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ABSTRACT

DESIGN OF A C-BAND DUAL-POLARIZED
STRIP-FED APERTURE COUPLED STACKED PATCH
PLANAR ANTENNA ARRAY FOR POINT-TO-POINT

COMMUNICATION

Caner ASBAS
M.S. in Electrical and Electronics Engineering
Advisor: Vakur B. ERTURK
August 2017

Point-to-point (P2P) communication is utilized where each communication node
knows the physical or electrical positions of the other. In this type of communica-
tion, only two nodes transmit/receive message between each other and no other
node is included in this process. P2P communication offers some advantages such
as lower power consumption, better information safety, lower vulnerablity to jam-
ming and better channel capacity usage. With these properties, it is preferred

frequently in military.

Directional antennas with high gain and low side lobe level (SLL) are desired
for P2P communication in order to achieve higher effective communication dis-
tance, lower power consumption and to decrease the interference between chan-
nels, respectively. Another requirement is caused by Multiple-Input-Multiple-
Output capability, which is a technique to use dual or circularly polarized tran-
sreceiver antennas instead of using separate transmitter and receiver antennas in
the system. For dual-polarized MIMO antennas, high cross polarization isolation
values are desired to separate the transmitting and receiving channels in order to

prevent them effecting each other.

In this study, a C-band dual-polarized strip-fed aperture coupled stacked patch
antenna array for P2P communication is designed. To satsify the requirements of
P2P communication, the reflection coefficient of the designed antenna is -10dB.
The gain is 20dB and SLL is better than -15dB in the cardinal and intercardinal
planes of the antenna for both polarizations. Additionally, 40dB cross polariza-
tion isolation can be achieved. The idea is based on planar array of strip-fed

dual-polarized aperture coupled patch antennas with stripline feed networks. By
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adjusting the amplitude distribution on the feed network, -15dB SLL in both
cardinal and intercardinal planes is achieved for both polarizations. In order to
block the coupling between feed networks for different polarizations and prevent
distortion on amplitude and phase distributions, stripline feed networks are cho-
sen. In this way, cross polarization isolation can be increased as well. Hence, a
novel antenna element, dual-polarized strip-fed aperture coupled stacked patch
antenna is proposed. The parameters that affect the impedance behaviour of
this type of antenna are investigated and examined in detail. Required feed net-
works to achieve -15dB SLL in cardinal and intercardinal planes are designed.
The proposed antenna elements are placed in array sturucture, connected to feed
networks and the resulted antenna array is optimized and analyzed.

Keywords: Point-to-point (P2P) communication, side lobe level (SLL) reduction,

aperture coupled patch antenna, strip-fed antenna.



OZET

NOKTADAN NOKTAYA TELEKOMUNIKASYON ICIN
C BANT DUAL POLARIZE SERIT BESLEME
ACIKLIK BAGLASIMLI DUZLEMSEL BIR
YIGINLANMIS YAMA ANTEN DIZISI TASARIMI

Caner ASBAS
Elektrik ve Elektronik Miihendisligi, Yiiksek Lisans
Tez Danigmani: Vakur B. ERTURK
Agustos 2017

Noktadan noktaya telekomiinikasyondan, her bir iletigim diigiimii digerinin fizik-
sel ya da elektriksel konumunu bildiginde faydalanilir. Bu tip iletisimde, sadece iki
diigiim birbiri arasinda mesaj alir ya da gonderir ve bagka bir diigiim bu siirece
dahil edilmez. Noktadan noktaya telekomiinikasyon; diigiik gii¢ sarfi, geligmis
bilgi giivenligi, diigiik karigtimaya aciklik ve geligmig kanal kapasite kullanimi gibi
birtakim avantajlar sunar. Bu ozellikleriyle noktadan noktaya telekomiinikasyon

askeri uygulamalarda siklikla tercih edilmektedir.

Noktadan noktaya telekomiinikasyon ic¢in gorece yiiksek etkin iletigim mesafesi
ile diistik gii¢ sarfinm1 saglamak ve kanallar arasi girigimi diigtirmek amaciyla yiiksek
kazanch ve diigiik yan kulak seviyeli yonli antenler tercih edilmektedir. Diger
bir gereksinim, sistemde ayr1 ayri gonderme ve alma antenleri yerine dual yada
dairesel polarize alma/gonderme antenleri kullananmaya dayanan bir teknik olan
Coklu Girdi Coklu Cikt1 (MIMO) metodundan kaynaklanmaktadir. Dual pola-
rize MIMO antenleri i¢in alma ve gonderme kanallarinin birbirini etkilemesinin
onlenmesi ve birbirinden ayrilmasi amaciyla yiiksek capraz polarizasyon izolas-

yonu tercih edilmektedir.

Bu galigmada, noktadan noktaya telekomiinikasyon i¢in C bant dual polar-
ize gerit besleme acgiklik baglagiml diizlemsel bir yiginlanmig yama anten dizisi
tasarlanmigtir. Noktadan noktaya telekomiinikasyon gereksinimlerini kargilamak
amaciyla tasarlanan antenin yansima katsayisi -10dB’dir. Anten kazanci 20dB’dir
ve yan kulak seviyesi anayon ve arayon diizlemlerinde her iki polarizasyon

icin -15dB’dir. Ayrica 40dB gapraz polarizasyon izolasyona ulagilmigtir. Bu
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caligmadaki fikir, serit besleme hat agina sahip bir gerit beslemeli dual polar-
ize aciklik baglasimli yama anten diizlemsel dizisidir. Besleme hatti agindaki
genlik ve faz dagilimi ayarlanarak her iki polarizasyon i¢in anayén ve arayon
diizlemlerinde -15dB yan kulak seviyesi saglanmigtir. Farkli polarizasyonlar
arasindaki baglagimi ve genlik ile faz dagilimindaki bozulmalar: engellemek
icin serit hat besleme agi secilmistir. Boylece capraz polarizayon izolasy-
onu da arttirilmigtir. Bu sebeple, yeni bir anten elemani, dual polarize serit
besleme aciklik baglasimli yiginlanmig yama anten onerilmistir. Bu tip antenin
empedans davranigini etkileyen parametreler tespit edilmis ve detaylica ince-
lenmigtir. Anayon ve arayon diizlemlerinde -15dB yan kulak seviyesini saglamak
icin gerekli besleme ag1 tasarlanmustir. Onerilen anten elemanlar dizi ortamina
yerlestirilmig, besleme agina baglanmig ve elde edilen anten dizisi optimize ve

analiz edilmigtir.

Anahtar sozcikler: Noktadan noktaya telekomiinikasyon, yan kulak seviyesi
azaltimi, aciklik baglagimh yama anten, gerit beslemeli anten.
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Chapter 1

Introduction

Point-to-point (P2P) communication is utilized where each communication node
knows the physical or electrical positions of the other. A telephone call or a
telegraph message can be regarded as simple examples for P2P communication.
In P2P communication, only two communicated nodes transmit/receive message
between each other and no other node is included in this process. In this aspect,
P2P communication is in contrast to point-to-multipoint (P2MP) communication
or broadcasting where one node transmits messages to many nodes at the same

time [1].

Although digital communication by electromagnetic waves seems a recent de-
velopment in terms of communication, it dates back to ancient times. The
first recorded P2P communication was performed during Trojan War by King
Agamemnon using torches and signal fires to send messages to his wife [2]. How-
ever, modern P2P communication was started in 1816 in France. This system was
based on transmitting electric sparks via wires and constituted an initial point
for modern telegraphs. Over the years, wired systems have been substituted with
wireless systems. In 1896, the first point-to-point wireless communication link
was established [3]. Nowadays, wireless link communication has a significant role

in P2P communication.



P2P communication has various advantages over P2MP communication. First
of all, since the position of the node to be communicated is known, all the avail-
able power can be tried to be delivered to this node. In this way, the power
consumption can be decreased with respect to P2MP communication or broad-
casting that transmits the available power to all communication nodes [4]. This
situation also results in higher effective communication distance. Interference is
another point that should be considered. With P2P communication, links are
allocated to determined communications and lower interference in these links can
be reached compared to P2MP communication [5]. Also, limitation with only
two communication nodes provides the system with information safety since it is
not preferred to deliver signals through the directions where the communicated
node is not located. Lower vulnerability to jamming can be regarded as another
advantage of P2P communication [6]. With wireless P2P, it is desired to get
signals from the direction of the node to be communicated, and received signals
from other directions are kept under a limit value. In this way, jamming vulnera-
bility is decreased. Because of the aforementioned features, P2P communication

is preferred frequently in military.

On the other hand, P2P communication has some disadvantages. The only
available propagation mode for P2P communication is line-of-sight (LoS) propa-
gation. Other mechanisms such as skywave or ground wave propagations cannot
be benefitted in this type of communication. This fact limits us with two different
conditions. The first one is about available frequencies for P2P communication.
Low frequencies such as middle frequency (MF) and high frequency (HF), where
ground wave and skywave propagations are dominant, cannot be used for P2P
communication. On the other hand, due to higher frequencies such as Ka- or
Ku-band, signals become more vulnerable to free path loss and this limits the ef-
fective distance for P2P communication. Therefore, middle frequency bands such
as C-band and E-band are frequently prefered in order to provide higher effective
communication depending on the application. Secondly, due to LoS propagation,
it is required to ensure that line of sight should not include obstacles and sources
of fade.

The above-mentioned advantages and disadvantages lead some requirements
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for the antennas used for P2P communication. Firstly, since the position of the
node to be communicated is known, antennas should be directional. Otherwise,
all the available power cannot be transmitted only to the node, but it is trans-
mitted through some other directions as well. In addition to that, bidirectional
antennas cannot be used as the information safety cannot be ensured because
undesired nodes can receive signals from other directions. Another requirement
is caused by the interference effect. In order to decrease the interference between
communications performed in separate links, the side lobe level (SLL) should be
kept under an acceptable level. Moreover, SLL is also important in terms of
jamming. When the SLL is high, the node becomes vulnerable to be jammed
in the directions where the node to be communicated is not located. As it is
mentioned, low frequency bands such as HF are not proper for P2P communi-
cation. On the other hand, higher frequency bands suffer more from path loss.
That means middle frequencies such as E-band or C-band are more appropriate

for P2P communication.

Another desired requirement in P2P communication is Multiple-Input
Multiple-Output (MIMO) capability. MIMO is a technique used to multiply the
channel link capacity by using transmitting and receiving antennas at both the
source (transmitter) and the destination (receiver) at the same time [7]. In order
to achieve such MIMO capability, one can use dual or circularly polarized tran-
sreceiver antennas instead of using separate transmitter and receiver antennas in
a system. Hence, the physical space is reduced, which is another desired feature.
However, note that dual-polarized antennas require high cross polarization iso-
lation to separate the transmitting and receiving channels. Otherwise, channels
obtain signals from each other and the quality of communication decreases. On
the other hand, when circularly polarized antennas are used, axial ratio (a param-
eter that indicates the difference between orthogonal components of the antenna
gain) becomes important. A higher axial ratio value (which is undesired) means
antenna gain cannot be divided equally or closely into the components and we
receive/transmit less signal power via one polarization. This fact yields again a
low communication quality. The choice whether circular or dual linear polariza-

tion must be used is usually determined by the requirements of the radio of the



communication system.

