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ABSTRACT

DUAL -BAND CIRCULAR POLARIZED CONFORMAL TAPERED SLOT

ANTENNA ARRAY
Eren, Murat
Master of SciengeElectrical and Electronic Engineering
SupervisorPr o f . Dr . Mevl ¢de G¢l bin Dur a
December 2024109 pages

This thesis presents the design and development of a conformal circularly polarized
dualband tapered slot antenna array. The siaglennaoperatesas a tapered slot

antenm. By sequentially rotating the antenna elements, a circularly polarized array
configuration is achieved, enhancing the
application potential. This innovative design demonstrates significant advancements

in duatbandoperation and circular polarization, contributing to the fields of modern

commurication and radar systems.

Keywords: Tapered Slot Antennas, Ogemded Slot Antennas, Sequentially
Rotated Arrays, DuaBand Antennas, Dual Circular Polarization Antennas
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CHAPTER 1

INTRODUCTION

In the rapidly advancing fields of space exploration and satellite communications,
antennas are vital fogstablishing robust and efficient communication links. The
demands of contemporary space applications have driven interest in antennas
capable of operating across multiple frequency bands with enhanced polarization
diversity. Specifically, duabandanddual-circular polarized antennas have become
essential for meeting the growing requirements for reliable, -$pged data
transmission and resilient connectivity in challenging space environments. These
antennas address the unique challenges of spaeengfimproved performance and

versatility in dynamic and interferengeone conditions.

The X and Ka bands, spanning frequencies frarh28GHz and 26540 GHz,
respectively, are extensively used in satellite communications, radar systems, and
spaceborne sensors due to their high data throughput capabilities and relatively
compact antenna regements. Duaband functionality in both X and Ka bands
enables an antenna to perform efficiently across varied frequencies, enhancing
versatility and ensuring seamless communication for diverse mission needs.
Furthermore, circular polarization, charazed by the helical rotation of the
electromagnetic wave's electric field, offers significant advantages in space
applications. This polarization type effectively mitigates the impact of multipath
interference and Faraday rotatjdrequent challenges in the ionospheteereby

ensuring stable signal transmission and reception over vast distances.

Integrating circular polarization across both the X and Ka bands within a single
antenna system presents a complex challenge. Achieving consistefitaddal

performance with circular polarization demands careful design and material



selection to ensure optimal functionality over a broad frequency spectrum. Tapered
slot antennas (TSAs) are promising candidates for this application due to their
inherent broadband characteristics, compact form factor, and capability to support
endfire raliation patterns. The design flexibility of TSAs also facilitates the
incorporation of polarization control mechanisms, making it feasible to achieve dual

band, duaktircular polarization within a single antenna structure.

This research centers on the development of alwarad, duakircular polarized
tapered slot antenna array optimized for space applications. By designing an antenna
system that operates in both the X and Ka bands with circular polarization, this work
aims to advance satellite communication systems by enabling higher data rates,
improved reliability, and seamless integration with rgemeration spaceborne

platforms.

The X-band, operating between 8 and 12 GHz, is a crucial frequency range in
satellite communications, extensively utilized across civilian, commercial, and
military applications. Its popularity stems from its resilience to atmospheric
conditions such as irg light clouds, and moisture, making it ideal for scenarios
where reliable and continuous connectivity is essential. For Earth observation
satellites, the band supports the transmission of hrgkolution imagery,
environmental monitoring data, and gpatial information, even under adverse
weather conditions. Additionally, -¥and frequencies are known for their effective
penetration through obstacles, providing reliable support for radar and imaging
applications critical to military surveillance, tatgeacking, and reconnaissance. In
defense contexts, the-band is valued for its secure, highality communication
links, enabling covert, jafesistant, and secure data transfer capabilities vital for
operations requiring confidentiality and robustn€msequently, the ¥and plays

an indispensable role in spasased platforms dedicated to scientific research,
global security, and environmental monitori@yirrently in the SATCOM worldX-

Band frequencies are used for earth observation satadlgssynthetic aperture

radars.



The Kaband, covering frequencies from 26.5 to 40 GHz, has become a key enabler
for hightthroughput satellite communication systems due to its capacity for high data
rates and extensive bandwidth allocations. This makes it ideal for applications
requiring substantial data transfer, such as broadband internet services, high
definition video streaming, and largeale communication networks. Unlike lower
frequency bands, the Kaand supports several gigabits per second, enabling the
direct delivery of interneand multimedia content to remote areas, as well as to
aircraft and maritime vessels. Within satellite constellations, théada is also
critical for facilitating intersatellite communication links, promoting efficient data
relay and network coordinath across multiple satellites in orbit. Although the Ka
band is more susceptible to attenuation from rain and atmospheric moisture,
advancements in adaptive power control and robust error correction techniques have
made reliable satellite communicationssgible under variable environmental
conditions. With its high dathandling capability, the khand supports a wide
range of applications, including telemedicine, remote learning, and emergency
communication networks, underscoring its significance in lmotmmercial and

public service sectors.

Dualband operation in antenna systems refers to the ability of an antenna to operate
efficiently at two distinct frequency band3ualband operation in satellite systems

is essential for enabling mufiinctional capabilities, allowing a single satellite to
perform diverse operational roles simultaneously. For example, operating in both the
X-band and K&and allows a satellite tsa the Xband for stable, lovinterference
communication under adverse weather conditions, while tHealikd is available for
high-speed data transfer during clear skies. This-daatl approach enhances the
satellite's adaptability, ensuring efficient functionality across varied operational
scenarios and environmental conditions. Integrating-daad functionality within

a sirgle antenna aperture offers substantial advantages in satellite design, as it
minimzes both the size and weight of
singleaperture, duaband antenna system reduces the structural and electronic

complexity otherwis needed for multiple antennas. This compact design approach

t



is particularly beneficial in space applications, where minimizing mass and

conserving space translates directly to cost savings and increased payload capacity.

Moreover, this design reduces interference between frequency bands and simplifies

the satellité s ar chi tectur e, supporting more effic

costs, and improved mission reliability.

Circular polarization occurs when two orthogonal electric field components of equal
amplitude are present and have a 90A phase
phase and amplitude relationship causes the electric field vector to rotate in a helical

or circular pattern as the wave propagatesFigure 1.1, illustration of circular

polarization can be seen.

The primary figure of merit for circular polarization in antenna systems is the axial
ratio (AR). The axial ratio quantifies the quality of circular polarization by measuring
the ratio of the major axis to the minor axis of the polarization ellipse tiactte
electric field vectorAn antenna exhibits ideal circular polarization when its axial
ratio is 1 (or 0 dB), i ndicating perfectly
phase difference. In practical terms, an axial ratio close to or belows3g#Berally
considered acceptable for circularly polarized antennas, as it indicatesroakar
polarization with minimal distortionA lower axial ratiq in dB, indicates better
circular polarization quality, as it shows that the electric field components are more
closely balanced. The axial ratio is essential in evaluating how well an antenna can
maintain circular polarization, particularly in environments wipalarization purity

is critical, such as satellite communications and radar systems.
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Figurel.1l: Demonstration of Circular Polarization

Circular polarization is beneficial in applications where the orientation between the
transmitting and receiving antennas may vary, as it reduces polarization mismatch
and is more resilient to multipath interference and signal degradation caused by
atmospleric conditionsCircular polarization is a vital feature in satellite systems
due to its ability to maintain signal integrity despite orientation and alignment
variations between transmitting and receiving antennas. This is particularly relevant
in spaceapplications, where establishing a stable line of sight or fixed orientation
between satellites and ground stations is often challenging. Circularly polarized
antennas emit waves with an electric field that rotates in a helical pattern, enabling
consistensignal reception regardless of antenna orientation. This characteristic is
especially advantageous for leearth orbit satellites, which experience rapid
orientation changes as they orbit Earth. Additionally, circular polarization effectively
mitigates Feaday rotation effest For examplepolarization changes that occur
when =electromagnetic waves pass through
distorting signal quality. By maintaining polarization consistency, circular
polarization reduces polarization mismatch losses and preserves clgrtyl.
Furthermore, circularly polarized antennas excel at rejecting multipath interference
caused by signal reflections from surfaces, leading to cleaner and more reliable data

transmission. This capability is esgaht for ensuring data fidelity and



communication reliability over long distances, supporting critical applications in

deep space exploration, Earth monitoring, and scientific research.

Integrating duaband functionality in the X and Ka bands with circular polarization
within a single antenna aperture represents a sophisticated and efficient solution for
satellite communication systems. This combination enables high data rates via the
Ka-band while maintaining reliable communication links through théakd.
Circular polarization further strengthens the system by minimizing signal loss,
regardless of antenna orientation or atmospheric interference. Consolidating these
features into a sirg aperture not only conserves physical space and weight on the
satellite but also reduces structural complexity, resulting in a moreffestive and
spaceefficient satellite design. Thisompactapproach is particularly beneficial for
modern satellite platforms, which must maximize functionality within tight payload
constraintsin terms of weight and areaBy addressing multiple complex
requirements in one unified system, this design supports the development of
versatile, adaptive satellites capable noéeting the rigorous demands of nrext
generation communication networks, remote sensing, and global data connectivity.
Such an antenna system is instrumental in advancing space infrastructure, offering a
robust and higiperformance solution that aligns tvithe goals of space exploration,
connectivity, and sustainable satellite operations.

To meet these objectives, a novel conformal array of tapered slot antennas was
selected for this study. The tapered slot antenna topology was chosen for its
suitability in achieving duaband operation, with the classic design typically

operating in the Kdoand. The bandwidth of tapered slot antennas is sufficiently wide

for the requirements of this project. While tapered slot antennas inherently produce

linearly polarized radiation, circular polarization will be achieved by arranging the

antennas in a coofmal array configuration. In this configuration, each element in

the array wil/l b equemtialri etnd teido nw,i t &an da  e9Ix0cAi tse d
progressive phase shift. This combination will effectively generate circular

polarization across the desirgdquencybands.



