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ABSTRACT

Modern fighter platforms today come equipped with active electronically scanned array
(AESA) radars. Radar cross section (RCS) is one of the key factors in aircraft
survivability. Scattering from AESA antennas can be significant; therefore, understanding
the RCS characteristics and implementing measures to reduce the RCS of these types of
antennas is critical. In this thesis, an AESA type array antenna model was designed to fit
the dimensions suitable for a fighter aircraft. The design utilizes stacked patch antenna
elements, featuring high gain, low sidelobe levels, narrow beamwidth, and beam steering
capability up to 60 degrees. Additionally, a radome and an underside feed network were
also designed. The antenna design and analyses were conducted using the CST Microwave
Studio® (CST MWS) full-wave simulator tool. Simulation results were compared with
radiation patterns obtained through the pattern multiplication method. Subsequently,
simulations and computations were performed to analyze the antenna mode and structural
mode scattering of the designed antenna. The results demonstrated that scattering from
AESAs can be substantial, and reduction methods are proposed.
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OZET

Glinlimiiz modern savas ucagi platformlari, aktif elektronik taramali dizi (AESA) radarlari
ile donatilmistir. Radar kesit alan1 (RKA), ucaklarin hayatta kalabilirligi agisindan énemli
faktorlerden biridir. AESA antenlerinden kaynaklanan sagilma 6nemli olabilir; bu nedenle,
bu tiir antenlerin RKA 6zelliklerini anlamak ve RKA'sin1 azaltmak i¢in onlemler almak
kritik 6nem tasir. Bu tezde, bir savas u¢agina uygun boyutlarda bir AESA tipi dizi anten
modeli tasarlanmigtir. Tasarim, yiiksek kazang, diisiik yan lob seviyeleri, dar huzme
genisligi ve 60 dereceye kadar huzme yonlendirme yetenegi sunan katmanli yama anten
elemanlar1 kullanmaktadir. Ayrica, bir radom ve alt besleme ag1 da tasarlanmistir. Anten
tasarimi ve analizleri, CST Microwave Studio® (CST MWS) tam dalga simiilatdr aract
kullanilarak gerceklestirilmistir. Simiilasyon sonuglari, 1s1ma Oriintiisii ¢arpma yontemi ile
elde edilen radyasyon oriintiisii ile karsilastirilmistir. Daha sonra, tasarlanan antenin anten
modu ve yapisal mod sac¢ilimimi analiz etmek icin simiilasyonlar ve hesaplamalar
yapilmistir. Sonuglar, AESA'lardan kaynaklanan sacilmanin o6nemli olabilecegini
gostermis ve azaltma yontemleri Gnerilmistir.

Bilim Kodu 1 93415
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Sayfa Adedi : 67 ‘

Danigsman . Prof. Dr. Ali KARA



Vi
ACKNOWLEDGEMENTS

I would like to express my deepest gratitude to my advisor, Prof. Dr. Ali KARA, for his
invaluable guidance, encouragement, and unwavering support throughout my thesis study.
His profound knowledge and insightful feedback have been instrumental in shaping this

work.

| extend my heartfelt thanks to my family and friends for their continuous encouragement,
patience, and understanding. Their support has been a constant source of strength and

motivation throughout this journey.

| am also profoundly grateful to Turkish Aerospace for their generosity in providing me
with the necessary resources and cooperation. Their commitment to fostering an
environment conducive to research has been invaluable. Additionally, | would like to thank
my dear colleagues for their unwavering support, insightful discussions, and camaraderie,

which have greatly contributed to the successful completion of my studies.



vii

CONTENTS
Page
ABSTRACT .ttt v
OZET .ottt v
ACKNOWLEDGEMENTS ... Y
CONTENTS ettt ettt b et e et e e rb e e nbe e s nb e e st e e e nbeenneeaneas vii
LIST OF TABLES ...t IX
LIST OF FIGURES ... .ottt X
SYMBOLS AND ABBREVIATIONS ..o s XIi
1. INTRODUCTION......cotiioiiciesireeee sttt 1
2. BACKGROUND INFORMATION ...t 5
2.1 RAUAN ...ttt bt e e 5
2.2. Active Electronically Scanned Array Radar...........cccooeveeieiiieiieesicic e 7
2.3. RAAAI CrOSS SECHION .....oouiiieiiiesiesie sttt 9
2.4. Radar Cross Section Of ANTENNAS .......cccciiiieiiiieisesiee e 11
2.5. Radar Cross Section REAUCTION .........cciiieiieieieie e 12
3. ANTENNA DESIGN.......ooiiiiceee e 13
3.1. Antenna EIEmMeNnt DESIGN ........coviiiiiiiieiee et 13
3.2, UNIt Cell DESIGN ...ttt be e nre s 23
3.3. Phased Array Theory, Design and ANalYSiS.........ccccuiriiiiiinnneneiesesceeeeeen, 27
3.3.1. Array arChitECIUIE........oiveeieiiecie ettt ene s 28
3.3.2. Phase scanning for planar @rrays.........cocooeeereneneeieeienese e 30
3.3.3  EIEMENt PALLEIN ..o 32
3.3.4. Taylor pattern SYNTNESIS.........ccoiiiieire e 34
3.3.5. Array design and @nalysis ........ccccooieiieiiieiie e 35
4. ANTENNA RCS THEORY AND RESULTS.......cccooooiiieeeeeecee, 49

4.1. Antenna RCS Computed from GaIN.........ccoverierirenineninieieseese e 49



Page

4.2. Antenna Scattered Field as a Function of Load Impedance.......................... 50
4.3. AnteNNa RCS RESUIES. ....c.onine 51

5. CONCLUSION. ..o 61
REFERENGCES.......co e 63

RESUME ... bbb 67



LIST OF TABLES
Table Page
Table 3.1. Effect of dimensions on the antenna element performance.........c...cccccceueee.. 16
Table 3.2. Antenna element parameter ValUES ............ccccvvevveieenecie s 16
Table 3.3. Microstrip transmission line parameters. ..........cccovveveereicieseereseese e 24
Table 3.4. Values of constant B for specified SLL..........cccccooeviiiiiiniiccc e 35
Table 3.5. Summary of array radiation pattern (uniform illumination) ...............c.......... 38

Table 3.6. Array radiation patterns summary with different scan angles........................ 44



LIST OF FIGURES

Figure Page
Figure 2.1. Monopulse antenna PAtLEINS ..........uoveieierierierie s 6
Figure 2.2. MSA vs AESA beam steering performance...........ccooeveiereienencnenenennnns 8
Figure 2.3. Monostatic and bistatic RCS configurations .............ccoceveieiinencncnennnnns 11
Figure 2.4. RCS representation of an array antenna element ............cccccoeeveniiineninnns 11
Figure 3.1. Electrical model of stacked patch antenna .............ccoceveieieienenciincses 14
Figure 3.2. Cross SECHION SIAE VIBW .........coiiiiiiiiiiiieicie et 15
Figure 3.3. Cross section top view (dielectric not ViSible) ........c.coovieiviiiiiiiiinis 15
Figure 3.4. Patch antenna 3D MOGEL ..o 17
Figure 3.5. RetUrn 10SS ST1 PIOT........coiiiiiiiiiiieiecee e 18
Figure 3.6. Maximum Gain VS FIEQUENCY .........ccuriiiieriiiieniesiisiesee et 19
Figure 3.7. =9 GHz radiation pattern polar plot ............ccccoiiiiiiiniiice 20
Figure 3.8. =9.5 GHz radiation pattern polar plot ... 20
Figure 3.9. =10 GHz radiation pattern polar plot ..........ccccociiiiiiiiiie s 21
Figure 3.10. f=10.5 GHz radiation pattern polar plot............ccocvviiiiiiieiiieres 21
Figure 3.11. Cross-polarization pattern at f=10 GHz ..........ccccocviiiiiiiiiies 22
Figure 3.12. 3D radiation pattern at f=10 GHZ.........cccccoiiiiiiiiniiceeee e 22
Figure 3.13. Quarter wave tranStOrMEr ..o 23
Figure 3.14. MICroStrip 0N & SUDSIIALE ..........ciiiiriiieieiiese e 24
Figure 3.15. Unit Cell 3D MOEL...........ooiiiiiiiecee e 25
Figure 3.16. UNit CEll SI1 dB ......coooiiiiiieee e 26
Figure 3.17. Maximum gain OVEr fIEQUENCY ........ccuerurrierieriiriesiesieseeee e 27
Figure 3.18. =10 GHz radiation pattern polar plot...........ccocovviiiiiiiiniiie s 27
Figure 3.19. Basic array CONSLrUCTION TYPES.......cvviririerierieniesie s 29



