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DESIGN OF THE FOUR-ARM DUAL POLARIZED SINUOUS ANTENNA
WITH A NEW FEEDING APPROACH

SUMMARY

The several application of electromagnetics to the progression of technology have
demanded the investigation and exploitation of a wider frequency spectrum.
Moreover, emergence of broadband systems has necessitated the design of broadband
antennas. Therefore, it is most desirable to design an antenna which is lightweight,
simple and cost-effective operating over a wide frequency bandwidth. One candidate
of antennas that meets most of the desired properties from the range of wideband
antennas is the Sinuous Antenna. The sinuous antenna is an ultra-wideband, planar or
conical shaped, self-complimentary geometry, frequency independent input
impedance and can produce broadside radiation patterns with dual circular or linear
polarization across broad beamwidths with a good gain across the entire frequency
band. Because of its superior broadband characteristics and simultaneous polarization
capability, the sinuous antenna has several applications in both the civil and military
systems such as electronic warfare systems, direction finding systems, reflector-based
searching systems, radio astronomy, radar and imaging systems. The key factor that
limits the popularity of the sinuous antenna is the complexity of its feeding network.
Virtually, the sinuous antenna has an unlimited bandwidth and the only limiting factor
is its feeding network. In this thesis the four-arm sinuous antenna is design using two
new feeding approaches. The proposed feeding approaches are done by modification
of the standard fed sinuous antenna design by DuHamel (1987). The standard feed-
point geometry of the four-arm sinuous antenna is practically impossible to be fed
using a microstrip balun. Therefore, modifications must be made on the feed-points to
practically fit in a microstrip feed line. The work on this thesis begins by free space
simulation and analysis of the standard fed four-arm sinuous antenna . Then a
substrate is added to the radiating four arms and the antenna properties such as the s-
parameters, radiation patterns, gain, input impedance and axial ratio of the antenna
with the substrate is analyzed. After the analysis of the standard antenna with substrate,
two different modifications are implemented on the feeding point of the standard
antenna. The modifications are made in such a way that a microstrip balun can be
incorporated with the modified feed-points without causing much damage to the
characteristics of the antenna. With the new modified feed points, the input impedance
is determined so that the output of the balun can be calculated. Furthermore, the
characteristics of the modified antennas are analyzed and compared. After the
determination of the input impedance of the modified antennas, an exponential
microstrip balun consisting of two feed lines to feed the two ports of the sinuous
antenna are design. The baluns are then integrated with the modified antennas and both
antennas are analyzed and compared. The sinuous antenna without a cavity-backed
reflector has a bidirectional radiation pattern which is not desirable in most application.
Therefore, the antennas are integrated with a metallic cavity and analyzed. The
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analysis of the cavity-backed is based on the cavity filled with an absorbing material
or without an absorbing material. Although in most cases, the cavity of the sinuous
antenna is loaded with an absorbing material. Performance of the antennas with and
without cavity backed show a good return loss, good gain, desired radiation patterns
and low axial ratio compared to the modified feed antennas in literature. Additionally,
a prototype of one of the proposed feeding structure is fabricated and measured in an
anechoic chamber from 2-5GHz which is the intended working frequency bandwidth.
A good agreement is observed between the simulated and measured results.
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YENI BiR BESLEME YAKLASIMI ILE DORT KOLLU DUAL POLARIZE
SINUOUS ANTEN TASARIMI

OZET

Son donemde elektromanyetik teori ve ilgili alanlarda saglanan teknolojik gelismeler
ve bunlarla baglantili uygulamalar giderek daha genis bir frekans spektrumunun
incelenmesini ve bu genis bant araliginda calisacak sistemler tasarlanmasini zorunlu
kilmaktadir. Dahasi, bu genis bantli sistemlerin hizla yayilmasi ve kullanima girmesi
genis bantl anten tasarimini oncelikli aragtirma ve gelistirme konular1 arasinda iist
siralara tasimaktadir. Dolayisiyla, hafif, tasarimi ve tiretimi kolay, diisiik maliyetli, ok
genis bir frekans bandinda kullanilabilecek anten tasarimlarinin degeri ve Onemi
giderek artmaktadir. Bu siralanan 6zellikleri haiz genis bantli anten tipleri arasinda en
kayda deger olanlardan biri spiral anten olarak adlandirilir. Bu tip antenler istenen
genis bantli uygulamalar i¢in en uygun adaylardan biridir. Spiral anten, ultra genis
bantli, diizlemsel veya konik sekilli olabilen, frekanstan bagimsiz giris empedansina
sahip bir anten tipidir. Bu antenlerin enine 1s1mali bir radyasyon paterni vardir. En
onemli 6zelligi olarak tiim frekans bandinda genis bir demet genisligiyle ve yiiksek
kazangla 1s1ma yapar. Gene bu genis bant araliginda ikili dairesel veya diizlemsel
polarizasyon kullanimma uygun bir yapisi vardir. Iste bu genis bant karakteristik
ozellikleri ve simiiltane polarizasyon kabiliyeti sayesinde spiral antenler hem sivil
hem de askeri ¢esitli uygulamalarda yaygin olarak kullanilmaktadir. Bunlarin arasinda
elektronik harp uygulamalari, yon bulma sistemleri, yansitici bazli arama sistemleri,
radyo astronomisi, radar ve goriintiileme sistemleri sayilabilir. Spiral antenlerin daha
yaygin olarak kullanilmasinin 6niindeki en biliyiikk engel besleme devresinin
karmasgikligidir. Spiral antenin kollar1 arasinda faz uyumunun saglanmas: oldukca
karmasik ve pahali besleme sistemlerinin kullanilmasini zorunlu kilmaktadir. Teorik
olarak spiral antenlerin bant genisligi sinirsiz olmasina ragmen pratikte besleme
devresi bant genisligini sinirlamaktadir.

Bu kisitlama goz Oniinde bulundurularak bu g¢alismada dort kollu spiral antenin
beslenmesi i¢in iki yeni yaklasim gelistirilmis ve anten tasariminda uygulanmistir. Bu
yeni gelistirilen besleme sitemleri DuHamel (1987) tarafindan ortaya konulmus
mevcut standart spiral anten beslemesinin modifiye edilmesi ile elde edilmistir.
Gelistirilen besleme sistemi simetrik olmamakla beraber yine de spiral antenlerde
istenilen ikili polarizasyon karakteristigini koruyacak sekilde optimize edilmistir.
Standart besleme noktasi geometrisi kullanildigr durumda dort kollu spiral antenin
mikroserit balun kullanilarak beslenmesi miimkiin degildir. Dolayisiyla pratik
uygulamalarda mikrogerit bir hatla antenin beslenmesi i¢in besleme noktalarinda
degisiklik yapilmasi gerekmektedir. Bu tezdeki ¢calismlarda baslangi¢ olarak standart
dort kollu spiral antenin bos uzaydaki davranisi incelenmistir. Bu amacla antenin
bosluktaki 1s1masi simiile edilmis ve sonuglar analiz edilmistir. Daha sonra asamada
ise 1s1yan dort kollu anten yapisina bir substrat eklenmis ve anten karakteristik
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Ozellikleri analiz edilmistir. S-parametreleri, 1s1ma paterni, anten kazanci, demet
genisligi, giris empedansi gibi karakteristik 6zellikler tizerinden substuratin dort kollu
spiral antenin davranigina etkisi incelenmistir. Standart anten ve substratin davranisi
analiz edildikten sonra antenin besleme noktasinda bu ¢aligmanin temelini olusturan
iki farkli degisiklik yapilmistir. Bu degisiklikler yapilirken géz 6niinde bulundurulan
temel husus mikrogerit balunun dort kollu spiral antenin bos uzay simiilasyonlarinda
gbzlenmis olan karakteristik 6zelliklerinde fazla degisiklik yapmadan sisteme entegre
edilmesidir. Standart anten tasariminda mikroserit balunun besleme noktasindan
yapiya entegrasyonu anten karakteristiklerine ciddi zarar vermektedir. Burada
arzulanan besleme noktasinda yapilan modifikasyonlarla bu zararin asgariye
indirgenmesidir. Bu amag tez ¢alismasinin temel motivasyonunu olusturmaktadir. Bu
asamada antenin girig empedansi gerekli degisiklikler yapilmis yeni besleme noktalari
g0z Online alinarak belirlenir. Bu giris empedansinin dogru sekilde belirlenmesi sistem
tasarimi agisindan hayati oneme sahiptir ¢iinkii besleme devresinin ¢ikist bu giris
empedansi degerine gore tasarlanmaktadir. Dolayisiyla sonraki agamada bu deger g6z
Oniine alinarak balunun ¢ikisinda gozlenecek karakteristik ozellikler hesaplanabilir.
Bu asamada antenin keskin ug¢larinin modifiye edilmesiyle diisiik frekanslarda anten
kaybini azaltacak bir degisiklik daha yapilmistir. Bu islemlerle beraber degistirilmis
yeni dort kollu spiral anten tasariminin karakteristik 6zellikleri de analiz edilip eski
standart anten tasarimiyla karsilastirilmistir. Uzerinde degisikler yapilmis antenlerin
giris empedanslart hesaplandiktan sonra spiral antenin iki portunu besleyecek iki
besleme hattindan olusan eksponansiyel mikro serit balun tasarlanmistir. Balun
uyumsuz ve uyumlu uglar1 uygun sonlandirilarak test edilmis ve kayip degerleri
Olciilerek empedans uyumu icin bu balunun kullanilabilecegi gosterilmistir. Bu
balunun tasarimi ve modifiye edilmis spiral anten yapisina entegrasyonu
tamamlandiktan sonra ortaya c¢ikan yapinin biitiinii analiz edilmis ve bir kez daha
mevcut standart dort kollu spiral anten yapisiyla sonuglar karsilagtirtlmistir. Burada
yapilan simiilasyonlar ve analizler tasarlanan yapinin yiiksek kazang ve diisiik yansima
kaybina sahip oldugunu ortaya koymaktadir. Bu simiilasyonlarda gozlenen diger bir
durum da antenin ¢ift yonlii (bidirectional) 1s1ma paternine sahip oldugudur. Bu
gbzlem tez ¢aligmasinin ikinci kismina kaynaklik olusturmaktadir.