In the literature, it has been observed that egrashed slot topology can be integrated
with the tapered slot antenna within the same antenna element. The addition of an
openended slot enables the antenna to operate at an additional frequency,
specifically designed for the Yand. Like tapered slot antennas, cpeaded slot
antennas are linearly polarized. Thus, by applying the same array topology, circular
polarization can also be achieved at this secondary frequefc@phase difference

at any frequeey will correspond to a 2Aphase difference at a frequency that is 3
times that frequency. A 22phase difference is equal-@0Aphase difference. Thus,

the frequencies that are 3 times each other can both be fed withe8@ differences.

The polarization resulting from these phase differences will be Lis€Bne and
RHCPfor the otherThedualfrequency valugin which the antennas operate should

be adjustedo that the higher frequency should3temes thdower one Then, with

the appropriate phase difference, circular polarization can be obtained in both dual
bandsWi t h t he array achieving a 90A rotatio
axial ratio bandwidth is targeted for both frequency bands.

These antennas can be manufactured with the generic PCB manufacturing processes.

Single substrate will be enough to produce the proposed antenna.

Previous studies have explored dhahd operation with slot antennas. In [1], dual
band functionality was achieved by exciting two slots of different lengths with the
same feed, allowing for operation at two distinct frequencies. This study showed that
loading the slots enables adjustment of the frequency ratio between the operating
bands. However, the frequencies targeted in this study were within tie Ghiz

range, with a relatively narrow frequency ratio. Subsequent research has extended
duatband fumtionality to tapered slot antennstructures. For example, [2]
demonstrated duddand operation in a TSA at 2.45 GHz and 10 GHz, though it was
reported that the lower operating frequency had a narrower bandwidth. This study
achieved a frequency ratio of 1:4 across the two bands. Eveargregtiency ratios

have been realized in other work, such as [3], where a dipole antenna and TSA were
combined within a single aperture, achieving nearly a 1:10 frequency ratio. Similar
to previous studies, the combiratiof dipole and TSA structures offered design



flexibility, allowing for tailored bandwidth and operating frequencies as needed. In
this design, dipole excitation was implemented by adding stubs at the substrate

edges, making the slot responsible only for TSA excitatidmghierfrequency.

Further examples of this duband approach are illustrated in [4], where an antenna
system was designed for 5G applications, covering botk698bliz and 28 GHz

bands within a shared aperture. In this system, the antenna operates as a monopole
at the lowerband and as a TSA at the higher band, both in thdiendirection.

This design demonstrated a compact, manufacturable solution with linear
polarization and the potential for a edienensional array configuration. Similarly,

[5] presented a duddand atenna for 5G and beyofisls applications, using a
monopolelike quarterwavelength printed opeended slot antenna that also
operates at 28 GHz. This design demonstrated the feasibility of achieving an

exceptionally wide frequency ratio at higher frequesnewith linear polarization.

With recent advancements in technology, especially in 5G raednet of Things

(IoT), there is increasing interest in adapting these designs for satellite applications.
However, for successful satellite implementation, circular polarization would be
essential. In this work, dudfland operation with a large frequency ratio is pursued
with the goal of achieving circular polarization. However, the topologies employed

in previous studies inherently produce linear polarization.

In many prior studies on dubbnd slot antennas, the polarization type is typically
linear. Although some cases achieve circular polarization, they generally have
limited frequency ratios for duddand operation. To address this limitation, new
methods fo obtaining circular polarization from linearly polarized antennas have
been explored. One of the most common techniques in prior works is the sequentially
rotated array. In [6], this techniqgue was demonstrated using simple patch antennas.

In this study, ptch antennas were fed by two microstrip lines, with each patch
positioned at a 90A rotation relative
neighboring el ement was excited with a
in a wide 3 dBAR bandwidth.



Another application of this technique can be seen in [7], where betheledt circular

polarization (LHCP) and rigkttand circular polarization (RHCP) were achieved

within the same aperture. Here, linearly polarized antenna elements were again
arrangedwih a 90A rotation, but the directio
polarization typeA 90 A phase shift i n the counterc
RHCP, while clockwise resulted in LHCP. In the final array, some elements
contributed to both RHCP andHICP, achieving a wide 3 dB axial ratio bandwidth

with low side lobes and minimal mutual coupling.

Sequentially rotated circular polarization has also been studied in special types of
TSAs such as Vivaldi antennas, discussedh [8]. In this study, four exponentially
taperedslots were sequentially rotated and vertically placed within a circular metal
wall acting as a ground plane. This configuration achieved wideband circular
polarization in a compact space using linearly polarized tapered slot antennas.
Another example of thisesthnique with linearly polarized antennas is presented in
[9], whereTSA elements were arranged in a circular sequence based on sequential
rotation principles. Here, the tapered slots were implemented using surface
integrated waveguides, with arrays formed by 4, 8, and 12 elements, each having
90A, 45A, and béweensadjacgnheiemants, sebpedtivirighis

study, it is observed that as the number of elements incsedbe side lobes
diminished, creating a more directive peditieé radiation pattern. However, it was
noted that adding elements beyond a certaiashold ladsto saturation in gain
improvement. By optimizing the element count, rotational radius, and phase
distribution, this design achieved a 49% axial ratio bandwidth in the Ka band.

In [10], a dual circularly polarized antenna for K/Ka bands was developed, using a
stacked patch configuration where different patches handled radiation at separate
frequencies. RHCP and LHCP were achieved with a single element, and to enhance
polarizationpurity and pattern symmetry, the sequential rotation technique was also

applied.



In this thesis, &SA structure is combined with a printed monoplite slot antenna

to achieve duaband operation in the X and Ka frequency bands, with circular

polarization accomplished through the sequential rotation technique. For circular
polarization in the X band, @9A phase difference is applied
el ements. This 90A phase shift at the X ban
third harmonic frequency, whicfalls in the Ka band, thereby producing circular

polarization in both bands. The proposed antenna array is illustrated in F@ure 1.

-y

z

Figurel.2: The Proposed Antenna Array

In conclusion, the development of didmnd antennas capable of operating in both
the X and Ka bands with circular polarization addresses a crucial need in the
advancing field of communication technologies. These antennas provide substantial
advantages inversatility, performance, and system integration, making them
essential for achieving more robust and efficient communication systems in

aerospace, satellite, and radar applications.

The working principles of the antenna are detailedhiapter2 of the thesis. Initially,
a brief discussion explains how the unit elemeperatesat two predefined
frequencies. The two topologies responsible for -figjuency operation, the

tapered slot antenna and the <inel slot antennaare introduced, with relevant
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technical information provided for eaoche Subsequently, the method of achieving
circular polarization using the sequential rotation technique is explain€thajoter

3 section, the design steps are presented, with simulation results shown after each
step. Fnally, in Chapter 4he completarray's simulation results are compared with
measurementesults ancanalyzed Points of greementsand inconsistenciesvith
theoretical predictions in the design process are highlighted, amdatigfacturing
processis described.The details of the measurement amwhnufacturingare
combined with the problems and results. In addition, ideas are given on how the

produced design can be improved.
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CHAPTER 2

PRINCIPLES OF DESIGN

This section providetechnical insights into the working principles of the antenna
First, the characteristic features of the tapered slot antenna structure are outlined,
followed by a discussion of its key design parameters. The properties and design
considerations of the op@anded slot antenna are then addressed. After defining the
unit antenna elements, the section explains how the sequential rotation technique is

applied to achieve circular polarization.

2.1 Tapered Slot Antennas

TSAs are a type of traveling wave antenna, characterized by continuous radio
frequency current propagation along a transmission line. This progressive wave
propagation enables the TSA to radiate incrementally along its length, resulting in a
directional raiation pattern. TSAs share many features with other traveling wave
antennas, utilizing transmissidine structures thatadiate,and the line length
significantly i mpacts gain and bandwi dtl
tapering shape influens@condary characteristics such as mofilsadiation pattern

and beamwidth. Most traveling wave antennas utilize sl@ave transmission

structures, which confine waves and facilitate radiation at specific structural

discontinuities [11].

Single elemenfTSAs can be used as feeds feflectorsor lens antennas, or
alternatively, their relatively high gain can bglized directly. These antennas are
costeffective to manufacture, making them suitable for -tmst integrated
antenna/receiver/transmitter units. TSA arrays provide lightweight solutions in

satellite communication systems, especially in scenarios that réxpane shaping

13



and beam switching. The inherently directive radiation pattern of TSAs reduces
mutual coupling, making them advantageous in array configurations. Additionally,
their wide bandwidth makes them wasllited for millimeteswave communications,
supporting highedata rates that require larger bandwidths at higher frequencies. The
directive nature of TSA beams also enables higher gains in a compact profile, making
TSAs highly suitable for array applications where increased gain or enhanced data

rates are essentia

Despite the advantages of TSAs, there are some limitations to their use. The most
notable drawback is that a single TSA inherently supports only |p@arization,
making it unsuitable for applications where circular polarization is essential, such as
space applications, without additional modifications. Additionally, at lower
frequencies, achieving high gain requires a significantly longer TSA, whitlhe
impractical in terms of size. In this study, circular polarization will be attempted by

employing a TSA in a conformal array configuration.