Figure Page
Figure 3.20. Combining of subarray channels ... 30
Figure 3.21. Planar array GEOMELIY.......ccuiiririeieieieie ettt 30
Figure 3.22. Full array model consisting of 75 AESA modules with

containing 16 antenna elements .........cccccvvieeie e s e 36
Figure 3.23. Full array radiation pattern at with different frequencies..........c...ccceevee... 38
Figure 3.24. Active element return 10SS. .......ooviieiieie i 39
Figure 3.25. Radiation pattern at f=10 GHZ ............cccocoe e 40
Figure 3.26. Radiation pattern with different frequUencies ...........cccocveveieiiiiic i, 41
Figure 3.27. CST and synthesized radiation pattern comparison ...........ccccccevevverveennenn. 42
Figure 3.28. Radiation pattern array SCanNING ........cccccceevevierieieereeiieseesesee s e 43
Figure 3.29. 3D radiation pattern for 60-degree elevation scan angle...............ccccoc....... 44
Figure 3.30. Insertion 10SS S21 PIOt.......ccoiieiiiii it 47
Figure 3.31. Effect on full array radiation performance ............ccccocvoveiienii i, 47

Figure 4.1. Matched load RCS pattern with different polarized incident waves

ALTZL10 GHZ ..o 53
Figure 4.2. Matched load RCS pattern with radome and different polarized

planes waves at =10 GHZ..........cccooveiieciiccecc e 54
Figure 4.3. Scattering 3D pattern under y-polarized incident wave...............cccccceveneee. 55
Figure 4.4. Matched load RCS versus frequency with and without radome. ................. 55
Figure 4.5. Effect of tilting the array on structural mode scattering...........cc.ccceevevveenen. 56

Figure 4.6. ML-RCS when plane wave incident on $=90°, 6=-20°
At LJOGHZ (XZ PIANE)...ceiieiciieiee s 57

Figure 4.7. Antenna mode RCS with radome and feed network included ..................... 58

Figure 4.8. Antenna mode RCS with different configurations.............ccoccovcviincinennn. 59



Xii

SYMBOLS AND ABBREVIATIONS

The symbols and abbreviations used in this study are presented below, along with their
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1. INTRODUCTION

AESA Radar is a type of multifunctional radar that contains transmit-receive (T/R) channel
for each individual radiating element. AESA antenna is a type of antenna can steer and
shape beams electronically by controlling the phase and amplitude on each T/R channel.
AESA radars offer several key advantages, making them very popular among modern
fighter platforms. These include high bandwidth, advanced mode interleaving for radar
multifunctionality, and support for multiple weapons launching. They are also known for
their reliability, low observability, and extreme beam agility, which enhance targeting
precision and stealth [1]. These features collectively ensure superior performance in
combat scenarios. A typical fighter AESA antenna unit is composed of several key
components: T/R modules, radiating elements, RF manifolds, a radome, a power supply, a
cooling interface, and a control card for interfacing with other systems [2]. An array
antenna can be a significant scattering source for fighter platforms, potentially disrupting
their stealth characteristics and reducing their survivability. Therefore, mitigating and
understanding the radar cross section (RCS) of AESA antennas is quite significant when
designing a stealth platform. In this article an array antenna that has a geometry and
features that is suitable for a fighter platform has been designed; along with an inner

radome and an underside feed network for a single tile module to conduct RCS analysis.

Antenna scattering is different from generic object scattering due to its two modes of
scatter rather than one. The first mode, known as structural mode scattering, is determined
by the antenna's shape, material, and size. This type of scattering is independent of whether
the scatterer is an antenna or not [3]. Various methods exist to mitigate the structural mode
RCS of an antenna. One highly investigated method involves integrating a metasurface
with the antenna. Metasurfaces are appealing because they can alter the polarization and
phase of incident electromagnetic waves, enabling scattered field cancellation and
effectively reducing the antenna's RCS. However, this approach introduces additional
structures to the array and comes with performance trade-offs [4]. Another effective
method to reduce antenna RCS involves using Frequency Selective Surface (FSS) based
aircraft radomes, which are commonly used in modern fighter jets to enhance stealth
capabilities [5, 6].

The second mode of scattering is called antenna mode scattering, which depends solely on



the antenna's radiation characteristics. The relationship between gain and antenna mode
backscattering has been well established. Numerous studies have examined antenna mode
scattering. For instance, Appel-Hansen [7] derived the relationship between an antenna's
radiation properties and its scattering, excluding the structural mode scattering. This
derivation has been utilized to analyze antenna mode RCS in this paper. Several references
investigate patch antenna backscattering under different loading conditions (short-
circuited, match-loaded, and open-circuited), concluding that antennas with various
arbitrary loads exhibit similar RCS characteristics, and highest scattering occurs when

antenna is terminated with a short circuit load [8-11].

Array antennas have the same scattering components as other antennas but also has
additional complications due to their can be complex feed networks and mutual coupling
effects within the array [3]. These complications make estimating the antenna mode RCS
of arrays challenging. There are multiple published works that provide an analytical
estimation of antenna mode RCS. For example, authors at [12] predict RCS for large
airborne array antennas using a modified expression derived from Appel-Hansen's paper.
However, this estimation overlooks the effect of the feed network and mutual coupling
effects in array antennas and it is based on simple array theory. Another related study,
conducted in [13], predicts the antenna mode RCS using a method called the active
element scattering pattern, which is based on the active element pattern method. Inner
smaller arrays, known as sub-array, scattering patterns within a full array environment are
analyzed then multiplied as inner elements exhibit similar scattering characteristics. This
method significantly reduces simulation time and takes mutual coupling and edge effects

into consideration.

One of the key advantages of AESAs over mechanically steered arrays (MSAS) is
facilitating a lower RCS of the platform. MSAs can have a higher RCS relative to the
receiver than AESAs due to the antenna being positioned towards the locked target whilst
tracking when in single tracking mode, whereas in AESAs the antenna has a fixed position
on the platform. Additionally, the moving parts of the MSA radars also contribute to the
structural mode RCS of the platform [14]. Furthermore, AESAs have shorter RF path
lengths compared to MSAs, which have more complex feed designs, resulting in lower
losses at the front end [1]. Therefore, antenna re-radiations are minimized on AESAs.

Another aspect affecting RCS is aperture size. Due to their fixed positions, AESAS



comparatively have larger apertures [15], resulting in an increase in both scattering modes.

In this paper, a microstrip patch antenna array has been selected as the target due to its
preference for AESA radar systems for the ones installed on older fighter platforms.
Microstrip patch antennas are favored for their compact size, low cost, and ease of
integration into the rest of the system [16]. Despite their lower bandwidth compared to
notch elements, they offer a more practical solution. Designing a broadband patch antenna
that maintains a compact size and high gain presents significant challenges, thus a compact
sized stacked patch antenna with relatively high bandwidth and gain is designed and

presented.

Additionally, while some AESA radar functions may require dual polarization, this adds
complexity and necessitates trade-offs [17]. Therefore, for only RCS analysis purposes, a
single-polarized antenna design solution has been proposed. Using this patch antenna

model, an array consisting of 1200 elements has been designed.

To analyze the RCS of the antenna more accurately, an underside feed network has been
designed for 16 antenna elements to replicate the losses caused by the T/R module circuit
board. Additionally, AESA antennas with tile construction are usually integrated with a
radome to protect the antenna from external conditions. To simulate any losses caused by
the radome, a monolithic radome has been designed. To estimate the structural mode
returns, a full-wave simulator has been utilized when the array antenna ports are terminated
with a matched load. To compute the antenna mode scattering, the relationship between the
gain of the antenna and antenna mode scattering has been used. Antenna mode RCS with

different configurations has been analyzed.

The thesis is structured as follows: Chapter 2 provides background information on topics
such as radars, AESAs, RCS, and RCS reduction techniques. Chapter 3 presents the
antenna array design description, analysis results, and background theory. Chapter 4 covers
the theory of antenna RCS computation and presents the RCS analysis results of the
proposed antenna. Chapter 5 summarizes the thesis results and contributions. Chapter 6

includes future work and a discussion.






2. BACKGROUND INFORMATION

2.1. Radar

The acronym radar stands for "radio detection and ranging™, and it has been developed in
the late 1940s to replace visual target detection. Radar is a system used to detect and locate
objects by transmitting some sort of electromagnetic (EM) waveform and detect the
correspondent echo signal. Radar system uses the known velocity of an EM wave to
determine the distance from a target, which is ¢ = 3 x 108 meters per second. The range to
the target is calculated by measuring the time At it takes pulse to arrive to the target and

return. The range to the target is given by [18];

R=cAt/2 2.1)

Knowing the range alone is not enough to determine the location of the target. Two-way
direction angles to the target must be calculated. For mechanically scanned radars, the
target angle can be measured by simply calculating the azimuth and elevation angles the
antenna is pointed towards [3]. Angles in both directions can be determined by gimbal
system. The range and the angles on azimuth and elevation can be used to determine the
location of the target and its future positions along with doppler shift. For tracking radars
method used for angle measurement is what separates it from other radars [18]. For
systems that utilize electronically scanned arrays monopulse angle measurement technique
is the most common angle tracking method [19]. In this technique the multiple closely
spaced beams are formed and received from the same antenna. A sum beam pattern is used
for transmission and both the sum and difference patterns are used on receive mode. The
difference pattern is used in receive mode gives the magnitude of the error angle. The sum
pattern is used for range measurements and reference for angle measurement. All the
information necessary to determine the target position can be obtained with a single pulse
therefore this technique is called monopulse. The receive angle can also be determined by
comparing the phases between separate antennas; this technique is called phase-
comparison monopulse. This technique is less popular for tracking radars due to higher

sidelobes on receive pattern caused by large distance between the subarrays [1], [18].