Bu tez calismasinin ikinci kisminda boslukla desteklenmis yansiticilarin (cavity-
backed reflector) anten davranisi lizerindeki etkisi analiz edilmis ve bu yapilarin spiral
anten yapisina entegrasyonu saglanmistir. Bu islemin arkasindaki temel motivasyon
metalik boslukla desteklenmis yansiticilarin anten karakteristikleri iizerindeki olumlu
etkisidir. Bu etki 6zellikle spiral antenlerin verimliligine 6énemli katki saglamaktadir.
Boslukla desteklenmis yansitici kullanilmayan spiral anten yapilarinda ¢ift yonli
(bidirectional) 151ma paterni gozlenmektedir. Bu durum pek c¢ok pratik uygulamada
istenmeyen etkiler olusturmaktadir. Bunu géz oniinde bulundurarak bu ¢alismada dort
kollu spiral anten tasarimina boslukla desteklenmis yansitici entegre edilmistir. Bu
entegre yapr analiz edilirken boslugun emici bir malzeme ile dolduruldugu ve
doldurulmadan sadece hava icerdigi iki farkli durum incelenmis ve anten
karakteristikleri karsilastirilmistir. Yapilan karsilastirmalar sonucu emici maddenin
kullanildig1 durumda anten karakteristiklerinin istenilen ozelliklere daha c¢ok
yaklastig1 gozlenmis, ve bunun sonucunda incelenen durumlarin ¢ogunda spiral anten
emici bir maddeyle doldurulmus bosluk destekli yansiticiyla entegre edilmis halde
kullanilmistir. Emici madde geriye dogru yonelen radyasyonu absorbe ederek istenilen
1s1ma paterninin olugumuna katki vermektedir. Bu maddeyi eklemenin bir diger etkisi
de diisiik frekanslarda uyumlulugu arttirmasidir. Genel olarak bu ¢alisma kapsaminda
gelistirilen dort kollu spiral anten tasarimlarinin yansiticili veya yansiticisiz  her iki
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durumda da literatiirde mevcut modifiye anten beslemelerine kiyasla daha yiiksek
kazan¢g ve daha diisiik yansima kaybina sahip olduklari analiz sonuglarindan
anlasilmaktadir. Isima paterni de yine yansiticili ve yansiticisiz her iki durum igin de
pek cok uygulamada istenilen karakteristiklere sahiptir. Bu g¢alismada tasarlanan
antenin testleri sadece simiilasyon ortaminda yapilmamis ayn1 zamanda pratik olarak
da olciimler yapilmistir. Bu amagla tez kapsaminda gelistirilen besleme tiplerinden
birine sahip bir spiral anten prototipi iiretilmis ve test edilmistir. Olciimler istenilen
calisma bandi olan 2-5 GHz aralifinda yapilmistir. Bu 6l¢lim sonuglari simiilasyon
verileriyle deneysel 6l¢iimler arasinda yiiksek seviyede bir uyusma oldugunu ortaya
koymustur.
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1. INTRODUCTION

The term sinuous can be defined as “moving in a twisting, curving, or turning, or
having many curves”. Thus the sinuous antenna can be described as an antenna with
zigzagging curves created in an alternating way. The dual polarized sinuous antenna
was first invented and patented by DuHamel in 1987 [1]. The purpose of this invention
was to design a wide bandwidth antenna which has two orthogonal senses of
polarization. To be more precise, the sinuous antenna invented by DuHamel was
designed to have a dual circularly polarized pattern and bandwidth characteristics
identical to the singly circularly polarized log-spiral and Archimedes antennas. Before
the invention of the dual polarized sinuous antenna, the Archimedes spiral and log-
spiral antennas were implemented for many years to basically offer frequency
independent performance over highly wide bandwidths. The most valuable type of
spiral antennas used in applications such as direction finding and surveillance systems
were mainly characterized by the following characteristics: two-arm cavity backed
planar configuration with unidirectional rotationally symmetric patterns, a very small
axial ratio and a unique sense of circular polarization over a hemisphere. Although the
Archimedes and log-spiral antennas have important properties such as frequency
independence, achieving both sense of circular polarization lead to problems such as
feeding complexity and antenna dimensions. DuHam’s main aim was to achieve an
antenna having practically unlimited bandwidth, frequency independent
characteristics, dual senses of circular polarization and having radiation pattern
comparable to the spiral antennas. The log-periodic antennas which is also a frequency
independent antenna defined by angles was a good candidate in achieving the
properties mentioned above. With a bit of modification in the parameters of the
periodic antenna, DuHam invented a quasi-log-periodic sinuous antenna consisting of
N conducting arms, where N is larger than two, emerging from a focal point and placed
on a conical surface or a plane. The arms of the antenna swing up and down with
growing radius over a sector of the surface and are specified by sinuous curves which

are quasi-log-periodic or log-periodic in nature. Furthermore, the arms are placed at



equal distance and are identical such that the antenna structure is unmodified when
rotated 360/N about its central axis.. Because of its planar configuration capability, the
sinuous antenna has become familiar in many wideband applications in both the civil
and military fields. There are several commercially available sinuous antennas for

different frequency ranges found in market today.

1.1 Purpose of Thesis

The sinuous antenna is an ultra-wideband (UWB) antenna and can offer a variety of
applications for UWB systems. Compared to the spiral antennas, the sinuous antenna
has superior characteristics which are very useful for many UWB applications. It’s an
antenna that can be implemented as a planar antenna, it has a frequency independent
property, and has a dual linear/circular polarized radiation pattern with a single
aperture. With all its superiority, the sinuous antenna also has its drawbacks and one
of its main contributors for the unpopularity of the sinuous antenna is its feeding
network. In this thesis two new type of feeding approach is proposed for the four arm
sinuous antenna. Additionally, a cavity backed reflector is integrated with the antenna
in order to improve the gain of the antenna and an overall better performance across

its working frequency.

1.2 Literature Review

Before the 1950s, the available broadband antennas with broadband impedance
characteristics and broadband pattern possess bandwidths not higher than about 2:1.
An evolutionary discovery which expanded the antenna bandwidth significantly to
40:1 or further was accomplished in the 1950s. The antennas developed by this
discovery were named frequency independent and their configurations where defined
by angles. These antennas where mainly utilized in the 10-1000MHz region in multiple
applications such as TV, point-to-point communication, feeds for reflectors and lenses

etc.