Like other traveling wave antennaB$SAs produce a main radiation beam in the
direction of wave propagation along the antenna surface, resulting in dimeend
radiation pattern. As traveling wave antennas, TSAs provide narrower beamwidths
and relatively higher gains. They are also frequandgpendent, making them well
suited for wideband applications. The bandwidth of a TSA can be optimized by

adjusting two key transitions: one at the input, between the feed line and the slot line,

and another attheannnadés transition to free space.

structures, allowing these advantages to be achieved within a compact footprint

Early research omSAsand other traveling wave antennas has provided insights into
their radiation mechanisms. The primary fresonant radiation mechanism in TSAs

is attributed to higheorder modes generated by waves traveling along a curved path
on the antenna surface. Bieenagnetic energy remains tightly bound to areas where
the separation between conductors is relatively small compared to thsp e
wavelength. As this separation increases, the electromagnetic energy weakens and

gradually coupls into the radiation field. To achieve high gain in a TSA, the phase

14
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velocity of the bound energy between conductors must be equal to or greater than
the phase velocity in the substrate material. This radiation mechanism allows TSAs
to achieve wide frequency bandwidths, typica@ly0% fractional bandwidth By

further optimizing design parameters, this bandwidth can be expanded. TSAs exhibit
an endfire radiation pattern, with similar beamwidths in both the E and H planes
The Eplane is the plane containing the electric field vector E andliteetion of
maximum radiationlt defines the polarization of the antenna. Theléhe is the

plane containing the magnetic field vector H and the direction of maximum radiation.
It is orthogonal to the dplane. These planes are used to describe the radiation
patterns and polarization of antennbBsa TSA,the Eplane of the antenna is the
plane containing the electric field vectors of the radiated electromagnetic waves. For
TSAs, this is parallel to the substrate since the electric field is established between
two conductors that arepgarated by the tapered sldhe Hplane is the plane that
contains the magnetic field vector fhe Hplane is the plane that contains the
magnetic component of the radiated EM wave runs perpendicular to the substrate.
The gain of a TSA is largely determined by its overall lengtlanger slot provides

a larger effective aperture, which enhances the antenna's ability to radiate energy in
a focused direction. This is because the aperture efficiency improves, leading to a

narrowerbeamwidth and higher dicgvity. [12].

b id L)

(b) () (d)

Figure2.1: Different Tapering Structures [11]

A generic TSA can be created by etching a metal layer on a dielectric surface. One
side of the dielectric material is metallized, and by etching specific areas, regions
where electromagnetic energy is bound between conductors and regions where

energy coums into radiation can be formed. Figure 2.1 illustrates some of the most
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common tapering techniques, including exponential tapdfiggre 2.1a), linear
taperingFigure 2.1b), andconstant widthaperingFigure 2.1c), shown from left to

right. Each tapering technique produces unique radiation characteristics, and by
selecting different tapering profiles, the frequency bandwidth can be tuned. Key
parameters for controlling the gain, beamwidth, and bandwidth of tha@nante
include the width of the etched slot, the overall antenna length, and the total antenna
width, as shown in Figure 2.2. A prior study [13] compared the radiation
characteristics of different tapering types, finding that increased antenna length
correlaes with higher gain and that a wider etched slot reducedadids in the
radiation pattern. The study also highlighted that exponential tapering is
advantageous for achieving a larger bandwidth. In this work, linear tapering will be
explored.

Aperture Width

N

Ground Extension )

A

; Ground Extension

Antenna Length

<
«

Figure2.2: Parameters of Tapered Slot Antenna

Compared to linear tapering, Vivaldi antennas feature a more rapid tapering profile,

causing theslots onantenna tdecome widerln Vivaldi antennas, radiation tends
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to depart from the structure earlier than in linearly tapered antennas, resulting in a
shorter radiating length. Consequently, in linearly tapered slot antennas, the
beamwidth is frequenegtependent, while in Vivaldi antennas, the beamwidth

remains relatiely constant across frequencies.

TSAs are a specialized type of slot antenna, sharing characteristics with conventional
slot antennas. Consequently, TSA excitation methods resemble those used for slot
antennas. Excitation of a TSA can be achieved either through dkeitationor
electromagnetic coupling, as shown in Figure(@.&nd Figure 2.3(b)in direct
coupling, excitation is provided through a direct current path, with the feedline
typically a coplanar waveguide or microstrip lipesitioned on the same side of the
substrate athe etched slot. In electromagnetically coupled excitation, there is no
direct contact between the etched slot and the feedline; instead, electromagnetic
fields couple to the slot from the opposite side of the dielectric substrate. The feedline
in this canfiguration can also be a coplanar waveguide or microstrip line, with
necessary adjustments made for impedance matching. To achieve proper matching,
openended stubs (illustrated in Figure 2.4) are used, allowing the antenna to be
matched to desired impeuze values, suchas 3 or Y1 O0®i t hout alter
radiation characteristics. By firtening the feedline and coupling mechanism, an
even wider bandwidth can be realized.

(o)

Figure2.3: Different Feeding Techniques for Tapering Slot Antennas [14]
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Figure2.4: Feed Network of Tapered Slot Antenn&k [

The input impedance of TSAs is generdilgquency independenfccording to

[14], a typical linearly tapered slot antenna exhibits an input impedance of
approximately 80 a c 30@«dractional bandwidthlt is also noted that the cavity
region, where electromagnetic fields couple from the feedline to the slot line, has
minimal impact on the input impedance. Consequently, the bandwidth of the antenna

is primarily determined by the feed network.

In this thesis, design modificatiorsse implemented to enhance the tapered slot
antennab6s performance, specifically aiming
To achieve these improvements, dielectric loadsnigtroduced to the tapered slot
antenna design. The dielectric slaladded to at the end of tapered.diota tapered

slot or Vivaldi antenna, electromagnetic waves propagate along the gradually
widening slot, which supports effide radiation. Since endfire radiation is
mentioned frequentlyni the thesis, the meaning of endfire radiation must be
described. The enfire radiation pattern in antennas refers to a directional pattern
where the majority of radiated energy is concentrated along the axis of the antenna,
in the direction of wave progation. For endire antennas, such as tapered slot
antennas, the radiation is strongest in one direction along the length of the antenna,

with minimal radiation perpendicular to the antenna structure.

Adding a dielectric materi al along the sl ot
velocity of the wave by increasing the effective permittivity of the propagation
medium. Consequently, the wavelength within the slot decreases, allowing the
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antenna to support a longer electrical length for a given physical length. This
electrical lengthening aids in guiding the wave more effectively in the desired end
fire directian [15].

Dielectric loading also modifies the wave impedance, enhancing the match between
the traveling wave and free space, which increases radiated power in tfiee end
direction. This improved guidance of energy along the slot reduces energy spread
into sidelofes, concentrating more power in the main lobe and thus increasing the
antennab6s overall gai n. Furthermore, the
and reflections within the slot, yielding a more focused, {gigim radiation pattern

with minimized si@lobes. In essence, dielectric loading enables more efficient
coupling of energy in the primary radiation direction, enhancing directive gain and
overall antenna performance in terms of beam focus and sidelobe reduction. Precise
dimensions of the dielectrioadingaredeterminedy following parametricstudy.
Rectangular dielectric loadingvhichis explained in Section 3s selected in this

thesis to minimize sensitivity to production tolerances, as it does not introduce

significant complexity to antenna fabrication.

Briefly, to achieve higher efficiency TSAhe totallength of the antenna must be
increased. By doing so, there will be a ABhase increase for travelling waves along
theslot lineon the antenna. Another general constrainafoefficient TSA is that

the slot width should reach at least half a wavelength.

Another topology utilized in this thesis is the printed epaded slot configuration
which is responsible for lower operating frequebeyds A printed slot antenna is
fabricated usind®CB technology, where a slot or apertur@ssallyetched into a
conductive surface, typically a metal layer. The 8iat is etched in the middle of a
PEC groundlaneserves as the radiating elemeértie antenna is typically fed by a
microstrip line or coplanar waveguide printed on the opposite side of the substrate,
resulting in a compact and planar structure. As discussed in the previous section,
these features are similar to those of TSAs. One of the main advantages of slot

antennas is their cosffectiveness, ease of fabrication, and compactness, as they can
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be produced using standard PCB manufacturing processes. This makes printed slot
antennas a versatile and economical solution for applications where size, weight, and

integration are critical concerns.

Slot antenna comprises a slot cut in the ground plane of the microstrip line such that
the slot is perpendicular to the strip conductor of the microstrip line. The fields of
the microstrip line excite the shathich can be represented as an equivalent magnetic
currentat the conductive plane of antenna. For efficient excitation of the slot, the
strip conductor is either sheeircuited through the substrate to the edge of the slot

or the strip conductor is terminated in an opénuited stub beyond the eglgf the

slot The exact radiation pattern depends on factors such as the ground plane's size
and shape, the slot geometry, and the feed network, though most printed slot antennas
exhibit a relatively broad beamwidth. The polarization of the radiated wave is
determinedby the slot orientation and the direction of the fsedatross it, with a

straight slot typically producing linearly polarized radiafja#f.

In this thesis, thenain radiation direction at the lower operating frequency is the
same as the one in the TSAs radiation directioraning it producean endfire
radiation pattern. In [4], obtaining endfire radiation pattern from opemded slot is
discussed in detaiDwing to the opernded construction of the proposed antenna,
most of the electric fields outside the ground conductor transmit from one side of the
ground plane to the outer side of the opeded slot. Therefore, it can be easily
undestood that the endfire radiation pattern is substantially produced since the
radiation from the ground plane could only be produced from the @panted end

of this slot radiatarSlot antennas are simple to constrlat, profile and weltsuited

for endfire applicationslthough they are linearlyolarized,and they have limited
bandwidth.

In electromagnetic8 a b i primdiple s often adapted to describe the relationship
between slot and dipole antennas. Essentialbnsideringa dipole antennaas
conductiveelement and imagine its complementary shape as a slot in a conductive

surface, the resulting slot antennas Isamilar radiation patterns and impedance
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characteristics to the original dipole but with electric and magnetic fields exchanged
[18].

For antennas, this principle is applied using the concept of a slot cut in a conductive

plane. A slot antenna can be viewed aselectromagnetic complemend a
corresponding dipolantennaBa bi net 6s Principle all ows e
behavior of slot antennas by examining the properties of their dipole complements,
simplifying the design and analysis of slot antennas in terms of known dipole
characteristics. This principle helps the design of antennas with specific
polarization, impedance, andadiation pattern requirements, particularly in

microwave and millimetewave applications where slot antennas are often used.

SI ot antennas are typically designed as
excited at the center, resulting in linear polarization. The fields produced by a slot
antenna resemble those of a dipole antenna, with the field components interchanged

A similarity relationship betweera dipole antenna and slot antenna can be
established as followt dipole antennas, electric current is responsible for radiation

whereas in slot antennas, magnetic current is responsible for radiation.