(a) (b)
O
(©)

Figure 2.1. Monopulse antenna patterns (a) difference pattern (b) summation pattern (c)
squinted antenna pattern [18]

Pulsed radars and continuous wave are the two main types of radars. Pulse radars transmit
high power burst of energy and then listen to echoes for the duration between pulses. This
allows for precise range measurement by calculating the time delay between transmission
and reception. Continuous wave (CW) radars on the other hand emit a constant waveform
and leverage the doppler frequency shift to separate the echo from the transmitted signal.
Frequency or phase modulations is necessary for range measurements as unmodulated CW
signals can’t be used to measure range. Fire control radars use pulsed radar types as they
can emit high powered short pulses to resolve target at higher ranges. Ratio of pulse width
(r) and pulse repetition period is called the duty cycle. Airborne pulsed radars have a
typical duty cycle value of 1% to 20% for air-to-air tracking modes while continuous wave

radars have infinite duty cycle [1], [18].

The radar range equation is a great way to understand radar operation and effect of target

radar cross section on radar range. The fundamental radar range equation given as [18]

PtGA o (2.2)
(47T) Smm



Where P, is the peak transmitter power, G is the gain of the radar antenna, o is the radar
cross section of the target, A, is the receiving antenna aperture size, S,,;, 1S minimum
detectable signal and R,,,, is the maximum radar range which targets beyond this range
are undetectable [18]. Radar range equations although useful for understanding what
effects radar range, it does not fully represent radar performance due to many assumptions
being made. Fully understanding radar range equation is necessary for RCS reduction
tasks. As it can be used to investigate the effect of RCS on radar range performance.

Although the equation assumes target has a non-fluctuating RCS characteristic [3].

2.2. Active Electronically Scanned Array Radar

Nowadays, the majority of advanced fighter aircraft are equipped with Active
Electronically Scanned Array radars. It is a type of multifunctional radar that each radiator
has its own transmit-receive channel. Modern fighter platforms favor AESA radars because
of their high bandwidth, advanced mode interleaving capabilities, support for launching
multiple weapons, reliability, low observability, power efficiency and digital beamforming
abilities [1]. One of the key technologies that enables AESA radar is the microwave
integrated circuits (MMIC). These circuits enable low cost, reliable, power efficient,
smaller volume systems [15]. GaN based solid-state power amplifier (SSPA) integrated
T/R modules has the capability to have high peak power up to 20 watts per element with

high instantaneous bandwidth [20].

The most important element of an AESA is the T/R modules. There are many design
considerations such as types of circuit element required, power output, RF coupling
between elements, transmission loss, precise amplitude and phase control etc. The basic
module compromises circuit elements such as SSPA (typically GaN or GaAs based), low
noise amplifier (LNA), driver amplifier, phase shifter, circulator, variable-gain amplifier
(VGA), digital control circuit etc. Modern SSPAs for AESA applications are usually have
been made of GaN. It has superior thermal conductivity and power efficiency compared to
GaAs SSPAs [15].

Some of the must have parameters of AESA Radars are high volume density to support
half wavelength spacing between the antenna elements to have optimal scanning

performance, high computing power to calculate beam mapping and adjustments in msecs,
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auto gain control, high power densities and efficiency, low coupling between T/R modules,
phase and amplitude control to support multiple receive and transmit patterns. High speed
data transfer is needed for fast beam controls so typically a gigabit ethernet interface is

used between the antenna and the radar computer [1].

One of the most important advantages of AESA Radar compared to older mechanically
steered array (MSA) is the extreme beam agility. MSA Radar beam steering capability is
limited to its gimbal mechanism, which can scan between 100 and 150 degrees per second.
On the contrary, AESAs can scan a +60-degree cone less than an msec [15]. This
capability enables AESAs to track multiple targets with single-target tracking level
accuracy and perform multiple radar functions (or modes) by time interleaving their data.

Each mode has its own respective module responsible for its function [1].

Figure 2.2. MSA vs AESA beam steering performance [15]

AESA Radars are much more reliable than MSAs due to elimination of gimbal system and
moving parts. All of these parts are highly fail prone. Additionally, AESAs replaces the
central travelling wave tube (TWT) power amplifier with T/R module’s SSPAs. The TWTs
and their high-voltage power supply (HVPS) are reportedly very unreliable and difficult to
maintain. And with potential failure whole system becomes nonoperational as opposed to
AESAs where system can still be operational even if some of the T/R modules fail. There

would be no serious degradation to performance even with 5% of the modules fail [1].

AESA radars have a typical duty cycle value of 10% to 20% for air-to-air tracking modes.



Power amplifiers for transmitting in AESA radars are capable of generating high average
power but can generate low total peak power compared to TWTs found on older generation
airborne radars [1]. That is why it is required to have high duty cycle for efficient energy
transmission. This disadvantage in lower peak power can be compensated by using more

pulse compression and by having wider bandwidth [15].

Another important metric of radar antennas is the RCS characteristics as scattering from an
even small planar antenna can be substantial [3]. So, RCS reduction methods must be used
to not disrupt the stealth characteristics of the aircraft. MSA fire control radars found on
older fighter platforms can have higher RCS in the incident wave direction than AESA
Radar antennas because the antenna is always positioned towards the locked target with a
gimbal whereas in most AESA Radars antenna is positioned still. Therefore, RCS of
AESAs can be reduced in incident wave direction by tilting the antenna upwards to avoid
mirror like reflections. This method obviously not applicable for MSAs due to no
electronic scan capability [15]. Other RCS reduction methods are mentioned in Section 2.5.

Moving parts of the mechanically steered radars are also a contributor to the overall
platform RCS [14]. AESA antennas offer advantages in terms of reduced RF path lengths,
leading to lower losses at the front end [1]. This would have resulted into having better
antenna mode RCS but their aperture size is usually larger than MSA due to no gimbal
movement space, which effects both antenna mode and structural mode RCS. Despite this,
AESA antennas are superior in terms of low probability of intercept (LPI) making them

well suited for stealth platforms.

2.3. Radar Cross Section

RCS measures the scattered power when an electromagnetic wave strikes a target. It
depends on factors such as the target's orientation relative to the radar transmitter and
receiver, the target's shape and material, the wavelength of the incident wave, the
polarization of both the transmitter and receiver, among other parameters. RCS is
normalized to the power density of the incident wave at the target; therefore, it is
independent of the target's distance from the illumination source. Radar cross section can

be expressed as [3]
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. || (2.3)
— 2

o= rll_(gélﬂ?’ IE 2

Where E is the scattered electric field, E; is the incident electric field, R is the distance
from the target. The unit for radar cross section is o is area, usually depicted as square

meters or in dB scale dBsm. This definition can be re-written in terms of radar range

equation for received power by the radar as [3]

PG, (2.4)
p - (4nR2)" )
" 41R? ¢

Where G, is transmitter antenna gain. First term of the numerator represents the power

density of the target due to transmitter.

There are three cases of scattering. Monostatic scattering case is when the receiver and the
transmitter are collocated, in this configuration radar system uses the same antenna for
both transmitting and receiving. In this configuration only the orientation angles of the

target relative to the transmitter is needed [3].

Bistatic scattering case is when the transmitter and receiver are in different coordinates. In
this configuration both the orientation angles of the target relative to the transmitter and

receiver are needed [3].

Forward cross section quantifies the power scattered by an object in the same direction as
the incident electromagnetic wave. Scattered power is typically 180° out of phase with the
incident field, leading to destructive interference when combined with the incident wave.
This phase relationship results in a shadow region behind the object, where the wave
intensity is significantly reduced [3].
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Figure 2.3. Monostatic and bistatic RCS configurations [3]

2.4. Radar Cross Section of Antennas

Objects considered as antenna has two possible modes of scattering rather than one
described in Section 2.3. The first mode of scattering is called the structural mode
scattering, and it occurs due to antenna’s shape, size, and material. It occurs due to
antenna’s physical properties and it is independent from the antenna’s load. It is also
defined as the scattering arises from the antenna when antenna is terminated with matched
load. The other mode of scattering is called the antenna mode scattering, and it occurs due
to the sole fact that scattering is an antenna, i.e. a structure designed to transmit and receive
RF energy. It occurs when an electromagnetic wave is incident on the antenna and re-
radiations caused as wave travels down on the transmission line. Antenna mode RCS
mainly depends on the antenna’s radiation characteristics and reflection coefficient of the

antenna [21]. Figure 2.4 shows a simplified RCS representation for both cases of scattering

for arrays.
Power Amplifier \\\I\Qé"‘
I\ \):W‘_a 1
|/ s&;@ﬂe‘\ﬂ
Array Feed J : Antenna Mode
— —remna ot
Network @ Circulator Scattering
s
Phase Shifter [ /I :‘fd@n{
\l (25 F’M

Low Noise Amplifier

Figure 2.4. RCS representation of an array antenna element [22]
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Array antennas have the same two modes of scatterer as other types of antennas. However,
antenna mode RCS is the vector sum of all antenna elements. Arrays have additional
complications when computing RCS as they might have complicated feed networks and
various electronic devices that contribute to the re-radiation. Another feature of arrays that
may be seen in the scattering pattern, although it usually is not present in AESAs are
grating lobes. If the inter-element spacing of array is larger than (A / 2) grating lobes may
be present on the visible region. But usually, arrays are designed so that inter-element

spacing is lower than half a wavelength to suppress grating lobes [3].