1.2.1 Frequency independent antennas

The theoretical breakthrough of frequency independent antennas were first introduced
by Rumsey [2] and theoretical simplification for three dimensional structures was

made by Elliott [3]. In antenna theory basics, the impedance and the pattern



characteristics of any radiating element can be defined by its unique shape and size
with respect to the wavelength at a specified operating frequency. A frequency
independent antenna is defined as an antenna that does not change its properties when
scaled arbitrarily to a larger or smaller size and this theory is valid given that if the
scaled version of the structure stays the same as the original or its rotated form. The
antenna scale modeling theory states that, properties like pattern, polarization,
impedance etc. are invariant to a change of physical size if the same change is likewise
carried out in the wavelength or operating frequency. For instance, suppose all the
physical dimensions of the antenna are decreased by a factor of three, then by
increasing the operating frequency by a factor of three will hinder the performance of
the antenna to remain same. In short, the performance of the antenna is unvarying if
the electrical dimensions stay unchanged. Hence, by the theory developed by Rumsey,
the pattern and impedance properties would have to be independent of frequency if the
configuration of the antenna where totally defined by angles [1].

Research and design of wideband antennas have been focus for antenna engineers
since the 1940s. The biconical antenna was designed and its performance was
described using Maxwell’s equations by Schelcunoff in 1943 [4]. Furthermore, he
introduced analytical equations for antenna impedance characteristic for numerous
antenna configurations of identical shape to the biconical. The biconical is still a
widely used antenna and its discovery has inspired the development of several types
of antennas such as the planar bow-tie antenna created by Brown and Woodward in
1952 [5]. Instigated by the work of Rumsey, a new class of frequency independent
antennas was introduced in the 1950s. The Equiangular and Archimedean spiral
antennas were introduced first and spiral antennas are known to realized up to 10:1
bandwidth while offering circular polarization in a small low profile structure [5][6].
As advancement it’s been done on spiral antennas, DuHamel and Isbell developed the
first ever successful log-periodic antenna integrated with a self-complimentary
geometry comprised of two angular strips supporting curved teeth [6]. Since there were
some limitations with the spiral antennas in achieving dual polarization over a wide
bandwidth, inspired by the log-periodic antenna, DuHamel invented and patented the
sinuous antenna. For many years, a broadband antenna that can simultaneously allow
orthogonal senses of polarization has been of interest to researchers and different

methods have been utilized to achieve such requirements using spiral antennas and



cross-log periodic antennas with little success. The main encountered problems where
due impractical size, complex feeding network, mismatch E and H plane radiation
pattern, or not frequency independent [1][6]. DuHamel figured out that a
circumferential current distribution is the solution in aligning the E and H plane
radiation pattern beamwidths and for the purpose of minimizing the antenna size, he
designed a zigzagged geometry. Finally, the sinuous antenna maintained the
characteristics of spiral antenna including low profile, small size, gain and beam

widths while offering dual linear or dual circular polarization.

1.2.1.1 The biconical antenna

As shown in Figure 1.1, the biconical antenna is an uncomplicated configuration that
can be utilized to realize broadband characteristics constructed by placing two cones
of infinite length together. The working principle of the biconical antenna is based on
the fact that the thicker the radiator or wire, the wider the impedance bandwidth and
supposed the conductors were flared there will be a further increment in the bandwidth
[7]. Although the biconical antenna geometry can be entirely defined by angles, the
current on its geometry does not weaken with distance away the input terminals and
lack of limiting pattern form with frequency. It is evident that there is phase but no
amplitude changes with the radial distance Rp. Thus the biconical configuration cannot
be shortened to create a frequency independent antenna [8]. Additionally, the biconical
is not planar and does not have UWB capabilities but it initiated the research towards

increasing the bandwidth of antennas.

Figure 1.1 : Biconical antenna.



1.2.1.2 Equiangular spiral antenna

One of the existing geometrical structures whose surface can be entirely described by
angles is the equiangular spiral antennas. Consequently, it meets all the requisite for
frequency independent antennas geometries. The curve along the surface of the
equiangular antennas extend to infinity, therefore, in order to define finite size of the
antenna it is essential to assign the length of the arm. The minimum frequency of
operation take place when the total arm length is analogous to the wavelength [9]. The
pattern and impedance characteristics are frequency independent for all frequencies
above this. The surface of the equiangular planar spiral curve can generated by the

equation:

s = e*f(n) (1.1)

where s represents the distance along the surface or edge and f(n) is given by

f(m) = (Aé(% = n)) (1.2)

Here, A is a constant and § represents the Dirac delta function. Using (1.1) reduces
(1.2)to

Sl a=p= {Aea‘/’ — poea((P_fpo) n= 7{/2 } (13)
n=3 0 elsewhere
Where,
A= poea(‘P“Po) (1.4)

In wavelengths (1.4) can be given as:

Ae??

=—= Aeale-in(D/al — geale—p1) (1.5)

Pr=

>

Where,

¢ = %ln(/l) (1.6)

An alternative form is given as:



Q= %ln(%)=tan¢ln(§)=tanlp(lnp—lnA) (1.7)

where 1/a is the rate of growth of the spiral and # is the angle between the radial
distance p and the tangent to the spiral, as depicted in Figure 1.2 (a). The total length
L of the spiral can be found by

1
L= (p1— po) /1 +; (1.8)

Where p, and p; correspond to the inner and outer radii of the spiral. Several kinds of
structure can be used to generate different forms of the spiral antenna system. Figure
1.2(b) is generated when ¢, in (1.3) is chosen as 0 and 1 while the geometries in Figure

1.2(c) and Figure 1.2(d) are generated when ¢, = 0, n/2, © and 37/2.

@) (b)

©) (d)

Figure 1.2 : Spiral wire antennas: (a) Single spiral. (b) Two spiral (¢, = 0, 7).
(c) Multi spiral ( @ =0, 7/2, , 37/2). (d) Multi spiral (o= 0, /2,
m, 31/2).



Additionally, an equiangular metallic solid surface, designated as P and Q, can be
generated by determining the curves of its edges, using (1.3). As shown in Figure 1.3,
the system is consisting of the two conducting arms, P and Q represents a symmetrical
system. The definite length Lo spiraling along the center line of the arm specifies the
finite length of the structure. The whole structure can be entirely specified by the
rotation angle §, the arm length Lo, the rate of spiral 1/a, and the terminal size p.
Furthermore, each arm is generally tapered at its end, shown by dashed lines in Figure
1.3 (a), to offer a better matching termination. With § = w2 the antenna is self-
complementary, as defined by Babinet’s principle [9], and its input impedance for an
infinite structure should be 188.5 =~ 60m Qs. Similarly, same analytical procedure can
be used to create another type of spiral antenna called spiral slot which is formed on a
large conducting plane as shown is Figure 1.3 (b). To keep the overall balance of the
antenna, the slot antenna can be easily feed by a balanced coaxial arrangement which
makes it the most practical [10].

(b)
Figure 1.3 : Spiral plate and spiral slot antennas: (a) Single plate. (b) Two slot.

1.2.1.3 Log-periodic antennas

In 1957, DuHamel and Isbell invented another antenna structure which closely
analogue the frequency independent notion [6]. The concept of log periodic antennas
is based on the fact if an antenna is transformed or its rotated form when scaled by a
specific constant I" it would become a periodic function with similar characteristics at
frequencies f and I'f. Considering that the period of the periodic function is of the
logarithmic form (|log I'|), they are referred to as log periodic antennas [11]. Generally,

log periodic antennas are specified by angles and a scale factor y. It is possible to limit



the deviation of performance by within the required band by setting y approximately
to zero. Additionally, quasi-log-periodic antenna are formed if y and or the angles

depended on a particular parameter of the dimensions of the antenna.