The slot antenna shown in Figure 25¢p nsi sts of a &/ 2 | ong
ground plane and excited at the cenlie printed slot antennas, the symmetry plane

is defined by the ground pl ane, and by
electrical length opeended slot antenna is formdsly doing sothe sizeof the

antenna can be reduced and endfire radiation pattern can be obTdirseprocess

is shown in Figure 2.5, allows for achieving comparable radiation characteristics and
resonance frequency with half the physical length of a staradrf2inted slot

antennd19].
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Figure2.5: OpenrEnded Equivalent of Regular Slot Antennag][1

In this thesisthe principles explained in this section are used as basis for antenna

design

2.2  Sequentially Rotated Arrays

Circular polarization is a desirable characteristic in many antennas systems,
particularly for applications that require robust signal reception regardless of the
orientation of the receiving antenna or in space applications like satellite
communication. In this wark, circular polarization is achieved using linearly
polarized antenna elements. The method employed involves sequential rotation of
the individual elements combined with appropriate phase shifting of the excitation

signals.

The fundamental concept behind this technique is based on the superposition of
multiple linearly polarized waves. When several linearly polarized elements are
arranged in a specific geometric configuration and each element is sequentially
rotated by a fixd angle, the combined radiation can produce a circularly polarized

wave. The key to achieving circular polarization liescareful control of the
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orientation of each element and phase shift applied to the excitation signals. The goal

of sequentialotation is to generate orthogonally polarized fields, and phase shifts

are used to providarcularpolarization. In this design, the antenna array consists of

4 linearly polarized elements arranged in a planar configuration. Each element is
rotated relative to the previous one by
angl e d i do360ppwhichas 9B Yhissegtiential rotation cdre seen

in Figure2.6. The sequential rotation ensures that the polarization vectors of the
individual elements are evenlyistributed around the circle contributing to the

overall circular polarization of the array.

Sequentially rotated arrays achieve lower axial ratios, indicating-dqughty

circular polarization. Axial ratio (AR) is a measure of how close the polarization is

to being perfectly circular; lower values indicate better circular polarization. For
exampe, a sequentially rotated array may achieve a stable and pure circular
polarization, which is advantageous in applications like satellite communication

where consistent polarization quality is essential. Sequential rotation can also
improve the axialrah over a wider bandwi dt h. By ca
rotation and phase shifts, the array can maintain circular polarization over a broader

range of frequencies (a 25% relative bandwidiff)is increased bandwidth is

beneficial in applications where higher data rates or frequency agiéitgquired,

such as in radar and muftequency communication systems.
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Figure2.6: Different Sequentially Rotated Array Type&d[
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Figure 2.6 shows a sequentially rotated array structure designed in previous studies
[20]. In this structure, each antenna element is placed by rotatvgtBQespect to

its neighboring antenna element, and each antenna element is excited wih a 90
progressive phase shifWide axial ratio bandwidth (greater than%d)0 was
generated in that study. It was pointed out that with this technique, it is easier to
realize the feed network with enhanced bandwidth in circular polarization.
Moreover, because of éhorthogonal orientation of each element decreases the
mutual coupling compared to conventional arrays. It was also pointed out that in
main planespeamscan be steered for wide angles without any degradation in

circular polarization[21]

Figure2.7: Large Sequentially Rotated Array for Circular Polarizati2i] [

Figure 27 shows how to apply the sequential rotation technique to larger arrays for
patch antennas to achieve circular polarization. In short, two different structures are
proposed21]. In the first one, the large array structure is divided into smaller sub
arrays. Each subrray is fed with a 9phase difference with itseighboringsul

array when rotated clockwise, and the unit elements in eaeairsmpare fed with a
90Aphase difference with each other. In the second structure, a difenarture is

used ompared to the first structure. Heunlike the first structure, in this structure,

4 of the same suérrays are used and each-sutay is identicalln this study, it was
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shown that circular polarization can be obtained by both sequential rotation in each
antenna elements or in sabray mannerThe second structure will also be used in
this thesis. However, unlike Figure 2.7, the antenna elements will be placed on the
edges, not on each corner.

This concept is versatile and applicable to various types of antenna elements,

including microstrip patches, dipoles, opemded waveguides, and horns.

Toimprovethe circular polarization effect, each element is fed with a signal that has

a specific phase shift relative to the others. The required phase shift between
consecutive elements is directly related
frequency.In this work, since there are 4 single elements in the design, phase shift

i s ¢ hos e nBaadg8.29 GH¥ spedaificaly). This phase shift ensures that the

fields radiated by each element add constructively in the desired circular polarization
direcion whil e cancelling out in the orthog
shift in 8.25 GHz, a 270A phase shift is
which is 24.75 GHz. -90AAophpbhasmeduisht ftsa
in another circular polarization for the second frequency, which is the other desired
operating frequency in this work. With this method, circular polarization at both
operating frequencies can be achieved. Circular polarization will be RHCP in one
frequencyband, ad LHCP in other frequencyandsor vice versa As shown in

Figure 2.7, both the element angular orientation and feed phase are arranged in the
OA, 90A, O0A, 90A or O0OA, 90A, 180A, 270A
feed complexity reduced, but also the bandwidth performance is imprByed.
sequentially rotating the antenna elements and by applying proper excitation with

phase shifts, circular polarization can be obtained in a large bandwidth.

2.3  Feed Network Design

As explained in the sequential rotated array section, a phase difference is required
for circular polarization. The phase difference should be setAat3ach operating
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frequency. It should also be emphasized that/pBase difference at any frequency
will correspond to a phase difference of Aa03 times that frequency, and a phase
difference of 278means a phase difference-6DA Another circular polarization

can beobtainedatthree times of the firdftequency. After the phase difference is set,

the antennas should be fed with these adjusted differences.

For an antenna system requiring aA@base shift across a very wide bandwidth,
several design approaches can be utilized to maintain phase consistency over the
frequency range. One of the most effective methods involves using broadband
quadrature hybrid couplers, which provide a stabla@tase shift between their
output ports. Hybrid couplers designed with ma#tion otange coupler structures

can achieve broad bandwidths while maintaining low insertion loss and phase

accuracy.

Another approach is to use delay lines or phase shifters implemented with materials
and structures that have minimal dispersion. Constapedance phase shifters, for
example, utilize transmission lines or lumped elements carefully designed to
minimize plase variation over frequency, making them suitable for wideband

applications.

In cases where extremely wide bandwidths are required, a combination of several
narrowband phasghifting elements, each tuned to a differentbahd, can achieve

a composite broadband effect through cascading. This approach, known as a
cascaded sectioredign, allows each section to operate within a smaller bandwidth
where phase consistency is more manageable, resulting in aAsi@ver the

entire desired bandwidth.

Hybrid couplers are critical components in wideband antenna systems requiring
precise 9@ phase shifts across multiple outputs. Specifically, quadrature hybrid
couplers, often referred to as@ybrid couplers, are designed to split an input signal
into two outputs with a constant Aphase difference. This phase stability over a
wide frequency range makes them highly suitable for broadband applications. To

achieve a broader operational bandwidth, rmdtition hybrid couplers are
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commonly employed, where additional sections within the coupler extend the range
over which the 98phase shift remains stable. Lange couplers, another variation, are
designed with parallel coupled lines that provide tight coupling and increased
bandwidth, albeit with a more complex fabrication process. These hybrids are
typically implemented in microspy, stripline, or waveguide technologies, depending

on the frequency range and application. By carefully selecting the coupler type and
optimizing the dimesions, it is possible to achieve wideband phase accuracy and
low insertion loss, making hybrid couplers ideal for antenna systems requiring

precise phase control over broad frequency ranges.

Branchline couplers are essential components in microwave engineering, widely
used for achieving signal splitting with specific phase relationships, particulaly 90
phase shifts. A branchline coupler is a type of 3 dB quadrature hybrid coupler that
splits an input signal into two equabwer outputs with a 90phase difference
between them. Structurally, it consists of two main transmission lines coupled
through branches, creating a network that allows signal division and specific phase
shifts. These couplers operate effectively within a limited bandwidth, aiypic
around 1620% of the center frequency. However, makction branchline couplers

can be designed to &xd the bandwidthA typical branchline coupler can be seen

in Figure 2.8.

Input Port 0.707 Zo Output 2 (-180°)

Zo Lo

Output 1 (-90°)

0.707 Lo

All arms are A4 in length

Figure2.8: Ideal Branchline Coupler

One primary advantage of branchline couplers is their simple structure, making them

easier to design and fabricate, especially in planar forms like microstrip or stripline.
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Additionally, they have inherent symmetry and can achieve excellent isolation
between ports, which minimizes mutual interference. The balanced output and phase
consistency make branchline couplers highly suitable for applications requiring
phaseshifted sgnals, including antenna feed networks, balanced mixers, and phase

shifters in RF and microwave circuits.

Branchline couplers are commonly used in power dividers, plragg antennas,

and RF balancing circuits. Their reliable performance in providing pt@seolled

outputs makes them patrticularly advantageous in systems that require precise phase
alignment, although they are generally not as suitable for ddt@adband

applications as other hybrid coupler types due to bandwidth limitations.

Multi-stage branchline couplershich can be seen in Figure 2é8g designed to
extend the operational bandwidth of conventional branchline couplers by introducing
additional sections, each carefully tailored to contribute to the desired phase and
amplitude characteristics over a broader frequency rangsingla stagéranchline
coupler, there is a limited bandwidth, often aroune2@®o of the center frequency,

due to the fixed characteristic impedance and electrical length constraints of its
branchesMulti-stage designs address this limitation by cascading several branchline
sections, each with different impedance values, to flatten the frequency response and

achieve a wider operational bandwidth.

Input Port Lo Lo Output 2 (-180°)
24147,
24147, All arms are A4 in length
7 7 Output 1 (-90°)

Figure2.9: Ideal 2Stage Branchline Coupler

In a multistage branchline coupler, the topology differs from a sistfige
configuration by incorporating multiple pairs of branches in sequence. Each branch

pair has distinct impedance values that are optimized to provide progressively wider
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bandwidth coverage. By using multiple stages, typically two or three, the impedance
profile across the coupler is gradually varied, effectively balancing the coupling and
phase shift over a broader frequency range. This design strategy, often refesred to a
a "multi-section” or "multistage” approach, leverages transmission line theory,
where each section provides specific phase and amplitude contributions, creating an

overall flatter response across the desired band.

