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Simultaneous Transmit and Receive (STAR) Antennas for Geo-Satellites and 

Shared-Antenna Platforms 

 

Thesis directed by Professor Dejan S. Filipovic 

 

 This thesis presents the analysis, design, and experimental characterization of 

antenna systems considered for shipborne, airborne, and space platforms. These antennas 

are innovated to enable Simultaneous Transmit and Receive (STAR) at same time and 

polarization, either at the same, or duplex frequencies. In airborne and shipborne 

platforms, developed antenna architectures may enhance the capabilities of modern 

electronic warfare systems by enabling concurrent electronic attack and electronic support 

operations. In space, and more precisely at geostationary orbit, designed antennas aim to 

decrease the complexity of conventional phased array systems, thereby increasing their 

capabilities and attractiveness. All antennas researched are first designed as a standalone 

radiator, then as entity of a platform having multiple different antennas. 

 An ultrawideband, lossless cavity-backed Vivaldi antenna array for flush-mounting 

applications is first investigated. Eigen-mode analysis is used to analyze antenna-cavity 

interaction and to show that the entire structure may resonate within the band of interest 

resulting in a significant degradation of antenna performance. A simple approach based on 

connecting the array’s edge elements in E-plane to the cavity walls is proposed to eliminate 

the deleterious impact of these cavity resonances. The designed antenna is a 3 × 4 array 

with 3 elements in E-plane and 4 elements in H-plane, fabricated using stacked all-metal 

printed circuit board technique. Scan performance of the proposed cavity-backed antenna is 

investigated in two principal planes and is shown to have similar performance compared to 
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its free-standing counterpart. A simplified version of this single-polarized antenna, when 

used for broadside only applications is developed. This antenna, excited with a single 

coaxial feed is shown to have a smaller aperture than the 3 × 4 array. Isolations between 

two of these antennas when mounted on a compact shared-antenna platform are 

investigated through computation and experiments. 

  To extend the capability of systems relying on these designed antennas, frequency 

reuse is enabled through dual-polarized functionality. A dual-polarized, flush mounted, 

Vivaldi antenna, directly integrated with an all-metal cavity is introduced as an alternative 

to coax-fed quad-ridge horns. An approach based on shaping the side walls of the cavity is 

used to eliminate the occurrence of resonances.  The proposed dual-polarized resonant-free 

antenna has two orthogonal 2 × 1 arrays with two elements in the E-plane, one element in 

the H-plane. It is fed using two 2-way power dividers that can be easily designed to 

maintain low amplitude and phase imbalances. The antenna is fabricated as a single piece 

and experimentally shows a monotonic gain increase with low cross-polarization over 4:1 

bandwidth. 

 Phased array antennas operating at geostationary orbit are required to scan within 

Earth’s field of view, without any grating lobe appearance. For dual-polarized applications, 

this requirement has limited the widespread and attractiveness of these systems at 

frequencies such as X-band. The narrow 150 MHz guard range between transmit and 

receive bands, leads to impractical diplexers in conventional dual-polarized systems. This 

research introduces a dual-polarized subarray architecture for X-band phased array 

systems which enables high isolation between closely separated TX and RX bands. The 

proposed approach either eliminates the need for diplexers, or significantly decreases their 

required complexity.  
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Chapter 1 

 

Introduction 

 

1.1 Motivation 

 The increased demand for high throughput connectivity in modern wireless 

communication systems is posing serious challenges to service providers. The high 

contention of the electromagnetic spectrum and the need to reuse the existing 

infrastructures as much as possible are forcing service providers to look for systems with 

higher spectral efficiency. Several techniques are currently being implemented in different 

wireless systems to increase spectral efficiency. The framework of future 5G networks 

suggests the use of robust access schemes based on orthogonal frequency division 

multiplexing (OFDM), phased array antennas, and high order modulations and coding [1]-

[3]. In space and commercial satellite services, the burst in high throughput satellites has 

shifted the focus to spot beam coverage with high gain antennas that can generate higher 

effective isotropic radiated power (EIRP) and G/T [4]-[5]. In most of these applications, 

transmit and receive predominantly happen at different times or at different frequencies as 

shown in Figures 1.1(a)-(b). Allowing these systems to simultaneously transmit and receive 

at the same frequency, time, and polarization can theoretically double the spectrum 

efficiency [6]-[9]. This architecture referred to as simultaneous transmit and receive (STAR) 

(Figure 1.1(c)) is of great interest for future wireless systems. The most difficult problem  
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(a) 

 

(b) 

 

 

Figure 1.1: Illustration of different duplex transmission techniques: (a) Time Division 

Duplex (TDD), (b) Frequency Division Duplex (FDD), and (c) Simultaneous Transmit and 

Receive (STAR). 
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that has so far limited the widespread implementation of STAR systems is the self-

interference from the transmitter. High transmit receive isolation is needed in these 

systems, not only to prevent increase in receiver noise floor, but also avoid LNA 

compression. The required level of isolation is application based, and it typically depends on 

the transmit power, bandwidth, receiver sensitivity, and is often quantified in excess of 100 

dB [11]-[13]. To achieve such high isolation, different cancellation layers are combined as 

illustrated in Figure 1.2. Cancellation at the antenna layer is the first line of defense 

against self-interference. The level of isolation achievable on subsequent layers strongly 

depends on the residual power level after antenna cancellation. For illustration, the analog 

to digital converter (ADC) dynamic range in the digital cancellation layer is the bottleneck 

of the maximum achievable cancellation in that layer [11]. A strong receive signal will lead 

to clipping, thereby increasing quantization error. This simple observation highlights the 

importance of achieving high isolation at the antenna layer. The past few years have shown 

a significant amount of research efforts aiming to increase the antenna layer isolation of 

STAR systems [14]-[37]. Researched cancellation techniques, depend on the used STAR 

aperture approaches. In bi-static STAR systems, separate transmit and receive antennas 

 

 
Figure 1.2: Illustration of different cancellation layer needed for functional STAR system  
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are used. The TX/RX isolation in this case is directly correlated to the physical separation 

between antennas and nearby scatterers [14]-[24]. In a monostatic STAR topology, a 

common aperture is used for transmit and receive. Isolation is achieved in this case by some 

combination of circulators, polarization diversity, and beamforming network configuration 

[25]-[37]. This topology strongly depends on geometrical symmetry and is therefore more 

sensitive to environmental effects, such as nearby reflections and imbalances of realistic 

components.  

 Beyond the increased spectral efficiency, STAR has the potential to significantly 

improve the performance of electronic warfare (EW) [38] systems by enabling concurrent 

electric support and electronic attack operations. STAR can also be built on top of 

conventional FDD systems to decrease the complexity of these platforms. This is of 

particular interest in duplex communications with narrow guard band between transmit 

and receive frequencies. This is illustrated in Figure 1.3, where typical rejection of a filter, 

needed to isolate the two channels of an FDD system is decreased from 80 dB to 40 dB. 

  

 

                                      (a)                                                                            (b) 

Figure 1.3: Illustration of hybrid STAR/FDD aiming to decrease the complexity of filters 

used in narrow guard band FDD systems: (a) conventional system, and (b) hybrid 

STAR/FDD. 
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This thesis presents the design of ultrawideband and narrowband antennas to be 

used in STAR systems. The ultrawideband antennas are designed to cover both S- and C-

bands and are used in a bi-static compact shared antenna platforms. These antennas are 

designed for EW STAR systems. The narrow band antennas are designed to operate at X-

band and are used in a hybrid STAR/FDD phased array system for a geostationary satellite. 

1.2 Elements of EW STAR Systems 

1.2.1 EW Antennas on Shipborne and Airborne Platforms 

 The search for enhanced capabilities of new generations of shipborne and airborne 

EW systems has resulted into a proliferation of antennas used on these platforms. For 

example, the number of antennas on a typical 1990-era destroyer is on the order of 80 [39]-

[40]. This figure is expected to have significantly increased for present day deployed 

systems. The consequence of this proliferation of antennas on these platforms leads to 

numerous problems among which: 

 Increase of radar cross section: the highly visible electromagnetic signature 

increases its vulnerability when platform is in a “silent” mode. 

 Increase of co-site interference: interference decreases the signal to noise ratio, 

thereby leading to slower communication rate or blanking of its own systems. 

 Increased mass, and space: which decreases the size and capabilities of the payload. 

 Maintenance issues and associated costs: each antenna is unique for its kind and 

requires a unique set of spares and maintenance personnel. 

To mitigate these issues, office of naval research (ONR) Integrate Topside is initiated to 

integrate several shipboard RF functions into a common aperture [40]-[42]. A 

demonstration of this system is presented in [22], and relies on a bi-static STAR active 

electronic scanned array (AESA). In [22], transmit and receive AESAs are heavily loaded 
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with RF absorbers to decrease electromagnetic coupling. The use of absorbers increases 

complexity, weight, cost, and may decrease the radiation efficiency of the system. Whereas 

lower efficiency may be acceptable for the receiver, in the transmit chain, more 

amplifications are needed to compensate for the drop in gain. The main challenge therefore 

is, to achieve high isolation with closely separated antennas, without any used of absorbers. 

In this research, ultrawideband antennas covering the S- and C-bands are designed 

and integrated in a compact multi-antenna platform. It is demonstrated herein that these 

antennas can simultaneously transmit and receive with isolation > 50 dB while 

maintaining close physical separation between apertures.    

1.2.2 EW Antennas for Concurrent S- and C-bands  

Ultrawideband (UWB) antennas often used in EW systems must satisfy two equally 

important design challenges. In the RF domain, it is desired that antennas have wide 

bandwidth, low loss, high power, high gain, and some scanning ability. Dual-polarization is 

also researched for enhanced capabilities. From a mechanical perspective, the antennas are 

required to be compact given the limited space often available, and flush mountable to 

conform to the aerodynamics of the platform. For operations in S- and C-bands, different 

classes of radiators are often considered:  

 Horn antennas: they are the radiator of choice when easy concealment is needed. 

They are all metal based with high radiation efficiency and gain. For S- and C-

bands, they are typically fed with a coaxial adapter [43]-[44].  

 Spiral antennas: they belong to the class of frequency independent antennas and are 

inherently circularly polarized. To generate a directional beam needed for EW 

applications, they are typically backed with a metallic cavity [46].  

 Tapered slot antenna: this antenna element has intensively been used in UWB array 

and phased array systems [47]-[51]. It is flared to provide smooth transition from its 
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feed’s impedance (typically 50 Ω) to 377 Ω (i.e. free-space intrinsic impedance). It can 

be designed for a decade bandwidth with an increase of its longitudinal length [52]-

[53]. This large impedance bandwidth is obtained at the expense of degraded off-axis 

cross-polarization component in the diagonal plane [52]-[53].   

 Each of the above mentioned antennas are investigated for potential use at S- and 

C-bands on a shared antenna platform. Dual-polarized coax-fed quad-ridge horns have an 

asymmetrical response between orthogonal polarizations and degraded cross-polarization 

due to this feeding mechanism. Cavity-backed spiral antennas are predominantly loaded 

with RF absorber, thereby decreasing their radiation efficiency. Tapered slot antennas, also 

known as Vivaldi antennas can be arrayed and phased to scan their radiation to a precise 

direction; they are mainly backed with a metallic ground plane. Despite these great 

features when used as a standalone radiator, not much attention has been given to the 

flush mounted embodiment of these antennas.  

In this research, the design of a single and dual-polarized all-metal, resonant-free, 

and cavity-backed Vivaldi antenna array is studied. Performances of this radiator when 

used in a STAR shared antenna platform are analyzed.       

1.3 X-band Phased Array Antennas for Geo-Satellites 

 A phased array antenna is composed of groups of radiating elements distributed in 

linear or two-dimensional spatial configuration as shown in Figure 1.4. The radiating 

element, often referred to as unit cell can be a single radiator or a small array of radiators 

(subarray). The amplitude and phase of each unit cell can be independently controlled to 

scan the beam in a desired direction in space as shown in Figure 1.4. Phased arrays offer 

multiple advantages over gimbals based mechanical steerable systems. The rapid and 

accurate beam scanning allows these arrays to meet the small response time needed in 

applications such as, guided missile or-, radar tracking, just to name a few. In satellite 
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domain, which is of interest for this research, the difficulty to predict business needs over 

the 15+ years of a satellite mission, makes phased arrays attractive for a dynamic Earth 

coverage. 

 

                             (a)                                                                       (b) 

Figure 1.4: Horn antennas in (a) linear array, (b) planar array. 

1.3.1 Scan Array Theory 

Elements of phased array are excited typically with varying phase to generate a 

directed beam in a given direction. This is of particular interest for satellite 

communications where international regulations may restrict the power density over 

certain countries [54]. In most implementations of phased arrays, the main requirement is 

to achieve maximum gain in the scan direction. These types of antennas, also called pencil 

beam arrays, are obtained by using a linear phase progression between the elements. This 

research mainly focuses on pencil beam planar phased arrays with array factor expressed 

as:  

 

𝐴𝐹 (𝜃, 𝜙) = ∑ 𝐼𝑛𝑒[𝑗𝑘0𝑠𝑖𝑛𝜃{𝑥𝑛𝑐𝑜𝑠𝜙+𝑦𝑛𝑠𝑖𝑛𝜙}]

𝑛=𝑁

𝑛=1

 (1.1) 
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where (𝑥𝑛, 𝑦𝑛) is the coordinate on the nth element and 𝐼𝑛 is its complex excitation. For a 

general planar grid shown in Figure 1.5, the coordinate of the nth element can be expressed 

as: 

𝑥𝑛 = 𝑝𝑎 +
𝑞𝑏

𝑡𝑎𝑛𝛼
      𝑦𝑛 = 𝑞𝑏 (1.2) 

where p and q are two integers indicating that the nth element is located at the pth oblique 

column and qth oblique row. The unit cell separation in 𝑥 and 𝑦 directions are 𝑎 and 𝑏 

respectively, and 𝛼 represents the cell angle. One major requirement of phased array 

systems is to avoid the appearance of grating lobes within the desired field of view. For a 

square array to scan over ±𝜃0 in all planes without any grating lobe appearance, the 

following condition must be satisfied [55]: 

 

𝑎 ≤
𝜆0

2𝑠𝑖𝑛𝜃0
  (1.3) 

For a satellite located at the geostationary orbit, 𝜃0 = 8.7° is needed for visible Earth 

coverage. This therefore implies that 𝑎 ≤ 3.3𝜆0 (𝜆0 is the wavelength in free space at the 

highest operating frequency).  

 

 

 

Figure 1.5: General grid representation for planar phased array. 
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 The second important parameter in the design of a phased array system is the scan 

loss. The maximum acceptable scan loss must meet the edge of coverage (EoC) requirement 

of the mission. For a uniformly illuminated pencil beam array with spacing between 

elements given by a, the maximum scan loss for a beam directed at 𝜃0 off boresight is: 

 

𝑆𝑐𝑎𝑛 𝑙𝑜𝑠𝑠 𝑎𝑡  𝜃0 = 20𝑙𝑜𝑔
𝐺𝑎𝑖𝑛(0, 0)

𝐺𝑎𝑖𝑛(𝜃0, 0)
  (1.4) 

where 𝐺𝑎𝑖𝑛(0, 0) is the co-polarized boresight gain, and 𝐺𝑎𝑖𝑛(𝜃0, 0) is the co-polarized off 

axis gain at 𝜃0 calculated as: 

 

𝐺𝑎𝑖𝑛(𝜃0, 0) = √
4𝜋𝑎2

𝜆0
2

𝑠𝑖𝑛[𝑘0𝑎𝑠𝑖𝑛𝜃0/2]

𝑘0𝑎𝑠𝑖𝑛𝜃0/2
  (1.5) 

The scan loss for different unit cell spacing is plotted in Figure 1.6. As seen, 

decreasing the unit cell spacing decreases the scan loss. Smaller spacing will further 

increase the grating lobe-free field of view of the array. Larger spacing is however, 

 

 

Figure 1.6: Scan loss at 8.7o versus frequency for different array spacing 
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preferable in order to decrease the number of array elements for a given physical aperture. 

The highest operating frequency analyzed in this work is 8.4 GHz, 𝑎 = 100 𝑚𝑚 =

2.8𝜆8.4 𝐺𝐻𝑧 ≤ 3.3𝜆8.4 𝐺𝐻𝑧 is therefore chosen. This size allows for some margin with respect to 

satellite movement within its controlled box. 

1.3.2 Transmit-Receive Isolation in FDD systems: Why 

The schematic of a 9-element active TX/RX phased array is shown in Figure 1.7. On 

the transmit side, a phase shifter, power amplifier (PA), and transmit filter are connected 

to each subarray. Each receiving subarray is attached to a receive filter, LNA, and phase 

shifter. Depending on the geometry, transmit and receive antennas may share the same 

aperture. In an ideal frequency division duplex system, no front end filter is required given 

the non-overlap frequencies. In realistic full duplex systems, spurious out of band emissions 

from the PA will couple to the receive antenna. This power can be high enough to bring the 

LNA to compression or increase the receiver noise floor. Transmit and receive filters shown 

in Figure 1.7 are therefore designed to attenuate these undesired emissions. 

 

 
Figure 1.7: Schematic of an active phased array system where the subarray units are 

separated only for presentation purpose. 
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The transmit filter should attenuate the following voltages: 

 The transmit noise coupling into the receive band: the transmitter noise that falls 

inside the receive band cannot be filtered out. The transmit filter should therefore 

provide enough attenuation to bring this noise below the receiver noise floor. 

 Inter-modulations (IM) coupling into RX band: odd order IM of the power amplifier 

can fall inside the receive band and will need to be significantly attenuated by the 

transmit filter. Even order IM are typically out of the RX band, they however still 

need to be filtered out by the receive filter to prevent LNA saturation. 

The receive filter should attenuate the following signals: 

 TX signal coupling into the LNA band: to avoid LNA saturation, the coupled 

transmit signal which is out of the receiver band should be reduced. 

 IM3 obtained from out of band TX coupled signal and in band receive signal: the TX 

signal coupled to the LNA may be low enough to not be a threat to LNA saturation. 

It can however combine with the receive signal to create a third order 

intermodulation in the RX band, thereby increasing the noise floor.  

Typically, isolation as high as 140 dB is needed to enable simultaneous transmit and 

receive operation in an active phased array system.  

