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ABSTRACT 

 

DUAL -BAND CIRCULAR POLARIZED CONFORMAL TAPERED SLOT 

ANTENNA ARRAY  

 

 

 

Eren, Murat 

Master of Science, Electrical and Electronic Engineering 

Supervisor: Prof. Dr. Mevl¿de G¿lbin Dural ¦nver 

 

 

December 2024, 109 pages 

 

 

This thesis presents the design and development of a conformal circularly polarized 

dual-band tapered slot antenna array. The single antenna operates as a tapered slot 

antenna. By sequentially rotating the antenna elements, a circularly polarized array 

configuration is achieved, enhancing the antennaôs performance and broadening its 

application potential. This innovative design demonstrates significant advancements 

in dual-band operation and circular polarization, contributing to the fields of modern 

communication and radar systems.  

 

Keywords: Tapered Slot Antennas, Open-Ended Slot Antennas, Sequentially 

Rotated Arrays, Dual-Band Antennas, Dual Circular Polarization Antennas 
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¥Z 

 

¢ĶFT-BANT DAĶRESEL POLARĶZE KONFORMAL KONĶK YARIK 

ANTEN DĶZĶSĶ 

 

 

 

Eren, Murat 

Y¿ksek Lisans, Elektrik ve Elektronik M¿hendisliĵi 

Tez Yºneticisi: Prof. Dr. Mevl¿de G¿lbin Dural ¦nver 

 

 

Aralēk 2024, 109 sayfa 

 

Bu tez ­alēĸmasē, ­ift bantlē ve her iki frekansta da dairesel polarize antenlerin tasarēm 

ve ¿retim sonu­larēnē kapsamaktadēr. Anten elemanē geniĸleyerek a­ēlan yarēk anten 

gibi ­alēĸmaktadēr. Bu sayede antenler hem X-Bandôta hem de Ka-Bandôta 

­alēĸabilmektedir. Linear polarize bu antenleri sērayla dºnd¿rerek yerleĸtirerek ve 

uygun faz farklarēyla besleyerek her iki ­alēĸma frekansēnda da dairesel polarize elde 

edilmiĸtir. Bu yenilik­i tasarēm, ­ift bantlē ­alēĸma ve dairesel polarizasyon 

konularēnda ºnemli ilerlemeler gºstermekte ve modern iletiĸim ile radar sistemleri 

alanlarēna katkē saĵlamaktadēr. 

Anahtar Kelimeler: Yarēk Antenler, A­ēk-Sonlu Yarēk Antenler, Sērayla 

Dºnd¿r¿lm¿ĸ Anten Dizileri, ¢ift Bantlē Antenler, Dairesel Polarize Antenler  
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CHAPTER 1  

1 INTRODUCTION  

In the rapidly advancing fields of space exploration and satellite communications, 

antennas are vital for establishing 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, dual-band and dual-circular polarized antennas have become 

essential for meeting the growing requirements for reliable, high-speed data 

transmission and resilient connectivity in challenging space environments. These 

antennas address the unique challenges of space, offering improved performance and 

versatility in dynamic and interference-prone conditions. 

The X and Ka bands, spanning frequencies from 8ï12 GHz and 26.5ï40 GHz, 

respectively, are extensively used in satellite communications, radar systems, and 

spaceborne sensors due to their high data throughput capabilities and relatively 

compact antenna requirements. Dual-band 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, characterized 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 rotation, frequent challenges in the ionosphere, thereby 

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 consistent dual-band 

performance with circular polarization demands careful design and material 
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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 radiation patterns. The design flexibility of TSAs also facilitates the 

incorporation of polarization control mechanisms, making it feasible to achieve dual-

band, dual-circular polarization within a single antenna structure. 

This research centers on the development of a dual-band, dual-circular 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 next-generation 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 rain, light clouds, and moisture, making it ideal for scenarios 

where reliable and continuous connectivity is essential. For Earth observation 

satellites, the X-band supports the transmission of high-resolution imagery, 

environmental monitoring data, and geospatial information, even under adverse 

weather conditions. Additionally, X-band frequencies are known for their effective 

penetration through obstacles, providing reliable support for radar and imaging 

applications critical to military surveillance, target tracking, and reconnaissance. In 

defense contexts, the X-band is valued for its secure, high-quality communication 

links, enabling covert, jam-resistant, and secure data transfer capabilities vital for 

operations requiring confidentiality and robustness. Consequently, the X-band plays 

an indispensable role in space-based platforms dedicated to scientific research, 

global security, and environmental monitoring. Currently in the SATCOM world, X-

Band frequencies are used for earth observation satellites and synthetic aperture 

radars.  
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The Ka-band, covering frequencies from 26.5 to 40 GHz, has become a key enabler 

for high-throughput 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 large-scale communication networks. Unlike lower 

frequency bands, the Ka-band supports several gigabits per second, enabling the 

direct delivery of internet and multimedia content to remote areas, as well as to 

aircraft and maritime vessels. Within satellite constellations, the Ka-band is also 

critical for facilitating inter-satellite communication links, promoting efficient data 

relay and network coordination 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 communications possible under variable environmental 

conditions. With its high data-handling capability, the Ka-band supports a wide 

range of applications, including telemedicine, remote learning, and emergency 

communication networks, underscoring its significance in both commercial and 

public service sectors. 

Dual-band operation in antenna systems refers to the ability of an antenna to operate 

efficiently at two distinct frequency bands. Dual-band operation in satellite systems 

is essential for enabling multi-functional capabilities, allowing a single satellite to 

perform diverse operational roles simultaneously. For example, operating in both the 

X-band and Ka-band allows a satellite to use the X-band for stable, low-interference 

communication under adverse weather conditions, while the Ka-band is available for 

high-speed data transfer during clear skies. This dual-band approach enhances the 

satellite's adaptability, ensuring efficient functionality across varied operational 

scenarios and environmental conditions. Integrating dual-band functionality within 

a single antenna aperture offers substantial advantages in satellite design, as it 

minimizes both the size and weight of the satelliteôs communication payload. A 

single-aperture, dual-band antenna system reduces the structural and electronic 

complexity otherwise needed for multiple antennas. This compact design approach 
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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 satelliteôs architecture, supporting more efficient energy use, reduced launch 

costs, and improved mission reliability. 

Circular polarization occurs when two orthogonal electric field components of equal 

amplitude are present and have a 90Á phase difference between them. This specific 

phase and amplitude relationship causes the electric field vector to rotate in a helical 

or circular pattern as the wave propagates. In Figure 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 traced by the 

electric field vector. An antenna exhibits ideal circular polarization when its axial 

ratio is 1 (or 0 dB), indicating perfectly equal electric field components with a 90Á 

phase difference. In practical terms, an axial ratio close to or below 3 dB is generally 

considered acceptable for circularly polarized antennas, as it indicates near-circular 

polarization with minimal distortion. A lower axial ratio, 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 where polarization purity 

is critical, such as satellite communications and radar systems. 
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Figure 1.1: 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 

atmospheric conditions. Circular 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 space applications, 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 

consistent signal reception regardless of antenna orientation. This characteristic is 

especially advantageous for low-earth orbit satellites, which experience rapid 

orientation changes as they orbit Earth. Additionally, circular polarization effectively 

mitigates Faraday rotation effects. For example, polarization changes that occur 

when electromagnetic waves pass through the Earthôs ionosphere, potentially 

distorting signal quality. By maintaining polarization consistency, circular 

polarization reduces polarization mismatch losses and preserves signal clarity. 