The main advantages of mutiage branchline couplers include a significantly
enhanced bandwidth and improved return loss and isolation across the wider band,
compared to their singigtage counterparts. However, this broader bandwidth comes
with some trdeoffs, including increased physical size and a more complex
fabrication process due to the additional sections and varied impedances.
Furthermore, as the number of stages increases, careful design is necessary to avoid

unwanted resonances or performadegradation.

Branchline couplers are fundamental components in microwave engineering,
traditionally designed for singiieequency operation. To meet the demands of
modern communication systems that operate over multiple frequency bands,
researchers have developed miedif branchline couplers capable of dbahd
performance. These adaptations involve structural and parametric modifications to

achieve the desired coupling and phase characteristics at two distinct frequencies.

One prevalent approach is the integration of eershortcircuited stubs into the
coupler design. By carefully selecting the lengths and impedances of these stubs,
engineers can create resonances at specific frequencies, thereby enabloamndual
operdion. For instance, a study presentefi2?] introduces a duaband branchline
coupler utilizing openand shorended stubs to achieve operation at two arbitrary
frequency bands. The design equations derived in this work facilitate the precise

determination of stub parameters to meet specific &equrequirements.

Another method involves the use of orthogonal coupled branches. In this
configuration, the coupler incorporates branches that are orthogonally oriented,

allowing for independent control of coupling coefficients at two different
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frequencies. This technique is demonstrated in a paper frofa3hevhere a dual

band coupler operating at 2.45 GHz and 5.8 GHz is designed and fabricated,
showcasing the effectiveness of orthogonal coupling in achieving-bdnal
functionality.

Additionally, the implementation of steppédpedance stubs has been explored to
enhance duaband performance. By varying the impedance of the stubs, designers
can manipulate the phase and amplitude responses at multiple frequencies. This
approach is deiled in a study published ifi24] where a compact dudlnd
branchline coupler with steppéspedance stubs is developed, resulting in

improved design flexibility and bandwidth performance.

In the next section, the design steps will be given in order based on the principles
explainedabove The antenna design steps will be explained by adhering to
theoretical rules. The design steps that were changed from previous studies will be
explained by giving photographs of the antenna and it will be shown how the
behaviorof the antenna changes with the necessary parametric studies. First, the unit
element design will be explained and then how it is turned into an array will be
discussed. All these ralss will be supported by simulation results. CST Microwave

Studio Software was used for simulation.
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CHAPTER 3

DESIGN STEPS AND SIMULATION RESULTS

In this section, the simulation results performed during the design wilidsented

First, the design parameters of the unit antenna element will be given. After the
design parameters are given, it will be shown how each parameter changes the
behavior of the unit antenna element in both frequency baffigs tis, theantenna
design process will be summarized with a flowcheen, the steps to be followed
when performing sequential rotation will be stated. The return loss values, radiation
patterns and axial ratio valuesthe array formed as a result of these steps will be
presented. Finally, the design steps will be gif@ the feed network. The design
parameters of the feed network will be given and how these parameters affect the

behavior of the feed network will be explained.

Before starting the design, the performance requirements of the antenna structure to
be designed must be specified. The requirements can be Sesrie.1

Table3.1: Requirements of Proposed Antenna

Performance Metrics Requirements

Frequency 802571 8400 MHz
270001 28500 MHZ

Return Loss Less tharr10 dB in bandwidth

Axial Ratio Less than 3 dB iHPBW in Frequency
Bandwidth

Gain(in endfire direction) Greater than 6 dBi at-Band
Greater than 12 dBi at KBand
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3.1 Antenna ElementDesign

Dimensions of the proposed antenna can be seen in FgjlireAntenna is
constructed on a Rogers 4003€ o® UD & 18T T ¢ )substrate whose
thickness is 0.508mm/2.0z (0.A.8mm) copper is etched on both sides of antenna.
"radius is the radius of the citdar partwhere tapered slot is exciteoh the top
surface of the antennahe "feed length” parameter is the length of the last extension
of the feedline that will excite the slot. The "feed offset" parameter is the distance
before reaching the last extension of the feedllsi®i_end" is the parameter that
specifies how wide the slot opened on the top surface ofrttemrea is on the
substrate edge. "slot_length" is the total length of the slot opened. "slot_width" is the
narrowest width of the slot opened around the circle. "suby" is the parameter that
specifies the total width of the antenfisulx” is the parameter that specifies the
total lengthof the antennaDielectric loading "X" and dielectric loading "Y" are the
lengths of the substrate extension added to the end of the slot in the x and y axes.
AWao, iWbo, AWco andflLao parameters are the length and thickness dimensions of
the different thickness sections used to match the feedlineXo & can be seen in
Figure 3.1Values of design parameters can be found in TaBle

Table3.2: Design Parameters of Proposed Antenna

Parameter Name Value (mm)
radius 3.10
feed length 9.60
feed offset 6.50
slot end 16.00
slot length 7.00
slot width 3.2
suby 18.50
Subx 35.00
La 4.75
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Wa 1.10

Wb 0.75

Wc 1.00

Dielectric Loading X 8.50

Dielectric Loading Y 12.00
A

Dielectric Load "Y"

Dielectric Load "X"
slot_end

slot_length
b _leng

slot_width
fsub_x
radius

feed_offset

X L] L]
| L.
y =8
sub_y !

< >V S

Figure3.1: The Proposed Antenna Structure

To reach thaelesiredvaluesof Table 3.2, first, the slot length is selectédl be a/4
wherea-is thewavelengthat the operating frequency in theBéand. Because the
resonance in the -Band is narrow bandwidth compared to theBand. Initially,

after the slot length in the-Band is adjusted and the slot line is designed, the
remaining parameters should be worked parametrically for tigaa and the final
valuesshould beobtainedagain for both frequencie$he valuegjiven in Table 3.2

are the valuest which the unit element works best for both frequencies. In the
following sections of this section, hovaeh parameter changes thehaviorof the

antenna is explained by showing the results.
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It is explained how these parameters changédhaviorof the antenna in the X and
Kabands. Initially, radiation patterns of single antenna elements accordiagl®

3.2 aregiven inFigure 3.2 and Figure 3.3 he single antenna elemehive3 dBi

gain intheX-Band an®.75dB gain intheKa-Band. It should be noted thi&ie main
beam in KaBand is tilted because of relatively small slot length and asymmetrical
feedline structureRadiation patterns of single elements at X and Ka bands can be

seen inFigure 3.2 and Figure 3.3 respectively.

In the followingsulsections of this section, the radiation pattern of the antéanas
given as polar plot®adiation pattern results are given in two principal planes which
are E and H plane3he definition of these planésmade according to Figure 3.2.

In Figure 3.2, the xyplane will be the Eplane of the antenna. Thedane is defined
ash = {-180418084 and— T1J, while the H plane is the xalane. When the kblane
results are given, they will be between0J and—= {-90J,903}. The angles of =

0J and—= 0J correspond exactly to the endfire direction.

Figure3.2: 3D Radiation Pattern of Single Antenna at 8.25 GHz
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Figure3.3: 3D Radiation Pattern of Single Antenna Element at 28 GHz

X-Band Radius Sweep
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7 7.5 8 8.5 9 9.5
Frequency in GHz

Figure3.4: X-Band Radius Sweep Return Loss
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Ka Band Radius Sweep
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Figure3.5: Ka-Band Radius Sweep Return Loss
Return | oss graphs of different values of

and Figure 3.5 for X and Ka bancespectively.When the change in radius is
examined, no significant changeolsservedor X band, which is an expected result.

In X-Band, the only parametathat change the resonance frequest®expected to

be the length of the sl@nd feed lengthHowever, for better matching and fine
tuning radius parameters can be used for adjustiBgqxd. As the radius increases,
better matching calme obtained for the whole frequency bavthen lookng at Ka

Band, it is seen that this parameter is important for matching. Because this part
determines how the EM power in the feedimeouplel to the slot lineAs the radius
decreaseshe centeof resonance frequency decreasesTherefore, this parameter

providesfreedom for desigonly for Ka band.
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X-Band Feed Length Sweep
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Figure3.6: X-Band Feed Length Sweep Return Loss
2 Ka Band Feed Length Sweep
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Figure3.7: Ka-Band Feed Length Sweep Return Loss
Return loss graphs of differentvalugfsf eed | engt hd can be seer

Figure 3.7for X and Ka bans respectivelyWhen looking at the change inBand,

it can be seen that this parameter is important. Since the feed length parameter
determines thdocation of excitation point oflot This parameter should be
evaluated together with the slot length. When the feed length increases, the resonance
frequency that occurs at the smaller frequency of the two resonances that occur

throughout the &dhd becomes smaller. Due to side effects, the second resonance
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changes in the opposite wadmother radiation mechanism is responsible for that
side and undesired resonandeoking at Figure &, the higher of the two
resonances occurring along the band changes regularly with the changes in the "feed
length” parameter. As the value of the "feed length" parameter increases, the
frequency at which the second resonance occurs decreases and thegmatch
worsens. The opposite situation is also true. In other words, the decrease in the value
of the "feed length" parameterdreases the resonance frequency. The reason for this

is the feed line itself. The upper part of the feed line is covered with the ground plane,
but as can be seen in Figure 3.1, a #latis opened on the other side of the part
specified by the "feed length" parameta@sno ground plane. The length of 1/4 of

the wavelength in this second resonance frequency is also very close to the length of
the "feed length" parameter. Therefore, this second resonance frequency is an
unplanned side effect. This parameter can also e tos@creasdandwidth The

angle at which the feed line, which causes this second unplanned resonance to occur,
excite the slot from the other side is also a separatgrdparameter. 13%s selected

in this design. When selecting this value, it was tried to obtain the resonance
frequency that occurs first in theBand and then in the KBand as a 9angle. In

order for resonance to occur in theBénd and the radiation pattern to be in the
endfire direction, the feedline should be in the middle parts of the slot, while in the
Ka-Band, the feedline should be located where the slot becomes narrower for
resonance to occur. In order to obtain these two resonances atrtedisie, the
feedline siould beplaced in a way that dauses an excitation at both narrower parts

of the slot and middle of the slot. Thésedline shouldorm an angle. Thus, the slot

was excised from two different regions for two different frequencies. As a result of
this placement of the feedline, some compromises were made in the radiation pattern
formed at both frequencies. In the-Band, the main beamvas now slightly tilted
instead of the full endfire direction. In theBand,gain decreased ghtly. Also,

since the feedline is not placed under the slot, perpendicular to the slot, the
polarization of each antenna will no longer be perfectly linearly polarized in the

endfire direction. Because the currents created by the feedline are notmdlfire e
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direction.When designing, the lower resonance frequency should be adjusted first,
and the final value should be selected to provide sufficient bandwidth. When looking

at Ka Band, the resonance frequency decreases as the feed length increases. Since
this parameter imore important for XBand, it should be adjusted forBand first.