This research provides alternative techniques to obtain high isolation in an X-band 

active phased array by either eliminating the filters in the architecture or decreasing 

their required complexity.  

1.4 Thesis Organization  

The thesis is organized as follows: 

 Chapter 2 introduces the design of a single-polarized cavity-backed Vivaldi array 

antenna operating over the S- and C-bands. Design techniques to have a 3 × 4 

Vivaldi antenna array with a resonance free response when recessed inside a 
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lossless metallic enclosure are presented. A cost effective fabrication technique 

based on multi-layer stacked PCB is discussed. Scan performance of this antenna 

and its comparison with a respective free standing embodiment are also discussed. A 

more compact and simple single-polarized antenna is proposed based on the 

developed design concepts for the final use in a compact 12” × 12” shared antenna 

platform. 

 Chapter 3 introduces a dual-polarized configuration of the resonance free 3 × 4 

Vivaldi array to demonstrate that the design techniques proposed in Chapter 2 can 

be extended to dual-polarized operation. A simplified cavity-backed 2-element array 

is also introduced for the practical implementation on the dual-polarized 12” × 12” 

platform. A stripline power divider/combiner operating from 1.5 to 8 GHz is designed 

and integrated with the antenna in a compact form. Techniques to increase transmit 

receive isolation when two of these antennas are mounted on a ground plane are also 

discussed. 

 Chapter 4 introduces a dual-polarized OMT-free and all-metal subarray to be used 

as a unit cell of an X-band phased array. The proposed subarray STAR architecture 

eliminates the need for a diplexer which complexity has so far been one of the 

limiting factor for dual-polarized functionality. Design of different passive 

microwave components to be used in the proposed system is described. 

 Chapter 5 presents an alternative dual-polarized X-band phased array architecture 

that relies on a diplexer. The proposed system decreases the complexity of the 

required diplexer while maintaining high aperture efficiency and a compact 

footprint. The magneto-electric dipole antenna is used as a radiator and detailed 

description of its design for improved mechanical robustness is discussed.  

 Chapter 6 concludes the thesis, reviews the contributions, and highlights future 

directions. 
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Chapter 2 

 

 Single-Polarized STAR Antennas  

 

2.1 Overview 

 Key requirements of EW systems include high power capability needed to blind the 

enemy; high receiver sensitivity to increase situation awareness; and mechanical 

robustness. Antennas that meet these key requirements are preferably wideband, all metal 

to handle high power, and flush mountable to conform to the aerodynamics of the platform. 

In recent years, tightly coupled arrays have been considered for such demands [56]-[60]. A 

close separation between elements is used therein to increase scanning bandwidth. Since 

Munk’s used wire array elements to describe the principle of operation of this class of 

radiators [61], different unit-cell elements have been researched including dipoles [57], 

bowtie [58], patch [62], and Vivaldi [63]-[65], just to name a few. Despite, all these cited 

work may satisfy some of the RF requirements, they are not designed to be flush-mounted 

in a compact way and are usually backed by a large ground plane. While this ground plane 

may be used to mitigate back radiation, the exposed profile of the antenna is an issue for its 

practical use when aerodynamic and conceal needs are important. 

 Design of ultrawideband cavity-backed antennas is challenging given the deleterious 

impact of high quality factor (Q) cavity resonances on antenna performance. Lossy 

materials such as absorbers are often placed near the surface of the cavity to dampen these 

high-Q resonant modes [66]. This; however, can lead to a degradation of antenna efficiency. 
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Another approach often used is to increase the separation between the antenna and the 

cavity in order to reduce their respective coupling [67]-[69]. This is done at the expense of 

an increased overall size; thereby deflating a wider use of these antennas and arrays. 

 Only few design attempts of a flush-mounted Vivaldi antenna are reported in open 

literature [70]-[73]. In [70], a Vivaldi element is placed in a cylindrical cavity; yet, the 

bottom of the cavity is kept open to eliminate cavity modes. However, this approach makes 

the RF isolation of backend electronics nearly impossible. In [71], the size and the shape of 

a trapezoidal cavity is increased to mitigate its interaction with the antenna within the 

operating bandwidth leading to a relatively large, non-compact, flush-mountable structure. 

In, [72], only the feed region is backed with a cavity leaving the radiating section free-

standing. A circular cavity loaded with absorber is presented in [73] for receive-only 

direction finding. While this antenna may be suitable for receiving applications, the 

reduction in efficiency is not acceptable for prime power needy RF uses. 

 In this chapter, a design approach that led to a resonant free 3 × 4 Vivaldi antenna 

array fully recessed inside a lossless metallic cavity is discussed. A parametric study is 

performed to evaluate effects of the antenna proximity to the side walls in two principal 

planes. Eigen-mode analysis is used to study antenna-cavity interaction in both E- and H-

planes. The proposed 3 × 4 array is fabricated using a multilayer stacked all-metal circuit 

board technique [74]. The scan performance of the fabricated array is investigated using 

measured active element patterns and compared to its free-standing embodiment. The 

findings on the 3 × 4 array are used to develop a simplified single feed compact antenna. 

The performances of the two designed antennas when used in a co-polarized STAR platform 

are investigated; more precisely, simulated and measured TX/RX isolation of the STAR 

antenna and the impact of nearby scatterers on the antenna performances.   
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 This chapter is organized as follows: 

 Section 2.2 shows the analysis and design of a cavity-backed all metal Vivaldi 

antenna recessed inside a metallic cavity is discussed. 

 Section 2.3 presents a single feed and reduced aperture cavity-backed Vivaldi 

antenna. 

 Section 2.4 analyzes the bi-static STAR capabilities of the antenna 

configurations of Section 2.2 and 2.3.  Performances of the antennas when 

integrated on compact antenna platforms are discussed. 

 Section 2.5 summarizes the chapter. 

2.2 Single-Polarized 3 × 4 Cavity-Backed Vivaldi Antenna Array 

2.2.1 Antenna Analysis and Design 

The geometry of the unit-cell of the proposed array and its parameters are shown in Figure 

2.1 and Table 2.1. To maintain low side-lobe level (SLL) over the 1.5 – 7.5 GHz bandwidth 

(chosen to cover S and C bands), the unit-cell width W is chosen to be 18 mm (λ8 GHz /2). To 

enable easy attachment of a coaxial connector, the thickness of the element is chosen to be 6 

mm (λ1.5 GHz /33). The advantages of a thick Vivaldi antenna have been previously reported 

in [75]. The feed region of the unit-cell, including the transition from the coax to the slotted 

section of the element is highlighted in Figure 2.1. Also shown is the slotted section of the 

unit-cell which is seen to be better assimilated to a parallel plate waveguide given its 

thickness. The width i between the two plates is chosen for a 50 Ω characteristic 

impedance. To reduce the discontinuity at the coax to parallel plate transition, a 50 Ω air-

filled rectangular coaxial line is implemented [76]. This transition is further improved by 

equating the plate thickness to the width of the inner conductor of the rectangular coaxial 

line. 
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Figure 2.1: Unit-cell of the proposed array with characteristic parameters denoted. 

 

 

Table 2.1: Design Parameters of Array Unit-Cell (in mm) 

Parameter a b c d e f 

Value 8 14 11 5.13 13.97 12.54 

Parameter g h i W L R 

Value 17 1.72 1.1 18 112 0.2 

 

 Other parameters are determined based on an infinite array analysis [55] aimed to 

achieve wideband impedance match at a reduced computational cost. It is found that the 

main parameters affecting VSWR are the exponential growth rate (R), the length (L), and 

the open cavity delimited by segment (a – b – c) shown in Figure 2.1. The impedance match 

bandwidth increases with an increase of the length L which is chosen to be ~ λ1.5 GHz /2, to 

keep the overall profile of the array low. An exponential taper is used to describe the flaring 

section of the aperture with profile equation described as, 

 

𝑥 = 𝑅1𝑒𝑅𝑧 + 𝑅2 (2.1) 
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where 

𝑅1 =
𝑥2 − 𝑥1

𝑒𝑅𝑧2 − 𝑒𝑅𝑧1
 (2.2) 

 

𝑅2 =
𝑥1𝑒𝑅𝑧2 − 𝑥2𝑒𝑅𝑧1

𝑒𝑅𝑧2 − 𝑒𝑅𝑧1
 (2.3) 

 The growth rate R is chosen between 0 and 1, with 0 being a linear taper. Values of 𝑅 close 

to zero increase gain at lower frequencies. When R = 0, the discontinuity between the feed 

and the flare section is increased, leading to the degradation in impedance match. 

Increasing the size of the open cavity improves the match at low frequencies; however, its 

fundamental resonant frequency is lowered. The size of this cavity is adjusted to have its 

fundamental resonant frequency above 7.5 GHz. 

 The active VSWR of a tightly coupled infinite array composed of unit-cells with 

parameters from Table 2.1 is shown in Figure 2.2. The infinite array response is used to 

guide the selection of a finite 3 × 4 free-standing array also shown in the same figure. The 

computed VSWR of this 3 × 4 array fed with ideal 12-way power divider is plotted in Figure 

2.2. As seen, VSWR < 2 is obtained above 2.5 GHz therefore verifying the usefulness of 

parametric studies conducted with infinite array. As expected, the infinite array has better 

match at lower frequencies. The finite array approaches the infinite array model as the 

number of elements is increased; however, the 3 × 4 array is chosen as compromise between 

the size, desired minimum gain of 5 dBi, and desired turn-on frequency around 2 GHz. 

 Effect of recessing the designed 3 × 4 Vivaldi array in a rectangular metallic 

enclosure, as illustrated in Figure 2.3, is now analyzed. The bottom side of the array is 

connected to the cavity base. Offset distances, Dx and Dy, are kept between the array and 

the cavity side walls in H- and E-plane, respectively. The center-to-center separation 

between the array elements in H-plane, Ds, is kept equal to the unit-cell width 𝑊 to 

maintain low side-lobe levels in the H-plane cut. Cavity height is kept equal to the unit-cell 
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Figure 2.2: Active VSWR of an infinite and finite 3 × 4 Vivaldi arrays. The 3 × 4 array is fed 

using ideal 12-way power divider in this analysis. 

 

length L. Three elements are connected in E-plane to form a single row of the array. The 

values of Dx and Dy are varied and the cavity-backed array performance analyzed. Offset 

distance Dx is set respectively to 0, 1, 5, and 40 mm while keeping Dy = 20 mm. A zero offset 

means a direct connection between the array and the cavity walls, while offset values equal  

 

 
Figure 2.3: Geometrical arrangement of the recessed 3 × 4 array antenna inside a cavity 

with depicted E- and H-planes. 
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to 1 mm and 40 mm are used to investigate respectively strong and weak interaction with 

the cavity. The simulated VSWR and broadside gain of the uniformly excited cavity-backed 

array are shown in Figure 2.4 for different values of Dx. As seen, periodic dips in broadside 

gain correlated with spikes in VSWR are observed at specific frequencies for nonzero value 

of Dx. As Dx keeps increasing the spikes get broader. In this research, our focus is on a 

compact design where the cavity is brought closer to the antenna.  

 

 

(a) 

 

(b) 

Figure 2.4: (a) VSWR, and (b) Broadside gain of the 3 × 4 Vivaldi array recessed in a cavity 

with varying separation between the H-plane wall and the cavity. 

 

To better understand these phenomena, the surface currents on the H-plane cavity 

wall (cavity wall parallel to array H-plane) are plotted in Figure 2.5(a) at 1.95 GHz, 2.35 
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GHz, 3.2 GHz, and 4.45 GHz for Dx = 5 mm. As seen, standing waves patterns are clearly 

formed at 1.95 GHz, 3.2 GHz, and 4.45 GHz. It is observed that the surface current at 2.35 

GHz is different and does not reveal a standing wave, suggesting that the spikes observed 

in the gain and VSWR plots are due to the established standing waves at these frequencies. 

 To determine the origin of the standing waves at frequencies shown in Figure 2.5(a), 

Eigen-mode analysis is performed using ANSYS HFSS [77]. It is observed that with perfect 

magnetic conductor (PMC) boundary placed at the aperture, only a little effect is seen on a 

driven solution with standing waves described above still present at the same frequencies. 

The PMC boundary is therefore used to model the cavity aperture in the Eigen-value 

problem. Setting Dx to 5 mm, the Eigen-mode analysis is shown to reveal several resonant 

modes in the desired band. The surface currents on the H-plane cavity wall are shown in 

 

 

(a) 

 

(b) 

       1.95 GHz               2.35 GHz                     3.2 GHz                 4.45 GHz 

Figure 2.5: Surface currents on the H-plane cavity wall when Dx= 5 mm, obtained with (a) 

driven, and (b) Eigen analysis method. 
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Figure 2.5(b) for the resonant modes at 1.98 GHz, 3.3 GHz, 2.35 GHz, and 4.64 GHz. As 

seen, these cavity modes have similar surface current distribution to currents shown in 

Figure 2.5(a) when the array is uniformly excited. The establishment of the standing waves 

and thus the gain and VSWR deterioration can therefore be attributed to the excitation of 

these undesired resonant modes. It can further be seen that the driven mode current 

distribution at 2.35 GHz is different to the Eigen-current at the same frequency, which 

implies that this resonant mode is not excited by the array. 

 The Eigen-mode analysis above is used to confirm the resonance behavior of the 

antenna at some frequencies but it does not explain why these specific modes are excited. It 

is found that the cavity E-plane wall, located at Dy = 20 mm for the purpose of this analysis 

has no impact on the discussed resonance behavior. To demonstrate this, the broadside gain 

of the open boundary array (E-plane cavity wall removed) is shown in Figure 2.6. As seen, a 

similar response to Figure 2.4(b) is obtained. It therefore appears that the cavity 

resonances are excited by another resonating structure. The surface currents at 4.6 GHz for 

 

 
Figure 2.6: Broadside gain of the 3 × 4 Vivaldi array inside an open boundary cavity, as 

shown in the inset. 

 

this configuration are shown in Figure 2.7. As seen, the standing waves are mainly 

localized at the edge elements, specifically at the gap between these edge elements and the 
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H- plane cavity wall. A magnified view of this section of the antenna with a single row 

represented is shown in Figure 2.8. Given that currents flowing on the edge elements are 

seen to be localized mainly at the outer boundary, the edge elements can be replaced by a 

 

 
Figure 2.7: Surface currents at 4.6 GHz on the H-plane cavity wall when Dx = 1 mm for the 

open boundary array.  

 

thin strip without perturbing its current distribution. The combination of this strip, the air 

gap and the cavity wall forms a quasi-TEM microstrip line; the ground plane being 

represented by the cavity wall, and an air dielectric materialized by the gap Dx. This line, 

shorted at the bottom by the cavity base and open at the top, resonates and its resonant 

frequency can be calculated analytically based on the length of the antenna for different 

resonant modes as, 

 

𝑓𝑟𝑒𝑠 =
(2𝑛 + 1)𝑐

4𝐿
 (2.4) 

 

where c is the speed of light, L is the length of the antenna as denoted in Figure 2.2, and n 

is the order of the resonance modes. 



 

24 

 

  The resonant frequencies calculated analytically and given in Table 2.2 are seen to 

be nearly identical to the frequencies at which spikes are occurring. 

 

 
Figure 2.8: Illustration of the interface between array edge elements and the cavity as a 

quasi TEM microstrip line 

 

Table 2.2: Analytical (Cal.) and full-wave Simulated (Sim.) resonant frequencies (in GHz) 

n 0 1 2 3 4 

fresonance (Cal.) 0.67 2.08 3.34 4.68 6.02 

fresonance (Sim.)  1.95 3.2 4.5 5.9 

 

 From this analysis, it can be concluded that the space between the array edge 

elements and cavity wall provides a transmission line medium for the currents to flow. 

Resonance occurs as these currents bounce back and forth after seeing an open circuit at 

the aperture and short circuit at the cavity base. At lower frequencies, currents are weakly 

radiating before reaching the aperture therefore resulting in a stronger interaction with the 

cavity. This combination of strong cavity interaction and low radiation results in high Q 

resonant modes as observed in the VSWR at 1.95 GHz in Figure 2.4(a). At higher 

frequencies, more currents radiate before reaching the aperture resulting in the reduced Q. 
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 To mitigate the negative impact of these resonances, two approaches are 

investigated. First, the resonator section of the antenna is resistively loaded. The gain and 

VSWR are shown in Figure 2.9(a) and Figure 2.9(b) for 50 Ω and 150 Ω respectively. These 

two values are chosen to assess the effect of low and high resistances. As seen, resonances 

are eliminated as resistors dissipate part of the reflected currents, thereby contributing to 

the improved impedance match at low frequencies as seen in Figure 2.9(b). Computed 

antenna efficiency is 78 % at 2 GHz and over 90 % above 3.5 GHz. While this reduction in 

efficiency is acceptable for most receiving applications, it is undesired for this research 

where DC energy resources are scarce. 

 

 

(a) 

 

(b) 

Figure 2.9: Performance of the 3 × 4 cavity-backed Vivaldi array with edge elements 

terminated with resistors: (a) broadside gain, and (b) VSWR. 
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 The objective of the second approach for mitigating the impact of resonances is to 

eliminate their topology-related origin. These resonances exist due to the gap between the 

array edge elements and cavity. This gap is eliminated by shorting the array edge elements 

to the cavity and therefore, means for establishing standing waves on that cavity wall are 

eliminated. Interestingly, this approach is the exact opposite of common techniques relying 

on recessing linearly polarized antenna in a metallic enclosure [67]-[69]. Rather than 

increasing the separation between the antenna and the cavity, the E-plane wall of the 

antenna should be shorted to the cavity. The second approach does not need resistive 

termination and is adopted in this research. 

 For complete analysis, the interaction with the E-plane cavity wall is investigated 

next. To do so, Dx is kept at zero as it is shown to yield better response and Dy is swept from 

10 to 20 mm with a step of 5 mm. The VSWR and broadside gain response for uniformly 

excited array are shown in Figure 2.10. As seen, E-plane separation does not reveal any 

noticeable resonance. Nonetheless, the E-plane separation is critical in determining the 

turn on frequency as seen in VSWRs of Figure 2.10(a). The separation Dy should be high 

enough to achieve the desired turn-on frequency and minimum gain, but small enough to 

mitigate the excitation of high order waveguide modes. To maintain a gain > 5 dBi and a 

turn on frequency at 1.5 GHz, Dy is set to 20 mm. 