A planar log periodic is comprises of a metal strip whose edges are defined by the
angle «/2 as shown in Figure 1.4(a). Nonetheless, for the purpose of specifying a length
from the origin to any point on the configuration, a distance attribute have to be
incorporated. Therefore, using spherical coordinates, the shape of the structure can be

given as:
k = periodic function of [b In ()] (1.9

an instance of a structure is given as:

K = KgSin [b In (rio)] (1.10)

from (1.10), it is apparent that the values of x are recurrent every time that the
logarithm of the radial frequency In(w) = In(2xf) varies by 2a/b. A periodic system
performance as a function of the logarithm of the frequency is obtained. Hence, the
name log-periodic or logarithmic-periodic.. A linearly polarized log-periodic antenna
is given in Figure 1.4(b). It comprises of two coplanar arms configuration and the
pattern created is unidirectional toward the tip of the cone created by the two arms.
Even though the patterns of the presented log-periodic and similar configurations are
not entirely frequency independent, there is a small variation in amplitude of certain

designs. Therefore, basically, they are frequency independent.

While examining the current distribution on surface of the geometry depicted in
Figure 1.5(a), DuHamel realized a sharp attenuation with the field on the radiators with
distance. This implies that maybe there is a substantial current intensity at or almost
the edges of the radiators. Consequently, the decision to remove the inner surface to
create a wire antenna as shown in Figure 1.5(b), shouldn’t critically affect the antenna
performance. This discovery lead to a much simpler, lighter in weight, cheaper, and

less wind resistant antenna.



Pattern goes
to zero

Radiation
pattern

Pattern goes
to zero

(b)

Figure 1.4 : Typical metal strip log-periodic configuration and antenna structure:
(a) Metal strip log-periodic configuration. (b) Log-periodic metal strip
antenna.

Feed

(@) (b)

Figure 1.5 : Planar and wire logarithmically periodic antennas: (a) Planar. (b) Wire.



Given that the configurations of Figure 1.5 utilize uniform periodic teeth, the

geometric ratio of the log-periodic structure is defined by

Rn

y = (1.11)
Rn+1
the width of the antenna slot is also defined as:
rn
X = 1.12
Roes (1.12)

The period of operation is defined by the geometric ratio = in equation (1.11). for
instance the geometric ratio y is related to two frequencies f1 and f. which are separated
by one period as

Y= jfT:: f2>f (1.13)
Suppose that the edges or the wires of the plates of the structures shown in Figure 1.5
are linear instead of curved, then the structures are reduced to the trapezoidal tooth
log-periodic as shown in Figure 1.6. Such streamlining lead to more suitable

fabrication geometries with practically no loss in performance.
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Figure 1.6 : Planar and wire trapezoidal toothed log-periodic antennas: (a) Planar.
(b) Wire.
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Typically, these geometries have similar performance like the planar spiral structures.
The major key difference is the log-periodic configurations are linearly polarized

instead of circular.

1.2.1.4 Dipole array

To the armature person, the log-periodic antenna shown in Figure 1.7(a) is the most
familiar antenna structure developed by Isbell [8]. The configuration is comprising of
series of side-by-side parallel linear dipoles generating a coplanar array. Compared to
the Yagi-Uda antennas, dipole antennas have somewhat lesser directivities but they
are realizable and sustained over much wider bandwidths. Although their significant
differences between them. For instance, while a single element of the Yagi—Uda array
is directly excited by the feed line, while the rest act like parasitic elements, all the

elements of the log-periodic array are connected.
The lengths (1,,'s), spacings (R,,'s), diameters (d,,'s) and gap spacing at the diapole
centers (s,'s) of the log-periodic array expand logarithmically as defined by the

inverse of the geometric ratio y given by

l:l_zz ln_+1: &: Rn+1: %: dn+1 25_2: Sn+1
r ll ll Rl Rn dl dTl S1 Sn (114)

The spacing factor ¢ is another parameter that is commonly related to the log-periodic

antenna given by

o = Rn+1 - Rn
TR (1.15)

As seen in Figure 1.7(a), the log-periodic antenna possess the frequency independent
characteristics when an angle 2u is created by the straight lines that meet through the
dipole ends. Figure 1.7(b) and 1.7(c) shows the two fundamental methods of feeding
the log-periodic antenna. While Figure 1.7(d) shows a more practical method using a
coaxial cable as a feed line to achieve the 180" phase reversal between adjacent

elements. Feeding is done at the small end of the configuration in all cases.
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Figure 1.7 : Log-periodic dipole array and associated connections: (a) Dipole array.
(b) Straight connection. (c) Crisscross connection. (d) Coaxial

connection.
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1.2.2 Antenna radiation pattern

An antenna radiation pattern or antenna pattern is defined as “a mathematical function
or a graphical representation of the radiation properties of the antenna as a function of
space coordinates. Usually, the patterns are defined using spherical coordinates
implemented in the Fairfield region of the antenna where the magnitudes of electric
and magnetic fields have inversely proportional dependence on constant radius r. A
suitable set of corordinates used to describe the dependence of the patterns
on the angles is shown in Figure 1.8. This set of coordinates will also be used as a
reference for the placement of the sinuous antenna in this thesis. In this thesis, all the
antennas are positioned at the origin and placed flat in the xy plane. Without a reflector,
the sinuous antenna is bidirectional broadside antenna. Therefore 8 = 0" and 8 = 180°
can represent two oppositely directed radiation lobes directed in the positive and
negative z-direction respectively. For analysis purpose, two-dimensional radiation
patterns will be presented. The set of standard cuts will be taken at ¢ = 0" and ¢ =
90. Analyzing the antenna at these angles should give a complete narrative of the

general three dimentional performance of the antenna.

Elevation plane

Figure 1.8 : Coordinate system for antenna analysis.
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1.3 The Sinuous Antenna

From the previous information discussed, the sinuous antenna is considered as
frequency independent log-periodic or quasi-log antenna meaning that it is specified
by angles and design ratio 7. The sinuous antenna is created with N “arms” consisting
of P “cells” that are scaled in dimensions with respect to each other. The P cell can
vary from the biggest, first and outermost cell to the smallest and innermost cell P

where R, represents the outer radius of the Pt cell. As mentioned in [1], the sinuous

curve is generated for the P™ is defined by the equation:

180In (m/Rp)
ln(rp)

A= (=P ay, sin Rys1 <m < R, (1.16)

Where a,, is a positive number determining the angular width and the ratio 7, = RR”
p-1

is the ratio of the inner and outer radius of cell P as shown in Figure 1.9(a). The sinuous
curve follows the log-periodic principle if T and a are constants and is considered as

quasi-log periodic if 7, and a,, are dependent on the cell number.

Generating the sinuous arm from the sinuous curve requires the addition of a new

parameter delta . The parameter a,, + & is responsible for shifting two curves and

creating an arm while doing so as shown in Figure 1.9(b). Therefore, the sinuous arm

equation can be written as:

180in (m/Rp>
ln(rp)

A= (=P ay sin +6 Rypy <Sm <R, (1.17)

The designed parameters of the sinuous antenna mention above are design friendly in
the sense that it is up to the designer to choose the appropriate dimensions but there
are some know constrains that needs to be considered. For instance, the sum of 7, and
& are known to affect the gain, efficiency, and frequency response of the antenna and
therefore should be carefully chosen. In [1] and [6] good gain efficiency is maintain
when 7, + 6 < 70°. For an N arm sinuous antenna & is the parameter that is used to

satisfy the self-complimentary property. Therefore, The frequency independence of
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the sinuous antenna heavily depends of the delta parameter §. The self-complimentary

condition of the sinuous antenna is given as:

180

- = (1.18)

SINUOUS
CURVE

(b)

Figure 1.9 : The sinuous geometry: (a) Sinuous curve. (b) Sinuous arm.

For a self-complimentary configuration, the input impedance of each antenna arm-pair

is given as:

60m
Z=—"1goy X (1.19)
Sin ( )

N

Practically, for a sinuous antenna design on a substrate, the input impedance is
expected to be less than the value given in (1.19) due to the effects of the dielectric
substrate. There is a direct relationship between the bandwidth and the physical
dimension of the radius of the sinuous curve. The R, and R, parameters define the
lower and upper frequency limits and can be achieve due to the approximate relation

given as :
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A
2m(a, +6) ~ > (1.20)
Therefore,
AL An
R, 4 _ 4 (1.21)

HCEDECET)

Where 4, and A, are the lower and upper frequencies for the required bandwidth. To
implement a balance feeding network for the opposite arms of the antenna, it is
advantageous to decrease the radius R, by half. Furthermore, when the design
parameter T which is defined as the ratio of the inside to the outside radius of each cell
approaches unity, there is an increment in the number of cells and therefore generates
a lower progressive change between each radiating region. Based on this property,

higher resolution in frequency radiating parts are created.