X-Band Slot End Sweep

—Slot End=16mm

—Slot End=15.5mm
Slot End=15mm
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Figure3.8: X-Band "Slot End" Sweep Return Loss

Ka-Band Slot End Sweep

|~ |=Slot End=16mm
;——Slot End=15.5mm
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Figure3.9: Ka-Band "Slot End" Sweep Return Loss

Return | oss graphs of different values
Figure 3.9 for X and Ka band respectivalyhen the slot end change is examined, a

similar effect is observed for the two frequency bands. It should be noted that the
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slot opened to the copper is etched linearly. Therefore, the change of this parameter
changes the entire areatbé openedlot,and the increase of this parameter reduces

the ground distance at the edge of the substrate. \Migesimulationresultsare

i nvesti gat e dwedpi thisgamrhetet does notliicrease too much, that

is, as long as the distance between the slots does not increase too much, a significant
change is not observed for either frequency band. As the distance increases, the
resonance frequency changes and especially for thBaKd, since the ground
distance seen by the slot on both sides decreases

X-Band Slot Length Sweep

—Slot Length=5mm
——Slot Length=6.25mm
Slot Length=7mm
—Slot Length=7.75mm|"
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Return Loss (dB)
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Figure3.10: X-Band Slot Length Sweep Return Loss
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Ka-Band Slot Length Sweep
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Figure3.11: Ka-Band Slot Length Sweep Return Loss

Return | oss graphs of different values
Figure 3.11 for X and Ka bandespectivelyWhen the effect of slot length on-X

Band is examined, it is seen that there is no effect on the high frequency of the two
resonances formed along the band. However, when looking at the resonance around
8 GHz, the resonance frequency decreases as thergjti increases. This result is
consistent with the theoretical results. Because as the slot length increases, the path
taken by the current formed at the slot edge increases. As the path increases, the
resonance frequency decreases in accordance witi4hength. However, as can

be seen, the effect of this parameter eBatd is very minimal. The position of the

feed is more effective for the resonance frequency. With this parameteyriing

can be done on-Band. When looking at kBand, the resonae frequency changes

with the change of the parameter. However, a connection cannot be established
between the behavior tiie resonance frequency and the change of the parameter.
The reason for this is that in K&and, the wavelength is comparable to the change

in the lengths of the parameter. For this reason, this parameter should be used first
to adjust KaBand.
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X-Band Slot Width Sweep
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Figure3.12. X-Band Slot Width Sweep
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Figure3.13. Ka-Band Slot Width Sweep

Return loss graphs of different valuegisibt widthdo parametecan be seen in Figure

3.12 and Figure 3.13 for X and Ka banmdspectively.When examiningat the
changes of this parameter at both frequenciesnitbe observeithat this parameter

does not have a big effect on the resonance frequencies. Therefore, this parameter
can be used to make fhtening after the main parameters affecting the antenna
behavior.
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X-Band Feed Offset Sweep
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Figure3.14: X-Band Feed Offset Sweep Return Loss

Ka-Band Feed Offset Sweep
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Figure3.15. Ka-Band Feed Offset Sweep Return Loss

Return | oss graphs of di fséerinkEgure 3daradl ues of
Figure 3.5 for X and Ka bansg respectivelyThe feed offset parameter shows where

the feed under the sl locatedn theantennaTherefore, as mentioned before, the

results of changing this parameter cannot be evaluated separatefislvolengtlo.

When the results in 2Band are examined, no significant change is seen, which is

similar to the theoretical results. The resonance frequency-BarXi depends

significantly only on the length of the slot. Since-Band has a TSA sicture, how

and where the EM power will be coupled to the slot depends on this parameter. As
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can be

seen from the results, the change of this parameter changes the resonance

frequency in KaBand. Therefore, this parameter is an independent design parameter

for Ka-Band without affecting X8andsignificantly.

Return Losses (S11)

Return Losses (S11)

11 ‘ w |

0 T
51 P
" |—Die. Load X = 7mm
—Die. Load X = 7.5mm
-10+ Die. Load X = 8mm
—Die. Load X = 8.5mm
—Die. Load X = 9mm
Die. Load X = 9.5mm
15+ .
20| | \/ j

X-Band "Dielectic Loading X" Sweep

|
7 75 8 8.5 9 9.5
Frequency in GHz

Figure3.16. X-BandDi el ect r i cSwkep Radurnigss i X 0

Ka-Band "Dielectic Loading X" Sweep
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Figure3.17: Ka-Band Dielectrid_oading "X" Sweep Return Loss

Dielectric loadings are used to increase the antenna gain and redulmbegias

explained in the previous section. The effect of dielectric loadings can be seen more

clearly when the antennas are arrayed rather than single antenna elements. Therefore,

the change of this parameter will be given again as a result of the array. However,
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when looking at the-arameter change in the unit antenna elements, it can be seen
in Figure 3.1617-18-19 that these two parameters do not have a significant effect

for both frequency bands.

X-Band "Dielectic Loading Y" Sweep
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Figure3.18. X-Band Dielectric Loading "Y" Sweep Return Loss
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Figure3.19: Ka-Band Dielectric Loading "Y" Sweep Return Loss
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slot_length is set A/4 at X- |
Band

feed length is tuned <:| feed offset is tuned for

for at X-Band at Ka-Band

—

at X-Band tuning at Ka-Band

radius is for fine tuning : slot width is for fine

Sequentially Rotated Array ‘

1

DONE

Figure3.20: Flow Chart of Design Steps of Single Antenna Elements

After the parametric studg completeda system could bermedfor the design of

the unit antenna element. With this system, adjustments can be made at any
frequency. First of all, the "slot_length" length should be set to be a quarter of the
wavelength of the low operating frequency. Then, the "feed_length" paraanete

the "feed_offset" parameter should be swept together. It was seen that the
"feed_length" parametdras more effect on th¥-Band, while the "feed_offset"
parametehas more effect othe KaBand. Then, its observedhat the "radius" and
"slot_width' parameters could be used for finming. After the unit element was

tuned S-parameters should lexaminednce again in array configuratidgince the
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S-parameters of the antennas may change due to mutual coupling, parametric study
should be performed while the antennas are in array configurahereffect of the
change in each parameter on the operating frequencies was explained in the previous
sectionsAccording to how the antenna parameters should be changed as explained
in this section,the antennas should be tuned again after being turned into an array.

These stages are shown in the form of a flow chart in Figure 3.20.

3.2  Sequentially Rotated Array Design

The parameters specified at first were selefdethe unit antenna. This unit antenna
element was formed into an array with a sequential rotation technique-wag 4
manner. Mutual coupling is an important parameter to consider when forming an
array. Therefore, it should also be tested how the antennas suonktaneously
Since the antennaare placed close to each other, thep&ameter results are
expected to change @omparedo the unit element results. There &er antennas

in the designed arrayWhen it is necessary to take the coupling effect into account,
the Active SParametershould be checkedctive SParametersake the coupling
effects into accountin CST Microwave Studio, which is the software used for
simulations in this workAccording to théActive SParameteresults, the parameters

in the antenna should betned. Because the operating frequency will shift slightly

in both frequency bands due to coupling. Before thetive SParameter
measurement of thieur antennas, the-Baraneter of the single antenna that was
turned into an array is given below so that it can give an idea when the antenna is

tested after it is manufactured.

Before the simulation results of the antenna arrap@sentegthe systematic step
by-step representation of the ddmnd sequential rotated array design is given in
Figure 3.4. As the first step,hte two frequency bands to be worked on must be
determined and the antennas must be designepdmmte at the given frequency
bands The general rule foobtainingcircular polarization from linearly polarized

antennas with the sequential rotation technique is as follows. First, it should be
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determined how many elements will be rotated relative to each other. These placed
elements should be in a way that they rotated@®@otal. Then, at the frequency at
which the antennasperate, a progressive phase shift of @Gienna element
numbejAshould be given. Thus, the requit@@Adifferencein both space and time

is provided. As long as these two features mentioned above are provided, circular

polarization can be obtained with any antenna structure at any frequency.

Decide number of elements to be
used in the array

l

4 N

Place antenna elements by rotating them
with respect to their neighboring
elements. The total rotation amount of all
elements must be 360°.

\- /

4 N

Provide progressive phase shift to each
antenna elements. Total phase shift must
be 360°.

- /

DONE

Figure3.21: Flowchart of Sequential Rotated Array Design

48



How the unit elements are arrayed can be seen in Fig@e/8t#n the unit elements

are arrayed, the copper on the top faces of each element are placed in a way that they
toucheach otherand the slots opened in each element are on the same face as each
other. Thaeturn loss of single antenna element in an doapoth frequency bands

can be seen in Figure 3.2and Figure 3.2for X and Ka bangrespectively.