In the literature, there are various types of antennas used for P2P commu-
nication. Reflector antennas are one of the types of antennas for this purpose.
They have high gain, low SLL and high cross polarization isolation. With these
properties, they are useful for P2P communication. On the other hand, they are
bulky structures, not low profile and not easy to install due to their paraboloid
reflector components. A variety of reflector antennas is proposed for P2P commu-
nication in [8]-[16]. In [8], the proposed antenna is a C-band Gregorian reflector
antenna of diameter 2.4m with a reflection coefficient of -17dB and a cross po-
larization isolation of 25dB. In [9], a C-band, dual-gridded reflector antenna is
proposed. The anntenna in this work has 26dBi gain and 33dB cross polarization
isolation. [10] presents conceptual information about C-, Ka- and Ku-band dual-
gridded reflector antennas. In [11], the design of a reflector antenna in L-band
with a -25dB SLL and a 29dBi gain is presented. However, the dimensions of
this antenna is 8m x 2m and it is a bulky structure. [12] presents a solution for
Brasilsat B3 case which provides the cities in the Amazon region with satellite
communication. The antenna in this study is a dual C- and Ku-band reflector
with a diameter of 2.4m. In [13], the design of a reflector antenna in S-band is
presented. This antenna has -14dB reflection coefficient and 38dBi gain. The
diamater for this antenna is 2.6m. In [14], a feed antenna for a reflector antenna
in S-band is proposed. [15] proposes a C-band multifeed reflector antenna. More-
over, [16] is another solution for Brasilsat case. The proposed antenna in [16]
is a C-band reflector antenna with a 29dBi gain and a 33dB cross polariation
isolation. On the other hand, horn antenna is another type of antenna preferred
in P2P communication. It has similar properties with a reflector antenna. How-
ever, horn antennas are not low profile and easy to install. [17]-[20] can be given
as examples of studies for horn antennas that are used in P2P communication.
In [17], the proposed antenna is a C/X dual-band horn antenna with a reflection
coefficient lower than -16.5dB, though it additionally includes a reflector antenna
that has a 2.7m diameter. In [18], a C-band horn antenna is proposed. The horn
is hexagonal shaped with a reflection coefficient lower than -17dB and a cross

polarization level lower than -28dBi. The proposed antenna in [19] is an L/C



band corrugated dual-slot horn. It has a reflection coefficient lower than -20dB
and its cross polarization level is lower than -20dB. [20] proposes a horn antenna
with a mode converter in C-band. The dimension of the antenna is 24cm x 30cm.
Gain of it is higher than 19dBi and its VSWR is better than 1.5. -9dB SLL in
E-plane and -20dB SLL in H-plane are achieved in [20] as well.

Antenna arrays are another option and may even be prefered in P2P commu-
nication. They allow us to synthesis desired patterns by adjusting amplitude and
phase distribution on the array elements. Different types of antenna elements
such as Vivaldi antenna, dipole antenna or patch antenna can be used as the
single element in an antenna array depending on the physical and electrical re-
quirements. Among the available elements for antenna arrays, microstrip patch
antennas offer some advantages. It is possible to design low profile and easy
to install antenna arrays, called panel antennas, with patch antennas. [21]-[28]
give examples for such panel antennas. [21] proposes an antenna whose operating
frequency band is 2.5GHz - 2.7GHz. Its reflection coefficient is -10dB, it has a
cross polarization level of -10dB and its gain is 8dB. Furthermore, this antenna is
dual-polarized, that means it is capable of MIMO. In [22], the design of another
dual-polarized antenna for P2P communication is presented. It works at 5.5GHz.
It is a 4x4 planar array and 40dB cross polariation isolation is achieved in this
work. In [23], a planar dual-polarized antenna similar to previous studies is pre-
sented. However, the operating frequency is 2.6GHz. The proposed array in [24]
is a 6x6 planar antenna array with a Wilkinson power divider as its feed network.
It is composed of circularly polarized antennas that are dual-fed square stacked
patch antennas and the axial ratio is better than 1.5dB. The operating frequency
is reported as 1.9GHz - 2.6GHz band. 7dB gain, -21 dB reflection coefficient
(better than 1.2 VSWR) and 23dB cross polarization isolation are achived in this
band. In [25], 40dB gain is achieved with a -15dB reflection coefficient (better
than 1.5 VSWR) by using 16x32 elements. The dimensions of the antenna array
is 80cm x 42cm. [26] proposes an antenna array which consists of patches fed by
dogbone slots. The feeding is nonuniform to perform beam shaping. The array is
single polarized and a -30dB reflection coefficient (better than 1.1 VSWR) can be
reached. [27] proposes a dual-polarized and dual-band (X- and S-band) antenna



array which consists of patch and ring-resonant antennas. The S-band antenna is
a 2x1 ring-resonant antenna array with a 9.5dB gain, -22dB reflection coefficient
(better than 1.2 VSWR), 25dB cross polarization isolation and -10dB SLL. The
X-band antenna is a 4x8 circular patch series fed antenna array with a 18dB
gain, -19dB reflection coefficient, 30dB cross polarization isolation. In [28], the
proposed antenna is a dual-polarized aperture coupled patch 2x2 antenna array
with a -13dB reflection coefficient. Moreover, its cross polarization isolation is
22dB and SLL is -13dB. In the literature, other antenna arrays which constist
of other types of antenna elements than patch antennas can be found for P2P
communication. In [29], an array of grid elements with -10dB reflection coeffi-
cient, 17dB gain and -12dB SLL between 77GHz and 85GHz is proposed. Horn
antennas are also used as array elements. For instance in [30], the design of 6x24
horn antenna array at Ku-band is presented. Rectangular waveguides in [31] and
monopulse antennas in [32] are other antenna elements used for arrays in P2P
communication. On the other hand, proper antenna elements for array struc-
ture in P2P communication are still being studied in the literature. In [33], a
microstrip fed microstrip triband antenna is proposed. This antenna operates at
1.8GHz, 2.4GHz and 3.5GHz for wireless communication applications. Its gain is
2dB. In [34], the antenna is a dual-polarized slot coupled stacked patch antenna.
It is fed by H-shaped slots and its cross polariation isolation is 36dB.

The aim of this thesis is to propose a C-band strip-fed dual-polarized aperture
coupled stacked patch antenna array for P2P communication. The operation
band is chosen as 4.4GHz to 5GHz. In order to satisfy the requirements for P2P
communication, the minimum gain is aimed to be 20dB and the desired cross po-
larization isolation is 40dB. Additionally, SLL is desired to be at least is -15dB for
both cardinal and intercardinal planes unlike similar works where SLL is limited
to 15dB only in cardinal planes. Note that cardinal planes can be defined as the
cuts for ¢=0° and ¢$=90° when antenna is placed on the xy-plane as the direction
of antenna placement is x- and y-directions [35]. The intercardinal planes are
the cuts except cardinal planes, i.e, planes for ¢=45° and ¢=135°. Moreover 10°
3dB beamwidth is aimed. The proposed antenna is a planar array of strip-fed

dual-polarized aperture-coupled patch antenna that has stripline feed networks



with required amplitude and phase distribution. By adjusting the amplitude dis-
tributions, -15dB SLL in both cardinal and intercardinal planes can be reached
for both polarizations. By considering the beamwidth and gain requirements, the
approximate size of the antenna array should be 5.8\, and hence we can satisfy
these requirements via 6 by 6 antennas with an interelement spacing of 0.96\.
This structure provides us with conformal and easy to install geometry. How-
ever, a dual-polarized aperture coupled stacked patch antenna with stripline feed
does not exist in literature although there are some works on single polarized
ones as in [36]. The main contribution of this thesis is the design of a strip-fed
dual-polarized aperture coupled stacked patch antenna. In this way, the feed net-
works for different polarizations can be separated with ground planes and proper
amplitude and phase distribution to constitute the desired array factor can be
achieved. If microstrip feed network and microstrip fed aperture coupled patch
antenna were chosen for the array, the amplitude and phase distributions of feed
networks for different polarizations would be distorted due to coupling between
them when they are stacked, and the resulted array factor would not satisfy the
requirements of P2P communication. Briefly, this work includes three steps that
are to design the feed network with the desired amplitude and phase distributions,
to design the single antenna element that is compatible with the structure of the
feed network, and to make antenna elements and feed network operate together

properly in array environment.

In Chapter 2, structure of the proposed single antenna element is presented.
Also, the parameters that affect the behavior of the single antenna element are in-
vestigated. The final design of the single element is also provided in this chapter.
In Chapter 3, firstly the required amplitude and phase distributions are deter-
mined. Then, the feed network that realizes the desired distribution is designed
systematically. In Chapter 4, the single elements are placed in the array configu-
ration and the feed network is connected, thereby finalizing the design process of

the antenna array. Finally, conclusions and future work are presented in Chapter

D.



Chapter 2

Single Element Design

Aperture coupled patch antennas were first proposed by Pozar in [37]. These
antennas consist of two substrates; one of them contains radiating element, and
the other one includes the feed network. Over the years, dual-polarized aperture
coupled patch antennas have been presented as discussed in [38] and [39]. These
antennas are based on microstrip technology. Due to the feed network used, dual-
polarized aperture coupled patch antennas with stripline technology are required
for this work. However, available antennas in the literature are single polarized.
Therefore, in this thesis, we propose a novel antenna type which is dual-polarized

strip-fed aperture coupled stacked patch antenna.

The simulations in this chapter are performed via HFSS® in a computer having
32GB RAM and 2.8GHz Intel® i7 microprocessor. In the simulation model, all
metallic surfaces (patches, ground planes etc.) are modelled as copper. The
antenna element is fed by waveports. A vacuum box in the shape of rectangular
parallelpiped is defined around the antenna element. The minimum distance from
the single antenna element to the vacuum box is A/4 for the minimum frequency
in the solution band. The solution frequency is chosen as the maximum frequency
in the solution band. For the adaptive solution, maximum number of passes is

determined as 15 and maximum of Delta S is determined as 0.02.



2.1 Proposed Single Element Structure

The details of the proposed antenna structure are depicted from Fig. 2.1 to Fig.
2.5.

Upper patch and its substrate
Upperspacer
Lower patch and its substrate

Lowerspacer

Upperground plane with cross slot

Uppermost substratefor feed network
Upperfeed

Uppersubstrate forfeed network
Middle ground plane with cross slot

Lower substrate for feed network
Lower feed

Lowermost substrate forfeed network

Lower ground plane with cross slot

Supportingfoam

P00 200 00000

Reflector

Figure 2.1: Exploded view of the proposed single antenna element



.— Upper patch

Dielectric Card 5880 } 0.558mm

Upper spacer —> dSpacerUpper
Dielectric Card 5880 < soer patch
Lower spacer —> dspacermwm,
Dielectric Card 5880 0.787mm
Dielectric Card 5880 0.787mm
Dielectric Card 5880 0.787mm
Dielectric Card 5880 0.787mm
E:;;e
‘? Shorting vias
Ground planes Iy
Supporting foam — hgeflector
Reflector
Figure 2.2: Side view of the proposed single antenna element
61.2mm 61.2mm

61.2mm

Figure 2.3: Lower (a) and upper (b) patch and their parameters
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Figure 2.4: Top view of slots with their parameters
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Figure 2.5: Upper (a) and lower (b) feed networks with their parameters with
respect to slots



This structure can be regarded as a modified dual-polarized aperture coupled
patch antenna. The first modification is about the ground planes. Since stripline
based feed network is used, the single element is also changed to a stripline
structure. However, in order to operate the slots properly, it is observed that all
the ground planes should have identical slots as a result of simulations due to the
symmetry requirement. These slots are designed in the form of dog-bone shaped.
In this way, dilatation of the slot width becomes an extra parameter to tune the
antenna to meet the desired specifications. The other modification is the reflector
plane at the bottom of the configuration as shown in Fig. 2.2. This plane reflects
the radiation at the back to the front. Also note that, stacked patches are used
to obtain two different resonance frequencies. On the other hand, it is not easy to
operate both patches and slots at the same time. At the frequency where patches
start to operate and operating of slots is ceasing, a sharp change in the impedance
behavior of the antenna element is observed. In order to eliminate the change
in impedance and provide smoother impedance variation, all ground planes are
shorted to each other by using vias. In this way, parallel plate waveguide modes
can be supressed. The cross polarization isolation is another issue that should be
handled in the design of the single element. Since stripline feed is used, high cross
polarization isolation can be achieved. However, to keep it higher than 40dB it
is required to reshape the feeds. Instead of using a single part stripline, the 50€2
stripline feed is divided into two 1002 stripline branches. In this way, higher

cross polarization isolation (40dB) can be achieved.