When designing a sinuous antenna, it is paramount as a designer to be able to make a
good trade-off between the totality of coupling between the neighboring arms, between
the size of the arms, the amount of loss, the number of cells and the amount of

frequency radiating resolution.
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2. SINUOUS ANTENNA DESIGN

2.1 Antenna Geometry and Design Specifications

Figure 2.1 : Sinuous antenna design parameters.

Figure 2.1 shows the design parameters required to generate a single arm of the sinuous
antenna where 7 is the growth rate, « is the angular width, § is the rotation angle, Di
is the inner diameter and Do is the outer diameter. Additionally, P is the number of
cells per arm. After the single arm is generated the other 3 arms can be created by a
rotating the single arm 90°,180° and 270° respectively. The lower frequency of the
antenna may be decreased by increasing the outer diameter of the antenna and vice
versa. Similarly, the upper frequency may be increased by decreasing the inner
diameter of the antenna and vice versa. The default design for a self-complementary
antenna with rotation angle § = 22.5 degrees which gives average input resistance over
the band close to 267Qs, i.e. the Deschamps value for an infinite four-arm self-

complementary antenna with appropriate excitation [1].
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2.2 The Standard Four-Arm Sinuous Antenna Simulation

Initially, the standard self-complimentary antenna with an input impedance of 267Qs
Is designed. The design parameters for the intended frequency band are taken as § =
22.5, a = 45°and t = 0.8. For these parameters the inner and outer diameters are
given as Di = 12.72 and Do = 76.34. Figure 2.2(a) shows the orientation of the
generated four arm sinuous antenna with 9 cell arm (P = 9). This antenna is first
simulated in free space without a substrate. Two opposite arms where used to form a
single port and each is feed using a discreet port with reference input impedance at
both ports as 267Qs as shown in Figure 2.2(b). All the simulations are performed using

CST microwave studio.

4 p

/,(b)

Figure 2.2 : The standard four arm sinuous antenna: (a) Antenna orientation.
(b) Discreet port feeding.

2.3 Performance of the Standard Four Arm Sinuous Antenna

First, S-Parameters of the antenna is analyzed. Figure 2.3 shows the s;4, S,5, S,; and
S1, parameters of the antenna. It can be seen that the antenna has less than -15dB for
both the s;, (return loss of port 1) and s,, (return loss of port 2) parameters over the
2-5GHz frequency range. The s,; and s,, parameters also indicates a good isolation

between the two ports.
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Figure 2.3 : The s-parameters of the standard four-arm sinuous antenna.

Furthermore, the far-field monitors were added in the simulation in order to monitor
the performance of the antenna over the desired frequency band. As mentioned earlier,
the antenna is positioned at the origin and placed flat in the xy plane as shown in Figure
2.2(a). Therefore , the set of standard cuts will be taken at ¢ = 0" and ¢ = 90° in
order to analyze the radiation pattern of the antenna. Since the antenna is symmetric
as seen from Figure 2.3, in this case only one port is analyzed. Figure 2.4 shows the
radiation patterns for ¢ = 0" and ¢ = 90° at different frequency points. Without a
cavity backed, the four-arm sinuous antenna possesses a bidirectional radiation pattern
for all frequencies as depicted in Figure 2.4. In addition, the 3D radiation patterns are
also shown for some selected frequencies in Figure 2.5. The frequency independence
property of the antenna can be evidently seen since the patterns are all identical to each

other.
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Figure 2.4 : Radiation patterns of the standard four-arm sinuous antenna: (a) fo =

2GHz, ¢ = 0. (b) fo = 2GHz, ¢ = 90°. (c) fo = 3.05GHz, ¢ = 0". (d) fo =

3.05GHz, ¢ = 90°. (e) fo = 4.1GHz, ¢ = 0°. (f) fo = 4.1GHz, d = 90°. (g)
fo=5GHz, ¢ = 0". (h) fo = 5GHz, ¢ = 90",
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Figure 2.5 : Radiation patterns of the standard four-arm sinuous antenna: (a) fo =
2GHz, ¢ = 0. (b) fo = 2GHz, ¢ = 90°. (c) fo = 4.1GHz, $ = 0°. (d) fo
= 4.1GHz, ¢ = 90°. (€) fo = 5GHz, ¢ = 0. (f) fo = 5GHz, ¢ = 90°.
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To analyzed the dual circular property of the four arm sinuous antenna, the orthogonal
arm pairs are exited +90° out of phase with respect to each other and the axial ratio of
the antanna is ploted across the frequency band. Figure 2.6 shows the axial ratio for
the selected frequency points for ¢ = 0" and ¢ = 90° cuts. Minimum AR below 1dB

is displayed for both cuts across the bandwidth.
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Figure 2.6 : The axial ratio of the standard four arm sinuous antenna at: (a) & = 0°.
(b) d = 90°.
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And finally, Figure 2.7 shows the maximum gain taken at broadside of the antenna
thatisat® = 0" and ¢ = 0" across 2-5 GHz frequency bandwidth . It can be seen that
there is a downward notch around 2.6 GHz and this can be due to the sharp edges of

the antenna as mention in [12]. Otherwise the is a steady increase in gain across the

frequency bandwidth.
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Figure 2.7 : The maximum gain at broadside of the SFASA ¢ = 0°.
2.4 The Standard Four-Arm Sinuous Antenna with Substrate

Although the sinuous antenna without substrate exhibits excellent performance in
terms of its gain, radiation pattern and beamwidth, the antenna needs to be fabricated
and therefore requires to be placed on a substrate. In [13], different types of substrates
with different dielectric properties and thickness were investigated. The results suggest
that the addition of a substrate with different thickness decreases AR beamwith in most
cases. It was further stated that the 0.254 mm Duriod substrate resulted in the smallest
level of deterioration in performance. For this thesis ,the Rogers 0.81mm-R04003C
with relative permittivity of £, = 3.38 is used as a substrate due to its aviability within
the thesis duration and it’s also used as a substrate in [14][15]. In addition, it was
mentioned before that the addition of a substrate will reduce the input impedance form

267Q to lower input impedance [13].
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To analyze the new input impedance with the addition of a substrate, the Rogers
0.81mm-R04003C substrate is integrated with the four arms as shown in Figure 2.8(a).
The input impedance of the two ports is varied to find the optimum input impedance.
Figure 2.8(b) shows the return loss of a single port when the input impedance of the
ports is varied from 276Q to lower input impedances. According to the Figure 2.8(b),
the average input impedance at the balance port that can be fed with a realizable balun

is around 185 Q. Therefore, the baluns should be designed according to this input

impedance.
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Figure 2.8 : Input impedance analysis of the SFASA with substrate: (a) Antenna
with substrate. (b) S-parameters.
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Furthermore, the radiation patterns of the integrated four arms antenna with the

substrate is also analyzed. The patterns depicted in Figure 2.9 show similar

bidirectional performance as the antenna without substrate. Figure 2.10 shows the

maximum gain of the antenna which is also similar to the maximum gain obtained with

the antenna without substrate. Finally, the axial ratio of the standard antenna with

substrate is also analyzed for ¢ = 0" and ¢ = 90 standard cuts shown in Figure 2.11

the axial ratio is below 1dB similar with the axial ratio without substrate across the
intended bandwidth.
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180

Theta / Degree vs. dB1

(a)

Farfield Realized Gain Abs (Phi=90)

0

ot &

[S Vo

-

30

=2 GHz
-= 3.05 GHz

<ees 4.1 GHz

N
"

150

180

~ 7150

Theta / Degree vs. dB1

55

wn

GamThetaOPhi0
== (GainTheta0Phi0)
/\—_______.—--—-——‘ e
W /
2 25 3 33 4 45 5

Frequency / GHz

25

Figure 2.10 : Gain at broadside of the SFASA with substrate.