 

 

(a) 
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(b) 

Figure 2.10: (a) Broadside gain, and (b) VSWR of the 3 × 4 Vivaldi array recessed in a 

cavity with varying separation between the E-plane wall and the cavity. 

2.2.2 Array Fabrication and Measured Performance 

The 3 × 4 Vivaldi array and the cavity are fabricated separately using cost-effective 

manufacturing techniques. Individual rows of the array are assembled by stacking seven 

printed circuit boards (PCB) to form the thick geometry as shown in Figure 2.11. The 

utilized PCB stacking process allows the thin inner plate of the coax to parallel plate 

transition to be easily machined compared to the conventional CNC-machining. When all 

the 0.85 mm-thick boards are stacked together, the total row thickness is about 6 mm as 

shown in Table 2.1. Boards 1, 2, 6, and 7 form the bottom and top layers. They are also used 

to form the bottom and top walls of the rectangular coaxial line, whereas boards 3 and 5 

form the side wall. Board 4 is the middle layer and contains the center conductor of the 

rectangular coax. This central conductor is soldered to the center conductor of a surface 

mount SMA connector as shown in Figure 2.11. Once the connectors are attached to the 

antenna, the top 3 layers are added to complete the fabrication of a single row. The seven 

boards are held together using screws as shown in Figure 2.12(a), where an assembled row 

is presented. The rectangular cavity shown in Figure 2.12(b) is fabricated using additive 

manufacturing and plated with a 1.5 oz copper layer. Rectangular holes at the bottom of the 
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cavity are added to enable mounting of SMA connectors (Figure 2.11). The flush-mountable 

array is finally obtained by fixing each row into the groove space available in the 

rectangular cavity, as shown in Figure 2.12(c). 

The measured and simulated VSWRs of the prototyped cavity-backed array with 

uniform excitation is below 2 over 5:1 bandwidth, as seen in Figure 2.13. The ripple in the 

measured results is due to the coaxial cables not present in the model. 

 

 

 

                              Boards 1, 2, 6, and 7                            Boards 3, and 5 

 

                                         Board 4                               Integration of SMA connectors 

Figure 2.11: Illustration of the assembly for the array row: Boards 1, 2, 6, and 7 form the 

bottom and top layers. Boards 3 and 5 are used to form the sidewall of the rectangular 

coaxial line. Board 4 is the center layer and is used to solder the inner conductor of the 

coaxial feed line. 
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                                           (a)                                                     (b) 

 

             (c) 
Figure 2.12: Photograph of the prototyped cavity-backed 3 × 4 Vivaldi antenna array: (a) 

Single row of the array, (b) 3D-printed and copper plated rectangular cavity showing the 

longitudinal groove reserved for each row of the array, and (c) fully –assembled array 

recessed in the cavity. 

 

 

Figure 2.13: Measured and simulated VSWRs of the uniformly excited cavity-backed array. 



 

30 

 

The measured and simulated broadside gains and the theoretical gain of a 

uniformly-excited aperture antenna of identical aperture size as the cavity are plotted in 

Figure 2.14. As seen, measured gain is similar to the gain of the uniformly excited aperture 

antenna from 2.5 to 7.5 GHz. It can also be observed that the designed array has higher 

gain than the uniformly-excited aperture at low frequencies. This is due to the fringing 

fields which contribute to the increased electrical size of the aperture at these frequencies. 

Gain above 5 dBi is obtained at 1.5 GHz, and its value increases monotonically over the 

operating band reaching 15 dBi at 7.5 GHz. The aperture efficiency of the developed  

 

     
Figure 2.14: Measured and simulated gains of the designed array. The gains are compared 

to that of a uniformly excited aperture with identical aperture size. 

 

 
Figure 2.15: Aperture efficiency of the proposed antenna calculated with respect to a 

physical aperture of 60 × 100 mm2. 
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configuration shown in Figure 2.15 is > 80% over most of the bandwidth. This high aperture 

efficiency is a result of the combined effect of the tightly-coupled Vivaldi array and the 

cavity where the proposed arrangement creates a nearly uniform aperture illumination. 

The aperture efficiency is also seen to be > 100% at lower frequencies due to the fringing 

fields contributing to increase the electrical size of the aperture. 

The measured and simulated E- and H-plane radiation patterns are plotted in 

Figure 2.16. Patterns are symmetric with SLL < -20dB and low cross polarization 

characterized with cross polarization discrimination (XPD) of > 25dB over the desired band. 

The demonstrated agreement between the measurement and simulation indicates the 

effectiveness and quality of the used low-cost fabrication approach and the robustness of 

the developed antenna. 
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4.5GHz   

 

6GHz     

 

7.5GHz  

 
Figure 2.16: Measured and simulated broadside radiation patterns of the 3 × 4 cavity-

backed array in (left) E-plane, and (right) H-plane. 

2.2.3 Array Scan Performances 

The scan performance of the designed cavity-backed antenna is investigated and 

compared to its free standing embodiment. To perform this analysis, the VSWR and 

radiation patterns are synthesized from the measured S-parameters and embedded element 

patterns. Note that the proposed array is designed mainly for non-scanning broadside 

radiation and its scanning performance can be improved by several approaches, such as 
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mutual coupling compensation techniques [78]-[80]. For the purpose of simplicity of the 

proposed analysis, conventional phased tapering is used in this study [80]. 

The free-standing 3 × 4 Vivaldi array is shown in Figure 2.17 with its center and two 

H-plane edge elements highlighted. For the purpose of this analysis, the active VSWR at 

the center element and the input VSWR are compared to the proposed cavity-backed array 

when scanned at 45° in E-plane. The input VSWR is defined here as the VSWR measured   

 

 

 
Figure 2.17: Illustration of the free-standing 3 × 4 array with highlighted edge and center 

elements 

 

 
Figure 2.18: Synthesized measured input VSWR, central element active VSWR of the 

cavity-backed, and free standing arrays when scanned at 45o in E-plane. 
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at the input of a practical corporate feed network. These VSWRs are shown in Figure 2.18 

for 45° scan. As seen, the active VSWR of the cavity-backed array is < 3 over most of the 

band. The active VSWR of the simulated cavity-backed array is also seen to compare well 

with free-standing antenna. Some spikes due to experimental non-idealities are observed in 

the measured active VSWR. Nonetheless, the overall response follows a trend similar to the 

simulated antenna. The measured input VSWR for 45° scan is also shown to be less than 2 

over the entire band. While the active VSWR may be considered high, the input VSWR is 

seen to be very low. This is due to the active cancellation of the combined S-parameters. In 

practical realization, this return power will be dissipated inside the feed network or 

reradiated. 

The array mismatch efficiency [80], calculated in (2.5) for N-element array is 

another figure of merit often used to assess the percentage of power globally accepted by 

the array. 𝑆𝑝,𝑝 in (2.5) is the active reflection coefficient of element p. 

 

𝜀 = (𝑁 − ∑ |𝑆𝑝,𝑝|
2

𝑝=𝑁

𝑝=1

) 𝑁⁄  (2.5) 

 

The total mismatch performance of the array for 45° scan in both E- and H-planes is 

shown in Figure 2.19. The cavity-backed array is seen to have similar mismatch efficiency 

as the free-standing array for E-plane scanning. The efficiency is > 70% below 4 GHz and 

remains > 80% for higher frequencies. A similar observation is made for H-plane scanning 

above 3 GHz. The efficiency is also seen to be more degraded at low frequencies for H-plane 

scanning (Figure 2.19(b)). This degradation is mainly due to the edge elements. The 

interaction between these elements and the array is stronger at lower frequencies. Also the 

inherent broadside radiation of the cavity contributes to the degradation observed in the 

VSWR response at low frequencies. Nonetheless, the value of mismatch efficiency for 45° 
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scan is only 10% lower than efficiency obtained for broadside radiation as shown in Figure 

2.19(c). It is observed that for broadside radiation, the cavity-backed array has an overall 

better mismatch efficiency than the free standing array composed of identical number of 

elements. This improvement in efficiency is attributed to the addition of coherent radiation 

in broadside direction by the cavity for the uniformly excited array. 

The measured and simulated radiation patterns of the free-standing and cavity-backed 

arrays at 7 GHz when scanned to 45° in both E- and H-plane are shown in Figure 2.20(a) 

and Figure 2.20(b). As seen, the patterns of the cavity-backed array are similar to those of 

the free-standing case. This indicates that the scan performance of the array is maintained 

when the array is recessed and properly integrated with the cavity. It can however be 

noticed that the first side-lobe of the cavity-backed array is higher than in the free-standing 

case. This is more pronounced for the H-plane scanning as seen in Figure 2.20(a). The side-

lobe level increase is attributed to the cavity interaction which radiates mainly in broadside 

radiation and does not obey the scan requirement imposed on the array elements. The side 

lobe level can be reduced by modifying the array excitation; more precisely, the excitation of 

elements closer to the cavity. To illustrate this, the scan pattern of the cavity-backed array 

at 45° scan in the H-plane is shown in Figure 2.21(a) with elements 2 and 11 of Figure 2.17 

not excited, and in Figure 2.21(b) with elements 10 and 12 not excited. Element 2 and 11 

are the two edge elements not connected to the cavity, while elements 10 and 12 are the 

edge elements directly connected to the cavity. As seen, about 2 to 4.6dB reduction in side 

lobes is observed for Figure 2.21(a). The side lobe levels are seen to improve by more than 

4.5 dB in Figure 2.21(b) when elements 10 and 12 are connected to the cavity. Not exciting 

these elements modifies the aperture field and reduces the surface currents on the cavity. 

The low radiation of these currents along with the modified array excitation result in the 

reduction seen in the side lobe level. This preliminary analysis substantiates the fact that 
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the scan performance of the proposed cavity-backed array can be further improved by using 

a non-conventional excitation [79]. 

 

 

(a) 

 

(b) 

 

(c) 

Figure 2.19: Array mismatch efficiency for (a) 45o scan in E-plane, (b) 45o scan in H-plane, 

and (c) broadside radiation. 
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(a) 

             

       (b) 
Figure 2.20: Measured and simulated radiation patterns of the 3×4 free standing and 

cavity-backed Vivaldi arrays at 7 GHz when scanned at (a) 45° in H-plane, and (b) 45° in E-

plane. 

 

 

(a) 
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(b) 

Figure 2.21: Measured radiation patterns of the 3×4 cavity-backed Vivaldi arrays when 

scanned to 45° in H-plane at 7 GHz with (a) elements 2 and 11 of Fig. 4.17 not excited, and 

(b) elements 10 and 12 of Fig. 2.17 not excited. 

2.3 Single-Polarized and Single Feed Antenna 

 The designed, cavity-backed 3 × 4 array of Section 2.2 requires a 12-way power 

divider, which adds extra loss and complexity for broadside only applications. To decrease 

the complexity of this antenna, the number of elements is reduced to one and the cavity 

shape is modified to maintain resonant free response within the 2 – 7 GHz band. The 

aperture of the antenna is also reduced from 60 × 100 mm2 of Section 2.2 to 44 × 70 mm2. 

This aperture reduction makes this antenna better suited for compact platforms. To 

improve the impedance match at low frequencies, the Vivaldi element is flared in its 

transverse plane using a profile similar to TEM horns [81]. The designed antenna is 

different to the TEM horn as its E-plane is shorted to the cavity to eliminate cavity 

resonances. The cavity is also flared in H-plane to maintain stable gain response at high 

frequencies; detailed discussions regarding the proposed cavity shape is presented in 

Chapter 3. To obtain a design which is resonance free, with turn-on frequency at 2 GHz, the 

parameters of the newly proposed single polarized antenna, shown in Figure 2.22 are given 

in Table 2.3.  
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                                         (a)                                                  (b) 

Figure 2.22: Geometrical parameters of the single-feed and single polarized cavity-backed 

Vivaldi antenna with (a) front view and (b) isometric view. 

 

Table 2.3: Design Parameters of Single Feed Cavity-Backed Vivaldi Antenna (in mm) 

Parameter a b i d g L R W1 W2 S 

Value 8 12 1.1 11.1 40 112 0.45 70 44 36 

 

 The designed antenna is fabricated as a single metal block by combining CNC and 

EDM machining processes. An N-type coaxial launcher is used to feed the antenna, as 

illustrated in Figure 2.23. The VSWR of the simulated and fabricated antenna are shown in 

Figure 2.24. As seen, VSWR < 2 is obtained over most of the 2 – 7 GHz band. Measured 

VSWR is seen to be better than its simulated counterpart at high frequencies, but degrades 

at low frequencies. This small difference between measured and simulated VSWR is due to 

the integration of the coaxial launcher. In the fabricated antenna, the inner pin of the coax 

adapter is press fitted into a cylindrical opening, machined out of one arm of the Vivaldi as 

shown in Figure 2.25. While good electrical and RF contact are achieved in the simulated 
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antenna, small gaps between the inner pin and machined hole in the fabricated 

embodiment add some extra capacitances which affect the input impedance. 

 

 

Figure 2.23: Photograph of the fabricated single feed antenna.  

 

 
Figure 2.24: Measured and simulated VSWR of the single-feed and single-polarized cavity-

backed Vivaldi antenna.  
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Figure 2.25: Illustrated of the coax to Vivaldi transition.  

  

The measured and simulated broadside gains of this antenna are shown in Figure 

2.26. As seen, good agreement is obtained between measured and simulated data. The 

simulated and measured cross-polarized gains are lower than -30 dB. Co-polarized gain > 5 

dBi is obtained at lower frequencies and increases to 12 dBi at 7 GHz. This gain is seen to 

be lower than that of the 3 × 4 cavity-backed array of Section 2.2, and is due to the 

combination of smaller aperture size and reduced number of Vivaldi elements. In the 

tightly coupled 3 × 4 cavity-backed Vivaldi array, the small separation between element 

leads to quasi-uniform illumination of the aperture. In the single-feed realization of this 

 

 
Figure 2.26: Measured and simulated broadside gain of the single feed and single polarized 

antenna.  
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section, the aperture field distribution, shown in Figure 2.27 at 5 GHz is closer to that of a 

TE10 mode of a rectangular waveguide. This is known to have a maximum aperture 

efficiency of 80 %. 

 

 

Figure 2.27: Aperture field distributions at 5 GHz of the single feed and single polarized 

cavity-backed Vivaldi antenna. 

 

 The measured and simulated radiation patterns at 2, 4, and 7 GHz are shown in 

Figure 2.28, for both E-and H-planes. Patterns are seen to be narrower in the H-plane as 

expected from the wider aperture in that direction. At high frequencies (7 GHz), side lobes 

start appearing, their levels are seen to be very low. More importantly, the gain near 

horizon, which is demonstrated in the next section to be very critical for isolation increase, 

is also very low. Patterns are wider in E-plane with no visible side lobe. 
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(a) 

 

 

(b) 

                  2 GHz                                              4 GHz                                             7 GHz 

 
Figure 2.28: Measured and simulated patterns at 2, 4, and 7 GHz of the single polarized 

and single-fed antenna with (a) E-plane and (b) H-plane.  

2.4 Isolation Analysis with Single Polarized Antennas 

 The last two sections focused on the design of standalone antennas in free space. In 

this section, isolation, which represents the key performance indicating the suitability of 

the proposed system for STAR is investigated. 

 To determine the best orientation of the antennas that are flush-mounted with the 

ground plane, good understand of the coupling mechanism is first researched. To decrease 

the computational complexity of the analysis, an open rectangular waveguide antenna, 
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excited with fundamental TE10 mode is used. This antenna has an inherent cavity and is, 

therefore, flush mountable. Three different orientations of antennas separated by two 

wavelengths at 2 GHz are analyzed, as shown in Figure 2.29. In Figure 2.29(a), antennas 

are oriented in their respective E-planes resulting in a TM wave propagation on the ground 

plane. In Figure 2.29(b), antennas are facing each other in H-plane, which leads to 

predominant TE wave propagation. In the last configuration shown in Figure 2.29(c), the 

antennas are oriented in D-plane with hybrid propagation of both TM and TE waves 

possible. For each of these configurations, the coupling obtained from the full wave 

simulation is plotted along with calculations based on Friis transmission equation (Figure 

2.29). Friis equation uses gain near horizon, specifically at 80° elevation angle in the 

direction of the opposing antenna. This angle is used to avoid the singularity that may arise 

at 90°. Analysis of these curves clearly demonstrates that the coupling between transmit 

and receive antenna is strongly correlated to the gain near horizon. This observation 

further substantiates the need to maintain low gain near horizon during the design of 

standalone antennas. It is also seen that Friis calculation diverges from full wave 

simulations at frequencies below 4.5 GHz. This difference is mainly due to the coupling 

through surface currents flowing on the ground plane; these are not captured in Friis 

transmission equation. The surface currents on the ground plane at 2 GHz are also shown 

in Figure 2.29 with stronger currents observed for E-plane orientation.  It is seen that 

stronger coupling exists when antennas are oriented in E-plane; H-plane facing however 

provides lower coupling. The H-plane orientation is therefore more appropriate for single-

polarized systems and D-plane orientation, more suitable for dual-polarized systems as it 

provides symmetrical performance between the two polarizations. 
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(a) 

 
(b) 

 
(c) 

Figure 2.29: Simulated full wave and Friis calculated coupling versus antenna orientation 

with (a) E-plane, (b) H-plane, and (c) D-plane.  

2.4.1 Isolation for 3 × 4 Cavity-Backed Vivaldi Array 

 It is demonstrated in Section 2.1 that an all-metal Vivaldi antenna can be recessed 

inside a lossless metallic cavity with resonance free response. Two of the proposed 3 × 4 

arrays are mounted on a metallic ground plane as shown in Figure 2.30(a), for isolation 

analysis. The numbering scheme which describes the different ports of each antenna is 

illustrated in Figure 2.30(b). The antennas are separated by 25 cm (λ2GHz/6) and are 

oriented in H-plane since this is known to have superior isolation performance. The shown 

separation is chosen for the sake of this analysis to investigate worst case situation of close 

proximity between antennas.  The measured and simulated isolations between the two 

antennas when all ports are excited are shown in Figure 2.31. The excitation in this case is 

provided by a 12-way power divider. The isolation is seen to be greater than 60 dB above 
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(a) 

 

(b) 

Figure 2.30: Setup of the cavity-backed 3 × 4 Vivaldi array for isolation analysis with (a) 

prototyped antenna mounted on a flat 25 × 50 cm2 ground, and (b) numbering scheme of the 

different ports of each antenna.  