2.5. Radar Cross Section Reduction

RCS reduction (RCSR) for antennas fall into two modes of scattering mentioned in
previous chapter; reduction of antenna mode scattering and reduction of structural mode

scattering. Some of the techniques for RCSR may affect both of the scattering modes.

Structural mode RCS of antennas can be reduced by employing metasurfaces such as
artificial magnetic conductors (AMC) combined with perfect electric conductors (PEC)
[23], frequency selective surfaces (FSS) [24], or checkerboard polarization conversion
metasurfaces (CPCM) [25-28]. These techniques help to diminish the scattering from the
antenna ground RCS. However, these methods typically increase the overall size of the
antenna and negatively impact the antenna's radiation performance, making them less than

ideal solutions.

Another approach to reducing structural mode RCS involves using the reflection
cancellation method. This technique uses different antenna elements with antiphase
reflections to achieve a reduction in the antenna RCS [4], [29-30]. Despite its potential, this
method, along with the use of metasurfaces, often proves impractical for airborne tracking

radars due to polarization requirements and performance limitations.

Given these complications, the most viable solution for effectively reducing out-of-band
RCS in airborne tracking radars is the use of an FSS-based aircraft radome [5-6]. This
method offers a reasonable balance between performance and practicality, addressing the

challenges posed by other techniques while effectively managing the RCS.
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3. ANTENNA DESIGN

3.1. Antenna Element Design

AESA Radar antennas can consist of numerous antenna elements, such as horizontal
dipoles, flared-notch elements, or microstrip patches. The choice of antenna type is closely
related to the specific array architecture used in the radar system [31]. In this work a
stacked microstrip patch antenna has been used as the antenna element due to its compact
size, relatively higher bandwidth compared to regular patch antennas and moderate gain.
The antenna element has dimensions of 14.75 mm x 14.75 mm x 1.538 mm. Its compact
size allows for array interelement spacing of A/2, enabling the array to achieve forward

hemisphere steering without encountering grating lobes [31].

Microstrip antennas, commonly known as patch antennas, are highly favored in the
microwave frequency range due to their simplicity and compatibility with circuit board
technology [16]. Stacked patches, which include one or more conducting patches
parasitically coupled to a driven patch, address the narrow bandwidth limitation by adding
extra resonances in the operating band. This design retains the benefits of conventional
patch antennas. Similar to the basic pin-fed rectangular patch, the stacked pin-fed patch is
straightforward to construct and avoids feed network radiation issues. However, unlike the

simple pin-fed rectangular patch, it provides a broader operational bandwidth [32].

The theoretical explanation for why the stacked configuration enhances the bandwidth
involves modeling the active antenna as an RLC parallel circuit with a quality factor (Q),
which is capacitively coupled to another RLC parallel circuit representing the parasitic
patch, characterized by a lower quality factor. To obtain the position of the tight loop full
wave simulator has been used. Proper placement of this loop can enhance the bandwidth by
up to 10-15% [33]. Electrical model of the stacked patch can be modeled as in Figure 3.1.
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Figure 3.1. Electrical model of stacked patch antenna

Quality factor of the parasitic element is given by

Qp - WO . Rp . Cp (3.1)

Quality factor of the active element is given by

Qa =w,-Ry-Cy (3-2)

Total quality factor of the stacked patch antenna model is given by the combination of both

quality factors.

Q' =Qp' + Q3 = @yt (3.3)

From this it is evident that parasitic patch gives the antenna a broader bandwidth because
of its distance from the ground plane. A single layer patch antenna with the same thickness
would achieve a similar bandwidth to this type of antenna, but it would exhibit poorer
radiation pattern due to travelling wave phenomenon [34]. With stacked patch antennas
this phenomenon is avoided due to active patch being near the ground plane, therefore

maximum gain is in the broadside direction.

Figure 3.2. and Figure 3.3. shows the cross section of the designed probe-fed rectangular
patch antenna with different views. It can be seen that bottom of the patch is fed by a
coaxial probe through the ground plane. Outer conductor of coaxial probe is connected to
the ground plane. Inner conductor reaches and connects to the bottom patch. The feed point
is positioned to control the input impedance of the antenna which is 5042 in this design. To
analyze the position of the probe accurately full wave simulations are conducted based on

time domain method.
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dl

Figure 3.2. Cross section side view

L1

Figure 3.3. Cross section top view (dielectric not visible)

There are very few or basically no analytical equations to design this type of antenna. It is
designed through trial and error. Initial design parameters are found and optimized from
this starting point through full wave simulator. Bandwidth (BW) of the antenna is found to
be the best when d1 and d2 values were approximately 0.0254,. The thickness of the

substrates controls the tightness of the resonant loop. Both of the substrates have identical
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materials with &, = 3.35 and tané = 0.001. It is more convenient to initially select the
dielectric constant (¢) and subsequently adjust other parameters such as patch size,
dielectric thickness, and probe location to fine-tune the antenna for broadband behavior.
This method allows for a systematic optimization process, where fixing the primary
material property (dielectric constant) simplifies the subsequent modifications required to
achieve the desired impedance bandwidth. A good starting point for determining the
dimensions of the rectangular patches is to use a length approximately equal to half of the
guided wavelength (4,/2), A4 isthe guided wavelength in the bottom layer substrate
material [32]. In this configuration, the centers of both patches are aligned. The RF energy
is transferred from the bottom patch to the upper patch through coupling capacitance. The
dimensions of the second patch and the substrates are crucial because effective coupling
between the patches leads to increased bandwidth and gain [35]. However, if the coupling
between the patches is too strong patches will have different resonant frequencies. On the
other hand, if the coupling is too weak, the bandwidth will be narrower. The effect of
parameters on input impedance and effect on the antenna performance are given in Table
3.1

Table 3.1. Effect of dimensions on the antenna element performance

Parameter Overall Effect
Li1 Significant change in input
impedance
L, Significant change in input
impedance
d2 1 Bandwidth 1
Ly, L, 1 Frequency of operation |
W1 | Bandwidth |
W2 | Minor change
&, 1 Coupling?

Dimensions and dielectric constant values of the designed antenna are given in Table 3.2.

Table 3.2. Antenna element parameter values

Parameter Value
Er, 3.35

Er, 3.35

L1, W1 7.29 mm
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Table 3.2. (Continued) Antenna element parameter values

L2, W2 7.37 mm
S 3.55 mm
Df 0.6 mm

di 0.74 mm
d2 0.77 mm

A broadband compact antenna using the above parameters has been designed with CST
microwave studio software and simulated using time domain method. The 3D model of

the antenna element is given in Figure 3.4.

(a) (b)

Figure 3.4. Patch antenna 3D model (a) Top view (b) Bottom view

Simulated return loss characteristics are shown in Figure 3.5. The occurrence of two
resonance frequencies arises from the different resonances of the patches. When the
coupling between these patches is appropriate, it shows broadband response characteristics.
However, if the coupling between patches is too strong, the broadband behavior is replaced
by a dual-band response, characterized by two separate resonance frequencies. Conversely,
if the coupling is too weak, the interaction between the patches is insufficient to sustain the
second resonance, causing it to disappear entirely [35]. Therefore, achieving the desired
broadband performance depends on optimizing the coupling strength between the patches
to maintain both resonances effectively. The limiting factor for bandwidth performance is
the size of the antenna element. Increasing the dimensions of the patch, higher bandwidth
can be achieved but at the cost of impedance control. However, our design goal is to create

an element small enough to maintain an inter-element spacing of A/2 in the array.
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Figure 3.5. Return Loss S;; Plot

In Figure 3.6. the simulated maximum broadside gain of the designed antenna over the
frequency range in the X band is presented. The maximum gain observed is 6.82 dBi at
10.3 GHz. Within the matching band, which spans from 9.23 GHz to 10.41 GHz, the gain
ranges from 6.26 dBi to 6.82 dBi. This indicates a consistent performance across the
operating bandwidth, ensuring that the antenna maintains a relatively high gain within this

frequency range.
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Figure 3.6. Maximum Gain vs Frequency

The co-polarization radiation pattern polar plots of the antenna at frequencies 9 GHz, 9.5
GHz, 10 GHz, and 10.5 GHz are illustrated in Figure 3.7. through Figure 3.10. for both
planes. It is observed that the maximum gain of the cross-polarization component is 26.07
dB lower than that of the co-polarization component at 10 GHz, as shown in Figure 3.11.
This significant cross polarization isolation indicates that the antenna effectively minimizes
cross-polarization interference, thus enhancing the overall polarization purity.
Additionally, the antenna exhibits good directionality, which is crucial for fire control
radar applications. The simulated 3D radiation pattern of the antenna element is given in
Figure 3.12.
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Figure 3.7. f=9 GHz radiation pattern polar plot (a) ¢ = 0 (b) ¢ = 90
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Figure 3.8. f=9.5 GHz radiation pattern polar plot (@) ¢ = 0 (b) ¢ = 90
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Figure 3.9. f=10 GHz radiation pattern polar plot (a) ¢ = 0 (b) ¢ =90
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Figure 3.10. f=10.5 GHz radiation pattern polar plot (a) ¢ = 0 (b) ¢ =90
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Figure 3.11. Cross-polarization pattern at f=10 GHz (¢ = 0)
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Figure 3.12. 3D radiation pattern at f=10 GHz




23

3.2. Unit Cell Design

The second stage of the design involved creating an underside microstrip corporate feed for
a smaller array, referred to as the unit cell. This unit cell design was necessary to simulate
the effect of transmission loss in the T/R modules on the antenna mode RCS. The unit cell
consists of 16 patch antenna elements fed by a single input. Mitered sections are employed
at 90-degree corners and T-junctions to minimize mismatch caused by reflections at

discontinuities. Quarter-wave transformers are used to achieve impedance matching.