(b)



Farfield Axial Ratio (Phi=0)

40 1=
"‘:: —2GHz
35 [ ==3.05GHz
‘g see+ 4.1 GHz
(I
)
30.! B
l' .
\
it

-90  -80 -60 -40 -20 0

20 40 60 80 90
Theta / Degree (a)
Farfield Axial Ratio (Phi=90)
40 yzs !
s —2GHz
35 ; =-=3.05GHz
4 e 4] GHz
1L
30 ‘\i :
L
[} -
25 31§t
& T
\
m g
2 20 ’\"
Vo~
\
15 4+
10
5
0 e
-90 0
Theta / Degree

(b)
Figure 2.11 : Axial ratios of the SFASA with substrate: (a) ¢ = 0°. (b) ¢ = 90°.

2.5 Modification of the Sharp Ends of the Four-Arm Sinuous Antenna

The sinuous antenna is known to resonate in two forms: a log-periodic resonance on
the arms, and a resonance due to the sharp ends left by the outer truncation. The
resonance due to the sharp ends is known to degrade the performance of the antenna
especially in lower frequencies and such resonances produce late time ringing, which
is particularly troubling for pulsed close-in sensing applications [16, 17]. Figure

2.12(a) shows the modification method proposed in [12] to remove the sharp end
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resonances of the sinuous antenna. The proposed method improved the gain to have a
smooth resonance in the frequency bandwidth. In this thesis, the outer edges of the
antenna are removed by blending the edges to have a circular shape instead of pointy
edge as shown in Figure 2.12(b). Figure 2.14 shows the effect of new proposed
modification on the return loss of the antenna and an improvement in return loss of the

antenna at lower frequencies is observed.

_--~Sharp End
] L

(a)

(b)

Figure 2.12 : Sharp end modification of the SFASA with substrate: (a) Modification
in [12]. (b) New modification.
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Figure 2.13 : Effect of Sharp end modification on the return loss of the antenna.

2.6 Feeding point Modification

Another important factor to be considered when designing a sinuous antenna is how
to smoothly connect the feeding network to the antenna without causing much damage
to the symmetry of the antenna. The type of feeding used in Figure 2.2(b) is not a
practical type of connection to connect the two ports to a feeding network. Therefore,
the four arms of the antenna must be modified in order to practically fit in a feeding
network. It should be noted that the modification of the arms causes the neighboring
arms to have an asymmetric geometry thus reducing the performance of the antenna
especially at higher frequency since the modifications are done at the center on the
geometry which is the high frequency area. Although, with an optimized modification,
the antenna can still maintain its fundamental properties. There are several types of
feed modifications suggested in literature. Figure 2.14 shows the different type of

feeding modifications proposed in [18], [14] and [15] respectively.
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Figure 2.14 : Feeding modification of the FASA: (a) Modification in [18].
(b) Modification in [14]. (c) Modification in [15].

In this thesis two new type of modifications were introduced and for reference
purposes they will be named as Feedl and Feed2. In the Feed1 modification, all four
arms are placed on top of the substrate as shown in Figure 2.15(a). Two opposite arms

are used to create each port resulting in a two port configuration. The two positive
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arms are design in such a way that they will be on same side in order to easily connect
it to the feeding network and same as the two arms that will be connected to the ground.
The four arms are connected to the bottom of the substrate via 0.5mm diameter pins.
During the optimization of the modified parts, it was discovered that the best
performance was obtained when the distance between the two opposite arms are kept
as short as possible without having a bad coupling between the two ports. Figure
2.15(b) shows the minimum distances found which are practically suitable for

combining the antenna with a feeding network.

(b)

Figure 2.15 : Feed1 modification of the FASA: (a) Feedl geometry. (b) Feedl
dimensions.

In the case of the Feed2 modification, one pair of the arms is placed on one side of the
substrate while the other pair is on the other side. In other words, arm-pairs are printed
on both sides of the substrate. Figure 2.16(a) and Figure 2.16(b) shows the geometry
and optimized dimensions of the modified upper and bottom sides of the substrate

respectively.

(@)

Figure 2.16 : Feed2 modification of the FASA: (a) Feed2 geometry. (b) Feed?2
Dimensions.
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In order to investigate the new input impedance for the Feedl and Feed2 feeding
modifications, Rogers 0.81mm-R04003C substrate is used on both antennas and the
input impedance of the two discreet ports are varied from 276Q to lower input
impedances to find the best match for both modifications. Several input impedances
are reported as in [15] [19]. In this case, the average input impedance with the best
match is found to be around 180Q2 as shown in Figure 1.17(a) and Figure 1.17(b) for

Feed1 and Feed2 modifications respectively.
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2.7 Radiation Patterns of the Modified Four-Arm Sinuous Antenna

As in the standard feed antenna, the principle cuts ¢ = 0° and ¢ = 90° are used to
analyzed the radiation pappterns of the two feed point modified antennas. With the
new feeding point modifications made, there is small alteration in the symmetry of the
antenna. Therefore, the radiation patterns for both ports will be analyzed. Figure 2.18
shows the radiation patterns of the Feedl, Feed2 and the standard feed combined for
the selected frequency points. From the radiation patterns, both modified antennas still
maintain their bidirectional behavior across the intended frequency band. The AR of
the modified antennas is also analyzed and compared with the standard feed for the
principle cut ¢ = 0° as shown in Figure 2.20. The AR for both modified feeds is found
below 2dB except for the feed2 at 5 GHz which found to be around 3 dB [15] compared
the AR of the modified antennas shown in Figure 2.14 and the results found here show
better AR especially the Feed1 modification in 2-5GHz frequency band. Additionally,
Figure 2.19 shows the comparison of the maximum gain at broadside for Feed1, feed2
and the standard feed. The maximum gain of the modified antennas is consistent with

the standard feed but the Feed2 modification is a bit below the standard feed.
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3. FEEDING NETWORK DESIGN

In planar antenna design, feeding networks are required to practically excite the
radiating elements. For the four arm sinuous antenna, the feeding network is designed
based on the intended bandwidth and the type of polarization. To have a single linearly
polarized antenna, a mere two sinuous arms is enough to achieve this. Nonetheless, to
realize a dual linear polarization, it is essential to use the four arm geometry. Figure
3.1(a) shows a block diagram of the feed network containing two baluns attached to
two ports which is necessary to attain dual linear polarization. Likewise, a 90° Hibrid
and a balun is used in the feed netework for dual circular polarization as shown in the
block diagram of Figure3.1(b)

* a®
[ 0 % >

0 13 . ®

Mg 180°
1867 270
180 1807
[ J
0> BALUN jg0° 180° BALUN ¢°

0* BALUN 180° 180° BALUN ¢”

o 9"

Linear A ) Linear B

Circular A Circular B
(a) (b)

Figure 3.1 : FASA feed network: (a) linear polarization. (b) Circular polarization.

From Figure 3.1(a), it can be seen that at the input of the antenna, the balun’s paired
lines are intersecting each other. This intersection of the feed lines is the main
contributor to the complexity of practically designing a feed network to achieve dual
linear or dual circular polarization without altering the symmetry of the antenna by

modification of the feeding point. Thus for such a wideband antenna, designing a
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practical and an appropriate feeding network is necessary to maintain the wideband
and frequency independent properties of the antenna.

3.1 Balun Design

Since the self-complimentary four-arm sinuous antenna is a wideband antenna with
frequency independent input impedance, a wideband balun is necessary to feed the
antenna in order to maintain the characteristics of the antenna. The term balun is used
to describe a transformer developed to transform an unbalance mode into a balance
mode. The four-arm sinuous antenna is considered as a balance configuration and in
this case it is intended to be fed by an unbalance 50Q coaxial cable. In the previous
sections, the input impedance of the sinuous antenna without substrate was taken as
276Q). Later on, the addition of the substrate decreased the input impedance to around
185Q. Therefore, it is necessary to have a feeding network that can transform the
unbalance 50Q to a balance input impedance while satisfying both the wideband and

frequency independent properties of the sinuous antenna.

The microstrip balun is the most commonly used broadband balun. Figure 3.2(a) and
Figure 3.2(b) shows the two linearly and exponentially tapered microstrip baluns
respectively. Both baluns are known to have a wideband characteristic but the
exponentially tapered has a wider bandwidth than the linearly tapered [20]. In both
cases, the conversion from a balance to unbalance line depends on a steady change of
the cross-section of the line. Typically, for the unbalance line (the input), the cross-
section of the line look like a microstrip while at the balance line (output), the width

of the strips is equal to each other which in turn made up a balance strip double line.