 

 
Figure 2.31: Measured and simulated isolation between two closely separated 3 × 4 Vivaldi 

arrays.  
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4 GHz and decreases down to 45 dB at 2 GHz. The profiles of the measured and simulated 

isolation are seen to be in good agreement. The increased beamwidth at low frequencies 

(high gain near horizon) leads to decrease isolation. 

 Several techniques are investigated to increase the isolation at low frequencies. The 

first approach is to decrease the receiver sensitivity by terminating some receive ports of 

the array with matched loads. This is illustrated in Figure 2.32, where ports 1, 2, 3 and 11 

of the receiving antenna are terminated with a 50 Ω load. These elements are selected as a 

tradeoff between increase in isolation and pattern degradation. Elements 10, 11, and 12 are 

the closest to the transmit antenna and therefore have stronger coupling to it. Terminating  

 

 
Figure 2.32: Isolation improvement by termination 4 receive antenna ports with matched 

loads.  

 

these elements will eliminate their coupling contribution. The problem with this option is 

the beam squint in the direction of the transmit antenna which increases the total coupling. 

Terminating elements 1, 2, and 3 creates a beam squint in a direction opposite to the 

transmit antenna. These elements are the farthest from the transmit antenna and have the 

lowest coupling contribution in the system isolation. To further increase the isolation when 

1, 2, and 3 are terminated, element 11, which is closest to the transmit antenna, is also 

loaded. The measured and simulated isolations for this configuration are shown in Figure 

2.33. As seen, isolations are greater than 60 dB above 2.7 GHz and remain above 50 dB for 

the rest of the band. Impact of this resistive termination on the radiation patterns is shown  
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Figure 2.33: Measured and simulated isolation with resistive termination.  

 

 
Figure 2.34: Simulated receive patterns when ports 1, 2, 3, and 11 are terminated with 

matched loads.  
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in Figure 2.34, where the patterns of the receive antenna are plotted. As seen, marginal 

degradation in radiation patterns is obtained at frequencies below 4 GHz. Patterns are seen 

to be squinted 15° away from the transmit antenna in the H-plane. Broadside gain remains 

> 5 dBi over the band, demonstrating that the resistive termination still guarantees enough 

gain, needed to close the link budget. The use of the resistors in the demonstrated 

configuration is also found to have negligible effects on the desirable E-plane patterns.  

A well-known technique to increase the isolation between two closely separated 

antennas is to have them separated by a metallic shield. The main issue with this approach 

is that; the shield acts as reflector and therefore leads to high beam squint. It is shown from 

the first approach described above that, terminating elements 10, 11, and 12 will lead to 

beam squint in the direction of the transmit antenna. It therefore appears that, loading 

these elements can offset the squint created by a metallic shield. This technique is 

implemented here by inserting a metallic plate between the two antennas as illustrated in 

Figure 2.35(a). To partially compensate the squint resulting from this reflector, elements 

10, 11, and 12 are terminated on matched loads as shown in Figure 2.35(a). Element 2 is 

also loaded to further increase the isolation at low frequencies. The metallic plate is 

experimentally realized by covering a 5 cm thick foam with a copper tape (Figure 2.35 (b)). 

The isolation of this configuration is shown in Figure 2.36, and is seen to be greater than 60 

dB over most of the band. Measured and simulated isolations are also seen to diverge over 5 

GHz. Reduction of the measured isolation above that frequency is found to be due to 

reflection from the absorbing walls of the anechoic chamber [82]. This high isolation is 

obtained at the expense of pattern squint in H-plane at low frequencies, as shown in Figure 

2.37. The squint is more pronounced for the TX antenna where resistive terminations are 

not used. The location of resistors in the RX antenna helps in mitigating the squint, which 

is found to be less than 15°.  
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            (a) 

               

         (b) 

Figure 2.35: Isolation improvement by termination of 4 receive antenna ports with matched 

loads and inserting a metallic plate between transmit and receive antennas: (a) layout 

configuration, (b) measurement setup.  

 

 
Figure 2.36: Measured and simulated isolation with resistive termination and inserted 

metallic plate between transmit and receive antennas.  
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Figure 2.37: Simulated transmit and receive patterns with resistive termination and 

inserted metallic plate between antennas.  
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2.4.2 Isolation of the Single Feed Cavity-Backed Element 

 The second antenna analyzed in this chapter is the single element cavity-backed 

Vivaldi. Transmit to receive isolation in this case is analyzed on a 12” × 12” (30.6 × 30.6 

cm2) tray designed to incorporate multiple other antennas. The selected platform aims to 

investigate a more realistic scenario where multiple antennas share the same aperture. The 

layout of the tray is shown in Figure 2.38. Cavity-backed monostatic spiral based STAR 

antenna is located in the center of the tray [83]. The antennas of interests in this chapter 

are the two 2 – 7 GHz portion located in one of the diagonals of the tray. This arrangement 

increases the electrical path between the antennas. Given the spiral diameter of 8” (20.3 

cm), the maximum available aperture for the 2 – 7 GHz antenna is 8 × 8 cm2. The compact 

design of the single feed and single polarized antenna is therefore suitable for this available 

space. The proposed antenna aperture is 4.4 × 7 cm2 which is smaller than the maximum 

aperture restriction. In this section, an isolation study is first performed with the abstrac- 

 

 

Figure 2.38: Layout arrangement of multiple single polarized antennas on a 12” × 12” tray. 
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tion of the presence of other antennas. System isolation in the presence of the other 

antennas is later discussed through experiments, given the complexity of the platform.  

As was done for the 3 × 4 cavity-backed Vivaldi array, the two antennas are first 

placed in their respective H-planes, as illustrated in Figure 2.39, where surface currents at 

3 GHz on a flat metallic ground plane are shown. Simulated isolation for this configuration 

(Conf. 1) between the two antennas is shown in Figure 2.40. As seen, isolation is greater 

than 60 dB above 4.5 GHz, and decreases to 45 dB at 2 GHz. The reduced isolation at low 

frequency is due to the surface currents on the ground plane and the high gain near 

horizon, as previously discussed. The currents are seen to be launched from the E-plane of 

the antenna and propagate along the edges of the ground plane. To increase the isolation at 

low frequencies, different approaches aiming to diffract or reflect these currents away from 

the receiving antenna are investigated.  

 

 
Figure 2.39: Surface currents at 3 GHz for the single polarized antenna on a flat metallic 

ground plane. 
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Figure 2.40: Transmit-Receive isolation for Conf. 1 when the two antennas are mounted on 

a flat metallic ground plane. 

  

We have seen in the 3 × 4 array case that significant improvement in isolation is 

obtained when a metallic reflector is placed between the two antennas. In the current 

platform, the reflector cannot be arbitrarily shaped; the presence of other antennas needs to 

be considered in the design process. Advantage, however, can be taken of the metallic 

surface of these antennas, if, proper care is taken to control their scattered fields. The 

center spiral antenna for 0.5 – 2.5 GHz, is recessed inside a cylindrical cavity. Instead of 

having this cylindrical cavity flushed-mounted, it can be placed above the ground plane to 

operate as a shield between the two antennas. To assess how this new configuration affects 

the 2 -7 GHz band, a cylindrical metallic wall with a diameter equal to the spiral cavity is 

inserted between the two antennas as shown in Figure 2.41, with shown surface currents at 

3 GHz. The isolation of this configuration (Conf. 2) is plotted along with that of a flat 

ground plane (Conf. 1), as shown Figure 2.42. Comparison between these two curves only 

shows a marginal improvement in isolation. The analysis of the surface currents for Conf. 2 

shows low currents flowing in the line of sight direction of the two antennas. Stronger  
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Figure 2.41: Surface currents at 3 GHz for the single polarized antenna mounted on a 

ground plane with a cylindrical metallic reflector inserted between the antennas. 

 

 
Figure 2.42: Comparison between Conf.1 and Conf.2 isolations. 

 

currents are however still creeping on the edges of the ground plane. The insertion of the 

cylindrical wall is therefore insufficient to mitigate these edge currents. To further diffract 

these currents, four pillars, which intend to add extra blockage are inserted as shown in 

Figure 2.43. These extra metallic reflectors are placed at reasonable distance from the 

aperture to mitigate beam squint in the E-plane.  
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Figure 2.43: Surface currents at 3 GHz for the single-polarized antenna mounted on a 

ground plane with a cylindrical metallic wall and pillars inserted between the antennas. 

 

Simulated isolation for this configuration (Conf. 3) is compared in Figure 2.44, to 

that of Conf. 1 and 2. As seen, significant improvement is obtained with isolation greater 

than 60 dB over most of the frequencies. This high isolation is correlated with the reduction 

of currents creeping along the edges of the ground plane; strong currents are observed near 

the transmitting antenna aperture, and their intensity significantly decrease after 

diffraction and reflection on the pillars and cylindrical wall. As for the case of the 3 × 4 

 

 
Figure 2.44: Comparison between Conf.1, Conf.2, and Conf. 3 isolations. 
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antenna, the achieved isolation is obtained at the expense of small beam squint in H-plane 

patterns.  

 The analysis of the three configurations discussed so far does not integrated the 

presence of other antennas on the shared aperture. The impact of these antennas is studied 

through the built experiment, shown in Figure 2.45. In Figure 2.45, the monostatic STAR 

antenna based on spiral is located in the center of the tray [83]. Ridge horn antennas are 

used in 6 -19 GHz, 18 - 45 GHz [14], and 45 – 110 GHz [140] bands. The two fabricated 

single polarized 2 – 7 GHz antennas are shown flush mounted with the platform. The 

VSWR and isolation of these two antennas are shown in Figure 2.46. As seen, VSWR < 2 is 

obtained above 2.5 GHz and isolation > 60 dB above 3.5 GHz. The degraded VSWR below 

2.5 GHz is due to the spiral cavity, which strongly interacts with the near field of the 

antenna at these frequencies. VSWR < 3 is however seen above 2 GHz. The measured 

isolation is also seen to be lower than Conf. 3 simulated design of Figure 2.44. This 

degradation is mainly attributed to surface wave propagation enabled by the substrate of 

the spiral antenna. The E- and H-plane patterns of the antenna when mounted on the 

platform are compared to its standalone embodiment in Figure 2.47. As seen, no major 

degradation is observed in E-plane. H-plane patterns are however, squinted 30o off axis at 

low frequencies. As frequency increases, patterns become more directive and less squint is 

observed. Broadside gain reduction due to squint is less than 3 dB, thereby maintaining the 

suitability of the proposed design for multi-antenna STAR platform.  
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Figure 2.45: Photograph of the 12” × 12 “ platform integrating multiple antennas operating 

from 0.5 to 110 GHz (220: 1 bandwidth). 

 

 

(a) 
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(b) 

Figure 2.46: Measured and simulated (a) VSWR, and (b) isolation of the 2 – 7 GHz antenna 

when mounted on the 12” × 12 “  

 

 

(a) 
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(b) 

 
Figure 2.47: Patterns of the single polarized and single feed antenna in free standing and 

when mounted on the platform with (a) E-plane, and (b) H-plane. 

2.5 Summary 

 Multi-octave performance of a Vivaldi array is demonstrated after recessing it inside 

a metallic enclosure. It is seen that if proper care is taken when recessing this radiator 

inside a cavity, excitation of resonant modes may be avoided. The proposed all-metal 

antenna does not use absorbing materials and, yet, exhibits resonance-free behavior over 

5:1 bandwidth. The cost-effective prototyping has shown to have minor effect on antenna 

performance. VSWR < 2, gain > 5dBi, and low side lobes with symmetric patterns are 

demonstrated. Favorable agreement with the theory verifies the robustness of the proposed 

design. Initial investigation of antenna scan capabilities demonstrates comparable 
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performance with its free space counterpart. A second embodiment of this radiator, 

resulting from the decrease of number of array elements to one is proposed. A shaped cavity 

is used in this case to allow wideband response with monotonic gain increase and low side 

lobe levels. Designed antennas are used in a bi-static STAR platforms with isolations > 50 

dB demonstrated. 
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Chapter 3 

 

Dual-Polarized STAR Antennas on Share Antenna Platform 

 

3.1 Overview 

 Chapter 2 focused on single-polarized cavity-backed Vivaldi antennas. In this 

chapter, a dual-polarized embodiment of this array is investigated. Dual-polarized 

capability enables frequency reuse and improves the awareness of an EW system. The 3 × 4 

single polarized Vivaldi array of the previous chapter has shown promising performances 

when recessed inside a metallic enclosure. The question that one may ask is how do we 

obtain a dual-polarized version of that antenna and how does it perform in comparison to 

its free standing counterpart. Answers to these questions are provided in this chapter. It is 

shown in this chapter that recessing the dual-polarized Vivaldi array inside a cavity 

generates different types of resonances that have never been reported in open literature. 

These resonances can significantly degrade the antenna performances if proper design 

techniques are not taken to eliminate or mitigate their effects. 

 This chapter is organized as follows: 

 In Section 3.2, analysis and design of a dual-polarized 3 × 4 cavity-backed all 

metal Vivaldi antenna recessed inside a metallic cavity is discussed. 

 Section 3.3 presents a simplified version of the array of Section 3.2 with only two 

elements in the E-plane and one element in the H-plane. This newly proposed 

antenna is fed using a 2-way power divider / combiner.  
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 Section 3.3 introduces a more compact design of a dual-polarized antenna with a 

smaller aperture and a fully integrated power divider.  

 Section 3.4 analyzes the bi-static STAR capabilities of the different designed 

antennas. Performances of the antennas when integrated on compact antenna 

platforms are discussed. 

 Section 2.5 summarizes the chapter. 

3.2 Dual-Polarized 3 × 4 Cavity-Backed Vivaldi Array 

 Dual-linearly polarized antennas are typically obtained by 90° rotation of their 

single-polarized embodiment. In the case of this dual-polarized cavity-backed array, the 

process is not straightforward given the need to maintain resonant free behavior in the 

presence of the cavity. It is demonstrated in Chapter 2 that a single-polarized Vivaldi 

antenna can be recessed inside a lossless metallic cavity with resonance free behavior when 

the E-plane edge elements are directly connected to the cavity. For the dual-polarized 

embodiment, attempting to short the E-plane edge elements of the two orthogonal ports to 

the cavity will short the H-plane of the opposite polarization as illustrated in path 1 of 

Figure 3.1. This configuration provides resonant free behavior as expected but leads to 

degraded VSWR and reduced gain as seen in Figure 3.2. Attempting to follow path 2 of 

Figure 3.1, where edge elements are not shorted will generate resonances within the 

frequency range of interest as expected from the analysis performed in the previous 

chapter. The question therefore is how can we effectively recess a dual-polarized Vivaldi 

antenna inside a cavity without significant degradation of its performances? To answer this 

question, the case of the 3 × 4 Vivaldi recessed inside a 9 × 9 cm2 cavity is investigated. The 

size of the cavity is chosen to have 2 cm (λ7.5GHz/2) separation between the antenna edge 

elements and the cavity. 
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Figure 3.1: Illustration of transition from single to dual-polarized cavity-backed Vivaldi 

array. Path 1: all edge elements are shorted to the cavity walls. Path 2: none of the edge 

element is shorted to the cavity walls. 

 

 

    (a) 

      

   (b) 

Figure 3.2: (a) Broadside gain and (b) VSWR of the 3 × 4 Vivaldi array recessed in a cavity 

showing degraded VSWR and resonances respectively when the antenna is shorted and not 

shorted to the cavity walls. 
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 We have seen that the approach which consists of shorting the E-plane elements to 

the cavity can suppress all the resonances, at the expense of severe degradation on the 

VSWR bandwidth and gain. To determine a more efficient mean to suppress the 

resonances, the surface currents on the recessed array following path 2 of Figure 3.1 are 

analyzed. These are shown in Figure 3.3, with the cavity hidden for better visualization of 

the currents. Surface currents are plotted at 2 GHz where a high Q resonance is seen as 

shown in Figure 3.2. As seen, standing wave patterns can clearly be identified. More 

importantly, these standing waves are seen to be stronger on the corner elements. This 

critical observation that is not seen in the singly polarized case is mainly due to the 

presence of the orthogonal polarization which provides medium for currents to flow. These 

currents are partially cancelled as they flow on opposite arms of the cross-polarized 

antenna (balanced-radiation). Currents on corner elements do not see a symmetrical 

environment needed for cancellation to happen. They are reflected back to the feed, 

therefore justifying the strong standing waves observed on these elements. 

 

 
Figure 3.3: Surface currents at 2 GHz on the 3 × 4 dual polarized Vivaldi array recessed in 

a rectangular enclosure with edge elements not connected to the cavity. 
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 From this analysis, it appears that efficient treatment of corners elements can 

potentially eliminate or mitigate the negative effect of the seen cavity resonances. The 

standing waves seen in Figure 3.3 are due to the gap between the corner elements and the 

cavity. It was demonstrated in Chapter 2 that eliminating any gap at the origin of the 

resonance behavior is the most effective means to remove its occurrence. This is done in 

this dual-polarized configuration by shaping the cavity. This newly proposed antenna is 

obtained by extending the outer boundaries of the corners elements so they can be shorted 

with the cavity as shown in Figure 3.4. The cavity aperture is also reduced at its corners as 

illustrated in Figure 3.4, to allow currents to mainly flow on the ground plane.  

 

 

 

Figure 3.4: Proposed 3 × 4 dual polarized Vivaldi array recessed in a shaped rectangular 

enclosure with corners elements shorted to the cavity. 

 

 To assess the effectiveness of this approach in eliminating the resonances while 

preserving the performance of the antenna, the broadside gain and VSWR of the designed 

antenna are shown in Figure 3.5. As seen, the antenna is resonance-free and maintain a 

VSWR < 2 over more than 3.5:1 bandwidth. The broadside gain of this antenna is compared 

to that of a uniformly excited aperture of 9 × 9 cm2. The proposed design is seen to have 
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lower aperture efficiency. This low aperture efficiency is due to the reduction of the physical 

aperture needed to suppress resonances within the cavity. Gain is however greater than 5 

dBi and monotonically increases over the band of interest (2 – 8 GHz).  The broadside 

radiation patterns are shown in Figure 3.6, and are seen to be symmetric with low cross-

polarization (i.e. < 20 dB).  