The array operating frequency range does not totally depend on antenna element itself.
Transmission line plays a huge part on frequency response of the system. Efficient
matching network is necessary to couple the antenna element and transmission line for
optimum performance [31]. There are many matching techniques that are available to
couple the antenna element to the transmission line for achieving good frequency response.
Quarter wave transformer technique is one of them. Quarter-wave transformer technique is
useful for microstrip based array applications due to ease of controlling the impedance of
the microstrip line. The impedance of the antenna element in practice is complex whereas
transmission line impedance is real. Therefore, the transformer is placed at a distance s,
from the antenna. s, is chosen because input impedance toward the load is real and is

designated as R;, [16]. Model for the transformer is shown in Figure 3.13. For impedance
matching, impedance of the transformer should be Z, = ./R;,Z,, where Z, is the

characteristic impedance of the transmission line, in our case it is 502.

0

"__?'-IZI."."‘"__"'"' LY} [

A /4 transformer

Lo Z =,.-'zu‘qh

o]e

Figure 3.13. Quarter wave transformer [16]

The transformer is another microstrip transmission line. Microstrip transmission line are
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suited for array applications. The characteristic impedance of the microstrip transmission
line, as shown in Figure 3.14, is given by [36]

Figure 3.14. Microstrip on a substrate

e 87 1 ( 5.98h ) foroh < 0.8 (3.4)
= n ,10T oW
© Je +141 \08w+t

Where €, is the dielectric constant of the substrate, h is the thickness of the substrate, t is
the thickness of the microstrip line, w is the width of the microstrip line. Therefore, by
varying these parameters desired characteristic impedance can be achieved. In our design

following parameters are used to achieve characteristic impedance of 50 ohm.

Table 3.3. Microstrip transmission line parameters.

€, 3.3

0.223 mm
t 0.015 mm
w 0.5 mm

The designed 3D model of the underside corporate feed is shown in Figure 3.15. Inner pin

of the antenna element probe is connected to the 50-ohm microstrip lines through the

substrate. The impedance of the transformers is calculated as Z, = /(25) - (50) = 35,35

ohm. The appropriate trace width for the transformer has been calculated using (3.4).
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(a) (b)

Figure 3.15. Unit cell 3D Model (a) Underside corporate feed (b) Top view

The return loss characteristics of the unit cell are shown in Figure 3.16. The second
resonance characteristics of the antenna have changed due to the alteration in the distance
from the patch to the load. The —10dB bandwidth of the antenna ranges from 9.21 to 10.3
GHz, which is slightly narrower than the impedance bandwidth of the individual antenna
element. RF isolation can be achieved in practice by separating the ground plane of the
antenna from the ground plane of the T/R module PCB. This separation helps preserve the

bandwidth performance of the antenna element.
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Figure 3.16. Unit cell S11 dB

The maximum broadside gain versus frequency of the unit cell is shown in Figure 3.17.
The maximum gain observed is 17.19 dBi at 10.2 GHz. Within the matching band, which
spans from 9.21 GHz to 10.3 GHz, the gain ranges from 16.18 dBi to 17.19 dBi. The unit
cell design maintains consistent performance within the matching band. The co-polar
radiation pattern of the unit cell is given in Figure 3.18. for both planes. The 3 dB
beamwidth of the antenna is found to be 25.6 degrees in elevation and 26.2 degrees in
azimuth. The first sidelobe level is -12.4 dB in elevation and -14.6 dB in azimuth. The unit
cell has a cross-polarization isolation between the H and V patterns of -26.69 dBi.
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Figure 3.18. f=10 GHz radiation pattern polar plot (a) ¢ = 0 (b) ¢ = 90

3.3. Phased Array Theory, Design and Analysis

Achieving the substantial advantages of an AESA necessitates meeting numerous strict

requirements in its design and implementation. This chapter covers full array architecture

considerations, size and geometry determination justifications, array theory, and simulation

results.
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3.3.1. Array architecture

Designing the AESA antenna begins with determining the array architecture. Two
commonly used array constructions in airborne radar systems are the brick and tile
configurations [31]. In the brick configuration, the radiating elements are arranged with
transmit/receive modules mounted perpendicularly to the array face [37]. This architecture
antenna elements generally offers a higher bandwidth compared to microstrip patches.
Typical radiating elements for this architecture are flared-notch, dipoles antennas, and
many more [31]. However, it requires more volume and is more challenging to implement
on older platforms. Figure 3.19. (a) shows the brick construction consisting dipole

elements, RF power divider and T/R modules.

On the other hand, the tile architecture is more compact, requiring less space, making it the
preferred choice for modernized radar systems, especially when upgrading older platforms.
In this configuration, the antenna elements are fed by T/R tile modules that house various
electronic components such as low noise amplifiers, power amplifiers, attenuators, phase
shifters, and circulators [15]. Figure 3.19. (b) shows the tile construction consisting of RF
feed network, microstrip patch radiating elements, electronic control board, monolithic

radome.

Substrate
material

combiner
Integrated circuit
devices (amplifiers,
phase shifters elc.)

Ground
screen

(@)




29

Radome

S Array face with
v 74— semiconductor

active subarrays

Subarray
(crosshatched)
with metalic —p, ﬁ)?:;:zl:hq;ﬁ
ground screen = drivers, biasing
under semiconductor circ,uitsr}
substrate -

RFfeed — 317 — < RF power

for subarray E .»:/7/ /

Figure 3.19. Basic array construction types (a) Brick construction dipole array (b) Tile
construction microstrip patch array [31]

There are significant challenges in assembling the array and applying element weightings,
regardless of whether brick or tile architecture is used. To address these challenges, the
array is divided into subarrays, organized into rows or columns for brick architecture, or
into areas for tile architecture [31]. Each subarray is fed differently. Beamforming involves
combining the outputs of subarrays to generate the necessary sum and difference channels.
Figure 3.20. (a) demonstrates a technique for merging subarrays to produce the desired
sum and difference patterns. The receive channel may be split into sum, elevation, and
azimuth channels, as shown in Figure 3.20. (b). Subarray outputs are weighted and
summed for beamforming, which is needed for monopulse angle measurements in receive
mode. On transmit all power amplifiers on the T/R modules weighted equally to achieve
peak power on the target [1]. Received or transmitted signals are amplified at the subarray
level for convenience and improved performance. This approach allows for more efficient
signal processing within each subarray, ensuring that the signals are at optimal levels
before being combined for further analysis or transmission [18]. In receive mode,
amplitude tapering can be employed to subarrays to reduce sidelobe levels. Aperture taper
is used on receive mode only in order to suppress ground clutter or other unwanted signals
[38].
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(a) (b)

Figure 3.20. Combining of subarray channels (a) Combining subarrays to sum and
difference channels (b) The receiving channel split into azimuth, elevation
and sum channels [1]

3.3.2. Phase scanning for planar arrays

If we consider a planar array with M elements in x axis and N elements in y axis of Figure
3.20. with elements defined with [31]

I'mn = Xmd, + ynd,, (3.5)

Where, d, and d,, are the spacing between elements in x and y direction respectively,

A
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Figure 3.20. Planar array geometry [31]
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Array factor with peak beam steered to with phase steering at frequency f, would be given

by the following equation [16].