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 essential for ensuring data fidelity and 
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communication reliability over long distances, supporting critical applications in 

deep space exploration, Earth monitoring, and scientific research. 

Integrating dual-band 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 the X-band. 

Circular polarization further strengthens the system by minimizing signal loss, 

regardless of antenna orientation or atmospheric interference. Consolidating these 

features into a single aperture not only conserves physical space and weight on the 

satellite but also reduces structural complexity, resulting in a more cost-effective and 

space-efficient satellite design. This compact approach is particularly beneficial for 

modern satellite platforms, which must maximize functionality within tight payload 

constraints in terms of weight and area. By addressing multiple complex 

requirements in one unified system, this design supports the development of 

versatile, adaptive satellites capable of meeting the rigorous demands of next-

generation communication networks, remote sensing, and global data connectivity. 

Such an antenna system is instrumental in advancing space infrastructure, offering a 

robust and high-performance solution that aligns with the 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 dual-band operation, with the classic design typically 

operating in the Ka-band. 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 conformal array configuration. In this configuration, each element in 

the array will be oriented with a 90Á sequential rotation, and excited with a 90Á 

progressive phase shift. This combination will effectively generate circular 

polarization across the desired frequency bands.  
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In the literature, it has been observed that open-ended slot topology can be integrated 

with the tapered slot antenna within the same antenna element. The addition of an 

open-ended slot enables the antenna to operate at an additional frequency, 

specifically designed for the X-band. Like tapered slot antennas, open-ended slot 

antennas are linearly polarized. Thus, by applying the same array topology, circular 

polarization can also be achieved at this secondary frequency. A 90Á phase difference 

at any frequency will correspond to a 270Á phase difference at a frequency that is 3 

times that frequency. A 270Á phase difference is equal to -90Á phase difference. Thus, 

the frequencies that are 3 times each other can both be fed with 90Á phase differences. 

The polarization resulting from these phase differences will be LHCP for one and 

RHCP for the other. The dual frequency values in which the antennas operate should 

be adjusted so that the higher frequency should be 3 times the lower one. Then, with 

the appropriate phase difference, circular polarization can be obtained in both dual 

bands. With the array achieving a 90Á rotation both spatially and temporally, a broad 

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 dual-band 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 the sub-6 GHz 

range, with a relatively narrow frequency ratio. Subsequent research has extended 

dual-band functionality to tapered slot antenna structures. For example, [2] 

demonstrated dual-band 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. Even greater frequency 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 combination of dipole and TSA structures offered design 
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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 excitation at higher frequency. 

Further examples of this dual-band approach are illustrated in [4], where an antenna 

system was designed for 5G applications, covering both sub-6 GHz and 28 GHz 

bands within a shared aperture. In this system, the antenna operates as a monopole 

at the lower band and as a TSA at the higher band, both in the end-fire direction. 

This design demonstrated a compact, manufacturable solution with linear 

polarization and the potential for a one-dimensional array configuration. Similarly, 

[5] presented a dual-band antenna for 5G and beyond-5G applications, using a 

monopole-like quarter-wavelength printed open-ended slot antenna that also 

operates at 28 GHz. This design demonstrated the feasibility of achieving an 

exceptionally wide frequency ratio at higher frequencies with linear polarization. 

With recent advancements in technology, especially in 5G and Internet 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, dual-band 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 dual-band slot antennas, the polarization type is typically 

linear. Although some cases achieve circular polarization, they generally have 

limited frequency ratios for dual-band operation. To address this limitation, new 

methods for 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 technique was demonstrated using simple patch antennas. 

In this study, patch antennas were fed by two microstrip lines, with each patch 

positioned at a 90Á rotation relative to its neighboring elements, and each 

neighboring element was excited with a 90Á phase shift. This configuration resulted 

in a wide 3 dB AR bandwidth. 
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Another application of this technique can be seen in [7], where both left-hand circular 

polarization (LHCP) and right-hand circular polarization (RHCP) were achieved 

within the same aperture. Here, linearly polarized antenna elements were again 

arranged with a 90Á rotation, but the direction of the phase shifts determined the 

polarization type. A 90Á phase shift in the counterclockwise direction produced 

RHCP, while clockwise resulted in LHCP. In the final array, some elements 

contributed to both RHCP and LHCP, 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, as discussed in [8]. In this study, four exponentially 

tapered slots 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 this technique with linearly polarized antennas is presented in 

[9], where TSA 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 

90Á, 45Á, and 22.5Á phase shifts between adjacent elements, respectively. In this 

study, it is observed that as the number of elements increases, the side lobes 

diminished, creating a more directive pencil-like radiation pattern. However, it was 

noted that adding elements beyond a certain threshold leads to 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 

polarization purity and pattern symmetry, the sequential rotation technique was also 

applied. 
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In this thesis, a TSA structure is combined with a printed monopole-like slot antenna 

to achieve dual-band operation in the X and Ka frequency bands, with circular 

polarization accomplished through the sequential rotation technique. For circular 

polarization in the X band, a 90Á phase difference is applied across four antenna 

elements. This 90Á phase shift at the X band results in a 270Á phase difference at the 

third harmonic frequency, which falls in the Ka band, thereby producing circular 

polarization in both bands. The proposed antenna array is illustrated in Figure 1.2. 

 

Figure 1.2: The Proposed Antenna Array 

In conclusion, the development of dual-band 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 in versatility, 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 detailed in Chapter 2 of the thesis. Initially, 

a brief discussion explains how the unit element operates at two predefined 

frequencies. The two topologies responsible for dual-frequency operation, the 

tapered slot antenna and the end-fire slot antenna are introduced, with relevant 



 

 

11 

technical information provided for each one. Subsequently, the method of achieving 

circular polarization using the sequential rotation technique is explained. In Chapter 

3 section, the design steps are presented, with simulation results shown after each 

step. Finally, in Chapter 4 the complete array's simulation results are compared with 

measurement results and analyzed. Points of agreements and inconsistencies with 

theoretical predictions in the design process are highlighted, and the manufacturing 

process is described. The details of the measurement and manufacturing are 

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  

2 PRINCIPLES OF DESIGN 

This section provides technical insights into the working principles of the antennas. 

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 open-ended 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 radiation pattern. TSAs share many features with other traveling wave 

antennas, utilizing transmission-line structures that radiate, and the line length 

significantly impacts gain and bandwidth. Additionally, the structureôs size and 

tapering shape influence secondary characteristics such as nulls of radiation pattern 

and beamwidth. Most traveling wave antennas utilize slow-wave transmission 

structures, which confine waves and facilitate radiation at specific structural 

discontinuities [11]. 

Single element TSAs can be used as feeds for reflectors or lens antennas, or 

alternatively, their relatively high gain can be utilized directly. These antennas are 

cost-effective to manufacture, making them suitable for low-cost integrated 

antenna/receiver/transmitter units. TSA arrays provide lightweight solutions in 

satellite communication systems, especially in scenarios that require beam shaping 
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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 well-suited for millimeter-wave communications, 

supporting higher data 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 essential. 