 

 

      (a) 

      

    (b) 

Figure 3.5: (a) Broadside gain, and (b) VSWR of the proposed 3 × 4 dual polarized Vivaldi 

array recessed in a lossless cavity showing resonance free response over 4:1 bandwidth. 
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Figure 3.6: Broadside radiation patterns of the dual polarized 3 × 4 cavity-backed array.  

3.3 Dual-Polarized 2-Element Cavity-Backed Vivaldi Array 

 The dual-polarized cavity-backed 3 × 4 array of the preceding section requires a 12-

way divider for each polarization. In addition to the complexity of this antenna when only 

used for broadside radiation, the insertion loss of the power divider may be detrimental for 

the overall system performance. To decrease the insertion loss and reduce the complexity of 

the antenna, a 2-element configuration is analyzed. The aperture and profile are similar to 

parameters used for the 3 × 4 array, the aperture size is 9 cm (λ2GHz/1.66) and the antenna 

is 12 cm long (λ2GHz/1.25). The proposed flush mountable configuration, shown in Figure 3.7, 

has the shape and the appearance of quad-ridge (QR) waveguide horn antennas, often 

considered as a prime candidate when dual-polarized operation with easy concealment is  
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                                               (a)                                                        (b) 

 

Figure 3.7: (a) E-plane cut and (b) photograph of the proposed 2-element cavity-backed 

Vivaldi antenna array. 

 

required [14], [85]-[88]. At high frequencies where feeder losses become significant, horns 

are typically-fed with ridge waveguides and orthomode transducer (OMT) to combine the 

two orthogonal polarizations [89]-[94]. At low frequencies (L, S-band), the waveguides are 

large, and horns are directly fed with coaxial connectors [85]-[88]. The QR horns proposed 

in [85]-[88] are typically fed with 50 Ω coaxial side connectors where the center conductors 

of the two orthogonal polarized ports are connected transversely across the ridge gap. This 

feeding technique creates an asymmetry between the two polarizations since the connectors 

need to be offset, causing limited polarization isolation and higher cross polarization [86]. 

For wideband response and high-frequency operation, the offset between the two coax feeds 

is typically small leading to limited power handling. This antenna is therefore less 

attractive for applications requiring ultra-wideband response while maintaining 
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symmetrical response between the two orthogonal ports. Moreover, the separation between 

ridges is constrained by the thickness of the ridge itself. To provide a smooth transition to a 

50 Ω coaxial connector, ridges are chamfered leading to degradation of the VSWR at high 

frequencies [86]. 

 The herein proposed flush-mountable dual-polarized antenna is designed for the 2 - 

8 GHz range. It is resonant free, coax-fed with symmetric performance between orthogonal 

ports, and therefore achieving high cross-pol isolation over wide bandwidth. The proposed 

antenna does not rely on differential excitation to achieve high isolation. Instead, a 

broadband 2-way power divider which is well known for its design simplicity is used per 

polarized port. In this section, Eigen-mode analysis is used to study the interaction between 

the antenna and the cavity to enable more intuitive design. A parametric study is 

performed to assess the impact of some key parameters on the antenna performance. The 

choice of design parameters for the proposed antenna aims to maintain VSWR < 2, high 

polarization isolation, low cross-pol, and monotonic gain increase over 2 – 8 GHz band. 

Comparison between the designed antenna and coax-fed quad-ridge horns is shown in 

Table 3.1. As seen, none of the reported designs combines high aperture efficiency, and 

symmetric performance between the two orthogonal polarizations as the configuration 

herein. 

 

Table 3.1: Comparison between Proposed Antenna and Coax-Fed Quad-Ridge Horns 

Ref. Size (A𝑟𝑒𝑎 × 𝐻) BW 

(GHz) 

Aperture 

Eff. (%) 

This 

work 

0.36𝜆2𝐺𝐻𝑧
2 × 0.8𝜆2𝐺𝐻𝑧 2 - 8 139 - 55 

[85] 0.48𝜆2𝐺𝐻𝑧
2 × 1.11𝜆2𝐺𝐻𝑧 2-12 74.4 - 10 

[86] 1.13𝜆2𝐺𝐻𝑧
2 × 𝜆2𝐺𝐻𝑧 2-26.5 72.2 – 3.8 

[87] 1.13𝜆0.75𝐺𝐻𝑧
2 × 0.73𝜆0.75𝐺𝐻𝑧 0.75-3.5 70 – 10.2 

[88] 2.23𝜆8𝐺𝐻𝑧
2 × 2.05𝜆0.75𝐺𝐻𝑧 8-18 35 – 44 
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3.3.1 Antenna Analysis and Design 

 Photograph of the 2 × 1 dual-polarized array with its two E-plane elements shorted 

to the cavity is shown in Figure 3.7. Each polarization of the antenna is fed through a 2-

way power divider. An exponential flare section with growth rate Rv is used for each 

Vivaldi arm. The inner walls of the cavity are also flared in both, E-, and H-planes following 

exponential taper with growth rate Rc. This inner flare of the cavity is terminated at an 

offset h from the aperture. The values for the parameters shown in Figure 3.7(a) are 

summarized in Table 3.2. 

 

Table 3.2: Key Design Parameters of The 2-element Cavity-Backed Antenna 

Parameter a b L h 

Value 8 mm 11 mm 120 mm 5 mm 

Parameter Rc Rv Aw Bw 

Value 0.2 0.35 90 mm 46 mm 

 

 The enlarged view of the feed section, shown in Figure 3.7(a), clearly depicts the 

transition from the coax to a parallel plate waveguide. A rectangular opening with 

parameters a and b is used to create a high impedance near the junction. To enable the use 

of a 2-way power divider, this transition is engineered to maintain the same polarization of 

the electric fields in the two Vivaldi elements. This leads to a small asymmetry between the 

two excited Vivaldi elements needed per polarization. A more symmetric design that 

further increases the isolation between orthogonal ports would require the use of 

differential feed. To maintain low amplitude and phase imbalances over the targeted 

bandwidth, this feed will be rather complex, and therefore a simple modification in antenna 

design, as described above, is utilized in this research. 

 To understand the rationale behind the cavity shape, a 2-element Vivaldi antenna 

recessed inside a rectangular straight cavity is considered. A square 90 × 90 mm2 cavity is 
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used, therefore setting turn-on frequency around 2 GHz. The thickness and width of each 

Vivaldi element are 6 mm and 36 mm (~ λ2GHz/4.2), as shown in the inset of Figure 3.8. This 

size is close to λ2GHz/2 when the apertures of the two Vivaldi elements are combined. The 

dual-polarized operation is obtained by recessing two 2-element arrays inside the cavity as 

seen in the inset of Figure 3.8. The edge elements are shorted to the cavity to eliminate 

resonances in gaps between these elements and the cavity as discussed in Chapter 2. The 

calculated VSWR and broadside gain using ANSYS HFSS [77] are shown is Figure 3.8. 

 

 
Figure 3.8: VSWR and broadside gain of a 2-element Vivaldi array recessed inside a 90 × 90 

mm2 cavity. 

 

 As seen, monotonic gain increase is observed up to 4.1 GHz where a sharp drop in 

gain is seen. Several dips in gain correlated with small spikes in VSWR are also seen at 

some specific frequencies above 4.1 GHz. 

 To understand the origin of the observed phenomena, the surface currents on the 

cavity walls are plotted in Figure 3.9(a) at 4.1 GHz where the first dip in gain is observed. 

As seen, standing wave patterns are clearly formed at this frequency suggesting that the 

spikes are due to the cavity resonance. To provide further validation of the observed 

phenomena, Eigen-mode analysis is performed using ANSYS HFSS [77]. To have a closed 
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structure, the cavity aperture is modeled with a perfect magnetic conductor (PMC). 

Whereas this boundary partially reflects non-tangential fields at the aperture, its impact is 

found to be insignificant on the observed response and can therefore be used for the Eigen-

mode analysis. The Eigen-mode response reveals multiple resonances within the frequency 

band of interest. The surface currents on the cavity walls for resonant mode at 4.27 GHz is 

shown in Figure 3.9(b). While some differences can be seen between these currents and the 

driven mode analysis (Figure 3.9(a)), currents maxima and minima are observed in similar 

areas, thereby confirming the above claims. The shift in resonant frequency between Eigen 

and driven mode analysis is due to the use of the PMC boundary. This analysis thereby 

validates that the dips observed in gain at some frequencies are due to the excitation of 

cavity resonances in the antenna structure.  

 

 

                                                  (a)                                                    (b) 

Figure 3.9: Surface currents on the antenna for a square straight cavity with (a) driven, and 

(b) Eigen analysis methods. 

 

 To suppress this and other resonances and maintain monotonic gain increase over 

wider bandwidth, their nature and origin must be determined. The Eigen-mode analysis 

reveals multiple resonances below 4.1 GHz which are not observed in antenna impedance 

match and radiation patterns. A close observation of the surface currents on the cavity 
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shows similar standing waves on all four walls of the cavity, suggesting the presence of 

multiple similar resonances. More precisely, these resonances appear to be generated by 

four identical resonators. Each resonator is waveguide based and is obtained by the 

boundary provided by the two sidewalls of the cavity and two cross-polarized Vivaldi 

antenna elements. This is illustrated in Figure 3.10(a) with an enlarged view showing the 

detailed dimensions of the resonator. 

 

 

                                                   (a)                                                 (b) 

Figure 3.10: (a) Waveguide resonator obtained by combining boundaries of the cavity and 

cross-polarized Vivaldi elements, and (b) simplified model. 

 

 

                                                 (a)                                                       (b) 

Figure 3.11: (a) Surface current of waveguide resonant modes terminated on aperture with 

a PMC (a) TE101, and (b) TE102. 
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 To understand the nature of the resonances, we can replace the Vivaldi elements by 

metallic walls (Figure 3.10(b)), leading to a simpler model of rectangular waveguide 

resonator. In this case, the resonator is electrically shorted at one end by the cavity base 

and magnetically shorted at the other end with the PMC boundary. The surface currents of 

each resonator at 4.03 GHz (TE101) and 4.74 GHz (TE102) are plotted in Figure 3.11 for 

resonator R4 of Figure 3.10(b). As seen, TE101 resonant mode exhibits similar behavior 

when compared to the plots of Figure 3.9 for that specific section of the antenna. The main 

difference is attributed to the model simplification. In a more general sense, for a TEmn 

wave propagating inside the waveguide, the resonant frequency can be calculated as: 

 

𝑓𝑟𝑒𝑠 =
𝑐
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(3.1) 

where c is the speed of light, L is the length of the antenna as illustrated in Figure 3.7, d (d 

= 42 mm in Figure 3.10 (a)) is the width of the waveguide, and l is the order of the 

resonance associated with the longitudinal dimension. 

 

Table 3.3: Calculated and Simulated Resonant Frequencies (In GHz) 

Mode TE100 TE101 TE102 TE110 TE111 

𝑓𝑟𝑒𝑠(𝑐𝑎𝑙) 3.62 4.03 4.74 5.08 5.38 

𝑓𝑟𝑒𝑠(𝑠𝑖𝑚)  4.1 4.5 5.05 5.3 

 

 The resonant frequencies calculated using (3.1) are given in Table 3.3 and good 

correlation is obtained between the calculated resonant frequencies and frequencies at 

which dips are observed in the gain response. The small shift between the calculated and 

simulated resonances is due to the model simplification, specifically by replacing Vivaldi 

elements with metallic walls, and using PMC boundary at the aperture. The fundamental 
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resonant frequency (TE100) of the cavity at 3.62 GHz does not seem to be excited given that 

no reduction in gain is observed around this frequency. The second mode at 4.03 GHz 

(TE101) has one standing wave as shown in Figure 3.11. The excitation of this mode 

therefore explains the sharp drop in gain observed at 4.1 GHz in Figure 3.8. From this 

analysis, it can be stated that, the seen resonances in the response are due to the presence 

of TEmnl resonances of resonators obtained from combined cavity walls and cross-polarized 

Vivaldi arms. These resonant modes are excited at the base of the waveguide at the coax to 

parallel plate transition discontinuity. Analysis of Table 3.3 shows that the frequency of the 

dominant excited resonant mode strongly depends on d (d < L). Decreasing d is therefore 

expected to push this first excited resonance to higher frequency. To validate this assertion, 

the size of the cavity is reduced from 90 mm to 50 mm, thereby reducing d from 42 mm to 

22 mm. The resonant frequencies of the TE101 and TE102 modes in this case are respectively 

7.07 GHz and 7.5 GHz. The gain and VSWR of the cavity-backed 2-element Vivaldi antenna 

in this case are plotted in Figure 3.12. As expected, resonance free response up to 7.3 GHz 

is achieved. A second resonance is seen at 7.8 GHz. These two resonances are 0.3 GHz 

shifted from the approximated calculation. The correlation between the responses shown in  

 

 
Figure 3.12: VSWR and broadside gain of a 2-element Vivaldi array recessed inside a 50 × 

50mm2 cavity. 
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Figure 3.12 and theoretical calculation clearly validates that decreasing d is effective in 

pushing these resonances out of the band of interest. This result also explains why these 

resonances were not seen in the single-polarized 3 × 4 array. Similar resonances are 

however observed in the single feed antenna of Section 2.3 if the proposed H-plane shape of 

the cavity is not inserted. Figure 3.12 shows a clear degradation of VSWR below 3.5 GHz; 

this is due to the reduced aperture of the antenna. It therefore appears that reducing the 

cavity width results in pushing the resonances to higher frequencies at the expense of 

bandwidth reduction. 

 To obtain a resonant free cavity-backed 2-element dual-polarized Vivaldi antenna 

over wide bandwidth, the cavity is flared in both, E-, and H-planes. The width of the cavity 

at its base is Bw = 46 mm, thus eliminating the excitation of TE101 mode up to 8.12 GHz. 

The width of the cavity at the aperture of Aw = 90 mm is chosen to have a turn-on 

frequency around 2 GHz, as seen in Figure 3.8. An exponential taper shown in the inset of 

Figure 3.13(b) is used to flare the cavity. With this shaped cavity, no detrimental 

resonances are expected within the frequency band of interest. The excitation of higher 

order modes is however expected near the aperture given its larger area. These modes can 

add constructively or destructively and thereby significantly change the aperture field 

distribution. To assess the impact of these modes, a parametric study is performed with the 

cavity flare rate Rc and the aperture offset h. These two parameters are chosen since they 

are directly correlated to the antenna size near the aperture. In this study, the goal is to 

achieve gain > 8 dBi at the turn-on frequency with good impedance match and consistently 

increased directivity (gain) over at least 4:1 bandwidth (2 – 8 GHz). 

 It is well accepted that a flared inner wall of a circular quad-ridge horn aids in its 

gain stabilization [85]. Thus, impact of the cavity flare Rc is analyzed first. Rc is varied 

from 0 to 0.3 with zero representing linear flare as shown in the inset of Figure 3.13(b).  

The computed broadside gain and VSWR are shown in Figure 3.13 for each parameter. As 
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seen, the gain starts dropping at 6.5 GHz, 6.9 GHz, 7.3 GHz, and 7.9 GHz for Rc 0, 0.1, 0.2, 

and 0.3, respectively. This is due to the aperture field perturbation caused by the excitation  

 

 

(a) 

 

(b) 

Figure 3.13: (a) Broadside gain, and (b) VSWR of the cavity-backed 2-element Vivaldi for 

varying of cavity flare rate Rc 

 

of higher-order modes as the cavity size increases near the aperture. A similar trend is seen 

in VSWR response where the turn-on frequency is shifted to higher frequencies as Rc 
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increases. This degradation of VSWR with increased Rc is due to the reduced antenna 

volume. While larger Rc helps mitigate impact of high order modes contribution, the 

reduced volume of the cavity pushes the stored energies balance to higher frequencies. 

Based on these results, Rc = 0.2 is selected to maintain turn-on frequency of 2 GHz and 

monotonic gain increase over most of the frequency range of interest. 

 Since the increase of the volume of an antenna helps decrease its turn-on frequency, 

the inner walls of the cavity are not flared all the way to the aperture. The offset distance 

between the aperture and the cavity flare (h) is used therefore to lower the turn-on  

 

 

(a) 

 

(b) 

Figure 3.14: (a) Broadside gain, and (b) VSWR of the cavity-backed 2-element Vivaldi for 

varying of aperture offset h 
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frequency of the antenna while allowing marginal degradation on its far-field at high 

frequencies. This offset helps aperture matching, by improving the transition from 

waveguide to free space. The VSWR and broadside gain are shown in Figure 3.14 for h 

ranging from 0 to 15 mm. As seen, the turn-on frequency is lowered for higher values of h. 

The contribution of higher order modes is also seen to be significant with increased h. For h 

= 0 mm, the monotonic increase in gain is observed over wider bandwidth at the expense of 

higher degradation of VSWR at low frequencies. For h = 5 mm, the monotonic increase in 

gain is observed up to 7.2 GHz with maintained turn-on frequency at 2 GHz. This value is 

therefore selected for the prototype needed to experimentally validate the proposed 

antenna. 

3.3.2 Fabrications and Measurements 

 The proposed antenna is built as a single aluminum block using combined CNC and 

EDM machining processes. No split block machining or welding is used during fabrication 

and assembly. To enable the required excitation, two sellout 2-way power dividers [95] are  

 

 
Figure 3.15: Measured and simulated VSWR and coupling of the proposed cavity-backed 2-

element Vivaldi array. 
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used to feed the 2-element array for each polarization. All results in this section are shown 

from 2 – 8 GHz given that the divider is rated for that frequency range. Obtained VSWR 

and coupling between the two feeding ports are given in Figure 3.15. The VSWR is seen to 

be lower than 2 and coupling between the two ports is also seen to be lower than -35 dB 

over most of the operating bandwidth. The small differences seen in the VSWR measured at 

the two orthogonal ports are due to the assembly and fabrication imperfections. To emulate 

the flush mounted performance of the antenna, all far-field measurements are performed 

with a circular 19 cm diameter ground plane as shown in the inset of Figure 3.16. This 

ground plane does not have any impact on the VSWR and mainly affects the far-field 

patterns. The measured and simulated co-polarized broadside gains of the antenna are 

plotted in Figure 3.16. As seen, gain is > 8 dBi over the band with max of 16 dBi. The 

measured cross polarization discrimination (XPD) is > 30 dB over the band. This value is 

lower than the 40 dB limit for the simulated antenna over most of the bandwidth. The 

degradation in measured cross-pol is due to measurement errors and fabrication tolerances. 