For each element, foam Rohacell®51 HF material is used as the spacer and the
supporting foam. This material is a foam with low weight, low relative permit-
tivity (which is 1.065) and has low tangent loss (lower than 0.0008) [40]. Since
the feeding striplines are long in the feed network in order to divide the input
power to 36 antenna elements, use of a substrate with high loss would result in
lower antenna efficiency and lower gain. Therefore, the substrates are chosen as
ROGERS 5880 Duroid®dielectric card. It is chosen because it is a low loss card
with a tangent loss of 0.0004 [41].
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2.2 Final Form of the Single Antenna Element

Every parameter in the proposed antenna structure causes a trade-off between
reflection coefficients of upper and lower feed and cross polarization isolation.
Therefore, they should be optimized with respect to the desired parameters (40dB
cross polarization isolation and -10dB reflection coefficient) in the operation band
(4.4GHz to 5GHz). As a result of systematic simulations, the values tabulated in

Table 2.1 are chosen.

Parameter Name | Value(mm) | Value()o)
. 20 0.313
dSpacerLower 3.5 0.055
Lsiot 15.5 0.243
dsiot 3 0.047
IstubUpper 1.6 0.025
Wy pper 8 0.125
hRefiector 16 0.251
Wsiot 2.5 0.039
WL ower 6 0.094
IstubLower 1.5 0.025
lpatehUpper 15 0.392
dSpacerUpper 2 0.031
W FeedUpper 1.4 0.022
WFeedLower 1.4 0.022

Table 2.1: Antenna design parameters with nominal values

Note that the characteristic impedance of the upper feed is tuned to 602 whereas
it is tuned to 402 for the lower feed. Consequently, S-parameters and gain pat-
terns for the cardinal and intercardinal planes as a result of the simulations are
obtained as shown in Fig. 2.6 to Fig. 2.14. The simulations are performed from
4GHz to 5.5GHz with an increment of of 25MHz altohugh the operation band is
4.4GHz to 5GHz in order to observe the impedance characteristics of the antenna

element widely.
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It can be seen from Fig. 2.6 that the reflection coefficients are lower than -10dB
for both feed networks and the cross polarization isolation (i.e., Ss;) is higher
than 40dB. Moreover, desired patterns for both polarizations on the cardinal and
intercardinal planes are obtained as seen in Fig. 2.7 to Fig. 2.14. Therefore, the
initial design of a single antenna element (i.e., strip-fed aperture coupled stacked
patch antenna) is completed. In the following subsections, parametric tests on

critical parameters are performed to observe their full effects on the design.

2.3 Parametric Tests

In this section, the results of parametric tests for important variables are pre-
sented. In all these tests, all the parameters other than the parameter of interest

are kept constant and equated to values in Table 2.1.

18



2.3.1 Lower Patch Length (Ipuichrower)

Since similar patterns and impedance characteristics for both polarizations are
desired, the lower patch shown in Fig. 2.3(b) is designed as square. In Fig.
2.15, Fig. 2.16 and Fig. 2.17, the effect of lower patch length on the impedance

characteristics is presented.

Reflaction Coefficient (Upper Feed) with Respect to Lower Patch Length
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Freguency(GHz)

Figure 2.15: Reflection coefficient for upper feed network versus frequency for
various lower patch lengths

19



Reflaction Coefficient (Lower Feed) with Respect to Lower Patch Length
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Figure 2.16: Reflection coefficient for lower feed network versus frequency for
various lower patch lengths
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Figure 2.17: Coupling between upper and lower feed networks versus frequency
for various lower patch lengths
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For both lower and upper feed networks, it can be observed that an increase in
the lower patch length shifts the resonance to lower frequencies. Also note that
for higher values of lower patch length, the coupling between the ports increases
and lower length is required for higher cross polarization isolation. It can be
seen that when lpgicnrower = 20mm, reflections coefficient of both upper and
lower feed networks are better than -12.5dB and the cross polarization isolation
is better than 40dB. Therefore, this value is chosen.

2.3.2 Upper Patch Length (Ipatcnvpper)

Since similar patterns and impedance characteristics for both polarizations are
designed, the upper patch shown in Fig. 2.3(a) is designed as square. In Fig.
2.18, Fig. 2.19 and Fig. 2.20, the effect of upper patch length on the impedance

characteristics is presented.

Reflection Coefficient (Upper Feed) with Respect to Upper Patch Length
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Figure 2.18: Reflection coefficient for upper feed network versus frequency for
various upper patch lengths
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Reflaction Coefficient (Lower Feed) with Respect to Upper Patch Length
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Figure 2.19: Reflection coefficient for lower feed network versus frequencies for
various upper patch lengths
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Figure 2.20: Coupling between upper and lower feed networks versus frequencies
for various upper patch lengths
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It can be seen from the figures that for the upper feed network, an increase in the
upper patch length decreases the magnitude of the reflection coefficient. On the
other hand, for the lower feed network, an increase in this parameter shifts the
resonance to lower frequencies. That means, while choosing this parameter, we
are limited by the lower feed. Also note that, lower length for upper patch values
cause worse cross polarization isolation. It can be seen that when lpgchvpper =
15mm, reflection coefficients of both upper and lower feed networks are better
than -12.5dB and the cross polarization isolation is better than 40dB. Therefore,

this value is chosen.

2.3.3 Lower Spacer Thickness (dspacerLower)

Lower spacer is placed between the upper ground plane and substrate of the lower
patch as shown in Fig. 2.2. In Fig. 2.21, Fig. 2.22 and Fig. 2.23, the effect of

the lower spacer thickness on the impedance characteristics is presented.

Reflection Coefiicient (Upper Feed) with Respect to Lower Spacer Height
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Figure 2.21: Reflection coefficient for upper feed network versus frequency for
various lower spacer heights
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Reflection Coeficient (Lower Feed) with Respeact to Lower Spacer Height
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Figure 2.22: Reflection coefficient for lower feed network versus frequency for
various lower spacer heights
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Figure 2.23: Coupling between upper and lower feed networks versus frequency
for various lower spacer heights
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It can be seen from the figures that for the upper feed network, an increase in
lower spacer thickness decreases the magnitude of the reflection coefficient. On
the other hand, for the lower feed network, an increase in this parameter shifts
the resonance to lower frequencies. That means, while choosing this parameter,
we are limited by the lower feed network. Also note that, higher lower spacer
thickness values cause worse cross polarizations isolation. So, there is a trade-off
between reflection coefficients and cross polarization isolation. It can be seen
that when dgspacerLower = 3.5mm, reflection coefficients of both upper and lower
feed network are better than -12.5dB and the cross polarization isolation is better
than 40dB. Therefore, this value is chosen.

2.3.4 Upper Spacer Thickness (dspacertpper)

Upper spacer is placed between the lower substrate of the patch and upper sub-
strate of patch as spacer as shown in Fig. 2.2. In Fig. 2.24, Fig. 2.25 and Fig.
2.26, the effect of the upper spacer thickness on the impedance characteristics is

presented.
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Reflection Coeficient (Upper Feed) with Respeact to Upper Spacer Height
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Figure 2.24: Reflection coefficient for upper feed network versus frequency for
various upper spacer heights

Reflection Coeficient (Lower Feed) with Respeact to Upper Spacer Height
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Figure 2.25: Reflection coefficient for lower feed network versus frequency for
various upper spacer heights
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Coupling between Upper and Lower Feeds with Respect to Upper Spacer Height

dS;:nacerU;:u;:ner:1 Ryl

: : : : : : : : i : :
L G T +dSpacerUpper:1 Smm |t

IjS;:nacerU;:n;:ner=2 Ryl

e dSpa:erUpper:2 Smm

dSpa:erUppef3 Ormm : [ :

0 i 1 1 i i i I
4

1
4.1 42 43 44 45 46 47 48 483 5 51 52
Frequency(izHz)

Figure 2.26: Coupling between upper and lower feed networks versus frequency
for various upper spacer heights

It can be seen from the figures that for the upper feed network, an increase in the
upper spacer thickness decreases the magnitude of the reflection coefficient. On
the other hand, for the lower feed network, an increase in this parameter shifts
the resonance to lower frequencies. That means, while choosing this parameter,
we are limited by the lower feed network. Also note that, lower spacer thickness
values cause worse cross polarization isolation. Hence, there is a trade-off between
reflection coefficients and the cross polarization isolation. It can be seen that when
dspacertpper = 2.0mm, reflection coefficients of both upper and lower feed network
are better than -12.5dB and the cross polarization isolation is better than 40dB.

Therefore, this value is chosen.

2.3.5 Slot Length (Ils;0)

In Fig. 2.27, Fig. 2.28 and Fig. 2.29, the effect of slot length, illustrated in Fig.

2.4 on the impedance characteristics is presented.
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Reflaction Coefficient (Upper Feed) with Respect to Slot Length
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Figure 2.27: Reflection coefficient for upper feed network versus frequency for
various slot lengths

Reflaction Coefficient (Lower Feed) with Respect to Slot Length
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Figure 2.28: Reflection coefficient for lower feed network versus frequency for
various slot lengths
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Coupling between Upper and Lower Feeds with Respect to Slot Length
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Figure 2.29: Coupling between upper and lower feed networks versus frequency
for various slot lengths

As it can be seen from the figures, slot length does not change the reflection coef-
ficient of the upper feed network significantly for the values we sweep. However,
reflection coefficient of the lower feed network does change significantly, and an
increase in the slot length shifts the resonance of it to higher frequencies. Also,
one can observe that cross polarization isolation does not have a linear relation
with the slot length and it should be optimized. Hence, there is a trade-off be-
tween reflection coefficients and the cross polarization isolation. It can be seen
that when lg;,; = 15.5mm, the reflection coefficients of both upper and lower feed
network are better than -12.5dB and the cross polarization isolation is better
than 40dB. Therefore, this value is chosen.

2.3.6 Minimum of Slot Width (dg;)

In the antenna element design, dog-bone shaped slot is chosen as shown in Fig.
2.4 due to its large bandwidth characteristics. In Fig. 2.30, Fig. 2.31 and Fig.
2.32, the effect of minimum of slot thickness, shown in Fig. 2.4, on the impedance

characteristics is presented.
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Figure 2.30: Reflection coefficient for upper feed network versus frequency for
various values of minimum of slot widths
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Figure 2.31: Reflection coefficient for lower feed network versus frequency for
various values of minimum of slot widths
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Coupling between Upper and Lower Feed with Respect to Minimurm Slot Width
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Figure 2.32: Coupling between upper and lower feed networks versus frequency
for various values of minimum of slot widths

The results indicate that an increase in the minimum of slot width leads to
shift in resonance to higher frequencies for both upper and lower feed networks.
However, level of resonance changes significantly with this increase. An increase
in minimum of slot width causes a dramatic decrease in the cross polarization
isolation. So, there is a trade-off between resonance frequencies of the upper
and lower feed networks and the cross polarization isolation. It can be seen that
when dg;,; = 3.0mm, reflection coefficients of both upper and lower feed networks
are better than -12.5dB and the cross polarization isolation is better than 40dB.

Therefore, this value is chosen.