Despite the advantages of TSAs, there are some limitations to their use. The most 

notable drawback is that a single TSA inherently supports only linear polarization, 

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, which can be 

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 antennas, TSAs produce a main radiation beam in the 

direction of wave propagation along the antenna surface, resulting in an end-fire 

radiation pattern. As traveling wave antennas, TSAs provide narrower beamwidths 

and relatively higher gains. They are also frequency-independent, 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 at the antennaôs transition to free space. Additionally, TSAs are planar 

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

Early research on TSAs and other traveling wave antennas has provided insights into 

their radiation mechanisms. The primary non-resonant radiation mechanism in TSAs 

is attributed to higher-order modes generated by waves traveling along a curved path 

on the antenna surface. Electromagnetic energy remains tightly bound to areas where 

the separation between conductors is relatively small compared to the free-space 

wavelength. As this separation increases, the electromagnetic energy weakens and 

gradually couples into the radiation field. To achieve high gain in a TSA, the phase 
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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, typically 600% fractional bandwidth. By 

further optimizing design parameters, this bandwidth can be expanded. TSAs exhibit 

an end-fire radiation pattern, with similar beamwidths in both the E and H planes. 

The E-plane is the plane containing the electric field vector E and the direction of 

maximum radiation. It defines the polarization of the antenna. The H-plane is the 

plane containing the magnetic field vector H and the direction of maximum radiation. 

It is orthogonal to the E-plane. These planes are used to describe the radiation 

patterns and polarization of antennas. In a TSA, the E-plane 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 are separated by the tapered slot. The H-plane is the plane that 

contains the magnetic field vector H. The H-plane 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 length; A longer 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 

narrower beamwidth and higher directivity. [12]. 

 

Figure 2.1: 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 couples into radiation can be formed. Figure 2.1 illustrates some of the most 
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common tapering techniques, including exponential tapering Figure 2.1(a), linear 

tapering Figure 2.1(b), and constant width tapering Figure 2.1(c), 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 the antenna 

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 

correlates with higher gain and that a wider etched slot reduces side-lobes 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. 

 

Figure 2.2: Parameters of Tapered Slot Antenna 

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

causing the slots on antenna to become wider. In 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 frequency-dependent, while in Vivaldi antennas, the beamwidth 

remains relatively 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 direct excitation or 

electromagnetic coupling, as shown in Figure 2.3(a) and Figure 2.3(b). In direct 

coupling, excitation is provided through a direct current path, with the feedline, 

typically a coplanar waveguide or microstrip line, positioned on the same side of the 

substrate as the 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 configuration can also be a coplanar waveguide or microstrip line, with 

necessary adjustments made for impedance matching. To achieve proper matching, 

open-ended stubs (illustrated in Figure 2.4) are used, allowing the antenna to be 

matched to desired impedance values, such as 50 Ý or 100 Ý, without altering its 

radiation characteristics. By fine-tuning the feedline and coupling mechanism, an 

even wider bandwidth can be realized. 

 

Figure 2.3: Different Feeding Techniques for Tapering Slot Antennas [14] 
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Figure 2.4: Feed Network of Tapered Slot Antennas [5] 

The input impedance of TSAs is generally frequency independent. According to 

[14], a typical linearly tapered slot antenna exhibits an input impedance of 

approximately 80 Ý across 300% fractional bandwidth. It 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 modifications are implemented to enhance the tapered slot 

antennaôs performance, specifically aiming for higher gain and reduced sidelobes. 

To achieve these improvements, dielectric loading is introduced to the tapered slot 

antenna design. The dielectric slab is added to at the end of tapered slot. In a tapered 

slot or Vivaldi antenna, electromagnetic waves propagate along the gradually 

widening slot, which supports end-fire radiation. Since endfire radiation is 

mentioned frequently in the thesis, the meaning of endfire radiation must be 

described. The end-fire 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 propagation. For end-fire 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 material along the slotôs length effectively reduces the phase 

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 direction [15]. 

Dielectric loading also modifies the wave impedance, enhancing the match between 

the traveling wave and free space, which increases radiated power in the end-fire 

direction. This improved guidance of energy along the slot reduces energy spread 

into sidelobes, concentrating more power in the main lobe and thus increasing the 

antennaôs overall gain. Furthermore, the dielectric helps suppress unwanted modes 

and reflections within the slot, yielding a more focused, high-gain radiation pattern 

with minimized sidelobes. 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 dielectric loading are determined by following parametric study. 

Rectangular dielectric loading, which is explained in Section 3, is 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 TSA, the total length of the antenna must be 

increased. By doing so, there will be a 180Á phase increase for travelling waves along 

the slot line on the antenna. Another general constraint for an efficient TSA is that 

the slot width should reach at least half a wavelength. 

Another topology utilized in this thesis is the printed open-ended slot configuration 

which is responsible for lower operating frequency bands. A printed slot antenna is 

fabricated using PCB technology, where a slot or aperture is usually etched into a 

conductive surface, typically a metal layer. The slot that is etched in the middle of a 

PEC ground plane serves as the radiating element. The 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 cost-effectiveness, 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 slot which can be represented as an equivalent magnetic 

current at the conductive plane of antenna. For efficient excitation of the slot, the 

strip conductor is either short-circuited through the substrate to the edge of the slot 

or the strip conductor is terminated in an open-circuited stub beyond the edge of 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 

determined by the slot orientation and the direction of the fields across it, with a 

straight slot typically producing linearly polarized radiation [16]. 

In this thesis, the main radiation direction at the lower operating frequency is the 

same as the one in the TSAs radiation direction, meaning it produces an end-fire 

radiation pattern. In [17], obtaining endfire radiation pattern from open-ended slot is 

discussed in detail. Owing to the open-ended 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 open-ended slot. Therefore, it can be easily 

understood that the endfire radiation pattern is substantially produced since the 

radiation from the ground plane could only be produced from the open-circuited end 

of this slot radiator. Slot antennas are simple to construct, low profile and well-suited 

for endfire applications although they are linearly polarized, and they have limited 

bandwidth. 

In electromagnetics, Babinetôs principle is often adapted to describe the relationship 

between slot and dipole antennas. Essentially, considering a dipole antenna as 

conductive element and imagine its complementary shape as a slot in a conductive 

surface, the resulting slot antenna has similar radiation patterns and impedance 



 

 

21 

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 as an electromagnetic complement to a 

corresponding dipole antenna. Babinetôs Principle allows engineers to estimate the 

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 in the design of antennas with specific 

polarization, impedance, and radiation pattern requirements, particularly in 

microwave and millimeter-wave applications where slot antennas are often used. 