The theoretical gain based on 100 % aperture efficiency is also calculated and compared to 

that of the proposed antenna (Figure 3.16). Aperture efficiency greater than 100% is 

observed at the low frequencies due to the presence of fringing fields at the aperture. At 

mid and high bands, aperture efficiencies > 80% and > 55%, respectively, are obtained. 

   

 
Figure 3.16: Measured and simulated gains of the proposed cavity-backed 2-element Vivaldi 

array. 
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(a) 

 

 

(b) 

 
Figure 3.17: Measured and simulated radiation patterns of the designed cavity-backed 2-

element Vivaldi array. 
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 The measured and simulated patterns at 2 GHz, 3 GHz, 4 GHz, 5 GHz, 6 GHz, and 

8 GHz, are shown in Figure 3.17. The obtained patterns are symmetric with low side lobes 

in both, E-, and H-planes. The other mode of polarization has similar performance as 

expected from the symmetric configuration and feeding technique. Beam broadening is 

observed at 8 GHz as a result of the decreased gain and aperture efficiency as described in 

Section 3.3.1. The H-plane cross-pol is also seen to be higher at this frequency, due to 

strong contribution of higher order modes. 

3.4 Dual-Polarized 2-Element Cavity-Backed Vivaldi Array with 

Integrated Power Divider 

 The dual-polarized cavity-backed 2-element Vivaldi antenna discussed in Section 3.3 

requires a commercial 2-way power divider per polarized port. The aperture of that antenna 

is 90 × 90 mm2, and was chosen for turn on frequency at 2 GHz while maintaining stable 

patterns at high frequencies. The compact 12” × 12” platform of Section 2.4.1 imposes a 

maximum antenna aperture of 80 × 80 mm2 when mounted diagonally on the ground plane 

for STAR operations. The cavity-backed 2-element Vivaldi of the previous section therefore 

does not meet the requirements of such platform.  

In this section a reduced aperture dual-polarized and cavity-backed 2-element 

Vivaldi antenna is presented. Knowledge gained from the parametric study of Section. 3.3.1 

is combined with proper geometrical modifications of the antenna to obtain a compact 75 × 

75 mm2 aperture with turn on frequency maintained at 2 GHz. The capabilities of this 

newly introduced antennas are further extended with an integrated power divider / 

combiner. 
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3.4.1 Stripline T-junction Power Divider 

VSWR of the cavity-backed 2-element Vivaldi is found to be unaffected with the type 

of power divider used (isolated vs. non-isolated). Wilkinson isolated power dividers require 

resistive components [96] which limit the power handling capability and increase prototype 

cost. Non-isolated T-junction dividers are simple and can easily be fabricated in multilayer 

PCB boards. The proposed T-divider is designed in stripline using two 60 mils Taconic TLY 

5 substrates. Thick substrate and resistor-free design enable high power handling 

capability. The T-junction is realized by exponentially tapering a stripline from 50 Ω at the 

input to 25 Ω at the junction. Two power dividers (one per polarization) are stacked 

together, with output ports, aligned with antenna input as shown in Figure 3.18. Ports 1 

and 2 of Figure 3.18 are the two input ports, their respective output ports are 3-4 and 5-6. 

The fabricated dividers are assembled in a modular configuration, allowing them to be 

tested as standalone components or part of an integrated system. In the standalone 

configuration (Figure 3.19), the measured and simulated reflection coefficient and power 

coupled to ports 3 and 4 are plotted in Figure 3.20. While simulation results are only shown 

up to 8 GHz, measurements are extended up to 10 GHz to demonstrate the wideband 

response of the fabricated component. As seen, the divider operates over more than 8:1 

bandwidth with S11 < -15 dB. The coupling to the two output ports (ports 3 and 4) are seen 

to be greater than -3.5 dB from 2- 7 GHz which is of interest for this research. Above 7 GHz, 

insertion loss increases significantly. This high loss is due to leakage between stacked 

layers as frequency increases.  
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Figure 3.18: Isometric and top view of the proposed integrated T-junction power divider. 

 

 
Figure 3.19: Photograph of the fabricated standalone T-junction power dividers. 
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  (a) 

 

  (b) 

Figure 3.20: Measured and simulated (a) reflection coefficient and (b) coupling of the 

standalone T-junction power divider. 

3.4.2 Dual-Polarized Antenna with Integrated Divider. 

 It is shown in Section 3.2.1 that the cavity is not flared all the way up to the 

aperture, but stop at an offset distance h. This offset from the aperture was seen to have 

great impact in decreasing the turn on frequency of the antenna. In the case of the 90 × 90 

mm2 aperture, h =5 mm was retained for acceptable far field degradation at high 

frequencies. Decreasing the aperture size to 75 × 75 mm2 allows larger values for the 

parameter h while maintaining good far field pattern at high frequencies. With this reduced 

aperture, h is set to 20 mm as seen in Figure 3.21(a). The Vivaldi elements are flared in two 

transverse planes to have the appearance of a TEM horn [81]. This aims to further decrease 
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the turn on frequency by presenting a larger radiation surface to the low frequency 

currents. Measured and simulated VSWR of this new dual-polarized configuration are 

shown in Figure 3.21(b). As seen, VSWR < 2 is achieved over 2 – 7 GHz both, when the  

 

 

(a) 

 

 

(b) 

Figure 3.21: Dual-polarized antenna with integrated divider (a) designed and fabricated 

antenna (b) measured and simulated VSWR.  
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antenna is connectorized to the designed divider, and integrated with it. STAR performance 

of this antenna when mounted on the 12” × 12” platform is discussed in the next section. 

3.5 Isolation Analysis with Dual-Polarized Antennas 

 Section 2.3 presented the isolation performance of single polarized STAR antennas 

in the 2 – 7 GHz band. In this section a similar study is performed on designed dual-

polarized antenna. The study only focuses on the cavity-backed 2 element Vivaldi antenna 

given its simplicity for broadside radiation. The analysis starts with the 90 × 90 mm2 

aperture which requires a bigger ground plane, transmit receive isolation in this case is 

investigated on a 17” × 17” platform. The case of the smaller aperture, 75 × 75 mm2 is later 

discussed when mounted on a compact 12” × 12” platform. 

3.5.1 Isolation with 90 × 90 mm2 Aperture 

 To assess the differences between isolations of dual- and single-polarized STAR 

system, transmit and receive antennas are first mounted on a smaller ground plane shown 

in Figure 3.22. The size of this ground plane is similar to that of the single polarized system 

of Section 2.4.1 with the separation between antennas kept equal to 25 cm. The antennas   

 

 

Figure 3.22: Setup of the cavity-backed 2-element Vivaldi array for isolation analysis. 
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are seen to be oriented in their respective D-plane. The orientations of the E- and H-planes 

indicated, are given with respect to excitation of ports 1 and 2 using a 2-way power divider. 

Measured co-polarized isolation is plotted in Figure 3.23(a). As seen, isolation > 60 dB is 

achieved above 5 GHz. Below this frequency, isolation degrade and reaches 37 dB at 2 GHz 

This isolation is also seen to be lower than the value obtained for the single polarized case 

of Figure 2.31. This is due to strong gains near horizon and propagation of TM surface 

currents when the antennas are oriented in the D-plane. In an attempt to suppress the  

 

 

(a) 

   

(b) 

Figure 3.23: Measured co-polarized transmit receive isolation between two designed dual-

polarized antennas with (a) flat ground plane, and (b) absorber near the receive antenna. 
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surface currents on the ground plane, magnetic loaded absorbers [97] are placed near the 

received antenna as shown in the inset of Figure 3.23(b). The measured isolation with this 

COTS absorber is shown in Figure 3.23(b). Marginal improvement is seen to the isolation 

(~5 dB). This small improvement is due to the small thickness of the absorber (1 mm). 

Better improvement is expected with thicker absorbers, this however, leads to degradation 

of antenna efficiency when placed closer to the aperture. A different approach that does not 

rely on absorbers close to the aperture is therefore researched. 

 It is well accepted that a finite conductive metal ground plane has a surface 

impedance which is predominantly inductive [98]. Such a ground plane enhances the 

propagation of TM waves. Capacitive surfaces however prevent these waves from 

propagating and instead force them to radiate. When antennas are oriented in the D-plane 

of each other as illustrated in Figure 3.22, TM waves are launched on the ground plane. 

The propagation of these waves results in the degradation observed in isolation. There are 

several techniques discussed in [14] that can be used to engineer capacitive surfaces, and 

thereby mitigate the propagation of TM waves. Among these techniques, use of metallic 

pins that are periodically arranged to have a capacitive impedance over an octave 

bandwidth is considered. The surface reactance of a ground plane using double periodic 

metallic pins is shown in Figure 3.24. As seen, the surface is capacitive from 2 to 4.5 GHz 

and from 5.8 to 7.5 GHz for a 4 cm pin height (λ1.875 GHz/4). The surface is also seen to be 

strongly inductive around 5 GHz. To analyze how this response affects the coupling, 

isolation is simulated for the 4 cm pins configuration. For this analysis, three situations 

when the pins are not recessed, half, and fully recessed with the ground plane are 

compared. The setup of these three configurations is shown in Figure 3.25, and the isolation 

of each setup is plotted in Figure 3.26. Isolation is seen to be higher than the baseline case 

(no reactive surface) from 2 to 4.5 GHz where the surface is capacitive. It drops around 5 

GHz when the surface becomes inductive and increase again above 5.7 GHz when the 
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surface becomes again capacitive. It is also seen that the improvement in isolation is lower 

when the pins are recessed with the ground plane. This reduction is due to the low 

interaction between the surface waves and the impedance surface. The half recessed 

surface has comparable isolation with the full recessed case and therefore represents the 

best tradeoff between high isolation and profile reduction. 

 

 
Figure 3.24: Surface reactance of the treated ground plane when loaded with double 

periodic metallic pins. 

 

 

 
Figure 3.25: Setup for isolation improvement using double periodic reactive impedance. 
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Figure 3.26: Isolation improvement using reactive impedance surfaces (RIS). 

 

 The study has so far focused on dual-polarized antennas mounted on a ground 

planes that do not integrate any other antenna or scatterer. In realistic system as discussed 

in Chapter 2, the aperture is shared will multiple antennas. To assess the performance of 

the designed antenna on such a platform, measured and simulated isolations shown in 

Figure 3.27 are obtained for antennas mounted in the diagonal of a 17” × 17” platform. This 

platform is illustrated in the inset of Figure 3.27, which shows other flush mounted 

 

 
Figure 3.27: Measured and simulated isolation of the dual-polarized 90 × 90 mm2 aperture 

when mounted on a 17” × 17” platform. 
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antennas. The layout of antennas on the platform is identical to that of Figure 2.38. Good 

agreement is obtained between measured and simulated isolations. High directivity and 

increased spacing at higher frequencies results in high isolation above 4.5 GHz. Below this 

frequency, beam widening and TM wave coupling decrease the isolation. 

 Having the antennas in the diagonal of the ground plane as shown in the inset of 

Figure 3.27 is done to obtain the maximum separation distance within the available space. 

The spiral which is seen between the antennas, occupies the area where reactive surfaces 

need to be inserted for isolation improvement. It is however seen that having the antennas 

along the same side provides some room to insert these surfaces. The antenna layout is 

modified to enable such surfaces as shown in the inset of Figure 3.28, where isolation 

measurements are shown. Figure 3.28 compared the isolation with and without reactive 

impedance surface (RIS). As seen, isolation > 45 dB is achieved with RIS which is 10 dB 

higher than that of a flat ground plane. The improvement in isolation is smaller than the 

results obtained in Figure 3.26. This is due to the area occupied by the RIS, which is not 

large enough for efficient operation.   

 

 
Figure 3.28: Measured isolation of the dual-polarized 90 × 90 mm2 aperture when mounted 

on the sides a 17” × 17” platform with RIS in between. 
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3.5.2 Isolation with 75 × 75 mm2 Aperture 

 Transmit-receive isolation between two dual-polarized antennas mounted on the 

compact 12” × 12”  platform is analyzed in this section. As was demonstrated for the single 

polarized case, the maximum aperture that can fit in this platform is 8 × 8 cm2. The cavity-

backed dual polarized 2-element Vivaldi antenna with (7.5 × 7.5 cm2) aperture is therefore 

used in this study given its smaller aperture. The two antennas are placed in the diagonal 

of the platform as illustrated in Figure 3.29. Similar to the single polarized case, the 

analysis will be performed without the presence of other antennas. Same tray setup as 

shown in Figure 2.38 is used in the final prototype. The antennas are first mounted on a 

flat ground plane as seen in the inset of Figure 3.29. The measured and simulated 

isolations of this configuration are shown in Figure 3.29. Good agreement is obtained 

between experiment and simulation with isolation having similar trends as discussed 

above. As seen in Figure 3.29, isolation increases with frequency, starting at 37 dB and 

crossing 60 dB at 6 GHz. Surface currents on the ground plane at 3 GHz are also shown in 

the inset of Figure 3.29. As seen, strong coupling through these currents contributes to the 

low isolation at low frequencies. It was shown in the case of the single polarized system of 

Section 2.4.1 that adding a cylindrical reflector to emulate spiral cavity with four pillars on 

the sides significantly improve the isolation. A similar approach is done here for the dual-

polarized case as seen in Figure 3.30, where surface currents at 3 GHz are also shown. The 

simulated isolation of this configuration is shown in Figure 3.31. As seen, the isolation is 

below 60 dB over most of the band, demonstrating that the proposed approach does not 

have significant impact for the dual polarized case. 
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Fig 3.29: Measured and simulated isolation of the dual-polarized antenna mounted on flat 

12” × 12” platform. 

 

 
Figure 3.30: Surface currents at 3 GHz for dual-polarized 2 – 7 GHz antennas mounted on a 

ground plane with a cylindrical metallic wall and pillars inserted between the antennas. 
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Figure 3.31: Transmit-receive isolation for antennas of Figure 3.30 

 

 Analysis of the surface currents at 3 GHz in Figure 3.30 shows strong currents 

launched in the E-plane of the excited antenna. To prevent these currents from coupling to 

the receive antenna, the thickness of the pillars is extended and their surface corrugated as 

illustrated in Figure 3.32. The corrugations do not behave as a reactive surface given the 

open boundary at the ground plane edges. They are mainly used as means to radiate these 

currents. These radiated currents can couple back to transmit or receive antennas, leading 

to increase reflection coefficient and ripple in the patterns. Measured and simulated 

isolations of this configuration are shown in Figure 3.32. As seen, isolation > 50 dB is 

achieved over the 2 – 7 GHz band with good agreement between experiment and 

simulation. Scattered radiation near the aperture may add destructively in the broadside 

direction, thereby leading to gain nulling. To mitigate this negative effect, each corrugation 

is loaded with 3.2 mm thick magnetic absorber [99] as seen in the enlarged view of Figure 

3.33. The absorbers are not placed near the aperture of the antenna thereby maintaining 

high radiation efficiency. Broadside gains of the different configurations discussed herein 

are shown in Figure 3.34(a). As seen, monotonic gain increase is seen for the baseline 

configuration (flat ground plane) and corrugated loaded absorber case. Gain drop is seen 
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around 4.6 GHz for the corrugated surface, thereby justifying the use of absorbers. 

Measured isolations comparing these 3 configurations are shown in Figure 3.34(b). As seen, 

the isolation is greater than 60 dB over most of the band demonstrating the effectiveness of 

the proposed technique. To assess the impact on the far field performance, Figure 3.35 

shows simulated radiation patterns of the antennas mounted on a flat ground plane along 

with those of the absorber loaded corrugation of Figure 3.33. As seen, a small squint is 

observed in the absorber loaded corrugated ground plane. This squint is however seen to be 

significantly smaller when compared to the single polarized case. This improvement is due 

to the absorbed which decreases the impact of destructive interference after reflection and 

diffraction on the corrugated surfaces.  

 

 
Figure 3.32: Measured and simulated isolation of the dual-polarized 2 – 7 GHz antennas 

mounted on a ground plane with a cylindrical metallic wall and corrugated pillars placed 

next to the antennas. 
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Figure 3.33: Absorber loaded corrugation used to improve transmit receive isolation and 

gain ripple. 

 

 

(a) 
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(b) 

Figure 3.34: Performance comparison between different configurations of the dual-polarized 

antennas mounted on the 12” × 12” platform with (a) broadside gain, and (b) isolation. 

 

 
Figure 3.35: Pattern comparison between antennas mounted on the 12” × 12” flat and 

absorber loaded corrugated ground plane. 
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3.5 Summary 

 The design of wideband dual-polarized, all-metal, and cavity-backed Vivaldi array 

antenna is presented. Simulated results of a 3 × 4 array show a resonant free behavior, 

thereby demonstrating extended capability of this antenna as an integral part of a 

shipborne phased array system. A detailed design of a second dual-polarized all-metal 

antenna comparable to quad-ridge horn antennas is introduced. The antenna is fabricated 

and demonstrates VSWR < 2, gain > 8dBi, high quality, and symmetric radiation patterns 

over 4:1 bandwidth. A high power stripline power divider/combiner operating from 1 to 8 

GHz is also designed and integrated with the antenna in a compact form, leading to only 

two feeding points (one per polarization port). Two of the designed antennas are diagonally 

mounted on a metallic ground plane for bi-static STAR operation. Different techniques 

aiming to increase transmit-receive isolation are presented. Reactive impedance surfaces 

are shown to be very effective in that sense when the platform provides enough space for 

their integration. In space constrained platforms, properly engineered metallic reflective 

surfaces are shown to be very efficient in decreasing coupling without, significant 

degradation of the radiation patterns.  
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Chapter 4 

 

Diplexer-Free X-band FDD Subarray for Geo-Satellites Phased 

Arrays 

 

4.1 Overview 

 The previous two chapters are dedicated to STAR antennas for use on airborne and 

shipborne platforms. More precisely, techniques to increase the isolation of bi-static STAR 

systems are discussed for antennas mounted on different types of platforms. In this 

chapter, the focus shifts to monostatic STAR configurations. The main objective is to 

analyze how monostatic STAR topologies can be combined with conventional Frequency 

Division Duplex (FDD) systems to decrease their complexity. In this analysis, the platform 

is a geostationary satellite and interest is on X-band phased array antennas which are 

gaining popularity in satellite payloads. In the commercial sector, the increase demand for 

high throughput communication links is pushing most satellite operators to shift their 

business model from the conventional bend pipe and fixed beam coverage to multi-beam 

high throughput configurations [100]-[101]. This architecture, which aims to generate more 

EIRP and G/T is made possible with the use of antenna arrays. The initial deployment of 

multi-beam systems relied on reflector fed array antennas [102]-[104]. The need to 

accommodate dynamic earth coverage from geostationary orbit has resulted to a burst of 

research in phased arrays for space payloads [105]-[110]. These antennas are also of great 
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importance in defense applications where not only precise shaping of the coverage area, but 

the ability to create precise null at a designated locations is needed.  