1

z

Figure3.22: Array Placements of Antennas

S-Parameter of Single Antenna Element in Array Configuration
T T T T

Return Loss (S11) dB
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Figure3.23: S-Parameter of Single Antenna Element in Array @ahd
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8 S-Parameter of Single Antenna Element in Array Configuration
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Figure3.24: S-Parameter of Single Antenna Element in Array atBéad

As can be seen froffigure3.23 and Figure 3.24vhen the antenna with the values
in the first table is designed, thgg@rameters of the unit elements change in the array
configuration for both frequency bands. Therefore, after the unit element is designed,

thearray configuration is formednd then the parameters should be adjusted again
while in the arrayconfiguration

0 S-Parameters of Antenna Elements in an Array Configuration
X ) x ‘
—1 .Antenna‘i
——2.Antenna||
3.Antennai
m —4.Antenna|
Q o ALIC AL
£
@
(e} -
-
£
=]
g
14
-60 !
7 75 8 8.5 9 9.5

Frequency (GHz)

Figure3.25. F-Parameters of Array at-Band
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F-Parameters of Antennas in Array at X-Band
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Figure3.26. F-Parameters of Array at KBand

The mutual coupling e
Figure 3.26 The reaso

ffect between antennas can be observeé#ifyfore3.25 and

n why mutual coupling is less effective inRB&ad than X

Band is that the electrical distance between two antenna elements is longer in Ka

Band than in XBand. Therefore, the-Sarameters of the antenna elements in Ka

Band changed less when thewre arrayed. In addition, while it is expected that

thereis no difference in the -parameter results between any two antenna elements

in X-Band, the reaso

n fothe difference is the numerical error caused by the

software. As the number of meshes used in the simulation increases; the S

parameters of the antenna elements become more similar to each other, but this

increases the computational power.
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8025 MHz E-Plane Gain Pattern 8200 MHz E-Plane Gain Pattern 8400 MHz E-Plane Gain Pattern
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Figure3.28. E-Plane LHCP Radiation Patterns aBénd

Figure3.29: 3D RadiationLHCP Pattern oén Array ai3200 MHz

The radiation patterns in theBand are given in Figure 3.27 and Figure 3.28. When
the pattern is examined, a single beam is s€ba.radiation patterns are similar
throughout the entire band. The gain value at 8.2 GHz is 6.5 dBi. The gain throughout
the entire band is in the range of 6.2 dBi9 dBi.
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Figure3.30: Axial Ratio vs Frequency at-Band
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Figure3.31: Axial Ratio for EPlane of Array at 8200 MHz
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Axial Ratio for H-Plane at 8200 MHz
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Figure3.32: Axial Ratio for HPlane of Array at 8200 MHz

In Figure 330, the axial ratio value in the antenna end fire direction is givén
respecto frequency. While creating this value, the antennas fedreya 90phase
difference at 9 GHz. Thanks to the sequential rotation technique, the 3 dB axial ratio
requirement can be provided throughout the entire band. The axial ratioinalues
principal planes of the antennas are given in Figuré 818 Figure 3.2. In both

sections, the antennas were able to remain below 3 dB axial ratio along 234 +/
beam.

Figure3.33: 3D RHCP Pattern at 27.75 GHz

54



27 GHz E-Plane Gain Pattern 27.75 GHz E-Plane Gain Pattern 28.5 GHz E-Plane Gain Pattern
P 0°

30° 330°

15

60° 300°

90° 270°

120° 240°

150° 210°

Figure3.34: RHCP Pattern atPlane Cut

Figure 3.3 shows the RHCP 3D gain pattern of the antenna at 27.75 GHz. The gain
at this frequency is3.1 dBi. Unlike X-Band, sidelobes occur at this frequency. In
order toexaminethe sidelobe levels better, the radiation patterns at the principal
planes of the antenna are given for 27 GHz, 27.75 GHz and 28.5 GHz in Figure 3.3
and Figure 3.8. The patterns are similar across the entire band. The sidelobe level
is around-13 dB at the principal planes. Howevkrgking at the radiation pattern,
since thehighest sidelobe does not occur at the principal planes, the 2D radiation
pattern is also given in Figure 8.3The highest sidelobe value-&4 dB below the

maximum gain at 27.75 GHz.

27 GHz H-Plane Gain Pattern 27.75 GHz H-Plane Gain Pattern 28.5 GHz H-Plane Gain Pattern
0° 0° 0°
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° o o [=—Co-Pol
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Figure3.35: RHCP Pattern at H#Plane Cut
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Figure3.36. 2D RHCP Pattern of Array at 27.75 GHz
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Figure3.37. Axial Ratio vs Frequency

In Figure 3.3, when the antennas are fed with &pBase difference at 9 GHEhis
90Aphase difference at 9 GHprresponds to 2Aphase difference at third multiple
of 9 GHz, which is 27 GHZThe AR value in the endfire direction of the antennas is
given depending on the frequency. The 3AIB criterion can be easily achieved
throughout the entire band. The value at whichAReis minimum corresponds to
exactly 3 time®of 9 GHz.
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40 Axial Ratio for E-Plane at 27.75 GHz
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Figure3.38:Axial Ratio for EPlane of Array aR7.75 Gz
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Axial Ratio (dB)

Angles in degrees

Figure3.39:Axial Ratio forH-Plane of Array at 27.75 GHz

Figure 3.8 and Figure 3.8 show the variation of thAR in the principal planes of
the array at 27.75 GHz with respect to angles.-aaxd, a narrower beamwidth of

less than 3 dB\R was achieved in both planes. A 3 dB axial ratio beamwidth Af 18
is achieved in both planes.

A furtherstudy was conducted to understand how the distance between the elements
in this conformal structure that was turned into an array changes the entire radiation

pattern of the array. In the first case, iieund planesf the antenna elements were
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touching each other. In this parametric study, each antenna elsrdestanced from

each other in the direction from the center to itdethm and2 mm. The results can

be seern Figure 3.40 and Figure 3.4dr X and Ka band respectivelWhen looking

at the results, as the distance between the antennas increases, the gain decreases in
both bands and the level of silides increases. In other words, for a higher gain,
the antennas should be as close to each other as possible. Howethas, fibis
necessary to reduce the "sub pgrameterand this change will change thehavior
especially in the K#and and the mutual coupling level between each antenna
element increasdo undesirable levels. That's why the "sub_y" vadughosen to be
18.5mm. As the antennas got closer to each other, the sidelobe level decreased,
especially in the Kdand, so the antennas were brought as close as possible to each
other.

Figure3.40: X-Band 3D RadiatiofPattern with Increase in Distance Between
Antenna Elements
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Figure3.41: Ka-Band 3D Radiation Pattern with Increase in Distance Between
Antenna Elements

3.3  Feed Network Design

As explained in the previous sections, each antenna element must be fed with the
necessary phases for the design to work correctly. Since an afoay ahtennas is
formed within the scope of this study, the purpose of the feed network is to provide
four output ports frononeinput port. There mustemnecessary phase differences
between the output ports for both operating frequencies and the amplitude mismatch
must be as small as possibleApBase difference is required inB@nd. In addition,

the three times of this frequency must also correspond to the high operating
frequency so that a 2APhase difference can occur between the ports at the high
operating frequency. For this purpose, the feed netwgodiesigned to operate at 9
GHz for X-band Threetimesthis frequency corresponds2@ GHz. For this reason,

the designed feed network must operate in a wide bandwidth so that the desired
performance can be achieved at both operating frequencies. Since the two operating
frequencies are quite fawayfrom each other and since the use of hybrid couplers
was known in previous studies, the design was made with branchline couplers. For
this purpose, firsta phase difference ofAGnd 9@\is provided with a branchline
coupler. Then, the RF line which isR8head in phase is made to traveff0ther
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than theline, which is behind in phase, thus a phase difference oAis8fbtained
between the two arms. The parameter "L1" is the additional length taken by the line
which is behind in phase, and the parameter "L2" is the additional length taken by
the line which is ahead in phase. The difference between the two paras\&téts |

mm as can be seen in Table 3. This length is also equal_tofhat 8.6 GHz. Then,

both the arm which is behind 40and the arm which is ahead (BB@re passed
through a branchline coupler separately to obtain a phase differen®6f 1804

270Aat X-Band and 274 5404 8104 108 at KaBand. The phase difference at
Ka-Band is 27@which also can be expressed-98A Equal lengths were added for

each output port to fit the connectors. A total of 3 identical branchline couplers were
used on thé?CB. Each branchline coupler consists of 2 stages. The higker th
number of stages, the wider the operating bandwidth of the branchline coupler.
However, when more than 2 stages are used, the RF lines formed become thinner
enough to remain outside the production limits. When the return loss of branchline
couplers is cosidered, it is generally expected that they will operate at a single
frequency. However, as in previous studies, the coupler can be operated in dual bands
by using open stubs. In exchange for dual band operation, another feature must be
compromised in théeed network. In the feed network, some amplitude mismatch
and phase mismatch occur in both bands. A parametric study was conducted to
determine the most suitablalue,and the resultare shown with tables and graphs

The "L3" and "L4" parameters come from the generic branchline design. The open
stub parameters added for the feed network to work in both frequency bands are "L5"
and "W1". First, the result of a branchline coupler with a delay line will be given.
Then, tle phase and amplitude results of #imtire feed network will be given for
different open stub parameterBhe substrate material usedtl®e sameas the
material used in the antennd®CB is designed as a tvsoded board Copper
thickness is 1/2 oz on both sides. The substrate is RO4003. The dielectric constant is
3.55. The thickness is 0.508 mifrhe proposed feed network can be seen in Figure
3.42 and Figure 3.43.
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Table3.3: Parameter and Values of Feed Network

Parameter Name Value (mm)
L1 5.65
L2 10.30
L3 5.35
L4 5.03
L5 1.00
L6 1.00
w1 0.25