Slot antennas are typically designed as ɚ/2 long slots cut into a ground plane and 

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 between a dipole antenna and slot antenna can be 

established as follows. In dipole antennas, electric current is responsible for radiation 

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

The slot antenna shown in Figure 2.5(a) consists of a ɚ/2 long slot etched into a 

ground plane and excited at the center. In printed slot antennas, the symmetry plane 

is defined by the ground plane, and by cutting the antenna in this manner, a ɚ/4 

electrical length open-ended slot antenna is formed. By doing so the size of the 

antenna can be reduced and endfire radiation pattern can be obtained. This process 

is shown in Figure 2.5, allows for achieving comparable radiation characteristics and 

resonance frequency with half the physical length of a standard ɚ/2 printed slot 

antenna [19]. 
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Figure 2.5: Open-Ended Equivalent of Regular Slot Antennas [19] 

In this thesis, the 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 work, 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 fixed angle, the combined radiation can produce a circularly polarized 

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

of sequential rotation is to generate orthogonally polarized fields, and phase shifts 

are used to provide circular polarization. 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 a fixed angle ɗ. For circular polarization, the 

angle ɗ is typically set to 360/4Á, which is 90Á. This sequential rotation can be seen 

in Figure 2.6. The sequential rotation ensures that the polarization vectors of the 

individual elements are evenly distributed around the circle contributing to the 

overall circular polarization of the array. 

Sequentially rotated arrays achieve lower axial ratios, indicating high-quality 

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 

example, 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 axial ratio over a wider bandwidth. By carefully designing the arrayôs 

rotation and phase shifts, the array can maintain circular polarization over a broader 

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

beneficial in applications where higher data rates or frequency agility are required, 

such as in radar and multi-frequency communication systems. 

 

Figure 2.6: Different Sequentially Rotated Array Types [20] 
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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 rotating 90Á with respect to 

its neighboring antenna element, and each antenna element is excited with a 90Á 

progressive phase shift. Wide axial ratio bandwidth (greater than 10%) 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 the orthogonal orientation of each element decreases the 

mutual coupling compared to conventional arrays. It was also pointed out that in 

main planes, beams can be steered for wide angles without any degradation in 

circular polarization. [21] 

 

Figure 2.7: Large Sequentially Rotated Array for Circular Polarization [21] 

Figure 2.7 shows how to apply the sequential rotation technique to larger arrays for 

patch antennas to achieve circular polarization. In short, two different structures are 

proposed [21]. In the first one, the large array structure is divided into smaller sub-

arrays. Each sub-array is fed with a 90Á phase difference with its neighboring sub-

array when rotated clockwise, and the unit elements in each sub-array are fed with a 

90Á phase difference with each other. In the second structure, a different structure is 

used compared to the first structure. Here, unlike the first structure, in this structure, 

4 of the same sub-arrays are used and each sub-array is identical. In 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 sub-array manner. The 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, open-ended waveguides, and horns. 

To improve the 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 to their rotational angle ɗ and the operating 

frequency. In this work, since there are 4 single elements in the design, phase shift 

is chosen as 90Á in X-Band (8.25 GHz specifically). This phase shift ensures that the 

fields radiated by each element add constructively in the desired circular polarization 

direction while cancelling out in the orthogonal direction. By applying 90Á phase 

shift in 8.25 GHz, a 270Á phase shift is obtained at third multiple of the 8.25 GHz, 

which is 24.75 GHz. 270Á phase shift is equal to -90Á of phase shift and that results 

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 

frequency band, and LHCP in other frequency bands or vice versa. As shown in 

Figure 2.7, both the element angular orientation and feed phase are arranged in the 

0Á, 90Á, 0Á, 90Á or 0Á, 90Á, 180Á, 270Á fashion. With such a system, not only is the 

feed complexity reduced, but also the bandwidth performance is improved. By 

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 set to 90Á at each operating 
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frequency. It should also be emphasized that a 90Á phase difference at any frequency 

will correspond to a phase difference of 270Á at 3 times that frequency, and a phase 

difference of 270Á means a phase difference of -90Á. Another circular polarization 

can be obtained at three times of the first frequency. After the phase difference is set, 

the antennas should be fed with these adjusted differences. 

For an antenna system requiring a 90Á phase 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 stable 90Á phase shift between their 

output ports. Hybrid couplers designed with multi-section or lange 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. Constant-impedance phase shifters, for 

example, utilize transmission lines or lumped elements carefully designed to 

minimize phase variation over frequency, making them suitable for wideband 

applications. 

In cases where extremely wide bandwidths are required, a combination of several 

narrowband phase-shifting elements, each tuned to a different sub-band, can achieve 

a composite broadband effect through cascading. This approach, known as a 

cascaded section design, allows each section to operate within a smaller bandwidth 

where phase consistency is more manageable, resulting in a net 90Á shift over the 

entire desired bandwidth. 

Hybrid couplers are critical components in wideband antenna systems requiring 

precise 90Á phase shifts across multiple outputs. Specifically, quadrature hybrid 

couplers, often referred to as 90Á hybrid couplers, are designed to split an input signal 

into two outputs with a constant 90Á phase difference. This phase stability over a 

wide frequency range makes them highly suitable for broadband applications. To 

achieve a broader operational bandwidth, multi-section hybrid couplers are 
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commonly employed, where additional sections within the coupler extend the range 

over which the 90Á phase 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 microstrip, stripline, or waveguide technologies, depending 

on the frequency range and application. By carefully selecting the coupler type and 

optimizing the dimensions, 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, particularly 90Á 

phase shifts. A branchline coupler is a type of 3 dB quadrature hybrid coupler that 

splits an input signal into two equal-power outputs with a 90Á phase 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, typically 

around 10-20% of the center frequency. However, multi-section branchline couplers 

can be designed to extend the bandwidth. A typical branchline coupler can be seen 

in Figure 2.8. 

 

Figure 2.8: 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 

phase-shifted signals, including antenna feed networks, balanced mixers, and phase 

shifters in RF and microwave circuits. 

Branchline couplers are commonly used in power dividers, phase-array antennas, 

and RF balancing circuits. Their reliable performance in providing phase-controlled 

outputs makes them particularly advantageous in systems that require precise phase 

alignment, although they are generally not as suitable for ultra-broadband 

applications as other hybrid coupler types due to bandwidth limitations. 

Multi -stage branchline couplers, which can be seen in Figure 2.9, are 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 range. In a single stage branchline 

coupler, there is a limited bandwidth, often around 10-20% of the center frequency, 

due to the fixed characteristic impedance and electrical length constraints of its 

branches. Multi-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. 

 

Figure 2.9: Ideal 2-Stage Branchline Coupler 

In a multi-stage branchline coupler, the topology differs from a single-stage 

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 referred to as 

a "multi-section" or "multi-stage" 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 multi-stage branchline couplers include a significantly 

enhanced bandwidth and improved return loss and isolation across the wider band, 

compared to their single-stage counterparts. However, this broader bandwidth comes 

with some trade-offs, 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 performance degradation. 

Branchline couplers are fundamental components in microwave engineering, 

traditionally designed for single-frequency operation. To meet the demands of 

modern communication systems that operate over multiple frequency bands, 

researchers have developed modified branchline couplers capable of dual-band 

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 open- or short-circuited stubs into the 

coupler design. By carefully selecting the lengths and impedances of these stubs, 

engineers can create resonances at specific frequencies, thereby enabling dual-band 

operation. For instance, a study presented in [22] introduces a dual-band branchline 

coupler utilizing open- and short-ended 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 frequency requirements.  

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 from the [23], where 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 dual-band 

functionality.  