Calculating the width of the microstrip line at the input of the balun can be done by
simple calculations or with the help of available microstrip line calculators. The
ground plane of the microstrip line is not infinite but should be kept significantly larger
than the positive feed line depending on the best optimized results. On the balance port
(output), there is no longer a microstrip but instead a paired strip. Both the upper and
lower with of the paired strips are of equal length. The image and uniqueness theorem
can be used to approximate the widths for a desired impedance. The image theorem is
depicted in Figure 3.3 and according to the figure, the impedance of the double strip

line is twice that of the microstrip line while both widths are equal. Therefore, with the
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help of the microstrip line calculator, obtaining the desired width just requires the
specification of the desired input impedance and half the distance between the two
strips [21].

02

01 g

o @ — )

Figure 3.2 : Microstrip baluns: (a) linearly tapered. (b) Exponentially tapered.
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Figure 3.3 : The image theory: microstrip to paired strip.

In this thesis, the exponentially tapered microstrip is used to develop the feeding
network as shown in figure3.2b. the curve of the exponentially taper can be described

by the equation:

y = ueP* (3.1)

Where u and p are determined by the dimension of the balun and for the positive line,

a and b are defined by:

8 m(&
u==,p= l”<g1)/l'f (32)

For the ground part, the expression for u and p is

37



u=2 p=in(2), (3.2)

where Lt is the length of the feed network

In this thesis, since the desired frequency bandwidth is from 2-5GHz, FR4 material
with a dielectric constant &, = 4.3 and a thickness of 1.6mm is used to fabricate the
feeding network. Although FR4 it’s not a high frequency material but can have
satisfactory performance for the bandwidth of interest in this thesis. In addition,

material is chosen because of its availability for the fabrication of the antenna.

Figure 3.4 shows the final structure for the two port exponentially tapered microstrip
balun. The balun is designed with respect to the modified feed points of the designed
Feed A and Feed B four arm sinuous antenna. The baluns are kept symmetric to each
other and the g,,g,,g, parameters are calculated based on the unbalance input
impedance taken as 50Q and the balance as 185Q. The dimensions of the feed network

are given in table 1.
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Figure 3.4 : The design exponentially tapered microstrip baluns: (a) Front and back
view of the Feed1l balun. (b) Front and back view of the Feed2
balun.
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Table 3.1 : Feed network dimensions.

Parameters Feed1(mm) Type2(mm)
Lr 120 120
11 100 100
w 80 84
wo 38.87 35.05
wl 2.73 2.73
w2 0.7 0.5
w3 39.64 47.64
w4 3.64 3.84
w5 1.02 10.02
w6 10.85

3.2 Performance of the Baluns

The performance of the feeding network for the Feedl and Feed2 were measured by
terminating the balance ports(outputs) with a 185Q lumped elements and measuring
the return loss of the 50Q unbalance(input) ports which was feed using SMA
connectors as shown in Figure 3.5. The results show that the return loss and isolation
of the two ports for both feed networks. For the Feedl, the return loss was at most -
11dB for the entire desired band while its -13dB for the Feed2 feeding network. In
[14] reported a return loss of -12dB for 200Q output termination is reported.

Figure 3.5 : Feed network impedance matching with 185Q resistor.
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4. INTEGRATION OF THE BALUNS WITH THE FOUR-ARM FEED
POINT MODIFIED ANTENNAS

In this section, both the Feed1 and Feed2 modified antennas are integrated with their
respective feeding baluns. Figure 4.1(a) shows the Feedl antenna with the balun and
how the pins connect the feed network with the radiating elements. Similarly, Figure
4.1(b) shows the configuration of the feed2 with the feed network and its connections.
It should be noted that some parameters were modified and the final dimensions of
both antennas is given in Table 4.1 It can be seen that in both cases the substrate of the
antennas is increased. This was done to reduce the effect of the addition of the cavity

backed reflector.

@

N

Figure 4.1 : The modified antennas integrated with the baluns: (a) Feedl
geometry and connections. (b) Feed2 geometry and connections.
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4.1 Performance of The Integrated Antennas

Initially, the reflection coefficients of the antennas are analyzed. Figure 4.2(a) shows
the s-parameters of the Feedl antenna. It can be seen from the figure that the return
loss of both ports is at most -12dB while keeping up an isolation at most -20dB across
the interested frequency bandwidth. Similarly, Figure 4.2(b)shows identical return loss
and isolation for the Feed2 antenna. Although intended frequency is from 2-5GHz,
both figures show that the antennas have -10dB return loss beyond 2GHz. This is due
the that the outer radius is reduced because the available substrate is limited for

fabrication during the time of this thesis.

The radiation patterns of the integrated antennas is also analyzed for ¢ = 0" and ¢ =
90" principle cuts. Figure 4.3 shows the radiation patterns of the Feedl and Feed2
antennas and both antennas are still maintaining bidirectional patterns. The axial ratio
of both antennas is also analyzed and plotted in Figure 4.4(a) for feed1 and Figure
4.4(b) for feed2 at the ¢ = 90° principle cut. Both antenna show axial ratio below 3dB.

Furthermore, the maximum gain at broadside is also plotted in Figure 4.5
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Figure 4.2 : The s-parameters of the integrated antennas: (a) Feedl. (b) Feed2.
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Figure 4.4 : AR of the modified integrated antennas at ¢ = 90°: (a) Feed1.

(b) Feed2.
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Figure 4.5 : Maximum Gain of the modified integrated antennas at broadside.

4.2 The Modified Feed Four-Arm Sinuous Antenna with Cavity-backed
Configuration

In many applications, a unidirectional sinuous antenna is preferred and this can be
accomplished by placing a cavity on the rear side of the substrate. In general, the cavity
is filled with an absorbing material in order to absorb all the backside radiation.
Although using an absorbing material reduces the maximum gain of the antenna almost
50% [13]. In this thesis, the designed cavity-backed four arm sinuous antenna is
simulated with and without an absorbing material. Both the Feed1 and Feed2 cavity-
backed antennas are simulated and the final configurations are given in figure 4.6(a)
and Figure 4.6(b). Figure 4.6(c) shows how the absorbing material is placed inside the
cavity and the placement is identical in both antennas. The preloaded ECOSORB LS-
24 absorber is used during the simulations. The final dimensions of both antennas is
given in Table 4.1. Increasing the depth of the cavity C affects the resonance of the
antenna. Therefore, the height of the cavity was optimized to have a better

performance.
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Figure 4.6 : Configurations of the antennas with cavity-backed: (a) Feedl
configuration. (b) Feed2 configuration. (c) Feedl with absorber.
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Table 4.1 : Final dimensions of the modified Feed1 and Feed2 antennas.

Parameters Feedl(mm)  Feed2(mm)
a 45° 45°

T 0.7 0.7

é 22.5° 22.5°
Di 12.72 12.72
Do 63.5 63.5

D 93.5 93.5

C 21 21

H 20 20

4.3 Performance of The Modified Feed Cavity-Backed Four-Arm Sinuous

Antenna

The reflection coefficients of Feedl and Feed2 antennas are analyzed with and without
absorbing material. Figure 4.7 shows the s-parameters comparison of the Feedl
antenna with and without an absorbing material. Even without the absorbing material,
the antenna has good return loss within the interested frequency band although there
IS some variation especially in the lower frequency band. The antenna with an
absorbing material shows a better return loss and isolation in the 2-5GHz frequency
band but using absorbing material can be costly in gain performance. Similarly, Figure
4.8 shows the s-parameters comparison of the Feed2 antenna with and without an
absorbing material. In both cases, the return loss and isolation of the antennas is
improved with the addition of an absorber.

The radiation patterns of both antennas are plotted in Figure 4.8 for the ¢ = 0" and
¢d = 90° principle cuts. The radiation patterns show a unidirectional pattern since the
back radiations are no longer present and the 3D radiation patterns of the Feel antenna
is shown in Figure 4.9. The axial ratios of both antennas is given in Figure 4.9(a) and

(b) respectively. Both antenna still maintains a low axial ratio below 3dB.

