
in comparison with uniformly fed arrays. Using element spacing’s of A and 24, only
produces one and two side lobes, respectively. Therefore, this property can be
considered as the additional advantage of a binomial array due to fact that the limited
number of side lobes can be simply moderated or cancelled using a special element

antenna.

The side lobe appeared at €= 0 degrees in the element spacing of A (Figure 5.3) would
be narrowed and shifted monotonically up to &= 60 degrees in the range of element
spacing between A and 2A. Therefore, the greater the spacing is increased from A to
27, the more the side lobes would be narrowed. Consequently, at another critical point
(between A and 24) the directivity begins to increase due to monotonically narrowed
side lobes (shifting from & = 0 towards &= 60). But, the lobe at =0 degrees would
appear again in a spacing between A and 21 as the second side lobe causing to decrease
the directivity at a third critical point. These repeatedly increases and decreases of the
directivity after a critical spacing’s up to 41 are demonstrated in Figure 5.5 by using

(5.14).
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In Figure 5.5, it can be seen that the amplitude of ripples between those critical points
(maximum and minimum directivity) is regularly decreased after 44 spacing
(demonstrated by red color in Figure 5.6). for a ten-element array, tolerance between
the maximum and minimum directivities (between the critical points) from A to 44 is

decreased from AD; = 4.6to AD, = 1.1.

In narrow band applications, the element spacing which gives the maximum directivity
at the first critical point in the range between 0.54 and A may be considered as the
optimum spacing. However, the directivity is suddenly decreased by increasing the
element spacing from A to 1.24 in all the arrays with three, five and ten elements
(Figure 5.5). Therefore, the element spacing around A is not favorable for use in wide
band applications. The spacing larger than A or 24 must be used in the wide band
applications where stability of the directivity over the total band is more essential than

the amount of the directivity.

Do(dimensionless)

= N Wk o

2\
d(element spacing)

Figure 5.5 : The directivity of the binomial array for different number of elements
with spacing up to 4A.
In some applications it is required to achieve a constant directivity with stability over
wide range of frequency bands. However, most of the systems, such as in amplifiers,
show a linear rise or drop versus the frequency. The section of the curve in Figure 5.5
(for N=10), which is highlighted by grey color, shows the region of linear rise and
drop. along with having maximum directivity. Region of the linear increase includes
over 100% bandwidth for the ten-element array. Also, region of the linear decrease
includes over 10% bandwidth for the ten-element array. A uniform and constant
output can be achieved over a wide band by using the binomial system having linear
output with rise or drop (highlighted by blue color in Figure 5.5 for N=10), along with

a system with the similar linear but inverse characteristic. Optimum number of the
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elements must be determined in order to accurately adjusting slope of the directivity
in inverse proportion to the slope of rise or drop in the output of the linear system.
Therefore, output of the whole system can be accurately stabilized over a wide range
of frequency band by selecting optimum number of the elements and optimum element

spacing.
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6. CONCLUSIONS AND RECOMMENDATIONS

In this thesis, novel methods of array antenna design for use in satellite communication
are studied. In fact, the methods are developed based on appropriate use of array
factors along with special element antennas. Three design methods are proposed to
fulfill each of the three critical parameters of satellite communication (small
dimensions, effective feed and narrow beam width) in Chapter 4. Validity of the
proposed methods are demonstrated by theoretical calculations. However, the methods
are also confirmed by simulation results and measurement (only for section 4.2) of
fabricated antenna. Besides these methods, a method for calculation of the array factor
and directivity of Binomial arrays, as the efficient array in terms of SLL, is presented
in Chapter 5. Achieved results of all the methods are described in detail in the

following.

The method in section 4.1 is proposed for array design with smaller aperture compared
to the available designs. Compared results of the simulated two-element array (having
A/2 spacing) with single element antenna confirmed a 4.5dBi raise of the gain which
cannot be achieved by using conventional method (4 element spacing). Then, four-
element arrays with variable spacing’s are simulated and compared. The results
confirmed that array antennas with smaller element spacing having desired directivity
can be designed. The most interesting side of the design is its simplicity, which is only

based on selection of a special element antenna.