2.3.7 Maximum of Slot Width (ds;,; + wsiot)

In Fig. 2.33, Fig. 2.34 and Fig. 2.35, the effect of maximum of slot thickness,

shown in Fig. 2.4, on the impedance characteristics is presented.
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Reflection Coefficient (Upper Feed) with Respect to Difference between
Maximum and Minimum of Slot VWidth
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Figure 2.33: Reflection coefficient for upper feed network versus frequency for
various values of maximum of slot widths

Reflection Coefficient (Lower Feed) with Respect to Difference between
Maximum and Minimum of Slot VWidth
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Figure 2.34: Reflection coefficient for lower feed network versus frequency for
various values of maximum of slot widths
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Coupling between Upper and Lower Feeds with Respect to Difference between
Maximum and Minimum of Slot YWidth
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Figure 2.35: Coupling between upper and lower feed networks versus frequency
for various values of maximum of slot widths

Based on Figs. 2.33 - 2.35, it can be said that an increase in maximum of slot
width, the impedance bandwidth increases. On the other hand, the level of
reflection coefficient can increase respectively. Additionally, note that increase in
maximum of slot width causes a decrease in cross polarization isolation. So, there
is a trade-off between resonance frequuencies of upper and lower feed networks
and the cross polarization isolation. It can be seen that when wg;,; = 2.5mm,
the reflection coefficient of both upper and lower feed network is better than
-12.5dB and cross polarization isolation is better than 40dB. Therefore, this value

is chosen.

2.3.8 Stub Length for Lower Feed (Ilsiubrower)

Open stubs are used in both polarizations for impedance matching as shown in
Fig. 2.5 . In Fig. 2.36, Fig. 2.37 and Fig. 2.38, the effect of stub length for lower

feed (see Fig. 2.5(b)) on the impedance characteristics are presented.
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Reflection Coeficient (Upper Feed) with Respect to Length of Stub of Lower Feed
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Figure 2.36: Reflection coefficient for upper feed network versus frequency for
various lengths of stubs of lower feed
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Figure 2.37: Reflection coefficient for lower feed network versus frequency for
various lengths of stubs of lower feed
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Coupling between Upper and Lower Feeds with Respect to Length of Stub of Lower Feed
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Figure 2.38: Coupling between upper and lower feed networks versus frequency
for various lengths of stubs of lower feed

From these figures, one can see that an increase in the length of the open stub of
the lower feed changes both the resonance frequency and the reflection level for
the lower feed network. However, it has almost no effect on the upper feed network
as it is expected. Another point is that, length of the open stub of the lower feed
is inversely proportional to the coupling between upper and lower feed networks.
Hence, there is a trade-off between the resonance frequencies of the lower feed
and the cross polarization isolation. It can be seen that when g uprower = 1.5mm,
the reflection coefficients of both upper and lower feed network are better than
-12.5dB and the cross polarization isolation is better than 40dB. Therefore, this

value is chosen.

2.3.9 Stub Length for Upper Feed (Isiubvpper)

In Fig. 2.39, Fig. 2.40 and Fig. 2.41, the effect of stub length for upper feed (see

Fig. 2.5(a)) on the impedance characteristics is presented.
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Reflection Coeficient (Upper Feed) with Respect to Length of Stub of Upper Feed

(dB)

Zabe

=1.2mm

lSlubUpper
*E lSh.Jl:lUpper:1 Arnrn

251 —H— ISlubUpper:1 Brrifn
_e_lslubUpper:1 Bmm
: : IS[ubUprEI’ZQ Omm
a0 i i 1 i i i I 1 i i i 1 1 i i
4 4.1 42 4.3 4.4 445 46 47 48 49 5 a1 5.2 a3 a4 ]

Freguency(GHz)

Figure 2.39: Reflection coefficient for upper feed network versus frequency for
various lengths of stubs of upper feed
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Figure 2.40: Reflection coefficient for lower feed network versus frequency for
various lengths of stubs of upper feed
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Coupling between Upper and Lower Feeds with Respect to Length of Stub of Upper Feed
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Figure 2.41: Coupling between upper and lower feed networks versus frequency
for various lengths of stubs of upper feed

Based on Figs. 2.39 - 2.41, it can be said that an increase in the length of
the open stub of the upper feed changes both the resonance frequency and the
reflection level for the upper feed. However, it has almost no effect on the lower
feed network as it is expected. Another point is that, length of the open stub of
the upper feed is inversely proportional to the coupling between the upper and
lower feed networks. Hence, there is a trade-off between resonance frequencies
of the upper feed and the cross polarization isolation. It can be seen that when
Istubpper = 1.6mm, reflection coefficients of both upper and lower feed network
are better than -12.5dB and the cross polarization isolation is better than 40dB.

Therefore, this value is chosen.

2.3.10 Distance between Branches of Lower Feed (wpouer)

In Fig. 2.42, Fig. 2.43 and Fig. 2.44, the effect of the distance between branches of
the lower feed network, illustrated in Fig. 2.5(b), on the impedance characteristics

are presented.
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Reflection Coefficient (Upper Feed) with Respect to Distance between Branches of Lower Feed
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Figure 2.42: Reflection coefficient for upper feed network versus frequency for
various distances between branches of lower feed

Reflection Coefficient (Lower Feed) with Respect to Distance between Branches of Lower Feed
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Figure 2.43: Reflection coefficient for lower feed network versus frequency for
various distances between branches of lower feed

38



Coupling between Upper and Lower Feeds with Respect to Distance between
Branches of Lower Feed
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Figure 2.44: Coupling between upper and lower feed networks versus frequency
for various distances between branches of lower feed

It can be observed from Figs. 2.42 - 2.44 that the distance between branches of
the lower feed network has almost no effect on the reflection coefficient of the
upper feed network. On the other hand, the resonance of the lower feed network
is shifted to lower frequencies with an increase in this parameter. Additionally, a
decrease in this parameter leads to a dramatic decrease in the cross polarization
isolation. Hence, there is a trade-off between resonance frequencies of the lower
feed and the cross polarization isolation. It can be seen that when wpyper =
6.0mm, reflection coefficients of both upper and lower feed network are better
than -12.5dB and the cross polarization isolation is better than 40dB. Therefore,

this value is chosen.

2.3.11 Distance between Branches of Upper Feed (wyper)

In Fig. 2.45, Fig. 2.46 and Fig. 2.47, the effect of the distance between branches
of the upper feed network, illustrated in Figs. 2.5(a), on the impedance charac-

teristics are presented.
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Reflaction Coefficient{Upper Feed) with Respect to Distance between Branches of Upper Feed
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Figure 2.45: Reflection coefficient for upper feed network versus frequency for
various distances between branches of upper feed
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Figure 2.46: Reflection coefficient for lower feed network versus frequency for
various distances between branches of upper feed
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Coupling between Upper and Lower Feeds with Respect to Distance between
Branches of Upper Feed
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Figure 2.47: Coupling between upper and lower feed network versus frequency
for various distances between branches of upper feed

It can be seen from the figures that the distance between the branches of the
upper feed network has almost no effect on the reflection coefficient of the lower
feed network. On the other hand, the resonance of the upper feed is shifted to
lower frequencies with an increase in this parameter. Additionally, a decrease in
this parameter leads to a dramatic decrease in the cross polarization isolation.
Hence, there is a trade-off between resonance frequencies of the upper feed and the
cross polarization isolation. It can be seen that when wgppe, = 8.0mm, reflection
coefficients of both upper and lower feed networks are better than -12.5dB and the

cross polarization isolation is better than 40dB. Therefore, this value is chosen.

2.3.12 Distance between Reflector and Lower Ground

(hReflector)

In Fig. 2.48, Fig. 2.49 and Fig. 2.50, the effect of the distance between the
reflector and the lower ground plane as illustrated in Fig. 2.1 and Fig. 2.2, on

the impedance characteristics is presented.
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Reflection Coefiicient (Upper Feed) with Respect to Distance between
Reflectar and the Lowest Ground
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Figure 2.48: Reflection coefficient for upper feed network verus frequency for
various distances between reflector and the lowest ground plane
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Reflection Coefiicient (Lower Feed) with Respect to Distance between
Reflectar and the Lowest Ground
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Figure 2.49: Reflection coefficient for lower feed network verus frequency for
various distances between reflector and the lowest ground plane
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Coupling between Upper and Lower Feeds with Respect to Distance between
Reflector and the Lowest Ground

hReflectDr:1 Amrmn

L e R
: ¥ hReerctar=1Bmm

= hReerctDr:17mm :
1 h tgmm [

Reflector

i 1
4.1 42 43 44 45 46 47 48 483 5 51
Frequency(izHz)

Figure 2.50: Coupling between upper and lower feed networks verus frequency
for various distances between reflector and the lowest ground plane

From these figures (2.48 - 2.50), the distance between the lowest ground plane
and the reflector is not very effective on the impedance behavior of the upper
feed network. On the other hand, it can be observed that the level of reflection
coefficient of the lower feed network changes with this parameter slightly. More-
over, the relation between cross polariztion isolation and this parameter is not
linear. Therefore, it should be optimized. It can be seen that when hgefiector
= 16mm, reflection coefficients of both upper and lower feed network are better
than -12.5dB and the cross polarization isolation is better than 40dB. Therefore,

this value is chosen.
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Chapter 3

Feed Network Design

In this thesis, it is aimed to design an antenna array with a -15dB SLL in both
cardinal and intercardinal planes. Recall that cardinal planes are the cuts for
¢=0° and ¢$=90° when antenna elements are placed in the x- and y-directions
and intercardinal planes are the cuts for other ¢’s [35]. Low SLL is desired
in these planes because it results a lower interference between communication
link channels and better communication quality. Additionally, vulnerability to
jamming through these planes can be prevented. It is well known that the antenna
pattern is the Fourier Transform of the current distribution on the antenna array.
Therefore, by exciting the array elements with required amplitude and phase
values, the desired array patterns can be obtained. The general practice is to
feed array elements with equal amplitudes. However, this technique results in a
sinc—shaped pattern and approximately -13dB SLL. Another possible amplitude
distribution is the triangular amplitude distribution. That results a sinc?—shaped
pattern and -15dB SLL. Since we have a two-dimensional array, the proposed
amplitude distribution should be a triangular-shaped one in both cardinal and
intercardinal planes to decrease the SLL in those planes. This distribution can
be called as pyramidial shape. Additionally, we require minimum 20dB gain
and maximum 10° 3dB beamwidth. As a result, a 6 by 6 array with 0.96\
element spacing at 4.7GHz is chosen as the array configuration. Note that at

5GHz, this element spacing corresponds to 1.02\ and for high frequencies of the
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band of the design, it causes grating lobes. However, in order to satisfy the
gain and beamwidth requirements, this configuration is used and grating lobes
are treated separetely. The angular positions for grating lobes are adjusted to
angular positions of the single element pattern where directivity is 15dB lower
than the maximum of the directivity at that point. In this way, the grating lobes

can be supressed. The desired distribution is tabulated in Table 3.1, where P

stands for unit power.

Antenna#1 | Antenna#2 | Antenna#3 | Antenna#4 | Antenna#5 | Antenna#6
P 2P 3P 3P 2P P
Antenna#7 | Antenna#8 | Antenna#9 | Antenna#10 | Antenna#11 | Antenna#12
2P 4P 6P 6P 4P 2P
Antenna#13 | Antenna#14 | Antenna#15 | Antenna#16 | Antenna#17 | Antenna#18
3P 6P 9P 9P 6P 3P
Antenna#19 | Antenna#20 | Antenna#21 | Antenna#22 | Antenna#23 | Antenna#24
3P 6P 9P qpP 6P 3P
Antenna#25 | Antenna#26 | Antenna#27 | Antenna#28 | Antenna#29 | Antenna#30
2P 4P 6P 6P 4P 2P
Antenna#31 | Antenna#32 | Antenna#33 | Antenna#34 | Antenna#35 | Antenna#36
P 2P 3P 3P 2P P

Table 3.1: Amplitude distribution for antenna array

Note that the desired amplitude distribution for the feed network is the matrix
product of P*[1 233 2 1]7 and [1 2 3 3 2 1]. Hence, the division [1 2 3 3 2 1]
should be implemented to input power at first. In this way, rows of the matrix
can be obtained. Then, division [1 2 3 3 2 1] should be implemented to outputs of
the first power divider separately. As a result, the matrix product can be realized.
This means only one power divider [1 2 3 3 2 1] should be designed at first. Then,
by combining seven of them, where one is directly connected to input power and
six of them are connected between the outputs of the first divider and antenna

ports, the entire feed network can be constructed. .