Additionally, the implementation of stepped-impedance stubs has been explored to 

enhance dual-band performance. By varying the impedance of the stubs, designers 

can manipulate the phase and amplitude responses at multiple frequencies. This 

approach is detailed in a study published in [24] where a compact dual-band 

branchline coupler with stepped-impedance 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 

explained above. 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 

behavior of 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 results will be supported by simulation results. CST Microwave 

Studio Software was used for simulation. 
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CHAPTER 3  

3 DESIGN STEPS AND SIMULATION RESULTS 

In this section, the simulation results performed during the design will be presented. 

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 bands. After this, the antenna 

design process will be summarized with a flowchart. Then, the steps to be followed 

when performing sequential rotation will be stated. The return loss values, radiation 

patterns and axial ratio values of the array formed as a result of these steps will be 

presented. Finally, the design steps will be given for 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 seen in Table 3.1 

Table 3.1: Requirements of Proposed Antenna 

Performance Metrics Requirements 

Frequency 8025 ï 8400 MHz 

27000 ï 28500 MHZ 

Return Loss Less than -10 dB in bandwidth 

Axial Ratio Less than 3 dB in HPBW in Frequency 

Bandwidth 

Gain (in endfire direction) Greater than 6 dBi at X-Band 

Greater than 12 dBi at Ka-Band 
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3.1 Antenna Element Design 

Dimensions of the proposed antenna can be seen in Figure 3.1. Antenna is 

constructed on a Rogers 4003C (ᶰ σȢυυ ȟὸὥὲ‏πȢππςχ substrate whose 

thickness is 0.508mm. 1/2 oz (0.018mm) copper is etched on both sides of antenna. 

"radius" is the radius of the circular part where tapered slot is excited on the top 

surface of the antenna. The "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 feedline. "slot_end" is the parameter that 

specifies how wide the slot opened on the top surface of the antenna 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 antenna. "subx" is the parameter that specifies the 

total length of the antenna. Dielectric 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. 

ñWaò, ñWbò, ñWcò and ñLaò parameters are the length and thickness dimensions of 

the different thickness sections used to match the feedline to 50 Ý, as can be seen in 

Figure 3.1. Values of design parameters can be found in Table 3.2. 

Table 3.2: 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 3.20 

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 

 

 

Figure 3.1: The Proposed Antenna Structure 

To reach the desired values of Table 3.2, first, the slot length is selected to be ɚ/4 

where ɚ is the wavelength at the operating frequency in the X-Band. Because the 

resonance in the X-Band is narrow bandwidth compared to the Ka-Band. Initially , 

after the slot length in the X-Band is adjusted and the slot line is designed, the 

remaining parameters should be worked parametrically for the Ka-Band and the final 

values should be obtained again for both frequencies. The values given in Table 3.2 

are the values at which the unit element works best for both frequencies. In the 

following sections of this section, how each parameter changes the behavior of the 

antenna is explained by showing the results. 
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It is explained how these parameters change the behavior of the antenna in the X and 

Ka bands. Initially, radiation patterns of single antenna elements according to Table 

3.2 are given in Figure 3.2 and Figure 3.3. The single antenna elements have 3 dBi 

gain in the X-Band and 9.75 dB gain in the Ka-Band. It should be noted that the main 

beam in Ka-Band is tilted because of relatively small slot length and asymmetrical 

feedline structure. Radiation patterns of single elements at X and Ka bands can be 

seen in Figure 3.2 and Figure 3.3 respectively. 

In the following subsections of this section, the radiation pattern of the antennas is 

given as polar plots. Radiation pattern results are given in two principal planes which 

are E and H planes. The definition of these planes is made according to Figure 3.2. 

In Figure 3.2, the xy-plane will be the E-plane of the antenna. The E-plane is defined 

as ɲ = {-180Á,180Á}  and — πЈ, while the H plane is the xz-plane. When the H-plane 

results are given, they will be between =ɲ0Ј and — = {-90Ј,90Ј}. The angles of ɲ  = 

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

 

 

Figure 3.2: 3D Radiation Pattern of Single Antenna at 8.25 GHz 
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Figure 3.3: 3D Radiation Pattern of Single Antenna Element at 28 GHz 

 

 

Figure 3.4: X-Band Radius Sweep Return Loss 
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Figure 3.5: Ka-Band Radius Sweep Return Loss 

Return loss graphs of different values of ñradius sweepò can be seen in Figure 3.4 

and Figure 3.5 for X and Ka band, respectively. When the change in radius is 

examined, no significant change is observed for X band, which is an expected result. 

In X-Band, the only parameters that change the resonance frequency are expected to 

be the length of the slot and feed length. However, for better matching and fine-

tuning radius parameters can be used for adjusting X-Band. As the radius increases, 

better matching can be obtained for the whole frequency band. When looking at Ka-

Band, it is seen that this parameter is important for matching. Because this part 

determines how the EM power in the feedline is coupled to the slot line. As the radius 

decreases, the center of resonance frequency decreases too. Therefore, this parameter 

provides freedom for design only for Ka band. 
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Figure 3.6: X-Band Feed Length Sweep Return Loss 

 

Figure 3.7: Ka-Band Feed Length Sweep Return Loss 

Return loss graphs of different values of ñfeed lengthò can be seen in Figure 3.6 and 

Figure 3.7, for X and Ka bands, respectively. When looking at the change in X-Band, 

it can be seen that this parameter is important. Since the feed length parameter 

determines the location of excitation point of slot. 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 band becomes smaller. Due to side effects, the second resonance 
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changes in the opposite way. Another radiation mechanism is responsible for that 

side and undesired resonance. Looking at Figure 3.6, 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 the matching 

worsens. The opposite situation is also true. In other words, the decrease in the value 

of the "feed length" parameter increases 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 slot that is opened on the other side of the part 

specified by the "feed length" parameter has no 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 be used to increase bandwidth. 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 separate design parameter. 135Á is selected 

in this design. When selecting this value, it was tried to obtain the resonance 

frequency that occurs first in the X-Band and then in the Ka-Band as a 90Á angle. In 

order for resonance to occur in the X-Band 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 at the same time, the 

feedline should be placed in a way that it causes an excitation at both narrower parts 

of the slot and middle of the slot. Thus, feedline should form 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 Ka-Band, the main beam was now slightly tilted 

instead of the full endfire direction. In the X-Band, gain decreased slightly. 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 not in the endfire 
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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 is more important for X-Band, it should be adjusted for X-Band first. 

 

Figure 3.8: X-Band "Slot End" Sweep Return Loss 

Figure 3.9: Ka-Band "Slot End" Sweep Return Loss 

Return loss graphs of different values of ñslot endò can be seen in Figure 3.8 and 

Figure 3.9 for X and Ka band respectively. When 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 area of the opened slot, and the increase of this parameter reduces 

the ground distance at the edge of the substrate. When the simulation results are 

investigated for ñslot_endò sweep, if  this parameter does not increase 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 the Ka-Band, since the ground 

distance seen by the slot on both sides decreases. 