The designed feed network card can be seen in Figure 3.42 and Figure 3.43. The feed
network cards also designed using CST Microwave Studio. Whilewtheledesign

can be seen in Figure 3.42, thatdge branchline coupler structure can be seen in
detail in Figure 3.43. Three identicalstage branchline coupler structures are used

in the design. The "L4" and "L3" parameters are selected to be one fouhté of t
wavelength at the operating frequency required foegular branchline coupler
structure. Thel'5" and "W1" parameters are the length and width of the open stubs
added to the branchline coupler, respectively. An open stub is added to the outer side
of the transverse lengths in each branchline coupler structure. Thus, three open stubs
are placed inach branchline structure. Thus, a phase difference Ain9%-Band

and 27@in Ka-Band is obtained after the first branchline coupler. Then, another
branchline coupler is placed at the end of these two ghitiseent signals. After the

first branchline oupler, the signals pass through transmission lines of different
lengths without entering the other branchline coupler. The signal that is lagging in
phase passes through the line of length "L1", and the signal that is ahead in phase
passes through the &rof length "L2". The length difference between "L1" and "L2"
corresponds to a time delay of @8t the XBand operating frequency and 270
degrees at the KBand. Then, each signal passes through another branchline

structure, and four different outputs aatained. In Figure 3.42, the port on the

61



axis side of the card is the input port. The output ports are og,thr and +y sides

of the card. The phase differences that occur when going -fyatirection to +y
direction in the output ports on the card ard @8, 1804 270Adegrees for X8and

and 27@ 0A 5404 810Adegrees for K#Band, respectively. The parts shown with
blue dots in Figure 3.42 represent the isolation port. The isolation port required for

the branchline structure is connected to ground via¥a.50

83.11 mm

kk 5.65 m ” % ))
N | | L1
N\

Ww 06°9¢

2.07 mm 14
5.03 mm

wi

0.25 mm,

Figure3.43: Feed Network Design in Detail
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In Figure 3.4-45-46-47, a single branchline couplgimulation with a delay line can

be seen. Although $phase differences are provided for both frequency bands, there
is a significant amplitude mismatch in the-Band. The effect of this mismatch will

be reduced by adding open stubs later.
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Figure3.44: X-Band Branchline Coupler Simulation (Amplitude)
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Figure3.45: X-Band Branchline Coupler SimulatioRl{aség
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Figure3.46. Ka-Band Branchline Coupler Simulation (Amplitude)
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Figure3.47. Ka-Band Branchline Coupler SimulatioRl{asg

The results oéach one of théour portsaregiven.In the following results, it can be

seen how "L5" and "L6" parameters change amplitude and phase of the feed network
in both frequency bands. First, the results feBahdaregiven for each parameter

and then for KéBand and first amplitude parametease compared then phase
graphsare given. At the end, acomparison ofamplitude mismatch and phase
mismatch valueare provided in Table 3.4 and Table.3.5
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X-Band Feed Network Results 15 = 0.5mm & 16 = 1mm
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Figure3.48: X-Band Feed Network Amplitude Results I5 = 0.5mm & 16 = 1mm
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Figure3.49: X-Band Feed Network Amplitude Results 13mm & 16 = 1mm
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Figure3.50: X-Band Feed Network Amplitude Results I5 Brim & 16 =1mm
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X-Band Feed Network Results I15=1mm & 16 = 0.5mm
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Figure3.51: X-Band Feed Network Amplitude Results I5 = 1mm & 16.5mm
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Figure3.52: X-Band Feed Network Amplitude Results IS5 = 1mm & 1&.5mm
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Figure3.53: X-Band Feed NetworRhaseResults 15 =0.5nm & 16 = 1mm



200 X-Band Feed Network Results I5 = 1mm & 16 = 1mm
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Figure3.54: X-Band Feed Network Phase Results [Emm & 16 = 1mm
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Figure3.55: X-Band Feed Network Phase Results [6.5mm & 16 = 1mm
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Figure3.56. X-Band Feed Network Phase Results I5 = 1.5mm & 065mm
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Figure3.57: X-Band Feed Network Phase Results I5 = 1mm & 165mm

Table3.4: Amplitude and Phase Mismatches<aBand for Different Parameters

L5 L6 Return Loss | Amplitude Phase
Mismatch Mismatch
0.5 1 <-10 dB 3.5dB 6A

1.5 1 <-10 dB 3dB 10A
1 0.5 <-10 dB 3dB 6A
1 1.5 <-10 dB 3.5dB 18A

While preparing Table 3.4 and Table 3.5, the 3 most important parameters for the
feed network can be seelVhen writing the amplitude mismatch value, the
amplitude valuesf thetwo ports with the largest amplitude difference between any
two of thefour output ports were considered. Similarly, when writing the phase

mismatch value, the phase difference value farthest fré¥be&@een any two ports

is recorded.
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Table3.5: Amplitude and Phase Mismatches atBand for Different Parameters

L5 L6 Return Loss | Amplitude Phase
Mismatch Mismatch
0.5 1 >-10 dB 4 dB 60A

15

1 <-10 dB 5 dB 8A
1 0.5 <-10 dB 2 dB 20A
1 1.5 >-10 dB 10 dB 60A
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Figure3.58: Ka-Band Feed Networkmplitude Results I5 = 1mm & 16 £.5mm
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Figure3.59: Ka-Band Feed Network Amplitude Results I5 = 1mm & Iémsm
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Ka-Band Feed Network Results I15=1mm & 16 = 1.5mm
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Figure3.60: Ka-Band Feed Network Amplitude Results I5 = 1mm & 16.8mm
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Figure3.61: Ka-Band Feed Network Amplitude Results I5 Htm & 16 = 1mm
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Figure3.62: Ka-Band Feed Network Amplitude Results ID5mm & 16 = 1mm
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Ka-Band Feed Network Results I5 = 1mm & 16 = 0.5mm
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Figure3.63. Ka-Band Feed NetworRhaseResults 15 =lmm & 16 =0.5mm
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Figure3.64. Ka-Band Feed Network Phase Results I5 = 1mm & 16rnm
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Figure3.65. Ka-Band Feed Network Phase Results I5 = 1mm & 165min



Ka-Band Feed Network Results 15 = 1.5mm & 16 = 1mm
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Figure3.66. Ka-Band Feed Network Phase Results [55nm & 16 = 1mm
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Figure3.67. Ka-Band Feed Network Phase Results B5mm & 16 = 1mm

As a result of thgparametric studyL5 and L6 parameters adecided to bd mm
each In this casegespite the existence of mismatchiéesan work in both bands.
The effects of nofdeal situations occurring in the feed network on antenna patterns

and circular polarization can be seen in the next section.

3.4  Simulation Results of Array Fed by Feed Network

After designing the array antenna and feed network separately, the antennas were fed
with the feed network in CST Microwave Studiod testech order to see the effects

of phase and amplitude mismatches in the feed network. While making this



simulation result, some mechanical indentations and protruasienadded to the
edges of the antennas. The aim here is to make it easy to kekeutlaatennas
together after the antenna is produced. This simulation result is the closest result to

the antenna that will be produced. Therefore, more detailed results will be given in
this section.

10 X-Band S-Parameter Results of All System
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Figure3.68: S-Parameters of Feed Network + Array aB¥nd
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Figure3.69. S-Parameters of Feed Network + Array atBand

Figure 368 and Figure &9 show the SParameter simulation results of the entire
system. According to this simulation, the design can operate in both frequency bands.

Since the feed network comes before the antennas according to the input pert, the S
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Parameter graph of the feed networks is more dominant and as a result, it resembles
the SParameters of the feed networks.

Figure3.70: 3D LHCP Radiation Pattern of Design at 8.2 GHz
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Figure3.71: 3D RHCPRadiation Pattern at 27.75 GHz

Figure 370 and Figure J1 show 3D radiation patterra 8.2 GHz and 27.75 GHz

respectively Although the feed network does not seem to have a significant effect
t

on the XBand, it has increased the sidelobe level in theBKad. To see how
increases the sidelobe level, the radiation patterns in the principal planes in both

frequency bandaregiven.
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Figure3.72: E-PlaneRadiationPattern at XBand of All System
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Figure3.73: H-Plane Radition Pattern at X8and of All System

The radiation patterns of the entire system in the principal pfanes-bandare
given in Figure F2and Figure ¥3. Although the feed network has no effect on the
pattern, the gain value decreases by 0.5 dB
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Figure3.74: E-Plane Radiation Patternlad-Band of All System
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Figure3.75: H-Plane Radiation Patternléa-Band of All System
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The radiation patterns of the entire system in the principal pfanes-bandare
given in Figure 34 and Figure 5. With the feed network radiation pattern
changes slightly. The most important changes are in the gain and sidelobe levels.

Compared to the ideal feed netwodgin decreases by1.2 dBi and as a result,
sidelobe level increases 18 dB.
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Figure3.76. E-Plane Axial Ratio Pattern at 8025 MHz
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Figure3.77. H-Plane Axial Ratio Pattern at 8025 MHz
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Axial Ratio for E-Plane at 8200 MHz

N
o

—With Feed Network
—|deal Excitation

w
(9]

w
o

N
a

Axial Ratio (dB)
o 3

10

Angles in degrees

Figure3.78. E-Plane Axial Ratio Pattern at 8200 MHz
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Figure3.79. H-Plane Axial Ratio Pattern at 8200 MHz
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Figure3.80: E-Plane Axial Ratio Pattern at 8400 MHz
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Figure3.81: H-Plane Axial Ratio Pattern at80 MHz

In Figure 376-3.81, the axial ratio pattern of the antennas in the principal planes can
be seen. The addition of the feed network did not significantly change the axial ratio
patterns, and the 3 dB axial ratio requirement can still be met for-Ban¥. In
Figure 382-3.87, the axial ratio pattern at frequencies in theBéad is given. The
addition of the feed networko@s notsignificantly change the behavior in this
frequency band and the design requiremargstill met.
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27 GHz E-Plane Axial Ratio of the System
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Figure3.82: Axial Ratio Pattern for EPlane at 27 GHz
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Figure3.83: Axial Ratio Pattern for HPlane at 2TGHz
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Figure3.84: Axial Ratio Pattern for Plane at 27.75 GHz
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Figure3.85: Axial Ratio Pattern for HPlane at 27.75 GHz
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Figure3.86. Axial Ratio Pattern for EPlane at 28.5 GHz

Figure3.87: Axial Ratio Pattern for HPlane at 28.5 GHz

For furtherstudies,four element antenna arrag considered as a "subarray" for
higher gain levels and another studyonducted to see if it can be transformed into

an array with more elements. In this study, an atteimiphade to enlarge this
structure that looks like a square prism and create an array structure in the form of
foursquare prisms. While doing this, the antennas should be given a phase difference
in each direction clockwise and Qi the X-Band and the antennas should be placed

in a way that the patterns of thait elements are not "destructive". For this, as in

Figure3.22 the faces of the antennas facing each other in a square prism should be
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