In the thesis, no electrical scanning is aimed and the maximum radiation is desired
at boresight. Therefore, all antenna elements should be equiphase. Moreover,
desired patterns are the same for both polarizations. Thus, only one 1-to-36
power divider is designed and two of them are stacked to constitute the dual-

polarized feed network.
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The desired amplitude and phase distributions are simulated via MATLAB®and
ideal (i.e., desired) array factors are computed. The resulted array factors are pre-
sented from 4.4GHz to 5GHz with an increment of 0.1GHz in Fig. 3.1, Fig. 3.2,
Fig. 3.3 and Fig. 3.4 for cardinal and intercardinal planes. Note that the up-
per and lower feed networks are the same to generate similar patterns for both

polarizations. Therefore, expected (ideal) array factors are the same for them.

Normalized Array Factor @6=0"

AF(dB)

4| —o—a76Hz |

L e 466HZ foneee { Y -

4.6GHz |
4.9GHz |
—4— 5.0GHz |

150 180

Figure 3.1: Desired array factor at ¢ =0° (a cardinal plane) for various frequencies
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Mormalized Array Factor @6=45"

——— 44GHz |
—#— 4 5GHz |
—#— 4 6GHz |
—e— 4.7GHz |

4.8GHz |

4.9GHz |
—¢— 5.0GHz |

AF(dB)

Figure 3.2: Desired array factor at ¢ =45° (an intercardinal plane) for various

frequencies

Mormalized Array Factor @6=90"

_________________________________________

AF(dB)

4| —o— a7GHz |
48GHz |
4.9GHz |
—4— 5.0GHz |

A —— 48CHz oo { | -

150 180

Figure 3.3: Desired array factor at ¢ =90° (a cardinal plane) for various frequen-
cies
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Mormalized Armray Factor @6=135°

——— 44GHz |
—— 4 5GHz |
—#— 4 6GHz |
—e— 4.7GHz |

4.3GHz ||

4.9GHz |
—4—5.0GHz |

AF(dB)

Figure 3.4: Desired array factor at ¢ =135° (an intercardinal plane) for various
frequencies

It can be seen from Fig. 3.1 to Fig. 3.4 that in the desired array factors, grating
lobes appear in the cardinal planes (for ¢ =0° and ¢ =90°) due to high element
spacing. However, these lobes are not in the 10dB beamwidth of the single
element and they can be (and will be) suppressed by the help of the element
pattern in the array. In intercardinal planes (for ¢ =45° and ¢ =135°), there is
no grating lobe as it is expected, because in these planes, slope of the amplitude
is higher compared to cardinal planes. Thus, better SLL in ¢ =0° and ¢ =90°
is expected. In Chapter 2, the antenna element patterns are obtained for both
upper and lower feed networks. If the array factors are multiplied with antenna
element patterns for upper and lower feed networks separetaly, the expected array
patterns can be obtained. Note that, these patterns do not include effects of the
coupling between antenna elements and they are modeled as perfectly isolated.
In Fig. 3.5 to Fig. 3.12, the expected array gain patterns for the upper and lower
feed networks in the cardinal and intercardinal planes are presented. Note that

these patterns includes the effect of conduction and dielectric losses.
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Gain @=0" for Upper Feed
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Figure 3.5: Expected antenna array gain pattern at ¢ =0° (a cardinal plane) for
various frequencies for the upper feed network

Gain @o=45" for Upper Feed
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Figure 3.6: Expected antenna array gain pattern at ¢ =45° (an intercardinal
plane) for various frequencies for the upper feed network
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Gain @o=90° for Upper Feed
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Figure 3.7: Expected antenna array gain pattern at ¢ =90° (a cardinal plane) for
various frequencies for the upper feed network

Gain @6=135° for Upper Feed
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Figure 3.8: Expected antenna array gain pattern at ¢ =135° (an intercardinal
plane) for various frequencies for the upper feed network
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Gain @=0" for Lower Feed
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Figure 3.9: Expected antenna array gain pattern at ¢ =0° (a cardinal plane) for
various frequencies for the lower feed network
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Figure 3.10: Expected antenna array gain pattern at ¢ =45° (an intercardinal
plane) for various frequencies for the lower feed network
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Gain @0=90° for Lower Feed
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Figure 3.11: Expected antenna array gain pattern at ¢ =90° (a cardinal plane)
for various frequencies for the lower feed network

Gain @6=135° for Lower Feed
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Figure 3.12: Expected antenna array gain pattern at ¢ =135° (an intercardinal
plane) for various frequencies for the lower feed network
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In these figures (Fig. 3.5 - Fig. 3.12), it can be seen that gain is higher than 20dB
in cardinal (¢ =0° and ¢ =90°) and intercardinal (for ¢ =45° and ¢ =135°) planes
for the upper and lower feed networks as desired. Additionally, the SLL is better
that -15dB in cardinal planes and better than -30dB in intercardinal planes. The
SLL is better in intercardinal planes than cardinal planes because in intercardinal
planes slope of the amplitude distribution is higher. With these parameters, it can
be said that the proposed amplitude and phase distribution (equiphase antennas)
is proper to generate the desired patterns. In the next section, the feed network
design that realizes this amplitude and phase distribution is provided step by
step.

3.1 Feed Network Design Steps

In order to block the coupling between the feed networks for different polariza-
tions, the stripline technology is chosen. In this way, we can isolate the feed
networks. If we use microstrip line technology, the amplitude and phase distri-
butions on the feed networks would be distorted due to the coupling occuring
on projective intersections of the feed networks for different polarizations. This
would result a lower cross polarization isolation and undesired array factors and
array patterns. By chosing stripline feeding, these undesired results can be pre-

vented.

The feed network is optimized for 502 for antenna ports. The substrate for the
feed network is chosen as 0.787mm ROGERS 5880 Duroid®, which has dielec-
tric constant of 2.20 and tangent loss of 0.0004, for both upper and lower feed

networks. The proposed entire feed network structure can be seen in Fig. 3.13.
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Input

Figure 3.13: Entire feed network (both for upper and lower feed network)

As mentioned before, the feed network consists of seven power dividers [1 2 3 3
2 1] (six of them are vertical and one of them is horizontal as depicted in Fig.
3.13). The details of the design steps are provided in the following subsections.
The simulations for Step 1, 2 and 3 in this chapter are performed via HFSS® in a
computer having 32GB RAM and 2.8GHz Intel® i7 microprocessor. The simula-
tion for Step 4 is performed via HFSS® in a high performance computer (HPC)
having 3TB RAM and 512 cores. In the simulation model, all metallic surfaces
(striplines and ground planes) are modelled as copper. The input and output

ports of the feed networks are ended with waveports having 50 €2 impedance. A
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vacuum box in the shape of rectangular parallelpiped is defined around the feed
network. The minimum distance from the single antenna element to the vac-
uum box is A/4 for the minimum frequency in the solution band. The solution
frequency is chosen as the maximum frequency in the solution band. For the
adaptive solution, maximum number of passes is determined as 15 and maximum
of Delta S is determined as 0.02.

3.1.1 Step 1: Dividing Power 3P to Power 2P and P

Input
0.49 Ag 0.49 Aq

3.4mm 3.4mm

Antenna Port#l Antenna Port#2

Figure 3.14: Geometry of the feed network Section#1

This section divides 3P power to 2P and P powers. Port impedances of An-
tenna#1 and Antenna#2 are 50€). In order to make power ratio of Antenna#1
to Antenna#2 one half, the impedance ratio of Antenna#1 to Antenna#2 should
be made 2/1. For this reason, 50§2 stripline is used for Antenna#2, but for An-
tenna#1 a tapered stripline that transforms 502 impedance to 100€2 impedance is
used. Therefore, input impedance becomes 33€2. Line widths are 1.4mm for 502,
0.4mm for 1002 and 2.1mm for 33€2. Also note that the total length of the lines
from antenna ports to input are equal to 3.4mm + 0.49) since we desire no phase
difference. Note that A\g=63.8mm at f=fy=4.7GHz. |Santennaszi/as should be
10log10(P/3P)= -4.77dB and |Santennaalas should be 10log;o(2P/3P)= -1.76dB

as a result of the power divider at this step.

The simulation results of this section of the divider are given in Fig. 3.15 and
Fig. 3.16.
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Figure 3.16: Phase differences for the feed network Section#1 through the desired

frequency band
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From the numerical results presented in Fig. 3.15 and Fig. 3.16 , it can be seen
that |Santennag1|ap=-4.7dB and |Santennap2|as=-1.9dB. Also, Si; is lower than
-19dB, and there is almost no phase difference between the antenna ports as

desired.

3.1.2 Step 2: Dividing Power 6P to Power 3P, 2P and P

Input

0.98 1

0.49 1,

Antenna Port#3 Antenna PortH2 Antenna Port#1l

Figure 3.17: Geometry of the feed network Section#2

This section shows how 6P power is divided to 3P, 2P and P powers. In the
previous step, division of 3P power to 2P and P powers is realized. Therefore,
if the input port of the divider in Step 2 is connected to an output port of
equal divider, the divider required for this step can be obtained. Since the sum
of the powers of Antenna Port#1 and Antenna Port#2 should be equal to the
power of Antenna Port#3, impedances at the intersection point of the input
port of the divider in Step 2 and the Antenna Port#3 should be equal. For this
reason, a tapered stripline that transforms 5082 to 1002 for Antenna Port#3 is
used and another tapered stripline for Section#1 that transforms 332 to 10052
is used. Therefore, input impedance becomes 50¢2. Also note that total length
of the lines from antenna ports to input are equal to 11.4mm + 0.98)\g since
we desire no phase difference. |Santennaz1|as should be 10log,o(P/6P)= -7.78dB,
|S antennas2|ap should be 10log1o(2P/6P)= -4.77dB and |Santenna#slas should be
10l0g19(3P/6P)= -3.01dB as a result of the power divider at this step. The
simulation results of this section of the divider are presented in Fig. 3.18 and
Fig. 3.19.
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From the results presented in Fig. 3.18 and Fig. 3.19, one can see that
|Santennaz1|ap=-7.77dB, |Santennaze|as=-4.92dB and [Santennasslas=-3.09dB.
There is almost no phase difference between the two antenna ports as desired.
Besides, Sy; is lower than -19dB.

3.1.3 Step 3: Dividing Power 12P to Power P, 2P, 3P, 3P,
2P and P

1.47 4 Input

1.47 2,

Antenna Port¥6 Antenna Port#5 Antenna Port#4 Antenna Porté#3 Antenna Porté#2 AntennaPort#l

Figure 3.20: Geometry of the feed network Section#3

This subsection presents how to divide 12P power to P, 2P, 3P, 3P, 2P and P
powers. For this task, two Section#2 dividers are combined. If input ports
of two dividers in Step 2 are connected to output ports of an equal divider,
the proposed divider can be realized. Both of them should be fed by a total
of 6P powers. For this reason, at the intersection point of input ports of di-
viders in Step 2, impedances of them should be equal. Therefore, striplines
that transform 502 to 1002 are used to connect the two Section#2 dividers.
As a result, input impedance becomes 50€2. Also note that total length of the
lines from the antenna ports to the input are equal to 19.9mm + 2.45)\; since
no phase difference is desired. Consequently, |Santennas1|as and |Santennaselds
should be 10logyo(P/12P)= -10.79dB, |Santennaz2las and |Santennass|las should
be 10l0og19(2P/12P)= -7.78dB and |Santenna#slas and [Santennazalas should be
10log10(3P/12P)= -6.02dB as results of the power divider at this step.