The maximum gain at broadside is given in Figure 4.11(a) and (b) for the Feedl and
Feed2 antennas with and without an absorbing material. It can be seen that both
antennas have a high gains without the absorbing material from 2-4.5 GHz but then

fluctuates to a much lower gain when the absorbing material is used.
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Figure 4.7 : S-parameters comparison of the cavity-backed Feedl antenna with

and without absorber: (a) Portl return loss. (b) Port2 return loss. (c)
Isolation.
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Figure 4.9 : Radiation patterns of the modified cavity-backed four-arm sinuous
antenna of Feedl and Feed2 with absorbing material: (a) 2GHz, ¢ =

0°. (b) 2GHz, ¢ = 90°. (c) 3.05GHz, ¢ = 0°. (d) 3.05GHz, ¢ = 90".
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Figure 4.10 : AR of the modified cavity-backed antennas at ¢ = 90°: (a) Feed1.

(b) Feed2.
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Figure 4.11 : Comparison of the maximum Gain of the modified cavity-backed
antennas at broadside with and without absorbing material: (a)
Feedl. (b) Feed2.

4.4 Fabrication and Measurement of the Cavity-Backed Modified Feedl Four-

Arm Sinuous Antenna

To validate the simulation results, the modified Feedl antenna is fabricated and the S-
Parameters of the antenna is measured using the N5230A PNA Series network
analyzer. The Feedl antenna is opted because it was easier to fabricate. Figure 4.12
shows the fabricated antenna before adding the metallic cavity. At first, the antenna is
measured before cavity integration and the simulated and measured s-parameters of
portl and port2 are given in Figure 4.13(a) and Figure 4.13(b) respectively. The
measured results plotted in Figure 4.13 shows good agreement with the simulation
results. Both ports have a measured return loss at most -11dB and good isolation of
around -20dB between 2-5GHz.
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Figure 4.12 : Fabricated Feed1l FASA without cavity-backed measurement set-
up.
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Figure 4.13 : S-parameters of fabricated Feed1l FASA without cavity-backed:
(@) Portl return loss and isolation. (b) Port2 return loss and
isolation.
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Furthermore, the antenna is integrated with the absorber filled cavity-backed as shown
in Figure 4.14. The simulated and measured s-parameters of the antenna are plotted in
Figure 4.15. The measured results observed are in good agreement with the simulated
results. Both ports of the antenna have a return loss better than -12dB for the entire 2-

GHz frequency bandwidth while keeping good isolation of -20dB.

Figure 4.14 : Fabricated Feed1l FASA with absorber filled cavity-backed
measurement set-up.

To measure the dual linear polarization property of the antenna, a measurement setup
is arranged in an anechoic chamber as shown in Figure 4.16. The setup consists of the
fabricated sinuous antenna and a standard linear polarized double ridged broadband
horn antenna (BBHA 9120 A 0.8-5 GHz). The horn antenna is placed at the far-field
of the sinuous around 2 meters. During the measurement, the orientation of the sinuous
antenna is placed such that portl is the vertically oriented arms (along the y-axis) and
port2 is the horizontally oriented arms (along the x-axis). Note that the radiation
direction of both the vertically and horizontally oriented arms is in the z direction
which is the direction pointing to the horn antenna. Since the electric field is
perpendicular to the radiation direction, the co-polarized electric field of the vertically
oriented arms is in the x-direction (Eg) while the co-polarized electric field is in the y-

direction(Ey) for the horizontally oriented arms. Similarly, the horn is oriented

horizontally and vertically with respect to port1 and port2 of the sinuous antenna. Both
antennas were calibrated and portl of the network analyzer is connected to portl of
sinuous antenna while port2 of the network analyzer is connected to the horn antenna.
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Figure 4.15 : S-parameters of fabricated Feed1l FASA with absorber filled cavity-
Backed: (a) Portl return loss and isolation. (b) Port2 return loss
and isolation.

The horn antenna is first vertically oriented and then horizontally oriented. the S-
parameters were measured in both cases. After the measurements were taken for the

portl of the sinuous antenna, port2 is then connected and similar orientation of the
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horn and measurements were repeated. The S,, parameters are ploted in Figure 4.17(a)
and Figure 4.17(b) for portl and port2 of the sinuous antenna respectively. The
measured results show that portl (vertically oriented sinuous arms) is co-polarized
with the horn antenna when the horn is vertically oriented and cross-polarized when
the horn is horizontally oriented. Conversely, port2 (horizontally oriented sinuous
arms) is co-polarized with the horizontally oriented arms and cross-polarized with the
vertically oriented horn. This is what is expected since the electrical field of the horn

antenna.

To measure the maximum gain of the sinuous antenna at broadside, the same
measurement setup is maintained. The Friss transmission equation is then utilized to
calculate the maximum broadside gain of the sinuous antenna using the standard horn
antenna as a reference. The simulated and measured gains are plotted in Figure 4.18(a)
and (b) for portl and port2 of the sinuous antenna respectively. The results indicate
almost similar measured gain results are obtained compared with the simulated gain
across the bandwidth. Although there is a difference between the simulated and
measured results but this can be due the fact that the anechoic chamber contained some

other equipment that can interfere with the measurements.

Figure 4.16 : Polarization measurement setup.
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5. CONCLUSION

In this thesis, two different feed point modification approaches are implemented to
design a four-arm dual polarized sinuous antenna working in the 2-5GHz frequency
band. It is worth mentioning that realizing accurate phase progression between the
arms of a sinuous antenna demands a complex and expensive feed network. There are
several approaches proposed for feeding wideband antennas such as the sinuous
antenna in literature. Feeding a four-arm sinuous antenna using a microstrip balun has
its limitations due to the geometry of the standard sinuous antenna. Therefore, the
feeding point of the standard feed sinuous antenna is modified to incorporate a
microstrip feeding network. Even though the modification proposed is not a symmetric
type of modification, but it is optimized to still maintain the desired characteristics of
the dual polarized sinuous antenna such as nonsymmetrical radiation patterns and low
AR.

The performance of the standard feed sinuous antenna is first analyzed with and
without a substrate and the change in the input impedance was obtained. Obtaining the
input impedance with the addition of a substrate is vital since the output of the feeding
network or the balance port is designed according to that. The average input impedance
which gave a good matching for both the standard and the modified feed antennas is
found to be 185Q for the interested frequency bandwidth. An additional modification
which helps to lower the return loss of the antennas at low frequencies was also made.
This modification is done by chamfering the sharp ends of the antenna and the effects
was seen on the low frequencies of the antenna. An exponentially tapered microstrip
balun with an input of 50Q at the unbalance port and an output of 185Q at the balance
port is design. The balun is simulated by terminating the output with a 150 resistor
and feeding the input with a 50Q port and the return loss obtained show that the balun
can transform a 50Q unbalance port to a 185Q balance port. With the baluns the

designed, the integrated antennas with the baluns show a good return loss, a low AR
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and bidirectional radiation pattern across the 2-GHz frequency bandwidth and the
comparison with the standard feed also show a good agreement.

To obtain a bidirectional radiation pattern, the modified four-arm sinuous antennas are
integrated with a cavity backed. The cavity backed antennas are simulated with and
without an absorber. Putting an absorber in the cavity helps to absorb the backside
radiation and it was also seen that a good matching was achieved at low frequencies
with the addition of an absorber. Finally, one of the modified antennas is fabricated
and measured using the N5230A PNA Series network analyzer. The fabricated antenna
was first measured without the cavity-backed and the measured results show similar
s-parameters with the simulated results over the interested frequency bandwidth. Then
the antenna was integrated with the cavity filled with ECOSORB LS-22absorber and
measured. Similarly, the measured return loss and isolation of the two ports show good
agreement with the simulated results. To test for the dual linear polarity of the antenna,
a measurement setup consisting of the sinuous antenna and a standard linear polarized
horn antenna was made in an anechoic chamber and measurements were performed to
test the co and cross- polarization of the two ports of the sinuous antenna. Additionally,
the maximum gain at broadside of the sinuous antenna was also measure using the
Friss transmission formula. In the future, the radiation patterns of the antenna will be

measured. In addition, the antenna will be tested for microwave imaging applications.
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