N u _ _ _ o (3.6)
F(@, ¢) — Z Iln Z Imle](m—l)(kdxsm Ocos p+Ly) e](n—l)(kdysm Osin ¢+py)
n=1 m=1

Where M is the number of elements in the x-axis, N is the number of elements in the y-
axis, I;,, and I,,,; are excitation coefficients, dx and dy are spacing between elements in
x-axis and y-axis respectively, B progressive phase shift between the elements, 8 and ¢

are the look direction and, k constant is

_2m (3.7)

=

Planar array pattern can be written as product of array factors of the arrays in x-axis and

y-axis
F(0,¢) = SxmSyn (3.8)
Where;
> (3.9)
S = Z 1 1ej(m—1)(kdxsin6c05¢+ﬁx)
xm m
m=1

N (3.10)
Syn — z Ilnej(n—l)(kdysin Osin ¢ +py)
n=1
For rectangular array aperture amplitude weighting is separated as
Imn = Imilin (3.11)
If amplitude weighting is uniform across the array, i.e. I, = I,
M (3.12)

N
F(Q’ (p) =1, Z ej(m—l)(kdxsin Ocos $+fy) Z ej(n—l)(kdysin Bsin¢>+ﬁy)

m=1 n=1
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If the desired look direction is at 8 = 6, and ¢ = ¢, the progressive phase shift between

the element is calculated as
B, = —kd,sin 8,cos ¢, (3.13)
By = —kd,sin 8,sin ¢, (3.14)

A planar array with its peak beam at (6, ¢) can have other peak values depend on the
interelement spacing. When the spacing between antenna elements is equal to or larger
than A/2, multiple beam peaks can exist. These peaks are called grating lobes and are
defined as the lobes that appear beside the main lobe. To avoid grating lobes for planar

arrays in both planes, the spacings d, and d,, must be less than A/2 [16].

For planar arrays, main lobe and grating lobes of S,,, and S, are formed at

kd,sinfcos ¢ + f, = £2mm  ,wherem = 0,1,2, ... (3.15)

kd,sinfsin¢ + g, = +2nmr  ,wheren = 0,1,2, ... (3.16)

These can be rewritten in terms of g, and 5, as

—— [sin Bosin gy £ ni/d, (3.17)
¢ = tan sin 6,cos ¢, + mA/d,
And
. _, [sinfycos po £ mA/d, __, [sinBpsinpy £ ni/d, (3.18)
6 = sin [ ] = sin [ . ]
cos ¢ sin ¢

To achieve a 60-degree scan angle without encountering grating lobes, which is a typical
scan limit for airborne fire control radar, the array element size must be approximately

0.2942 [31]. In our design, each element occupies an area of about 0.2212.

3.3.3. Element pattern

The array factor defined in previous chapter ignores mutual coupling effects between array
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elements and expresses array radiation pattern by pattern multiplication method which is
the product of array factor and element pattern. The element pattern is assumed to be same
for every element in the array. When two antenna elements are closely placed each other,
part of the energy ends up on the other element. The magnitude of this coupling between
the elements is related to spacing between the elements, radiation characteristics of
elements, and the orientation between them. In large array antennas the coupling between
the elements is quite strong so the element pattern and impedance of each element is
varied. This effect due to energy exchange is called mutual coupling and it is difficult to
estimate analytically. Active element pattern is defined as the pattern obtained from a
single element in the array environment while other elements are terminated with matched
loads. This pattern is different from the isolated element pattern due to mutual coupling.
The radiation pattern of an active element changes from one element to another. However,
in larger arrays, all elements have similar radiation characteristics. Consequently, the
central element is often considered to have a typical impedance representative of the entire

array, as it is most influenced by the surrounding elements [31].

For large arrays, if it is assumed that all elements have the same element pattern of [39]

4mrd,d (3.19)
Ge (8o, o) = ——5— s 6

The maximum gain when a N element planar array is scanned to the angle (8,, ¢) is

4rd,d 3.20
G (6,, d,) = /’1; Y Ncos 6, (3.20)

The realized gain of the full array that accounts for reflection loss I'(8,, ¢,) IS

nd,d, (3.21)

4
/12

G(6,,00) = N[1-— NG ¢0)|2]C05 6o
This derivation assumes all elements have the same reflection coefficient. Gain of the
active element G¢(6,¢) is defined as the singly excited element while other antenna
elements of the array terminated with matched load. By superposition of the element

patterns the gain of the full array scanned to the angle (6, ¢) is
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G0y, $0) = NG°(8,, b,) (3.22)

This derivation shows that full array gain is proportional to the active element pattern at the
same look angle. Therefore, full array radiation pattern will have similar characteristics to
active element pattern. This derivation is only useful when an isolated type array feed like
corporate feed is utilized. If series type feed is used in the array active element pattern

would not be applicable due to multiple reflections on the feed line [31].

3.3.4. Taylor pattern synthesis

Pattern synthesis is a major advantage of array antennas to find the proper weight
distribution to produce low sidelobe patterns or to produce desired radiation patterns.
Many array synthesis methods have been developed and they fit into three classes: low
sidelobe pattern synthesis; narrow beam patterns, and synthesis of sector patterns with a
specified beam width. Low sidelobe pattern synthesis is desirable for radars on receive
phase due to avoid false target detection and ground clutter, etc. Pattern synthesis is not
preferred on transmit phase due to reduction of resolution and lower peak power because

of drops in antenna gain and beamwidth increase [31].

The Taylor synthesis is one of the most popular synthesis methods for designing low
sidelobe arrays. Developed as a realizable form of the Chebyshev pattern method, it
diverges in key aspects to enhance practical applicability and performance. Unlike the
Chebyshev method, which produces a pattern with constant sidelobe levels, the Taylor
synthesis creates a pattern where sidelobes are uniform near the main beam but decrease in
level further from the main lobe, enhancing overall efficiency. This approach balances
sidelobe suppression and beamwidth control, reducing power wasted in higher-order
sidelobes. The Taylor synthesis allows for flexible adjustment between beamwidth and
sidelobe levels, making it valuable in applications where both low sidelobes and controlled

beamwidth are crucial [31].

Taylor source distribution is given by [16];



( 22'\?

I(z) = ifo B |1~ ()

0 elsewhere

—1/2<2 <+1)2
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(3.23)

Where J, is the Bessel function of the first kind of order zero, [ denotes the total length of

the continuous source, and B is a constant that is determined based on the specified

sidelobe level, z' is the element position. Space factor is defined as array factor for

continuous distribution. Space Factor (SF) for Taylor distribution line-source is given by

(l sinh[{/(B)? — u?]

lsin[,/uz — (mB)?]
\ Ju?— (nB)? '

u? < (nB)?

SF(6) = 4

u? > (nB)?

Where;
— T[ 19
u = ICOS

The constant B can be found from

R — 1 sinh(wB) 4,603 sinh(nB)
©70.217233 B = B

(3.24)

(3.25)

(3.26)

Where R, is the intensity ratio found when major-to-the-sidelobe level is specified. Values

of B for typical values of sidelobe levels are shown in Table 3.4. below.

Table 3.4. Values of constant B for specified side lobe Level (SLL).

Sidelobe | —10 -15 -20 -25 =30 =35 —-40
Level
(dB)
B j0.4597 | 0.3558 0.7386 1.0229 1.2761 1.5136 1.7415

3.3.5. Array design and analysis

An array with 1200 elements has been designed using antenna elements in Section 3.1 and
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shown in Figure 3.21. The aperture size and geometry of the array are determined to fit the
F-16 fighter jet. The width and length of the array are 649.2 mm and 531.2 mm,

respectively.
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Figure 3.21. Full array model consisting of 75 AESA modules with each module
containing 16 antenna elements

The array employs tile construction, utilizing stacked microstrip patch antennas as the
array elements. This choice is driven by their compact size, relatively broad bandwidth,
and moderate gain characteristics. The rectangular stacked microstrip patch antenna was
selected specifically for its size, ensuring that the spacing between elements is equal to or
less than half the wavelength (A/2). Therefore, the occurrence of grating lobes in the
radiation pattern is prevented.

The computation of the array radiation pattern using the aforementioned pattern
multiplication method does not account for mutual coupling effects on the radiation pattern
and is not entirely accurate for analyzing large arrays. Consequently, a full-wave
simulation was conducted to analyze the array's performance, which was later compared
with the pattern multiplication results. The more accurate active element pattern method
mentioned earlier was not utilized due to its limitations, such as assuming uniform element

patterns across all elements.

In the simulation runs, the active element S11, radiation pattern, and scanning performance

of the array are investigated. The time-domain solver of CST is employed for these
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simulations due to its efficiency in handling large objects. It utilizes the Conformal Perfect
Boundary Approximation (PBA) conformal meshing approach, which ensures high
accuracy in simulating complex structures. The Finite Element Method (FEM) is
considered impractical due to its resource-intensive nature and time-consuming

computations, especially given the size of the structure [40].