Today, advanced satellite payloads use active phased array (APA) as the state of the 

art technology [111]. Having a power amplifier and LNA per unit cell decreases losses in 

the RF path. APA also reduces the need for redundant active components; the use of 

multiple amplifiers and LNAs creates an inherent redundancy in the system. In [105]-[106], 

a tile based APA is presented where all active components and RF beamforming network 

(BFN) are stacked, in layers parallel to the subarray aperture.  Conventional X-band APA 

systems based on the tile configuration with TX (7.25 – 7.75 GHz) and RX (7.9 – 8.4 GHz) 

are predominantly single-polarized [105]-[106]. Polarization diversity is used in these 

systems to realize frequency division duplex (FDD) communication, leading to inefficient 

use of the spectrum. To enable dual-polarized operation with co-polarization between 

transmit and receive, two diplexers are needed per subarray. These diplexers have to 

provide high rejection over a 150 MHz guard band while being extremely compact to fit 

under the subarray footprint. This requirement is very challenging given the strong 

correlation between diplexer size and filter rejection [112]-[114]. 

In this chapter, a diplexer-free X-band subarray for co-polarized FDD 

communication systems is presented. The proposed tile subarray enables co-polarized FDD 

communications using a monostatic STAR architecture. The presented STAR architecture 

uses a concept proposed in [32] where monostatic subarray for in-band full-duplex 

communication is demonstrated over a narrow band. The proposed architecture thereby 

eliminates the need for diplexers. The size of which has limited the development of dual-

polarized systems. In this research, the cavity-backed 2-element Vivaldi of Chapter 3 is 

modified to enable feeding through waveguides. The newly developed all metal antenna, 

which allows dual-polarization without the need of an orthomode transducer (OMT) is used 

as the unit cell of the presented subarray.  
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 This chapter is organized as follows: 

 Section 4.2 describes the system architecture of the proposed subarray. Design 

requirements of the different components used in the system are also presented. 

 Section 4.3 goes over a detailed design of the different components of the 

subarray. 

 Section 4.4 presents the full characterization of the system. Transmit-receive 

isolation and far field performance are presented.  

 Section 4.5 summarizes the chapter. 

4.2 System Architecture and Subarray Description 

 The schematic of the conventional approach used to realize a dual-CP payload with 

co-polarized transmit-receive using a single aperture is shown in Figure 4.1(a). Dual-

polarization is obtained with two diplexers connected to a dual linearly-polarized (LP) 

antenna through a quadrature hybrid. The burden is therefore put on the diplexer design, 

which has to provide the necessary isolation to meet system requirements. This is 

challenging in phased array systems where size is constrained by the scan requirements. 

 To overcome this limitation, this research proposes a sequential rotated array (SRA) 

of dual-polarized linear antennas. This configuration relies on two quadrature hybrids and 

four balun as shown in Figure 4.1(b). This architecture does not use any diplexer as seen, 

but instead relies on the beamforming network (BFN) to isolate the receiver. Arrows in 

Figure 4.1(b) represent the polarization of the electric fields for TX (green arrows) and RX 

(red arrows). As seen, the subarray (unit cell) is composed of four antenna elements with 

TX and RX BFNs as illustrated in Figure 4.1(b). Two orthogonally polarized ports in each 

antenna element are connected to TX and RX paths. The 2 × 2 subarray is obtained by 

sequential rotation array of the antenna elements with a 90° phase progression as shown in 
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Figure 4.1(b). TX and RX BFNs are a modified Butler matrix with one 90° hybrid and two 

2-way dividers with 180° differential output ports as shown in Figure 4.1(b). The subarray  

 

 

(a) 

 

 

(b) 

Figure 4.1: Dual-polarized architecture with co-polarized transmit-receive: (a) conventional 

approach, and (b) sequentially rotated array architecture.  

can operate in left-handed circular-polarization (LHCP) or right-handed circular-

polarization (RHCP) with co-polarization between TX and RX. Owing to the symmetry of 
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the (SRA) and the phase progression, it is demonstrated in [32] that the coupling from TX 

to RX ports (self-interference) is canceled at the RX port of the BFN. The remaining coupled 

power is dissipated at the cross-pol. port of the RX 90° hybrid. The proposed architecture 

can theoretically achieve infinite isolation between the TX and RX port for broadside 

radiation without diplexer. For practical realizations and when multiple subarrays are 

phased for beam scanning, the true isolation is finite, due to the imperfection of hybrids, 

SRA, and non-uniform phase excitation.  

The total size of the subarray aperture is set to 100 mm × 100 mm (2.8λ8.4GHz  × 

2.8λ8.4GHz) which is seen to be less than the 3.3λ8.4GHz × 3.3λ8.4GHz required to maintain grating 

lobes off the surface of Earth. The different components of the subarray, namely the unit 

cell antenna and the BFN, are therefore designed to fit under the subarray footprint. 

4.3 Subarray Components Analysis and Design 

4.3.1 Dual-polarized Unit Element 

With the subarray aperture set to 2.8λ8.4GHz × 2.8λ8.4GHz, the maximum element 

aperture is 1.4λ8.4GHz × 1.4λ8.4GHz. While this size allows higher aperture efficiency at the 

antenna element, it also leads to higher scan loss and degraded off axis axial ratio. Axial 

ratio is found to be one of the most critical parameters affecting the element size. To 

maintain axial ratio below 3 dB in all cuts within 18° beam width, the antenna element size 

is set to 40 mm × 40 mm (1.12λ8.4GHz ×1.12λ8.4GHz). 

 All metal antennas such as horns have mostly been used in space applications to 

avoid potential electrostatic discharges or outgassing hazards [115]. To obtain dual-

polarization with horn antennas, orthomode transducers (OMT), typically designed with 

either a Bøifot [90] or turnstile junction [89] are used. These two OMT configurations 

provide high isolation between the two orthogonal polarizations and are therefore widely 
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used in dual-polarized horn antennas. In an active phased array based on a tile 

configuration, they have to fit under the antenna footprint. This requirement is difficult to 

satisfy with Turnstile and Bøifot based OMTs due to the unfolded side arms which increase 

their profile. A new type of compact dual-polarized all metal antenna therefore needs to be 

researched to satisfy the tile active phased array requirement. In Chapter 3, a dual-

polarized all metal 2-element cavity-backed Vivaldi antenna array was introduced. A coax 

to parallel plate transition is used to feed each Vivaldi antenna element and a 2-way power 

divider is used to provide a single input per polarization. While this antenna could be used 

for the tile phased array, the required external divider and the associated wiring will add 

losses that may be unacceptable for the intended applications. 

 To mitigate this problem, a new design of a dual-polarized all metal antenna is 

introduced. The antenna is based on the dual-polarized cavity-backed 2-element Vivaldi 

array discussed in Chapter 3. Herein, the coax to parallel plate adapter is replaced with a 

double ridge to parallel plate transition, and the 2-way power divider is replaced with an 

inline integrated waveguide bifurcation. A picture of the proposed antenna is shown in 

Figure 4.2 with a detailed assembly process split into 5 steps. Step 1 shows the design of 

the proposed inline bifurcation (Y-junction). Each junction is designed as a double ridge 

waveguide cross section as shown in Figure 4.3. Nonstandard double ridge cross sections 

are used to fit within the imposed unit cell size. The dimensions of each double ridge cross 

section are also shown in Figure 4.3. These dimensions are selected to have the cut off 

frequency of each waveguide below 7 GHz. Also seen in Figure 4.3 is the asymmetry 

between the two Y-junctions used for each polarized port. Port 2 is attached to a waveguide 

bend; to provide clear access to this port, the orthogonal port (port 1) is connected to a 

waveguide section slightly curved using a sin2 profile. The reflection coefficient at the input 

of port 1 and 2 of Figure 4.3 are shown in Figure 4.4. As seen, port 1 has a better response 

and the increase reflection coefficient of port 2 is due to the waveguide bend. The maximum 
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reflection coefficient is however seen to be less than -25 dB. In step 2 of Figure 4.2, a double 

ridge to parallel plate transition is designed with return loss >30 dB obtained over the 

frequency band of interest. This element is needed to provide smooth transition to the 2-

element Vivaldi array shown in step 3. The 2-element Vivaldi array is recessed in a metallic 

cavity to form the element shown in step 4. As discussed in Section 3.4, the two arms of the 

Vivaldi connected to the cavity are flared in the transverse direction to improve radiation 

and impedance match at low frequencies. Step 5, which is the final assembly, shows the 

proposed dual-polarized all metal antenna. As seen, the two orthogonal ports and the 

associated waveguide paths are under the aperture footprint of 40 mm × 40 mm. The S-

parameters of the designed element are shown in Figure 4.5. The reflection coefficients are 

<-18 dB with coupling between the two orthogonal   ports < -60 dB.  

 

 
Figure 4.2: Dual-polarized all metal antenna element with the design process shown in 

greater detail.  
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Figure 4.3: Inline bifurcation and design parameters of the double ridge waveguides  

 

 
Figure 4.4: Reflection coefficient of the designed Y-junction. 

 

 
Figure 4.5: S-parameters of the designed dual-polarized unit element. 
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The far field performances of the unit element are shown in Figure 4.6. Aperture 

efficiency, which is calculated from simulated directivity is > 70 % over X-band (Figure 4.6 

(a)). Broadside gain is plotted along with maximum gain under uniform illumination in 

Figure 4.6 (a), As seen, obtained gain is 1 dB lower than its maximum. Radiation patterns 

in E-, H-, and D-planes are shown in Figure 4.5(b). While the shown performances are only 

demonstrated in X-band, the designed antenna can operate over more than a 3:1 impedance 

bandwidth. 

 

 

(a) 

 

(b) 

Figure 4.6: Far field performances of the designed dual-polarized unit element. (a) gain and 

aperture efficiency, and (b) radiation patterns at 7.2 GHz and 8.4 GHz. 
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4.3.2 Modified 2 × 4 Butler Matrix 

 In the full duplex communication discussed in [32], the butler matrix is made by 

cascading 90° and 180° hybrids. It is also demonstrated in [32] that the achieved isolation is 

extremely sensitive to the BFN’s imbalances, particularly phase imbalances. To provide 

further simplification of this matrix, the 180° hybrid which is known to have high phase 

imbalance is replaced with a 2-way power divider with 180° differential output as shown in 

Figure 4.7. To minimize losses inside the BFN, all components are designed in waveguide 

technology. The first element is the 2-way power divider with 180° differential output. One 

possible way to realize this element is to design a Y-junction and attach a 180° phase 

shifter to one of its output ports. This approach leads to increased complexity, given the 

need for a 180° phase shifter with low phase imbalance. The approach proposed herein is to 

use the transition from TE10 mode in double ridge waveguide to TEM mode in coaxial line 

to obtain the 2-way divider with differential output. A schematic of the design principle is 

shown in Figure 4.7. To obtain 180° phase difference between the output ports, the inner 

pin of the coax is connected to identical ridge arms. The symmetry of the double ridge cross 

section leads to theoretically zero amplitude and phase imbalances between the output 

ports. Also seen in Figure 4.7 is the inline connection of the coax, thereby requiring the 

design of an inline coax to double ridge transition. A compact inline coax to double ridge 

transition is designed with the picture shown in the inset of Figure 4.8. The coax is first 

transition to a single ridge waveguide and a sin2 profile is used to provide smooth transition 

from single to double ridge. The reflection coefficient of the transition is shown in Figure 4.8 

to be less than -26 dB within the frequency of interest. 
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Figure 4.7: Architecture of the 2-way power divider with 180o differential output ports.  

 

 
Figure 4.8: Reflection coefficient of the inline coax to double ridge transition.  

 

 The second element in the BFN is the 90° hybrid. Given that each output port of this 

hybrid will be connected to the double ridge input of the 2-way divider (Figure 4.7), it 

becomes appealing to design the hybrid in double ridge. It is challenging to design 90° 

hybrids in double ridge waveguides given the rapid change of propagation constant with 

respect to cross section. The design is instead performed using single ridge sections, a single 

to double ridge transition is used to obtain double ridge outputs. The hybrid is a three 

branch waveguide coupler using the concept presented in [116]. While the propagation 

constant of rectangular waveguide used in [116] remains constant with cross section 
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variation in E-plane, this is not the case for ridge waveguides. The design parameters 

presented in [116] are tuned for minimum phase imbalance within the frequency of 

interest. The designed 90° hybrid is shown in the inset Figure 4.9. The phase difference 

between the two output ports is seen to have a maximum imbalance of 1° as shown in 

Figure 4.9(a). The S-parameters of the hybrid are shown in Figure 4.9(b). As seen, the 

maximum amplitude imbalance is 0.4 dB, the input return loss and isolation are > 18dB. 

   

 

(a) 

    

(b) 

Figure 4.9: Performances of the ridge waveguide quadrature hybrid with (a) phase 

difference between the two output ports, and (b) S-parameters.  
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The BFN is obtained by combining the designed 90° hybrid of Figure 4.9, and the 2-

way power divider of Figure 4.7. A picture of the designed 2 × 4 modified Butler BFN is 

shown in Figure 4.10 with output ports labeled from 2 to 5. Ports 1 and 6 are the input 

ports and can be respectively used to generate LHCP and RHCP polarizations. A coax to 

double ridge adapter is also used in this design at the input ports to support the attachment 

of coaxial cable. This adapter could be replaced by a transition to standard waveguide cross 

section such as WR112 if needed. The S-parameters of the designed BFN are shown in 

Figure 4.11. The maximum simulated amplitude imbalance is 0.5 dB and is mainly 

dominated by the imbalance of the 90° hybrid. 

The BFN is fabricated using a split block CNC machining process as shown in 

Figure 4.12, where the cover is removed to highlight internal features. S-parameters of the 

fabricated BFN are shown in Figure 4.13. In Figure 4.13 (a), reflection coefficient and 

isolation are plotted, coupling to the four outputs when port 1 is excited are plotted in 

Figure 4.13 (b). As seen, the reflection coefficient at the two input ports is below -10 dB and   

 

 
Figure 4.10: Designed 2 × 4 modified Butler BFN combining one 90o and two 2-way power 

dividers with differential output.  
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Figure 4.11: S-parameter of the designed BFN  

 

 
Figure 4.12: Fabricated 2 × 4 modified Butler BFN using split block machining process.  

 

the isolation between these ports is less than -20 dB. Coupling to output ports shown in 

Figure 4.13(b) is seen to be different than simulated data of Figure 4.11. These differences 

between simulation and experiment are due to the fabrication imperfections. The total 

insertion loss is however less than 0.4 dB, amplitude and phase imbalances are < 1.3 dB 

and 8 degree, respectively. Impact of these imbalances on system performance is discussed 

next. 
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(a) 

 

(b) 

Figure 4.13: Measured S-parameters of the BFN with (a), reflection coefficients and 

isolation, and (b) coupling to output ports.  

4.4 Subarray Performance Analysis 

 The designed antenna element in Figure 4.2 is sequentially rotated to obtain the 

subarray of Figure 4.14 (a). Ports 1 to 4 and 5 to 8 in Figure 4.14 are respectively transmit 

and receive antenna ports. The arrows represent the polarization of each radiating element 

and the orientation of the electric field at the aperture when all elements are excited with 

uniform phase. The subarray is also seen to be flushed with a finite ground plane, the size 

of the ground plane is chosen such that center to center separation between adjacent 
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subarrays is less than 100 mm (2.8λ8.4GHz). The passive S-parameters between port 1 and 

the remaining ports in Figure 4.14 (a) are shown in Figure 4.15 (a). As seen, the highest 

coupling is between port 1 and 6 indicating strong E-plane coupling around -25 dB. It is 

demonstrated in [32] that this mutual coupling is directly correlated to the power loss in 

the cross-polarized port. Also, for simultaneous dual-polarization operation, the maximum 

achievable isolation is limited by the highest mutual coupling. To further reduce the 

coupling, two quarter wave chokes are inserted in the unit element. The first choke is 

designed at 8 GHz and is applied on the arms of the Vivaldi connected to cavity. The second 

is a concentric ring choke designed at 7.5 GHz as shown in Figure 4.14(b). The passive S-

parameters for this configuration are shown in Figure 4.15(b). As seen, E-plane coupling 

between port 1 and 6 is reduced in excess of 25 dB and the overall coupling is reduced by 

more than 10 dB. The subarray of Figure 4.14(b) is retained is this study and will be used 

for the remaining of the chapter given its superiority. The axial ratio of the designed 

subarray is shown in Figure 4.16, and is seen to be less than 3 dB over the scan volume. 

The off axis axial ratio is seen to be worst in the diagonal plane as expected for sequentially 

rotated arrays [117]. Aperture efficiency of the designed subarray is shown in Figure 4.17. 

As seen, aperture efficiency < 50 % is obtained over the frequency range of interest. This 

low aperture efficiency results from the cascade of two contributions. First, aperture 

efficiency of the unit element shown in Figure 4.6(a) is less than 80 %, thereby setting the 

first limit in the subarray. Secondly, it is demonstrated in [118] that the maximum 

aperture efficiency of sequentially rotated arrays of dual-linear polarized element is limited 

to 50 % when the elements are separated by more than one-half wavelength as used here. 