Efficiency may be considered as the most critical side of the antennas used in satellite
communication. It is due to fact that high number of elements are required to be used.
The method in section 4.2 describes a simple and effective method to design low loss
arrays compared to complicated and high cost approaches such as waveguide feeding.
The method is based on reducing the number of elements. The eight-element (with 24
spacing) array factor based on this method is compared to the sixteen-element array
factor (with A spacing). Comparison between 3.14° and 3.15° HPBW Results achieved

by 16-element and 8-element array factors, respectively confirmed the accuracy of the
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method. In fact, both the array factors result in the same HPBW, where the array with
22 element spacing includes low number of power splitters(seven) compared to the
array with A element spacing with high number of power splitters (fifteen). Also, an
array is simulated and fabricated by using this method. The approximate amount of
HPBW 3.2° for the simulated 8-element array confirmed that 3.15° value achieved in
the calculations for the 8-element array factor. It is demonstrated that an element
antenna with a very directive beam must be used to cancel the minor lobes. Then, the
antennas with 4 and 8 elements are fabricated based on the proposed method. But, due
to some restrictions, it was possible to measure the 4-element array antenna. Measured
S11 parameter of the antenna accurately confirmed the simulated values. Finally,
radiation patterns of the 4-element antenna in E-plane and H-plane are measured and
desirably confirmed the simulation results. HPBW of the measured beam in E-plane
reached to 5.64° that verified the simulated value of 6.2° and confirmed the ability of
the antenna with a very directional beam in a single plane to be used in geosynchronous
satellite applications (but number of the elements must be increased for long range
satellite applications). Also, the measured beams demonstrated desirable low side
lobes near to and at 30° next to the main lobe (direction of the second strong lobe in
array factor with 24 element spacing) that confirm the accuracy of the proposed
method to N-element array design with 24 element spacing with reduced number of
the power splitters compared to the conventional method. However, number of the
elements must be increased to achieve very lower side lobes for practical longe range

satellite applications.

In section 4.3, a practical method is proposed to achieve narrower beam without
increasing number of elements or dimensions of the array. A nonlinear array with
optimized element spacing’s is proposed and compared to linear array. Simulated
results of eight-element array demonstrated at least 0.5° optimization for HPBW with
acceptable level of SLL depending on the properties of element antenna. Amount of
the improved HPBW is shown versus a variable range of nonlinearity. Then, the
practical HPBW range for satellite communication is demonstrated, where small

amount of optimized HPBW is valuable.

The studied approach and their results in Chapter 4 are advantageous to optimized
different parameters of an array antenna. However, the most critical side of array

antennas is their SLL which is the subject of Chapter 5 of this thesis. Binomial arrays
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have been accepted as attractive array designs in terms of SLL. In this Chapter,
compact expressions for the array factor and directivity of binomial arrays, with no
restriction in element spacing and number of elements, have been derived and
illustrated. The basic properties of Pascal’s triangle and Fourier transform are used to
derive them. Using these expressions, the array factor and directivity performance and
the existence or absence of minor lobes, have been studied in detailed. Also, the impact
of binomial array designs to stabilize the characteristics of associated communication
systems, by proper selection of the optimum number of elements and associated

element spacing, has been discussed.

As the future work, the proposed array configurations in this thesis will be developed.
The desirable measurement results of the fabricated antenna that is designed based on
Section 4.2 attracted the attention of geosynchronous satellite system. Therefore, it is
aimed to develop the array antenna in a planar configuration in a way that can be
fabricated in a single plane or on a single substrate layer by using an other novel
method which is a combination of Broadside and Endfire array configurations. The
primary simulations demonstrated very desirable results and will be developed.
Furthermore, the second future work will be the design of a double-band array antenna
based on the 8-element array antenna proposed in this thesis. In fact, the proposed
antenna which is designed with 24 element spacing for 11.5 GHz can be simply used
also for the 8 GHz frequency band with A element spacing with the same structure but
having a different feed. Then, it will be possible to construct an effective double-band
array antenna by using an effective feed network. The final recommendation and aim
for the future work will be the design of an array antenna based on the Binomial

method.
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