The simulation results of this section of the divider are given in Fig. 3.21 and
Fig. 3.22:
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Figure 3.21: Power distribution for the feed network Section#3 through the de-

sired frequency band
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From the numerical results presented in Fig. 3.21 and Fig. 3.22, it can be seen

that ‘SAntenna#l|dB:’SAntenna#ﬁldB:'10-72dB7 ’SAntenna#Z|dB:|SAntenna#5‘dB:'
7.93dB and |Santennazs|as=|S antennazalap=-6.22dB, Si; is lower than -19dB, and

there is almost no phase difference between antenna ports as desired.

3.1.4 Step 4: Entire Feed Network

2.45 ¢

Figure 3.23: The final configuration of the entire feed network
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A+ stands for the i Antenna Port in the figure. The entire feed network
configuration is given in Fig. 3.23. One Section#3 divider is placed horizontally
and 6 Section#3 dividers are connected to the output ports of this horizontal
divider as shown in Fig. 3.23. In this way, the power distribution as the matrix
product of P*[1 2332 1]7 and [1 2 3 3 2 1] is realized. Note that there should
be no phase difference between antenna ports as we want the main beam of the

antenna array to be at the boresight all the time.
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Figure 3.24: Amplitude distribution of the entire feed network through the desired
frequency band
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Figure 3.25: Phase distribution of the entire feed network through the desired
frequency band

Table 3.2 tabulates (and compares) the desired and the numerically obtained
(via HFSS) amplitude distribution (in an element by element fashion) at 4.7GHz,
whereas Table 3.3 tabulates the same for the phase. Power calculation is per-
formed using the equation Pyp = 1000g10(Pantenna/ Piotar)- Percentage error rate
for the power is defined as error% = | Ppytained — Piesired|/ Paesirea * 100. Note that

for simulations, output ports of the feed network are ended with exact 50€2.
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Antenna Index

Desired Power

Obtained Power @ 4.7TGHz

Error in Power%

Antenna#1 -21.58dB -21.36dB 5.20%
Antenna#2 -18.57dB -18.63dB 1.37%
Antenna#3 -16.81dB -16.97dB 3.62%
Antenna#4 -16.81dB -16.94dB 2.95%
Antenna#5 -18.57dB -18.58dB 0.23%
Antenna#6 -21.58dB -21.29dB 6.91%
Antenna#7 -18.57dB -18.58dB 0.23%
Antenna#8 -15.56dB -15.92dB 7.96%
Antenna#9 -13.80dB -14.21dB 9.01%
Antenna#10 -13.80dB -14.21dB 9.01%
Antenna#11 -15.56dB -15.84dB 6.24%
Antenna#12 -18.57dB -18.53dB 0.93%
Antenna#13 -16.81dB -16.91dB 2.28%
Antenna#14 -13.80dB -14.25dB 9.84%
Antenna#15 -12.04dB -12.53dB 10.67%
Antenna#16 -12.04dB -12.56dB 11.28%
Antenna#17 -13.80dB -14.19dB 8.59%
Antenna#18 -16.81dB -16.86dB 1.14%
Antenna#19 -16.81dB -16.96dB 3.39%
Antenna#20 -13.80dB -14.26dB 10.05%
Antenna#21 -12.04dB -12.55dB 11.08%
Antenna#22 -12.04dB -12.52dB 10.46%
Antenna#23 -13.80dB -14.22dB 9.22%
Antenna#24 -16.81dB -16.83dB 0.46%
Antenna#25 -18.57dB -18.61dB 0.92%
Antenna#26 -15.56dB -15.89dB 7.32%
Antenna#27 -13.80dB -14.22dB 9.22%
Antenna#28 -13.80dB -14.19dB 8.59%
Antenna#29 -15.56dB -15.85dB 6.46%
Antenna#30 -18.57dB -18.50dB 1.62%
Antenna#31 -21.58dB -21.36dB 5.20%
Antenna#32 -18.57dB -18.64dB 1.60%
Antenna#33 -16.81dB -16.99dB 4.06%
Antenna#34 -16.81dB -16.94dB 2.95%
Antenna#35 -18.57dB -18.62dB 1.14%
Antenna#36 -21.58dB -21.21dB 8.89%

Table 3.2: Desired and numerically obtained (via HFSS) power distributions for

the feed network
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Antenna Index( | Desired Phase | Obtained Phase @ 4.7GHz
Antenna#1 0° 0°
Antenna#2 0° 0.35°
Antenna#3 0° 0.87°
Antenna#4 0° 0.70°
Antenna#5 0° 0.99°
Antenna#6 0° 0.61°
Antenna#7 0° -0.03°
Antenna#8 0° 0°
Antenna#9 0° 0.35°
Antenna#10 0° 0.87°
Antenna#11 0° 0.70°
Antenna#12 0° 0.99°
Antenna#13 0° 0.61°
Antenna#14 0° -0.03°
Antenna#15 0° 0.35°
Antenna#16 0° 0.80°
Antenna#17 0° 0.62°
Antenna#18 0° 1.04°
Antenna#19 0° 0.46°
Antenna#20 0° -0.29°
Antenna#21 0° 0.51°
Antenna#22 0° 0.92°
Antenna#23 0° 0.97°
Antenna#24 0° 1.02°
Antenna#25 0° 0.58°
Antenna#26 0° -0.21°
Antenna#27 0° 0.39°
Antenna#28 0° 0.83°
Antenna#29 0° 0.87°
Antenna#30 0° 1.09°
Antenna#31 0° 0.64°
Antenna#32 0° -0.18°
Antenna#33 0° 0.43°
Antenna#34 0° 1.07°
Antenna#35 0° 0.85°
Antenna#36 0° 1.02°

Table 3.3: Desired and numerically obtained (via HFSS) phase distributions for
the feed network
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As seen from the tables, the obtained power distribution is quite close to the ideal
results. Furthermore, all antenna ports have almost the same phase. To further
verify that numerically obtained distributions yield patterns similar to the desired
ones, array factors are generated via MATLAB®using the amplitudes and phases
obtained from HFSS simulations. The resultant array factors are presented from
4.4GHz to 5GHz with an increment of 0.1GHz in Fig. 3.26 - Fig. 3.29. Note that
because the upper and lower feed networks are the same, we have similar patterns
for both upper and lower feed networks. Therefore, numerically obtained array

factors are going to be the same for both feed networks.

Normalized Array Factor @6=07

____________________
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Figure 3.26: Numerically obtained array factors at ¢ =0° for various frequencies
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Figure 3.27: Numerically obtained array factors at ¢ =45° for various frequencies
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Figure 3.28: Numerically obtained array factors at ¢ =90° for various frequencies
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Mormalized Array Factor @=135°
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Figure 3.29: Numerically obtained array factors at ¢ =135° for various frequencies

In these figures (Fig. 3.26 - Fig. 3.29), it can be seen that grating lobes appear
in the cardinal planes (for ¢ =0° and ¢ =90°). However, these lobes are not in
10dB beamwidth of the single element and they are suppressed by the element
pattern in the array. In the intercardinal planes (for ¢ =45° and ¢ =135°),
there is no grating lobe as it is expected, because in these planes slope of the
amplitude is higher compared to the cardinal planes. In Chapter 2, the antenna
element patterns are obtained for both upper and lower feed networks. If the array
factors are multiplied with antenna element patterns for the upper and lower feed
networks separetaly, expected array patterns can be obtained. Note that, these
patterns do not include the effect of the coupling between antenna elements and
they are modeled as perfectly isolated. In Fig. 3.30 to Fig. 3.37, these array
patterns for upper and lower feed networks in the cardinal and intercardinal

planes are presented.
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Gain @¢=0° for Upper Feed
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Figure 3.30: Expected antenna array pattern at ¢ =0° for the upper feed network
for various frequencies
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Figure 3.31: Expected antenna array pattern at ¢ =45° for the upper feed network
for various frequencies
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Gain @¢=90° for Upper Feed
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Figure 3.32: Expected antenna array pattern at ¢ =90° for the upper feed network
for various frequencies
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Figure 3.33: Expected antenna array pattern at ¢ =135° for the upper feed
network for various frequencies
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Gain @¢=0° for Lower Feed
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Figure 3.34: Expected antenna array pattern at ¢ =0° for the lower feed network
for various frequencies

Gain @¢=45" for Lower Feed
1

—— 44GHz
—%— 4.5GHz
—»— 4 6GHz : : . : ' : :
W1 —e—476Hz [ prTmmereees i e e

4.8GHz : : : : ‘ : :
4.9GHz
|| —%— 5.0GHz

-20

30 f--- R -l .

I ),

-100

Figure 3.35: Expected antenna array pattern at ¢ =45° for the lower feed network
for various frequencies
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Gain @4¢=90° for Lower Feed
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Figure 3.36: Expected antenna array pattern at ¢ =90° for the lower feed network
for various frequencies
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Figure 3.37: Expected antenna array pattern at ¢ =135° for the lower feed net-
work for various frequencies
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In all these figures (i.e., Fig. 3.30 to Fig. 3.37), it can be seen that the gain
is higher than 20dB in both cardinal (¢ =0° and ¢ =90°) and intercardinal (for
¢ =45° and ¢ =135°) planes for upper and lower feed networks as desired. In
addition, SLL is better that -15dB in cardinal planes and it is better than -
25dB in intercardinal planes. With these parameters, it can be said that the
obtained amplitude and phase distribution (via HFSS) is proper to generate the
desired patterns. In the next chapter, antenna elements are placed in the array
environment and connected to the feed networks to constitute the entire antenna

array geometry.
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Chapter 4

Antenna Array Design

In previous chapters, the single element and the feed network with the required
amplitude and phase distributions to synthesize the desired patterns are designed.
In this chapter, 36 single elements are placed as the 6x6 array and two feed
networks for different polarizations are connected to the ports of these single

elements. The final array configuration is given in Fig. 4.1.

The simulations in this chapter are performed via HFSS® high performance com-
puter (HPC) having 3TB RAM and 512 cores. In the simulation model, all metal-
lic surfaces (patches, ground planes etc.) are modelled as copper. The antenna is
fed by waveports having 502 impedance. A vacuum box in the shape of rectan-
gular parallelpiped is defined around the antenna. The minimum distance from
the antenna to the vacuum box is A/4 for the minimum frequency in the solution
band. The solution frequency is chosen as the maximum frequency in the solution
band. For the adaptive solution, maximum number of passes is determined as 15
and maximum of Delta S is determined as 0.02. With this solution setup, 128GB
RAM and 32 cores are required. Each simulation takes 38 hours, 12 hours for

adaptive passes and 2 hours per each frequency solution.
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Figure 4.1: Exploded view of the proposed antenna array configuration
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When this configuration is simulated fully, the results given in Fig. 4.2 to 4.10

are obtained.

o-Parameter of Single Element

a2k e SR Y 5, (Upper Feed)
tg -3 """" """" """" """" """" —— Sy (Lower Feed)
e To0 ....... ....... ....... ....... ....... 521
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fiGHz)

Figure 4.2: S-parameters of the entire antenna array versus frequency over the
desired band
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Gain @a=0° for Upper Feed
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Figure 4.3: The entire array gain pattern at ¢ =0° for upper feed network for
various frequencies
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Figure 4.4: The entire array gain pattern at ¢ =45° for upper feed network for
various frequencies

7



Gain @o=90° for Upper Feed
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Figure 4.5: The entire array gain pattern at ¢ =90° for upper feed network for
various frequencies
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Figure 4.6: The entire array gain pattern at ¢ =135° for upper feed network for
various frequencies
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Gain @o=0° for Lower Feed
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Figure 4.7: The entire array gain pattern at ¢ =0° for lower feed network for
various frequencies
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Figure 4.8: The entire array gain pattern at ¢ =45° for lower feed network for
various frequencies
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Gain @o=90° for Lower Feed
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Figure 4.9: The entire array gain pattern at ¢ =90° for lower feed network for
various frequencies
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Figure 4.10: The entire array gain pattern at ¢ =135° for lower feed network for
various frequencies
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It can be seen from these figures that reflection coefficients for both upper and
lower feed networks are higher than -10dB around 4.45GHz. Additionally, reflec-
tion coefficient becomes higher than -10dB at some frequencies in the operation
band. On the other hand, the cross polarization isolation is better than 40dB
and it is satisfactory for the purpose of this array. Another important point is
the SLL, which is higher than -15dB for higher frequencies due to the effect of
grating lobes. Moreover, 10° 3dB beamwidth is obtained. Front-to-back ratio is
10dB. This result occurs due to finite-length reflector plane. Note that patterns
at @ =0° and ¢ =90° are different than each other although square patches are

used. The reason is the direction of the feeds.