 

Figure 3.10: X-Band Slot Length Sweep Return Loss 
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Figure 3.11: Ka-Band Slot Length Sweep Return Loss 

Return loss graphs of different values of ñslot lengthò can be seen in Figure 3.10 and 

Figure 3.11 for X and Ka band, respectively. When 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 the slot length 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 with the ɚ/4 length. However, as can 

be seen, the effect of this parameter on X-Band is very minimal. The position of the 

feed is more effective for the resonance frequency. With this parameter, fine-tuning 

can be done on X-Band. When looking at Ka-Band, the resonance frequency changes 

with the change of the parameter. However, a connection cannot be established 

between the behavior of the resonance frequency and the change of the parameter. 

The reason for this is that in Ka-Band, the wavelength is comparable to the change 

in the lengths of the parameter. For this reason, this parameter should be used first 

to adjust Ka-Band. 
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Figure 3.12: X-Band Slot Width Sweep 

 

Figure 3.13: Ka-Band Slot Width Sweep 

Return loss graphs of different values of ñslot widthò parameter can be seen in Figure 

3.12 and Figure 3.13 for X and Ka band, respectively. When examining at the 

changes of this parameter at both frequencies, it can be observed that this parameter 

does not have a big effect on the resonance frequencies. Therefore, this parameter 

can be used to make fine-tuning after the main parameters affecting the antenna 

behavior. 
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Figure 3.14: X-Band Feed Offset Sweep Return Loss 

 

Figure 3.15: Ka-Band Feed Offset Sweep Return Loss 

Return loss graphs of different values of ñfeed offsetò can be seen in Figure 3.14 and 

Figure 3.15 for X and Ka bands, respectively. The feed offset parameter shows where 

the feed under the slot is located in the antenna. Therefore, as mentioned before, the 

results of changing this parameter cannot be evaluated separately from ñslot lengthò. 

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

similar to the theoretical results. The resonance frequency in X-Band depends 

significantly only on the length of the slot. Since Ka-Band has a TSA structure, 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 Ka-Band. Therefore, this parameter is an independent design parameter 

for Ka-Band without affecting X-Band significantly. 

 

Figure 3.16: X-Band Dielectric Loading ñXò Sweep Return Loss 

 

Figure 3.17: Ka-Band Dielectric Loading "X" Sweep Return Loss 

Dielectric loadings are used to increase the antenna gain and reduce side-lobes as 

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 S-Parameter change in the unit antenna elements, it can be seen 

in Figure 3.16-17-18-19 that these two parameters do not have a significant effect 

for both frequency bands. 

 

Figure 3.18: X-Band Dielectric Loading "Y" Sweep Return Loss 

 

Figure 3.19: Ka-Band Dielectric Loading "Y" Sweep Return Loss 
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Figure 3.20: Flow Chart of Design Steps of Single Antenna Elements 

After the parametric study is completed, a system could be formed for 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" parameter and 

the "feed_offset" parameter should be swept together. It was seen that the 

"feed_length" parameter has more effect on the X-Band, while the "feed_offset" 

parameter has more effect on the Ka-Band. Then, it is observed that the "radius" and 

"slot_width" parameters could be used for fine-tuning. After the unit element was 

tuned, S-parameters should be examined once again in array configuration. Since 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 configuration. The effect of the 

change in each parameter on the operating frequencies was explained in the previous 

sections. According 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 selected for the unit antenna. This unit antenna 

element was formed into an array with a sequential rotation technique in a 4-way 

manner. Mutual coupling is an important parameter to consider when forming an 

array. Therefore, it should also be tested how the antennas work simultaneously. 

Since the antennas are placed close to each other, the S-parameter results are 

expected to change as compared to the unit element results. There are four antennas 

in the designed array. When it is necessary to take the coupling effect into account, 

the Active S-Parameters should be checked. Active S-Parameters take the coupling 

effects into account. In CST Microwave Studio, which is the software used for 

simulations in this work. According to the Active S-Parameter results, the parameters 

in the antenna should be re-tuned. Because the operating frequency will shift slightly 

in both frequency bands due to coupling. Before the Active S-Parameter 

measurement of the four antennas, the S-Parameter 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 array are presented, the systematic step-

by-step representation of the dual-band sequential rotated array design is given in 

Figure 3.21. As the first step, the two frequency bands to be worked on must be 

determined and the antennas must be designed to operate at the given frequency 

bands. The general rule for obtaining circular 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 rotate 360Á in total. Then, at the frequency at 

which the antennas operate, a progressive phase shift of 360/(antenna element 

number)Á should be given. Thus, the required 90Á difference in 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. 

 

 

Figure 3.21: Flowchart of Sequential Rotated Array Design 
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How the unit elements are arrayed can be seen in Figure 3.22. When the unit elements 

are arrayed, the copper on the top faces of each element are placed in a way that they 

touch each other, and the slots opened in each element are on the same face as each 

other. The return loss of single antenna element in an array for both frequency bands 

can be seen in Figure 3.23 and Figure 3.24 for X and Ka band, respectively. 

 

Figure 3.22: Array Placements of Antennas 

 

 

Figure 3.23: S-Parameter of Single Antenna Element in Array at X-Band 
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Figure 3.24: S-Parameter of Single Antenna Element in Array at Ka-Band 

As can be seen from Figure 3.23 and Figure 3.24, when the antenna with the values 

in the first table is designed, the S-parameters of the unit elements change in the array 

configuration for both frequency bands. Therefore, after the unit element is designed, 

the array configuration is formed and then the parameters should be adjusted again 

while in the array configuration.  

 

Figure 3.25: F-Parameters of Array at X-Band 
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Figure 3.26: F-Parameters of Array at Ka-Band 

The mutual coupling effect between antennas can be observed from Figure 3.25 and 

Figure 3.26. The reason why mutual coupling is less effective in Ka-Band than X-

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

Band than in X-Band. Therefore, the S-parameters of the antenna elements in Ka-

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

there is no difference in the S-parameter results between any two antenna elements 

in X-Band, the reason for the 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. 

 

Figure 3.27: H-Plane LHCP Radiation Patterns at X-Band 
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Figure 3.28: E-Plane LHCP Radiation Patterns at X-Band 

 

 

Figure 3.29: 3D Radiation LHCP Pattern of an Array at 8200 MHz 

The radiation patterns in the X-Band are given in Figure 3.27 and Figure 3.28. When 

the pattern is examined, a single beam is seen. The 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 dBi - 6.9 dBi. 



 

 

53 

 

Figure 3.30: Axial Ratio vs Frequency at X-Band 

 

Figure 3.31: Axial Ratio for E-Plane of Array at 8200 MHz 
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Figure 3.32: Axial Ratio for H-Plane of Array at 8200 MHz 

In Figure 3.30, the axial ratio value in the antenna end fire direction is given with 

respect to frequency. While creating this value, the antennas were fed by a 90Á phase 

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 ratio values in the 

principal planes of the antennas are given in Figure 3.31 and Figure 3.32. In both 

sections, the antennas were able to remain below 3 dB axial ratio along the +/- 25Á 

beam. 