The simulated co-polarization radiation pattern in xz cut at different frequencies of the full
array is shown in Figure 3.22. All the ports are uniformly illuminated for this simulation
run. At 10 GHz main lobe magnitude is 35.75 dBi and the level of the first sidelobe is
about -21.7 dB in both planes, The 3-dB beamwidth of the uniformly illuminated array at
the broadside main lobe is 2.6 degrees in the azimuth plane and 3.1 degrees in the elevation
plane. Antenna beamwidth is crucial for radar performance as it directly impacts both
angular resolution and the minimum detectable velocity. A narrower beamwidth enhances
angular resolution by allowing the radar to more precisely distinguish between closely
spaced targets, providing more accurate directional information. Additionally, a narrower
beamwidth focuses the radar energy, increasing the signal-to-noise ratio (SNR). This
higher sensitivity helps in detecting smaller velocity changes, therefore effects the
minimum detectable velocity. Moreover, a focused beam reduces clutter and interference
from unwanted sources, further enhancing the radar's ability to isolate and accurately
measure target velocities [31]. The proposed antenna has demonstrated a narrow
beamwidth in both planes. Summary of the simulation run at different frequencies are

given in Table 3.5.
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Figure 3.22. Full array radiation pattern at with different frequencies (¢ = 0)

Table 3.5. Summary of array radiation pattern (uniform illumination)

Frequency | Main lobe | SLL (¢ = |SLL (¢ = | 3-dB 3-dB
(GHz) magnitude 0, dB) 90, dB) beamwidth beamwidth
(dBi) (degrees, ¢ = | (degrees, ¢
0) =90)
9 34.7 -20.3 -21.9 2.9 3.6
9,5 35.2 -20.6 -22.9 2.8 3.3
10 35.75 -21.7 -21.8 2.6 3.1

The simulated active element return loss of the central element of the array has been given

in Figure 3.23. Inner elements tend to have similar embedded impedance and have similar

radiation characteristics. Therefore, central element return loss has been given as a

representative of impedance characteristics of the array. In this type of array, only the edge

elements have drastically different impedance characteristics and poorer return loss [13]

The active element has similar return loss characteristics to the single antenna element

shown in Section 3.1 but slightly poorer due to mutual coupling effect.
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Figure 3.23. Active element return loss.

The simulated radiation patterns of the array in both planes, along with their cross-
polarization plots, are shown in Figure 3.24. Results are presented only for 10 GHz to
avoid overcrowding the paper. The magnitude of cross-polarization is smaller by 45 dB in

both planes compared to co-polarization.

(b)

(@)




40
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Figure 3.24. Radiation pattern at f=10 GHz (a) ¢ = 0, co-polar (b) ¢ = 0, cross-polar (c)
¢ = 90, co-polar (d) ¢ = 90, cross-polar

Co-polarization radiation pattern in xz cut with a -30 dB Taylor weighting applied at
different frequencies is shown in Figure 3.25. With Taylor weighting, elements at the
center excited with higher amplitude than elements close to the edges. Therefore, with
Taylor weighting gain of the full array decreases and antenna beamwidth gets wider. At 10
GHz gain magnitude is 34.71 dBi and 3-dB beamwidth in azimuth is 4.28 degrees. As it
can be seen from the plot all sidelobes are effectively reduced to below O dB at all

frequencies.
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Figure 3.25. Radiation pattern with different frequencies (¢ = 0) (With 30 dB SLL Taylor
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The CST simulated radiation pattern has been compared with the analytically synthesized
radiation pattern at 10 GHz and is shown in Figure 3.26. The synthesized radiation pattern
was obtained using the pattern multiplication method mentioned in Section 3.3.2., with the
single element pattern shown in Section 3.1. The synthesized pattern has a maximum gain
magnitude of 32.78 dBi, with the first sidelobe level being approximately -21.7 dB in the
azimuth plane and -21.8 dB in the elevation plane. Although the synthesized maximum
gain is approximately 3 dB lower than the simulated one, the sidelobe levels are identical
in both cases. The 3-dB beamwidth is 2.6 degrees in the azimuth plane and 3.1 degrees in
the elevation plane, which matches the simulated pattern. It is important to note that the
pattern multiplication method is less accurate due to no accounting of mutual coupling or
edge effects. However, it is significantly more time and resource efficient than full-wave

simulations.
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Figure 3.26. CST and synthesized radiation pattern comparison (¢ = 0)

The simulated radiation pattern with different scan angles (10°, 30° and 60°) at 10 GHz are
shown in Figure 3.27. All results are acquired with uniform illumination of the array.
Magnitude of the maximum gain of the antenna at 60-degree scan angle is 32.6 dBi both in
azimuth and elevation scan angles, and the side lobe level is about -18.8 dB in elevation
scan and -19.3 dB in azimuth scan. 3-dB beamwidth for 60-degree scan angle is 6.5
degrees for elevation scan and 5.6 degrees in azimuth scan. Grating lobe appears behind
the antenna at 60-degree scan angle but it is unimportant as it is behind the antenna and
does not disrupt the main lobe. The magnitude of the grating lobe is higher in the 60-
degree elevation scan angle radiation pattern; therefore, side lobe level is higher than
azimuth scan angle as opposed to other scan angles. Array simulation results are
summarized at Table 3.6.
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Figure 3.27. Radiation pattern array scanning (a) Elevation scan with different scan angles
(¢ = 90) (b) Azimuth scan with different scan angles (¢ = 0)
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Table 3.6. Array radiation patterns summary with different scan angles

Scan Main lobe | SLL (dB) 3-dB beamwidth (degrees)
Angle magnitude (az/el scan) | (az/el scan)

Direction | (dBi) (az&el

(az&el scan)

scan)

10 35.6 -21.2/-21.8 2.7/13.2

30 35 -20/-21.5 3.1/3.7

60 32.6 -19.3/-18.8 5.6/6.5

3D simulated radiation pattern for 60-degree elevation scan angle is shown in Figure 3.28.

Figure 3.28. 3D radiation pattern for 60-degree elevation scan angle

The array is reconstructed using the unit cell design described in Section 3.2 and is
analyzed again. The radiation patterns with and without the feed network are compared and
shown in Figure 3.29. The maximum gain and beamwidth of the antenna remain the same,
but the array designed with the feed network has poorer SLLs and back lobes due to

imperfections in the underside feed network.
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Figure 3.29. Radiation pattern with and without feed network (¢ = 90)

3.4. Monolithic Radome Design

Radome is necessary for protecting the array face from environmental effects and to avoid
damages when handling the antenna. A radome is ideally electromagnetically transparent
in radar’s frequency band. The array face radome is obviously not exposed to extreme
conditions as the outer aircraft radome, its electrical transparency is of greater importance.

Radome’s have critical effects on an antenna’s radiation characteristics. Beam deflection,
which is the shift of the main lobe from the main axis, is particularly critical for fire
control radars. Insertion loss is a measure of signal loss due to reflections and absorption.
Reflection of power can cause a shift in the antenna’s impedance characteristics, leading

to mismatches and sidelobes [18].

Single-layer radomes are simple to design and are extensively used in these applications.

Material selection depends on the specific application, but typical materials include
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fiberglass, ceramics, elastomers, and foam [18]. Determining the thickness of the radome
involves trade-offs. A thin-layer radome is advantageous for wide frequency bandwidth,
low insertion loss, and reduced indifference to incident angle and polarization. However,
thinner radomes have poorer mechanical strength [41]. The structural limitations of a thin-
wall radome can be addressed by using a half-wave wall radome. This design employs a
homogeneous dielectric material with an electrical thickness equal to half a wavelength, or
a multiple of it, at the relevant incidence angle. However, bandwidth of these types of

radome is limited as is the insensitivity to incidence angles [18].

To simulate the effect of a radome on an antenna’s radiation characteristics and its impact
on the RCS, a single-layer or monolithic radome has been designed and simulated using

full-wave simulator.

A monolithic electrically transparent in-band radome using a thermoplastic material (G-10)
has been designed. The material has relative permittivity of .= 4.8 and a loss tangent of
tand = 0,008. The length and width of the radome for analysis is the same as the array.
The initial wall thickness of the radome has been computed using Eq. (3.7 and further
optimized using CST MWS [42].

A 27
d=m—\/£—sin29 (3.27)

2

Where A is the operation wavelength, 8 is the incidence angle, ¢ is the dielectric constant
of the material, and m is an integer. The optimized radome has a wall thickness of 7 mm
for the best loss performance, and the distance between the array face and the radome is
also 7 mm. A single tile radome with dimensions of 59 mm in width and 61 mm in length
is simulated, and the insertion loss plot for the boresight incidence angle for TE
polarization is shown in Figure 3.30. The insertion loss is lower than -0.1 dB at the

antenna’s operating frequency, which is very low.
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Figure 3.31. Shows the radiation patterns with and without the radome. It is observed that
the maximum gain with the radome is approximately 0.16 dB lower than without it. There

is no degradation in the side lobe level, and only a slight degradation in beamwidth is
observed.
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Figure 3.31. Effect on full array radiation performance (¢ = 0, f =10 GHz)
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4. ANTENNA RCS THEORY AND RESULTS

4.1. Antenna RCS Computed from Gain

The antenna RCS has an established relationship with antenna’s gain due to the antenna’s
reradiation characteristics. Hansen derives the relationship with antenna gain and antenna
mode RCS for a hypothetical antenna that has only antenna mode scattering. Let us assume
an antenna with effective aperture A, is illuminated by a plane wave with a power density

of S;, received power by the antenna would be [7]

P. = S;Ae 4.1)

If the antenna is terminated with a short circuit load (Z; = ), there would be exact
reflection of the received power, therefore reradiated power would be equal to received
power of the antenna. Radiated power density at range R is equal to radiated power divided
by area of the sphere (4mR?) for isotropic antennas. However, isotropic antennas are
unrealizable therefore the reradiated power density is given by [7]

S, = P.G / (4nR?) = S;A.G / (47R?) 4.2)

RCS formula can be redefined in terms of power densities rather than electric fields as

o = Lim (4wR?*)(|Es|*/|E,|*) = Lim (4nR*)(S,/S)) (43)

Inserting 4.2. into 4.3. gives
o =A.G 4.4)
Replacing A, by

A (4.5)

A =—
€ 4
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Gives the definition of the scattered field due to antenna mode RCS.