Since the reflection coefficients regarding single elements as well as the feed net-
works are better than -10dB, the reason why reflection coefficients regarding the
entire antenna array are distorted is considered as the effect of the array envi-
ronment. In order to verify this consideration, the 36 single elements are placed
in the array environment without feed networks and they are fed with their own
feeds separately with ideal amplitudes and phases. In this way, it is aimed to
observe the behaviors of antenna elements in the array environment. The resul-
tant S-parameters of each antenna element are given in Fig. 4.11 - Fig. 4.13.
Moreover, the simulated gain patterns with ideal amplitude and phase distribu-
tion are given in Fig. 4.14 to Fig. 4.21. Besides, Table 4.1 and Table 4.2 present
the minimum inter-element isolation of each antenna element for the upper and

lower feed networks, respectively.
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Figure 4.11: Reflection coefficients of each single element versus
antenna array for the upper feed network
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Figure 4.12: Reflection coefficients of each single element versus frequency in the
antenna array for the lower feed network
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Figure 4.13: Cross polarization isolation of each single element versus frequency
in the antenna array
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Figure 4.14: Array patterns without the feed network at ¢ =0° for the upper feed
network for various frequencies
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Gain @o=45° for Upper Feed
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Figure 4.15: Array patterns without the feed network at ¢ =45° for the upper
feed network for various frequencies
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Figure 4.16: Array patterns without the feed network at ¢ =90° for the upper
feed network for various frequencies
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Gain @6=135° for Upper Feed
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Figure 4.17: Array patterns without the feed network at ¢ =135° for the upper
feed network for various frequencies
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Figure 4.18: Array patterns without the feed network at ¢ =0° for the lower feed
network for various frequencies
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Gain @o=45° for Lower Feed
0 O

—— 4.4GHz
—%— 45GHz
—#— 4 6GHz
201 —e— 4.7GHz

48GHz

4.9GHz
—4— 50GHz

Gain(dB)

40 L
B0 150 - 150 180

Figure 4.19: Array patterns without the feed network at ¢ =45° for the lower
feed network for various frequencies
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Figure 4.20: Array patterns without the feed network at ¢ =90° for the lower
feed network for various frequencies
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Figure 4.21: Array patterns without the feed network at ¢ =135° for the lower
feed network for various frequencies
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Antenna

Couplingma. @4.4GHz

Couplingmae. @4.7TGHz

Coupling,q.. @5GHz

Antenna#1 -25.46dB -25.90dB -26.60dB
Antenna#2 -23.92dB -25.91dB -27.94dB
Antenna3 -24.37dB -28.63dB -27.48dB
Antenna#4 -24.10dB -26.04dB -27.82dB
Antenna#5 -24.72dB -26.27dB -27.81dB
Antenna#6 -24.72dB -27.36dB -26.83dB
Antenna#7 -25.44dB -25.90dB -26.60dB
Antenna#8 -23.92dB -25.91dB -27.18dB
Antenna#9 -23.37dB -25.88dB -27.48dB
Antenna#10 -24.10dB -25.78dB -27.73dB
Antenna#11 -25.39dB -26.27dB -27.27dB
Antenna#12 -25.39dB -25.81dB -26.71dB
Antenna#13 -25.35dB -25.65dB -25.70dB
Antenna#14 -24.11dB -26.12dB -27.18dB
Antenna#15 -22.71dB -25.88dB -27.62dB
Antenna#16 -24.24dB -25.78dB -27.56dB
Antenna#17 -25.05dB -26.63dB -27.27dB
Antenna#18 -25.37dB -25.81dB -26.71dB
Antenna#19 -23.63dB -25.59dB -24.68dB
Antenna#20 -23.51dB -26.02dB -27.81dB
Antenna#21 -22.71dB -25.79dB -27.72dB
Antenna#22 -23.79dB -26.10dB -27.56dB
Antenna#23 -25.05dB -26.08dB -27.50dB
Antenna#24 -25.12dB -26.64dB -26.92dB
Antenna#25 -23.63dB -25.47dB -24.68dB
Antenna#26 -23.51dB -26.02dB -28.73dB
Antenna#27 -23.02dB -25.79dB -27.77dB
Antenna#28 -23.79dB -26.10dB -27.61dB
Antenna#29 -25.67dB -26.05dB -27.61dB
Antenna#30 -24.81dB -25.56dB -26.95dB
Antenna#31 -24.11dB -25.47dB -26.40dB
Antenna#32 -24.11dB -26.72dB -28.80dB
Antenna#33 -25.07dB -26.49dB -28.87dB
Antenna#34 -23.93dB -26.05dB -28.27dB
Antenna#35 -25.67dB -25.56dB -28.23dB
Antenna#36 -24.81dB -21.21dB -27.33dB

Table 4.1: Minimum inter-element isolation of antenna elements for the upper

feed network
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Antenna

Couplingma. @4.4GHz

Couplingmae. @4.7TGHz

Coupling,q.. @5GHz

Antenna#1 -22.21dB -23.60dB -24.36dB
Antenna#2 -20.78dB -23.60dB -24.36dB
Antenna3 -19.89dB -23.23dB -25.76dB
Antenna#4 -19.89dB -23.08dB -25.76dB
Antenna#5b -20.26dB -23.08dB -26.25dB
Antenna#6 -22.42dB -24.85dB -27.14dB
Antenna#7 -21.46dB -23.88dB -24.62dB
Antenna#8 -21.46dB -23.15dB -24.62dB
Antenna#9 -21.69dB -23.10dB -25.56dB
Antenna#10 -21.20dB -23.10dB -26.54dB
Antenna#11 -21.20dB -22.23dB -26.54dB
Antenna#12 -22.10dB -22.23dB -27.34dB
Antenna#13 -22.51dB -24.67dB -23.04dB
Antenna#14 -22.09dB -23.00dB -23.04dB
Antenna#15 -21.00dB -23.00dB -26.21dB
Antenna#16 -21.00dB -23.74dB -27.28dB
Antenna#17 -22.20dB -23.84dB -26.91dB
Antenna#18 -22.75dB -23.93dB -26.91dB
Antenna#19 -22.21dB -24.41dB -23.26dB
Antenna#20 -21.94dB -23.20dB -23.26dB
Antenna#21 -21.24dB -23.20dB -25.96dB
Antenna#22 -21.24dB -23.50dB -26.48dB
Antenna#23 -22.23dB -23.50dB -24.77dB
Antenna#24 -22.92dB -23.93dB -24.77dB
Antenna#25 -21.63dB -23.77dB -23.89dB
Antenna#26 -21.63dB -23.64dB -23.89dB
Antenna#27 -21.42dB -23.35dB -25.55dB
Antenna#28 -21.42dB -23.35dB -27.54dB
Antenna#29 -22.11dB -23.01dB -27.57dB
Antenna#30 -22.13dB -23.01dB -25.80dB
Antenna#31 -22.40dB -22.46dB -26.41dB
Antenna#32 -21.04dB -22.46dB -18.11dB
Antenna#33 -19.93dB -22.78dB -18.11dB
Antenna#34 -19.93dB -22.78dB -22.36dB
Antenna#35 -20.95dB -23.29dB -22.85dB
Antenna#36 -22.41dB -23.29dB -22.85dB

Table 4.2: Minimum inter-element isolation of antenna elements for the lower

feed network
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When the results are examined, it can be seen that reflection coefficients for
both upper and lower feed networks are lower than -10dB. On the other hand,
inter-element isolations have some values around -20dB for both feeds. Since the
feed networks are not output matched, it can be the reason for higher reflection
coefficients in the antenna array in the presence of the feed network. Also, the
effect of grating lobes in SLL still remains. When the source of low inter-element
isolation is investigated, it is observed that the source is the radiation between
antenna elements. In order to prevent the effect of radiation among the antenna
elements, a 6x6 grid structure with a 10mm wall height and 61.2mm cell size is
introduced to the overall array as shown in Fig. 4.33. In this way, it is expected
that the inter-element isolations among the antenna elements can be increased
and the effect of grating lobes on SLL can be reduced. In this structure, each
antenna element is fed by its own feeds with an ideal amplitude and phase, again.
Fig. 4.11 to Fig. 4.21 as well as Table 4.1 and Table 4.2 are repeated for this
situation (i.e., in the presence of the grid) and presented in Fig. 4.22 to Fig. 4.24
for the S-parameters, Fig. 4.25 to Fig. 4.32 for the gain patterns and Table 4.3

and Table 4.4 for the minimum inter-element isolation.

Reflections Coefficients of Antenna Element in the Array for Upper Feed s 5

o . ! , . ! . 1 1919
—3Sp S2020
A ...... ....... ....... ....... ...... 4 8.y 121
: : 5 : 5 : Sy Szam0
A s — - — — s | — s, Syom
15 B U N ....... ....... ....... ....... ....... ....... ....... ..... 1 |7 Ses S2424
o Sry 82525
CIJ) SRR U0 SO ON0000 SAO OO OO SRS OUOOS NS e Sgs Se25
@ Sog Syrar
a5l ....... ....... ....... ....... ....... ....... ....... ....... ....... ....... ..... - S110 S,a08
O S O O U U S SO SO SO |
: : : : : : : : : : : 1212 3030
) IS VRN VRN SONUE PO SUPOOS RS SUUOIFONNS NENOS SOONON PO S1a13 Sapai
e I Siga| | 7 Sazaz
40 i I i i i i I i i L i S5 83333

44 445 45 455 46 4865 47 475 48 485 49 495 5
f{GHz) Sis18 S3434
Stz | | = Sacas
Sigra| | = S

Figure 4.22: Reflection coefficients of each single element versus frequency in the
antenna array for the upper feed network in the presence of the grid
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Reflections Coefiicients of Antenna Elerment in the Array for Lower Feed
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Figure 4.23: Reflection coefficients of each single element versus frequency in the
antenna array for the lower feed network in the presence of the grid
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Figure 4.24: Cross polarization isolation of each single element versus frequency
in the antenna array in the presence of the grid
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Figure 4.25: Array pattern in the presence of the grid without the feed network
at ¢ =0° for the upper feed network for various frequencies
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Figure 4.26: Array pattern in the presence of the grid without the feed network
at ¢ =45° for the upper feed network for various frequencies
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Gain @=90° for Upper Feed
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Figure 4.27: Array pattern in the presence of the grid without the feed network
at ¢ =90° for the upper feed network for various frequencies
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Figure 4.28: Array pattern in the presence of the grid without the feed network
at ¢ =135° for the upper feed network for various frequencies