 

Figure 3.33: 3D RHCP Pattern at 27.75 GHz 
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Figure 3.34: RHCP Pattern at E-Plane Cut 

Figure 3.33 shows the RHCP 3D gain pattern of the antenna at 27.75 GHz. The gain 

at this frequency is 13.1 dBi. Unlike X-Band, sidelobes occur at this frequency. In 

order to examine the 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 3.34 

and Figure 3.35. The patterns are similar across the entire band. The sidelobe level 

is around -13 dB at the principal planes. However, looking at the radiation pattern, 

since the highest sidelobe does not occur at the principal planes, the 2D radiation 

pattern is also given in Figure 3.36. The highest sidelobe value is -9.4 dB below the 

maximum gain at 27.75 GHz. 

 

Figure 3.35: RHCP Pattern at H-Plane Cut 
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Figure 3.36: 2D RHCP Pattern of Array at 27.75 GHz 

 

 

Figure 3.37: Axial Ratio vs Frequency 

In Figure 3.37, when the antennas are fed with a 90Á phase difference at 9 GHz. This 

90Á phase difference at 9 GHz corresponds to 270Á phase difference at third multiple 

of 9 GHz, which is 27 GHz. The AR value in the endfire direction of the antennas is 

given depending on the frequency. The 3 dB AR criterion can be easily achieved 

throughout the entire band. The value at which the AR is minimum corresponds to 

exactly 3 times of 9 GHz. 
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Figure 3.38:Axial Ratio for E-Plane of Array at 27.75 GHz 

 

Figure 3.39:Axial Ratio for H-Plane of Array at 27.75 GHz 

Figure 3.38 and Figure 3.39 show the variation of the AR in the principal planes of 

the array at 27.75 GHz with respect to angles. In X-Band, a narrower beamwidth of 

less than 3 dB AR was achieved in both planes. A 3 dB axial ratio beamwidth of 18Á 

is achieved in both planes. 

A further study 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, the ground planes of the antenna elements were 
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touching each other. In this parametric study, each antenna element is distanced from 

each other in the direction from the center to itself, 1 mm and 2 mm. The results can 

be seen in Figure 3.40 and Figure 3.41 for X and Ka band respectively. When looking 

at the results, as the distance between the antennas increases, the gain decreases in 

both bands and the level of side-lobes increases. In other words, for a higher gain, 

the antennas should be as close to each other as possible. However, for this, it is 

necessary to reduce the "sub_y" parameter, and this change will change the behavior 

especially in the Ka-Band and the mutual coupling level between each antenna 

element increases to undesirable levels. That's why the "sub_y" value is chosen to be 

18.5mm. As the antennas got closer to each other, the sidelobe level decreased, 

especially in the Ka-band, so the antennas were brought as close as possible to each 

other. 

 

Figure 3.40: X-Band 3D Radiation Pattern with Increase in Distance Between 

Antenna Elements 
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Figure 3.41: 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 array of four antennas is 

formed within the scope of this study, the purpose of the feed network is to provide 

four output ports from one input port. There must be necessary phase differences 

between the output ports for both operating frequencies and the amplitude mismatch 

must be as small as possible. 90Á phase difference is required in X-Band. In addition, 

the three times of this frequency must also correspond to the high operating 

frequency so that a 270Á phase difference can occur between the ports at the high 

operating frequency. For this purpose, the feed network is designed to operate at 9 

GHz for X-band. Three times this frequency corresponds to 27 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 far away from each other and since the use of hybrid couplers 

was known in previous studies, the design was made with branchline couplers. For 

this purpose, first, a phase difference of 0Á and 90Á is provided with a branchline 

coupler. Then, the RF line which is 90Á ahead in phase is made to travel 90Á further 
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than the line, which is behind in phase, thus a phase difference of 180Á is obtained 

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 parameters is 5.65 

mm as can be seen in Table 3. This length is also equal to the ‗Ⱦτ at 8.6 GHz. Then, 

both the arm which is behind (0Á) and the arm which is ahead (180Á) are passed 

through a branchline coupler separately to obtain a phase difference of 0Á, 90Á, 180Á, 

270Á at X-Band and 270Á, 540Á, 810Á, 1080Á at Ka-Band. The phase difference at 

Ka-Band is 270Á which also can be expressed as -90Á. Equal lengths were added for 

each output port to fit the connectors. A total of 3 identical branchline couplers were 

used on the PCB. Each branchline coupler consists of 2 stages. The higher the 

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 considered, 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 the feed network. In the feed network, some amplitude mismatch 

and phase mismatch occur in both bands. A parametric study was conducted to 

determine the most suitable value, and the results are 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, the phase and amplitude results of the entire feed network will be given for 

different open stub parameters. The substrate material used is the same as the 

material used in the antennas. PCB is designed as a two-sided 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 mm. The proposed feed network can be seen in Figure 

3.42 and Figure 3.43. 
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Table 3.3: 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 card is also designed using CST Microwave Studio. While the whole design 

can be seen in Figure 3.42, the 2-stage branchline coupler structure can be seen in 

detail in Figure 3.43. Three identical 2-stage branchline coupler structures are used 

in the design. The "L4" and "L3" parameters are selected to be one fourth of the 

wavelength at the operating frequency required for a regular branchline coupler 

structure. The "L5" 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 in each branchline structure. Thus, a phase difference of 90Á in X-Band 

and 270Á in Ka-Band is obtained after the first branchline coupler. Then, another 

branchline coupler is placed at the end of these two phase-different signals. After the 

first branchline coupler, 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 line of length "L2". The length difference between "L1" and "L2" 

corresponds to a time delay of 90Á at the X-Band operating frequency and 270 

degrees at the Ka-Band. Then, each signal passes through another branchline 

structure, and four different outputs are obtained. In Figure 3.42, the port on the -x 
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axis side of the card is the input port. The output ports are on the -y, +x and +y sides 

of the card. The phase differences that occur when going from -y direction to +y 

direction in the output ports on the card are 90Á, 0Á, 180Á, 270Á degrees for X-Band 

and 270Á, 0Á, 540Á, 810Á degrees for Ka-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 Ý. 

 

Figure 3.42:  Feed Network Design 

 

Figure 3.43: Feed Network Design in Detail 



 

 

63 

In Figure 3.44-45-46-47, a single branchline coupler simulation with a delay line can 

be seen. Although 90Á phase differences are provided for both frequency bands, there 

is a significant amplitude mismatch in the Ka-Band. The effect of this mismatch will 

be reduced by adding open stubs later. 