G272 (4.6)
41

g =

This definition only represents the antenna mode scattering and ignores structural mode
scattering. This definition only assumes that scattered field is due to energy field been
collected from free space and traveled down antenna transmission line and re-radiated.
Therefore it does not fully represent antenna RCS. The correct computation of antenna
RCS must consider both antenna mode and structural mode scattering. This derivation also
assumes antenna is terminated with a matched load, however in practice antenna is
terminated with a load that absorbs most of the received energy. We can also deduce from
the definition that in band RCS may be alot different than out of band RCS, due to gain is

being specified at the frequency of the incident wave [3].

4.2. Antenna Scattered Field as a Function of Load Impedance

Scattered field of an antenna is defined in terms of its load impedance as [43]

Es(Z,) = E(Z, =0) -

1(0)Z, (4.7
Z,+ ZL] Er

Where E¢(Z;, = 0) is the scattered field when antenna is terminated with short circuit, 1(0)
is the short-circuit antenna current induced by the incident field, Z, is the characteristic
impedance of the antenna, and E, is the radiated field normalized by the antenna driving

current.
If the antenna reflection coefficient is defined as:

Za - ZL (48)
[, =
Z,+ 7,

Expression (4.7 can be rewritten in terms of reflection coefficient as

Es(Z,) = Es(0) — [1(0)(1 — L)/ 2]E,; (4.9)



51

Scattered field is proportional to square root of RCS, so Eqg. (4.9 can be rewritten as

o = |Jos — (1 — Ty /o.e?|? (4.10)

o, and o, terms are called the structural mode and antenna mode RCS respectively, and ¢
is the relative phase between the terms. The first term is the RCS of the antenna when the
antenna is terminated with a short circuit load. The second term subtracts the part that is
not re-reradiated by the load. By this definition, a short circuit load (I, = 1) RCS simply
equals to the first term. When antenna is terminated with a matched load (T, = 0), RCS

equals to antenna scattering due to reradiation is removed from the first term [43].

A more intuitive definition is made by [44] for scattered field in terms of conjugate

matched load and matched load current as

Es(Z,) = Es(Za) + [1(0)L4/2]E; (4.11)

Where conjugate matched load current is I;, = 1(0)/2, therefore

Es(Z,) = E(Z)) + [T Ey (4.12)
Where,
Te=0Ga—2)/(Zs+Z1) (4.13)

Green defines the first term as the structural mode RCS and the second term as the antenna
mode RCS. From this definition, the structural term is deduced to be independent of the
antenna load impedance. When the antenna is terminated with a matched load, scattering
arises solely due to the antenna’s physical properties. The second term is related to the

antenna’s radiation pattern and completely vanishes if the antenna is conjugately matched.

4.3. Antenna RCS Results

The structural mode RCS has been analyzed when array ports are terminated with a
matched load using time domain simulations in CST. Matched load RCS patterns are

shown in Figure 4.1. at 10 GHz in both planes. All the simulations in these plots carried
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out without radome included and using the full array designed with the unit cell designed
in Section 3.2. Each plot includes RCS patterns for two plane waves with different
polarizations, i.e., the incident plane wave polarized in x-axis and y-axis. The plane wave
is incident on boresight direction to simulate the worst-case scenario in terms of RCS.
When a y-polarized plane wave is incident, the scattering field is more dominant in the
elevation plane. Consequently, the antenna exhibits the worst scattering performance under
y-polarized waves. When the antenna is terminated with a matched load, it shows
indifference to the antenna’s radiation characteristics. Therefore, changing the
characteristic impedance of the antenna has no effect on the structural mode RCS. The
peak RCS for a y-polarized wave is 29.75 dBsm, while for an x-polarized wave, it is 29.01
dBsm.
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Figure 4.1. Matched load RCS pattern with different polarized incident waves at f=10 GHz
(@) (¢ = 0) (b) (¢ = 90)

The radome included scattering pattern in both planes and plane waves with different
polarizations is shown in Figure 4.2. The peak RCS for a y-polarized wave is 29.29 dBsm,
while for an x-polarized wave, it is 29.74 dBsm. As it is expected radome has minimal

effect on the RCS of the array due to its electrically transparent characteristics.
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3D RCS pattern of the array antenna with radome is shown in Figure 4.3.

Figure 4.3. Scattering 3D pattern under y-polarized incident wave (antenna w/ radome)

Structural mode RCS versus frequency for y-polarized plane wave incident on broadside
direction in monostatic configuration is shown in Figure 4.4. The backscattering, when the
antenna is match-loaded, generally increases with frequency. Additionally, the radome has

minimal effect on the structural RCS of the antenna.

32

—=— with radome

—— without radome

314

RCS (dBsm)
&
1

b
o)
|

28

27

T T T
8 9 10 11 12
Frequency (GHz)

Figure 4.4. Matched load RCS versus frequency with and without radome.
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It is reported that tilting the array upwards can significantly reduce antenna RCS in the
incident wave direction. Most modern fighter platform AESA radars are installed to the
platform this way to avoid mirror like reflections to the enemy radar [15]. The tilt does not
reduce the antenna scattering but redirects it to a non-harmful direction. Effect of tilting the

antenna on the reflections shown in Figure 4.5.

Rays of Radiation
From Threat Radar

Figure 4.5. Effect of tilting the array on structural mode scattering [15]

To simulate the effect of tilting on structural mode RCS, plane wave incident on ¢ = 90°,
6 = —20° direction is simulated and shown in Figure 4.6. It is observed that structural
RCS is reduced more than 30 dB in the broadside direction and main lobe is on -42 degrees
with a magnitude of 25.38 dBsm.



57

30

—_

<
——
—
_——'——'_-'-_’

RCS (dBsm)
o
=

|

=

D
L
R
—_—
—]
-~
ﬁ

—

D ————

Eml A

=30

-90 —45 0 45 90
Theta (°)
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Antenna mode RCS has been computed using the gain reconstruction method mentioned
earlier in the chapter using the gain data obtained with full wave simulations and shown in

Figure 4.7. on both planes. The data shown is for configuration is with the radome and
underside corporate feed network is implemented. The antenna mode RCS results with
under conditions are shown in Figure 4.8. These conditions include the antenna is with and
without the radome, and with and without the underside corporate feed network. It is
observed that antenna mode RCS in broadside direction is nearly identical but slightly
higher at 30,27 dBsm in worst case condition but much lower at other directions. The
sidelobes magnitudes are generally higher on configurations with feed network than those

without due to imperfections on the feed network.
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The direction of the main lobe of the antenna mode RCS is influenced by the angle of
incidence and the phase shift between elements in the array. Therefore, tilting the array
does not mitigate the antenna mode RCS. Instead, the antenna mode RCS can be
effectively reduced by implementing well-matched circuitry within the system, which
minimizes reflections and mismatch losses. Additionally, designing a low sidelobe array
can help in reducing the RCS by minimizing the radiation and scattering in unwanted
directions, thereby decreasing the overall visibility of the antenna to radar detection. These
strategies collectively help in optimizing the antenna's performance and reducing its RCS
[15].
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5. CONCLUSION

In this thesis study, an AESA-type phased array antenna model has been designed, and its
radiation and scattering characteristics have been analyzed using a full-wave simulator
tool. A scalable array antenna consisting of 1,200 stacked patch antenna elements was
designed. When uniformly illuminated, the antenna features a peak gain of 35.75 dBi, a -10
dB active element impedance bandwidth of 12%, SLL lower than -20 dB, a 3 dB
beamwidth of 2.6 degrees in the azimuth plane and 3.1 degrees in the elevation plane,
grating lobe-free forward semi-circle beam steering, and good polarization isolation. The
dimensions and geometry of the array were chosen to be compatible with the F-16 platform
for realistic analysis.

An underside corporate feed network was designed for a single tile module, along with a
radome to simulate the effect on the radiation pattern and antenna RCS. Both structural
mode and antenna mode scattering were analyzed. It was concluded that an electrically-
transparent radome can have a minimal effect on RCS. Additionally, it was found that
transmission losses in the feed network can substantially affect the array's radiation and
scattering. Structural mode RCS was found to be dominant over antenna mode RCS in the
side lobes, while the main lobe exhibited similar characteristics. Both modes were
observed to have a peak RCS of up to 30 dBsm. Additionally, the RCS in the observer
direction can be reduced by more than 30 dB by tilting the antenna upwards, thereby

shifting the main lobe to a no-threat area.

This study is useful for demonstrating the significance of scattering in AESAs and for
understanding and analyzing the RCS of array antennas. Furthermore, suggestions are

made throughout the study to mitigate the RCS of array antennas.
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