93



Gain @=0° for Lower Feed
30 emmneae e eeeaaaes S A, e e S S peeeeeees ,

20 H

4.9GHz
|| —&— 5.06Hz

. y I
\ \J'}‘f‘ﬁ‘!‘ g AP
4 AR

=]

Gain(dB)

TV O .L 3 . ,,,,,,,,,,,,,,,,,,,,,,,
.
B ----------------------------------------------------------
| ; | ; | | | |
180 -150 -100 50 0 50 100 150 180

Figure 4.29: Array pattern in the presence of the grid without the feed network
at ¢ =0° for the lower feed network for various frequencies
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Figure 4.30: Array pattern in the presence of the grid without the feed network
at ¢ =45° for the lower feed network for various frequencies
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Gain @=90° for Lower Feed
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Figure 4.31: Array pattern in the presence of the grid without the feed network
at ¢ =90° for the lower feed network for various frequencies
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Figure 4.32: Array pattern in the presence of the grid without the feed network
at ¢ =135° for the lower feed network for various frequencies
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Antenna

Couplingma. @4.4GHz

Couplingmae. @4.7TGHz

Coupling,.. @5GHz

Antenna#1 -32.98dB -31.24dB -32.88dB
Antenna#2 -32.21dB -33.14dB -33.51dB
Antenna#3 -33.36dB -34.45dB -32.27dB
Antenna#4 -31.98dB -32.62dB -31.59dB
Antenna#5h -33.02dB -33.14dB -32.95dB
Antenna#6 -30.34dB -31.16dB -31.38dB
Antenna#7 -30.56dB -31.24dB -32.43dB
Antenna#8 -32.13dB -33.14dB -32.62dB
Antenna#9 -31.86dB -33.49dB -32.21dB
Antenna#10 -31.39dB -32.62dB -31.46dB
Antenna#11 -30.49dB -33.14dB -32.66dB
Antenna#£12 -29.33dB -31.16dB -31.19dB
Antenna#13 -29.75dB -32.20dB -32.16dB
Antenna#14 -29.72dB -34.94dB -32.62dB
Antenna#15 -30.35dB -33.28dB -32.21dB
Antenna#16 -29.19dB -33.13dB -31.46dB
Antenna#17 -29.57dB -33.86dB -32.53dB
Antenna#18 -28.70dB -32.48dB -31.19dB
Antenna#19 -29.47dB -32.66dB -31.19dB
Antenna#20 -29.72dB -33.37dB -32.39dB
Antenna#21 -30.35dB -33.28dB -32.43dB
Antenna#22 -29.19dB -32.30dB -33.11dB
Antenna#23 -29.57dB -33.22dB -32.23dB
Antenna#24 -28.70dB -32.23dB -31.52dB
Antenna#25 -29.47dB -30.99dB -31.19dB
Antenna#26 -31.31dB -33.28dB -32.39dB
Antenna#27 -31.54dB -33.07dB -32.43dB
Antenna#28 -30.84dB -32.30dB -32.68dB
Antenna#29 -32.00dB -32.75dB -32.23dB
Antenna#30 -30.49dB -31.11dB -31.52dB
Antenna#31 -31.95dB -30.99dB -33.40dB
Antenna#32 -33.99dB -33.28dB -32.49dB
Antenna#33 -32.64dB -33.07dB -33.67dB
Antenna#34 -34.07dB -32.67dB -32.68dB
Antenna#35 -33.85dB -32.75dB -32.53dB
Antenna#36 -30.71dB -31.11dB -32.97dB

Table 4.3: Minimum inter-element isolation of antenna elements for the upper
feed network in the presence of the grid
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Antenna

Couplingma. @4.4GHz

Couplingmae. @4.7TGHz

Coupling,.. @5GHz

Antenna#1 -26.93dB -27.90dB -28.12dB
Antenna#2 -25.32dB -27.90dB -28.12dB
Antenna#3 -23.64dB -28.11dB -29.25dB
Antenna#4 -23.64dB -28.11dB -31.20dB
Antenna#5h -25.67dB -28.37dB -29.96dB
Antenna#6 -27.67dB -28.37dB -29.96dB
Antenna#7 -28.11dB -29.63dB -27.28dB
Antenna#8 -27.96dB -29.09dB -27.28dB
Antenna#9 -27.22dB -28.96dB -29.96dB
Antenna#10 -27.22dB -28.96dB -30.02dB
Antenna#11 -28.42dB -29.43dB -30.02dB
Antenna#12 -29.00dB -29.43dB -30.07dB
Antenna#13 -29.01dB -29.00dB -27.82dB
Antenna#14 -28.29dB -28.31dB -27.82dB
Antenna#15 -26.57dB -28.31dB -28.60dB
Antenna#16 -26.57dB -28.98dB -29.15dB
Antenna#17 -27.93dB -28.98dB -29.15dB
Antenna#18 -28.70dB -29.52dB -30.03dB
Antenna#19 -28.55dB -29.07dB -26.76dB
Antenna#20 -28.62dB -29.07dB -26.76dB
Antenna#21 -26.46dB -28.55dB -29.10dB
Antenna#22 -26.46dB -28.55dB -30.49dB
Antenna#23 -28.46dB -28.80dB -30.49dB
Antenna#24 -29.11dB -28.80dB -32.01dB
Antenna#25 -28.36dB -29.11dB -26.90dB
Antenna#26 -27.89dB -28.99dB -26.90dB
Antenna#27 -26.88dB -27.83dB -30.91dB
Antenna#28 -26.88dB -27.83dB -30.55dB
Antenna#29 -28.00dB -28.26dB -29.85dB
Antenna#30 -28.89dB -28.26dB -29.85dB
Antenna#31 -26.84dB -27.75dB -29.00dB
Antenna#32 -25.47dB -27.75dB -26.52dB
Antenna#33 -24.14dB -28.52dB -26.52dB
Antenna#34 -24.14dB -28.52dB -28.85dB
Antenna#35 -24.98dB -27.55dB -28.85dB
Antenna#36 -27.64dB -27.55dB -30.76dB

Table 4.4: Minimum inter-element isolation of antenna elements for the lower
feed network in the presence of the grid
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As it can be seen from these results, there is no significant change in reflection
coefficients for the upper and lower feed networks as well as cross polarization
isolations. On the other hand, the maximum inter-element isolations are increased
approximately by 5dB. The final configuration for the proposed antenna array in
the presence of the grid structure is illustrated in Fig. 4.33. The feed networks

now can be connected to antenna elements.

Grid structure

Upper patch and its substrate

Upper spacer

Lower patch and its substrate

Lower spacer

Upper ground plane with cross slots

Uppermost substrate for feed network

Upper feed network

Upper substrate for feed network

Middle ground plane with cross slots

Lower substrate for feed network

Lower feed network

Lowermost substrate for feed network

Lower ground plane with cross slots

Supporting foam

Reflector

Figure 4.33: Exploded view of the proposed antenna array configuration in the
presence of the grid structure
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When the entire array is simulated in the presence of the grid structure, the
following S-parameters results (Fig. 4.34) and the gain pattern results (see Fig.
4.35 - Fig. 4.42) are obtained:

o-Parameter of Single Element
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Figure 4.34: S-parameters of the entire antenna array in the presence of the grid
versus frequency over the desired band
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Gain @a=0° for Upper Feed
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Figure 4.35: The entire array gain pattern at ¢ =0° for the upper feed network
in the presence of the grid for various frequencies
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Figure 4.36: The entire array gain pattern at ¢ =45° for the upper feed network
in the presence of the grid for various frequencies
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Gain @o=90° for Upper Feed
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Figure 4.37: The entire array gain pattern at ¢ =90° for the upper feed network
in the presence of the grid for various frequencies
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Figure 4.38: The entire array gain pattern at ¢ =135° for the upper feed network
in the presence of the grid for various frequencies
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Gain @o=0° for Lower Feed
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Figure 4.39: The entire array gain pattern at ¢ =0° for the lower feed network
in the presence of the grid for various frequencies
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Figure 4.40: The entire array gain pattern at ¢ =45° for the upper feed network
in the presence of the grid for various frequencies
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Gain @o=90° for Lower Feed
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Figure 4.41: The entire array gain pattern at ¢ =90° for the upper feed network
in the presence of the grid for various frequencies
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Figure 4.42: The entire array gain pattern at ¢ =135° for the upper feed network
in the presence of the grid for various frequencies
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The results indicate that together with the grid structure both the couplings
among the antenna elements and the effect of grating lobes on SLL can be reduced.
It can be seen that reflection coefficients for both upper and lower feed networks
are lower than -10dB. Additionally, the cross polarization isolation is better than
40dB. Another point is that, we have SLL lower than -15dB for upper and lower
feeds on both cardinal and intercardinal planes. Only at 5GHz, SLL reaches to
-14.8dB. With these results, the desired requirements are achieved.
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Chapter 5

Conclusion

In this thesis, a C-band dual-polarized strip-fed aperture coupled stacked patch
planar antenna array for P2P communication is designed. To satisfy the require-
ments for P2P communication and MIMO capability; 20dB gain, 40dB cross
polarization isolation and -15dB SLL are achieved in both cardinal and intercar-

dinal planes of the antenna array.

At first, a novel antenna element, dual-polarized aperture coupled stacked patch
antenna is proposed. The parameters that affect the impedance characteristics
of the proposed antenna are provided and investigated with detailed parametric
study. Graphical results that indicate the relation between antenna parameters

and S-parameters are presented.

After the design of the single element, the amplitude distribution requried for
the desired patterns are providied. The design of the feed network that realizes
this distribution is given in a step by step fashion together with the related
simulations. The resulted array factors and expected array patterns, that are
obtained by the multiplication of the antenna element patterns and array factors,

are presented.

36 single antenna elements are placed to form a 6x6 in array configuration and

they are connected to the feed networks in the continuation. Because the outputs
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of the feed networks are not output matched, high reflection coefficients and
low SLL values are observed in the array as a result of distortions of amplitude
distributions and coupling among the antenna elements, unlike expected results in
the design of the feed network. In order to reduce the coupling, a grid structure is

designed. In this way, desired patterns and low reflection coefficients are obtained.

The main contribution of this study is the design of a dual-polarized strip-fed
aperture coupled stacked patch antenna. In the literature, there are only single
polarized ones with stripline feeding. The requirement for strip-fed patch antenna
with dual polarization is due to two main reasons. The first one is to prevent dis-
tortions on amplitude and phase distributions that occur due to coupling between
the feed networks for different polarizations. The second reason is to increase the
cross polarization isolation. If microstrip fed patch antennas were used, such
a high cross polarization isolation (-40dB) would not be achieved. Additionally,
when the feed networks were stacked in order to constitute the dual-polarized feed
network, the amplitude and phase distributions on the feed networks would be
distorted and the desired array factors and array patterns could not be obtained.
Another important point for single antenna element is the vias that are shorting
all the ground planes to the others. Without these vias, at the frequencies where
patches start to operate and operating of slots is ceasing, a sharp change in the
impedance behavior of the antenna element would be observed. The vias elim-
inate this change by making current distributions on the ground planes equal.
Finally, in the array design a grid struture that seperates the antenna elements is
presented to increase the inter-element isolation. In this way, ampltiude distor-
tions on the feed network can be reduced and desired array patterns and reflection
coefficients can be achieved. Moreover, effect of the grating lobes on SLL can be
reduced with this method.

As the future work, the fabrication and measurement of the proposed array will
be performed. The fabrication will be performed for single antenna element and
antenna array separately. In addition, the grid structure will be fabricated and
measurement of the antenna array will be performed in the presence and absence
of the grid structure. In this way, the results obtained in the desing process can

be followed step by step and compared to measurement results.
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