 

Figure 3.44: X-Band Branchline Coupler Simulation (Amplitude) 

 

Figure 3.45: X-Band Branchline Coupler Simulation (Phase) 
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Figure 3.46: Ka-Band Branchline Coupler Simulation (Amplitude) 

 

Figure 3.47: Ka-Band Branchline Coupler Simulation (Phase) 

The results of each one of the four ports are given. 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 for X-Band are given for each parameter 

and then for Ka-Band, and first amplitude parameters are compared then phase 

graphs are given. At the end, a comparison of amplitude mismatch and phase 

mismatch values are provided in Table 3.4 and Table 3.5. 
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Figure 3.48: X-Band Feed Network Amplitude Results l5 = 0.5mm & l6 = 1mm 

 

Figure 3.49: X-Band Feed Network Amplitude Results l5 = 1mm & l6 = 1mm 

 

Figure 3.50: X-Band Feed Network Amplitude Results l5 = 1.5mm & l6 = 1mm 
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Figure 3.51: X-Band Feed Network Amplitude Results l5 = 1mm & l6 = 0.5mm 

 

Figure 3.52: X-Band Feed Network Amplitude Results l5 = 1mm & l6 = 1.5mm 

 

Figure 3.53: X-Band Feed Network Phase Results l5 = 0.5mm & l6 = 1mm 
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Figure 3.54: X-Band Feed Network Phase Results l5 = 1mm & l6 = 1mm 

 

Figure 3.55: X-Band Feed Network Phase Results l5 = 1.5mm & l6 = 1mm 

 

Figure 3.56: X-Band Feed Network Phase Results l5 = 1.5mm & l6 = 0.5mm 
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Figure 3.57: X-Band Feed Network Phase Results l5 = 1mm & l6 = 1.5mm 

Table 3.4: Amplitude and Phase Mismatches at X-Band for Different Parameters 

L5 L6 Return Loss Amplitude 

Mismatch 

Phase 

Mismatch 

0.5 1 <-10 dB 3.5 dB 6Á 

1 1 <-10 dB 3.25 dB 8Á 

1.5 1 <-10 dB 3 dB 10Á 

1 0.5 <-10 dB 3 dB 6Á 

1 1.5 <-10 dB 3.5 dB 18Á 

 

While preparing Table 3.4 and Table 3.5, the 3 most important parameters for the 

feed network can be seen. When writing the amplitude mismatch value, the 

amplitude values of the two ports with the largest amplitude difference between any 

two of the four output ports were considered. Similarly, when writing the phase 

mismatch value, the phase difference value farthest from 90Á between any two ports 

is recorded. 
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Table 3.5: Amplitude and Phase Mismatches at Ka-Band for Different Parameters 

L5 L6 Return Loss Amplitude 

Mismatch 

Phase 

Mismatch 

0.5 1 >-10 dB 4 dB 60Á 

1 1 <-10 dB 2 dB 12Á 

1.5 1 <-10 dB 5 dB 8Á 

1 0.5 <-10 dB 2 dB 20Á 

1 1.5 >-10 dB 10 dB 60Á 

 

Figure 3.58: Ka-Band Feed Network Amplitude Results l5 = 1mm & l6 = 0.5mm 

 

Figure 3.59: Ka-Band Feed Network Amplitude Results l5 = 1mm & l6 = 1mm 
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Figure 3.60: Ka-Band Feed Network Amplitude Results l5 = 1mm & l6 = 1.5mm 

 

Figure 3.61: Ka-Band Feed Network Amplitude Results l5 = 1.5mm & l6 = 1mm 

 

Figure 3.62: Ka-Band Feed Network Amplitude Results l5 = 0.5mm & l6 = 1mm 
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Figure 3.63: Ka-Band Feed Network Phase Results l5 = 1mm & l6 = 0.5mm 

 

Figure 3.64: Ka-Band Feed Network Phase Results l5 = 1mm & l6 = 1mm 

 

Figure 3.65: Ka-Band Feed Network Phase Results l5 = 1mm & l6 = 1.5mm 
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Figure 3.66: Ka-Band Feed Network Phase Results l5 = 1.5mm & l6 = 1mm 

 

Figure 3.67: Ka-Band Feed Network Phase Results l5 = 0.5mm & l6 = 1mm 

As a result of the parametric study, L5 and L6 parameters are decided to be 1 mm 

each. In this case, despite the existence of mismatches, it can work in both bands. 

The effects of non-ideal 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 Studio and tested in order to see the effects 

of phase and amplitude mismatches in the feed network. While making this 
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simulation result, some mechanical indentations and protrusions are added to the 

edges of the antennas. The aim here is to make it easy to keep the four antennas 

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. 

 

Figure 3.68: S-Parameters of Feed Network + Array at X-Band 

 

Figure 3.69: S-Parameters of Feed Network + Array at Ka-Band 

Figure 3.68 and Figure 3.69 show the S-Parameter 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 port, the S-
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Parameter graph of the feed networks is more dominant and as a result, it resembles 

the S-Parameters of the feed networks. 

 

Figure 3.70: 3D LHCP Radiation Pattern of Design at 8.2 GHz 
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Figure 3.71: 3D RHCP Radiation Pattern at 27.75 GHz 

Figure 3.70 and Figure 3.71 show 3D radiation patterns at 8.2 GHz and 27.75 GHz 

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

on the X-Band, it has increased the sidelobe level in the Ka-Band. To see how it 

increases the sidelobe level, the radiation patterns in the principal planes in both 

frequency bands are given. 

 

Figure 3.72: E-Plane Radiation Pattern at X-Band of All System 
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Figure 3.73: H-Plane Radiation Pattern at X-Band of All System 

The radiation patterns of the entire system in the principal planes for X-band are 

given in Figure 3.72 and Figure 3.73. Although the feed network has no effect on the 

pattern, the gain value decreases by 0.5 dB. 

 

Figure 3.74: E-Plane Radiation Pattern at Ka-Band of All System 

 

Figure 3.75: H-Plane Radiation Pattern at Ka-Band of All System 
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The radiation patterns of the entire system in the principal planes for X-band are 

given in Figure 3.74 and Figure 3.75. With the feed network radiation pattern 

changes slightly. The most important changes are in the gain and sidelobe levels. 

Compared to the ideal feed network, gain decreases by 1-1.2 dBi and as a result, 

sidelobe level increases to -8 dB. 

 

Figure 3.76: E-Plane Axial Ratio Pattern at 8025 MHz 

 

Figure 3.77: H-Plane Axial Ratio Pattern at 8025 MHz 
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Figure 3.78: E-Plane Axial Ratio Pattern at 8200 MHz 

 

Figure 3.79: H-Plane Axial Ratio Pattern at 8200 MHz  
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Figure 3.80: E-Plane Axial Ratio Pattern at 8400 MHz 

 

Figure 3.81: H-Plane Axial Ratio Pattern at 8400 MHz 

In Figure 3.76-3.81, 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 the X-Band. In 

Figure 3.82-3.87, the axial ratio pattern at frequencies in the Ka-Band is given. The 

addition of the feed network does not significantly change the behavior in this 

frequency band and the design requirements are still met. 
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Figure 3.82: Axial Ratio Pattern for E-Plane at 27 GHz 

 

Figure 3.83: Axial Ratio Pattern for H-Plane at 27 GHz 
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Figure 3.84: Axial Ratio Pattern for E-Plane at 27.75 GHz 

 

Figure 3.85: Axial Ratio Pattern for H-Plane at 27.75 GHz 
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Figure 3.86: Axial Ratio Pattern for E-Plane at 28.5 GHz 

 

Figure 3.87: Axial Ratio Pattern for H-Plane at 28.5 GHz 

For further studies, four element antenna array is considered as a "subarray" for 

higher gain levels and another study is conducted to see if it can be transformed into 

an array with more elements. In this study, an attempt is made to enlarge this 

structure that looks like a square prism and create an array structure in the form of 

four square prisms. While doing this, the antennas should be given a phase difference 

in each direction clockwise and 90Á in the X-Band and the antennas should be placed 

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

Figure 3.22, the faces of the antennas facing each other in a square prism should be 




















