The combination of these two effects therefore explains the low aperture efficiency. A design 

architecture aiming to improve the aperture efficiency is discussed in Chapter 5. 
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Figure 4.14: Subarray obtained by sequential rotation of unit element of Figure 4.2. (a) 

subarray without mutual coupling mitigation, (b) subarray with quarter wave chokes for 

mutual coupling reduction.  

 

 
(a) 

 

(b) 

Figure 4.15: Subarray passive S-parameters (a) without chokes, and (b) with chokes. 
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Figure 4.16: Axial ratio of the subarray. Worst axial ratio is in the diagonal plane.  

 

    
Figure 4.17: Aperture efficiency of the designed subarray, aperture efficiency is calculated 

with respect to maximum directivity. 

 

The designed subarray is fabricated using combined split block and 3D printing 

technology as illustrated in Figure 4.18. The aperture part of the array (cavity-backed 

Vivaldi elements) is 3D printed and copper plated as a single block. Y-junctions are CNC 

and assembled from multiple blocks. 

Measured isolations of the fabricated antenna shown in Figure 4.19 are performed 

using the fabricated BFN and commercial hybrids [119]. Phase matched cables are used to 

connect the antenna with the BFN.  Both co-polarized isolation are seen to be greater than 

44 dB over most of the 7.25 -8.4 GHz band. Isolation obtained using COTS components are 

seen to be comparable to that of the fabricated BFN. Theoretical isolation from this 

sequential rotated array configuration is infinite, the finite level obtained in Figure 4.19 is 

due to the imbalances of the BFNs used. 
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 Measured far field performance of the subarray are obtained using 2 approaches. 

First, directivity and radiation patterns are measured when the fabricated BFNs are 

connected with the antenna. In the second approach, measured embedded element patterns 

are used to synthesize the combined patterns and directivity. Radiation patterns and 

directivity of the fabricated subarray are shown in Figure 4.20. Some differences are seen 

between measurement and simulations. These differences are associated with the 

imbalances of the BFNs and asymmetry between the antenna elements. As seen, 

synthesized performances, which do not include any imbalance from the BFN still show 

some deviations from simulation. Cross-pol of the antenna with the fabricated BFN is seen 

to be worse than the synthesized case as expected given the measured imbalances. 

 

 
Figure 4.18: Photograph of the prototyped subarray combining CNC machining 3D printing 

techniques. 
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(a) 

  

(b) 

Figure 4.19: Measured co-polarized transmit receive isolation with (a) using fabrication 

BFN, and (b) using commercial hybrids. 

 

                 

         (a) 
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                 (b) 

Figure 4.20: Measured far-field performance (a) measured and simulated patterns,(b) 

Directivity.   

4.5 Summary 

 An X-band full-duplex subarray, used as the unit cell of a dual-polarized active 

phased array is designed and fabricated. The proposed architecture enables co-polarized 

transmit and receive with theoretically infinite isolation. The proposed architecture does 

not rely on diplexers or circulators, often required for full duplex communication. Measured 

isolation > 44 dB is demonstrated. The finite achieved isolation is found to be due to 

imbalances and asymmetry in fabricated components. Detailed design guidelines of each 

component of the subarray is described. A novel dual-polarized all metal antenna is 

introduced as a candidate for space capable antennas. This newly introduced antenna is 

excited with double-ridge waveguides and does not rely on an OMT to realize dual-

polarization with simulated cross-pol isolation > 60 dB.  
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Chapter 5 

 

Balanced-Diplexer FDD Subarray for X-Band Phased Arrays 

 

 

5.1 Overview 

 In Chapter 4, we proposed a diplexer-less dual CP X-band subarray with high TX/RX 

isolation. However, this design is based on a sequentially-rotated array with maximum 

aperture efficiency limited to 50%, and a high profile which decreases its attractiveness for 

the targeted application. In this chapter, a different subarray architecture aiming to 

simplify the diplexer’s complexity is proposed. It enables co-polarized FDD communication 

using an integrated balanced-diplexer network with demonstrated aperture efficiency close 

to 100%. The balanced-diplexer architecture allows high transmit/receive isolation without 

major increase in size or complexity of diplexers.  Similar concepts are presented in [120]-

[121] where a balanced-circulator is used to increase the isolation of a common carrier 

communication system. Herein, the proposed balanced-diplexer configuration is for the first 

time reported for use in a phased array system. Unit cell (subarray) of this phased array  

consists of a 4 × 4 array of dual-polarized magneto-electric (ME) dipoles [122] chosen for 

their low profile, wide bandwidth, and symmetric E- and H- plane patterns over a wide field 

of view. The total subarray size is 100 mm × 100 mm which is chosen to have grating lobes 

off the Earth’s surface when scanned at 9o off boresight. 
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 This chapter is organized as follows: 

 Section 5.2 describes the architecture of the proposed balanced-diplexer system. 

Signal flow analysis is used herein to determine the maximum achievable 

isolation. Sensitivity of this isolation to imbalances of realistic components is 

presented.  

 Section 5.3 presents a detailed design of the different components used in the 

proposed system; namely, the antenna element, beamforming network, diplexers, 

and quadrature hybrids. 

 Section 5.4 presents a full characterization of the subarray when integrating all 

designed components. Total system isolation and far-field performances are 

presented. 

 Section 5.5 concludes the chapter. 

5.2 Balanced Diplexer Antenna System Description 

 In Figure 4.1(a), the conventional approach used to realize dual CP payload with co-

polarized transmit-receive using a single aperture is shown. As discussed in Chapter 4, the 

isolation of the diplexer dictates the overall capabilities of such system. To enable high 

power transmission, the diplexer needs to provide significantly high rejection. This is 

challenging in a phased array system where size is constrained by the scan requirements. 

To overcome this limitation without increased complexity in the diplexer design, the 

balanced-diplexer shown in Figure 5.1 is proposed in this work. The proposed configuration 

relies on two quadrature hybrids and two diplexers arranged as shown to cancel the leaked 

signals from the TX to RX paths and vice versa. 

 To determine the maximum theoretical isolation achievable with the proposed 

architecture, signal flow analysis is used as shown in Figure 5.1. The case of co-polarized 

LHCP signal is illustrated. For an incident power wave “a” within the TX range, the 
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received power “b” is the summation of signals coming from different paths. To calculate 

the ratio “b/a” which represents the coupling between co-polarized transmit and receive  

 

 
Figure 5.1: Signal flow of the proposed balanced-diplexer architecture with co-polarized 

transmit-receive. 

 

ports, the summation of power through the different coupling paths is performed. Three 

pairs of paths are identified as discussed next. Paths 1 and 2 account for coupling through 

the antenna. Paths 3 and 4 only consider coupling through the hybrids and diplexers. Paths 

5 and 6 integrate the reflection at the two input ports of the antenna. Using superscript 

“A”, “D”, “H” to identify the S-parameters of the antenna, diplexer, and hybrid respectively, 

the direction of the six paths are: 
 

 

P1:  𝑆31
𝐻 → 𝐼 → 𝑆12

𝐷 → 𝐼𝐼𝐼 → 𝑆21
𝐴 → 𝐼𝑉 → 𝑆31

𝐷 → 𝑉 → 𝑆14
𝐻  

 

P2:  𝑆41
𝐻 → 𝐼𝐼 → 𝑆12

𝐷 → 𝐼𝑉 → 𝑆12
𝐴 → 𝐼𝐼𝐼 → 𝑆31

𝐷 → 𝑉𝐼 → 𝑆13
𝐻  

 

P3:  𝑆31
𝐻 → 𝐼 → 𝑆32

𝐷 → 𝑉𝐼 → 𝑆13
𝐻  

 

P4:  𝑆41
𝐻 → 𝐼𝐼 → 𝑆32

𝐷 → 𝑉 → 𝑆14
𝐻  

 

P5:  𝑆31
𝐻 → 𝐼 → 𝑆12

𝐷 → 𝐼𝐼𝐼 → 𝑆11
𝐴 → 𝐼𝐼𝐼 → 𝑆31

𝐷 → 𝑉𝐼 → 𝑆13
𝐻  

 

P6:  𝑆41
𝐻 → 𝐼𝐼 → 𝑆12

𝐷 → 𝐼𝑉 → 𝑆22
𝐴 → 𝐼𝑉 → 𝑆31

𝐷 → 𝑉 → 𝑆14
𝐻  
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Assuming that the two quadrature hybrids and diplexers are identical with symmetric 

response between the two antenna ports, the power coupled from each path is calculated as: 

 

𝑏1 = 𝑎𝑆31
𝐻 𝑆12

𝐷 𝑆21
𝐴 𝑆31

𝐷 𝑆14
𝐻 𝑒𝑗(

𝜋
2

+𝜑1)
 (5.1) 

𝑏2 = 𝑎𝑆41
𝐻 𝑆12

𝐷 𝑆12
𝐴 𝑆31

𝐷 𝑆13
𝐻 𝑒𝑗(

𝜋
2

+𝜑1)
 (5.2) 

𝑏3 = 𝑎𝑆31
𝐻 𝑆32

𝐷 𝑆13
𝐻 𝑒𝑗(𝜑2) (5.3) 

𝑏4 = 𝑎𝑆41
𝐻 𝑆32

𝐷 𝑆14
𝐻 𝑒𝑗(𝜋+𝜑2) (5.4) 

𝑏5 = 𝑎𝑆31
𝐻 𝑆12

𝐷 𝑆11
𝐴 𝑆31

𝐷 𝑆13
𝐻 𝑒𝑗(𝜑3) (5.5) 

𝑏6 = 𝑎𝑆41
𝐻 𝑆12

𝐷 𝑆22
𝐴 𝑆31

𝐷 𝑆14
𝐻 𝑒𝑗(𝜋+𝜑3) (5.6) 

𝑏 = 𝑏1 + 𝑏2 + 𝑏3 + 𝑏4 + 𝑏5 + 𝑏6 (5.7) 

 

In (5.1) to (5.6), φi represents the phase delay in the diplexer and the antenna for a given 

path. Owing to the symmetry of the network and the use of reciprocal components, b1 and 

b2 have same magnitude and phase, and coherently add at the co-polarized receive port. 

Power waves b3 and b4 have same amplitude with opposite phase, their contributions are 

therefore cancelled at the co-polarized received port. Similar results are obtained for b5 and 

b6 which, contributions are mutually cancelled at the co-polarized received port; a similar 

analysis can be done for cross-pol coupling. It can be demonstrated in this case that b1 and 

b2 mutually cancel at the cross-polarized port while b3, b4, b5 and b6 all add coherently at 

the same port. The maximum theoretical TX/RX isolation at the co-polarized receive port 

for a lossless system is thereby: 

 

 

 

𝐼𝑐𝑜𝑝𝑜𝑙1 = −20𝑙𝑜𝑔 |
(𝑏1 + 𝑏2)

𝑎
| = −20𝑙𝑜𝑔|𝑆21

𝐴 𝑆31
𝐷 | (5.8) 
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Seeing as, the network of Figure 5.1 is reciprocal, transmit and receive can be 

interchanged. It can be shown that when transmission emanates from RX band (𝑆12
𝐷  ≠ 0,

𝑆31
𝐷  = 1) and TX port used for reception, the maximum isolation is given by: 

 

𝐼𝑐𝑜𝑝𝑜𝑙2 = −20𝑙𝑜𝑔|𝑆21
𝐴 𝑆21

𝐷 | (5.9) 

It can be concluded from (5.8) and (5.9) that the maximum achievable isolation is a 

summation of diplexer rejection and port to port (i.e. cross-polarization) isolation of the 

antenna. The system isolation can therefore be increased without added complexity for the 

diplexers by having antennas with high port to port isolation. 

 To validate these findings, a circuit simulation of Figure 5.1 is performed. Two 

identical and ideal 90o hybrids are used in the model. Two identical diplexers, designed for 

X-band with a response shown in Figure 5.2 are used. The design of this diplexer, which 

has 30 dB rejection at the lower end of the RX band, is described in Section 5.3. The 

proposed response is used here for the sole purpose of this proof of concept. Any X-band 

diplexer that allows proper routing of power, could be used for this analysis.  

 

 
Figure 5.2: Measured S-parameters of a designed X-band diplexer used for proof of concept. 
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The reflection coefficient and port to port isolation of a dual-polarized antenna used in the 

analysis is shown in Figure 5.3(a). Detailed description of the design of this antenna is 

presented in Section 5.3. To demonstrate the impact of antenna port to port isolation on the 

overall system isolation, the S21 of the antenna is modified by adding 20 and 40 dB 

attenuation as seen in Figure 5.3(a). The co-polarized system isolation is shown in Figure 

5.3(b). As seen, the total simulated co-polarized transmit-receive isolation is the summation 

  

 

(a) 

 
Figure 5.3: (a) S11 and S21 of a dual-polarized antenna with varying S21 using different 

attenuation settings, and (b) isolation of the proposed balanced-diplexer with different sets 

of attenuations. 

 

of diplexer and antenna port to port isolation as demonstrated in (5.8) and (5.9). A linear 

correlation is also seen between isolation and S21 of the antenna. At the start of RX band 

(7.9 GHz) where diplexer isolation is 30 dB, the system isolation in the 20 dB attenuation 

case (S21= 46 dB) is seen equal to 76 dB. Designing a diplexer to have 76 dB at band edge is 
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challenging given the narrow guard band. Whenever such a diplexer design is made 

possible, it can still be used in the proposed architecture to further increase the system 

isolation. 

 The analysis presented so far is based on ideal 90o hybrids and assumes perfect 

symmetry between different components of the system. In a practical and more realistic 

environment, amplitude and phase imbalances are expected from all these components. To 

assess the impact of these imbalances on isolation, random amplitude and phase 

imbalances are added to one of the hybrids. Amplitude imbalance is synthesized with the 

insertion of a variable attenuator ranging from to 0 to 6 dB with 0.25 dB step. Phase 

imbalance is generated with a variable phase shifter ranging from 0 to 8 degree with 0.5 

degree step. The selected range is guided by the cascade of realistic imbalances that can 

emanate from different components. The contour plot in Figure 5.4 shows isolation 

sensitivity for a given amplitude and phase imbalances at 7.9 GHz. As seen, isolation is at 

theoretical maximum of 58 dB with zero imbalance and drops below 45 dB for high 

imbalances. This contour plot also shows a greater sensitivity to phase imbalances than  

 

 
Figure 5.4: Isolation sensitivity analysis at 7.9 GHz with varying amplitude and phase 

imbalances. 
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amplitude imbalances. This observation was made on similar work that relies on symmetry 

for isolation improvement [32], [83]. It can, however, be seen that significantly high 

isolation (> 50 dB) can be maintained even with moderate imbalances (amplitude and phase 

imbalances < 3 dB or degree respectively). 

5.3 Subarray Components Design and Performance 

5.3.1 Dual-linearly Polarized Unit element 

 The unit element of the subarray is required to be dual-polarized, low profile, and 

wide impedance bandwidth that covers the designated X-band while fitting within a 25 × 25 

mm2 footprint. High isolation between orthogonal ports is also researched, since this is 

demonstrated to be directly correlated to the overall system isolation. Dual-polarized patch 

antennas [123]-[126] are often the prime candidate when low profile and moderate 

bandwidths are required. Most of these antennas rely on aperture coupling and 

multilayered stacked configuration for bandwidth improvement; leading to increased feed 

complexity, decreased radiation efficiency, and increased back radiation. 

 Magneto-electric (ME) dipoles have recently emerged as a potential candidate for 

low profile applications requiring symmetric E- and H-plane patterns over wide field of 

view [127]-[131]. In all implementations of this class of radiator, the underlying principle is 

the equal excitation of dipole and loop modes to broaden the antenna bandwidth and 

decrease back radiation. The work proposed in [128] introduced a simplified feed 

mechanism for this antenna with good impedance match and high port to port isolation 

over wide bandwidth. The proposed feeding architecture, while being simple, lacks the 

mechanical robustness required for space applications. 

 In this work, a compact, dual-polarized, X-band ME dipole is developed as a unit cell 

for the proposed subarray. The antenna feed is designed for stronger mechanical stability 
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and better resistance to mechanical stress. The geometrical arrangement of the proposed 

unit cell is shown in Figure 5.5. The element consists of 4 metallic patches that are 

grounded using 4 rectangular posts (Figure 5.5(a)). Two gamma probes, seen in the right of 

Figure 5.5(a), supported by a Teflon plug are used to excite the two orthogonal polarizations 

of the antenna. To decrease the axial ratio when this antenna is fed for circular 

polarization, the gamma probes are curved in opposite directions at the junction area while 

maintaining identical physical length. The element is recessed inside a square metallic 

cavity to decrease back radiation and coupling to nearby elements in the array 

environment. Top and side views of the antenna are shown in Figure 5.5(b) and the 

geometrical parameters of the unit cell reported in Table 5.1. These values are obtained 

from an infinite array analysis aiming to achieve a VSWR < 2 for the two polarized ports 

and port to port isolation greater than 20 dB over the frequency range of interest. 

Simulated VSWR of the proposed unit cell based on an infinite array analysis is shown in 

Figure 5.6(a). As seen, VSWR < 2 is demonstrated over the frequency range of interest. The 

proposed unit cell is prototyped for initial validation before inclusion to the subarray. The 

four patches, metallic posts, and the cavity are fabricated in aluminum using CNC 

machining process. An extra 45 mm2 ground plane is added to accommodate the two SMA 

connectors as shown in the inset of Figure 5.6(b). Two transmission lines are used to 

connect the gamma probes and the SMA connectors. The VSWR of the fabricated unit cell is 

plotted along with its simulated counterpart in Figure 5.6(b). As seen, VSWR < 2 is 

achieved over most of the band. VSWR is also seen to be different than the infinite array 

simulation of Figure 5.6(a). These differences are expected since the antenna is designed for 

an array environment. The measured and simulated E- and H-planes patterns of the 

standalone ME dipole at 7.5 GHz and 8.1 GHz are shown in Figure 5.7. As seen, patterns 

are symmetric with low back radiation and cross-pol below -20 dB over a wide field of view. 
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(a) 

 

(b) 

Figure 5.5: Geometrical arrangement and parameters of the dual-polarized magneto-

electric dipole; (a) isometric view, and (b) side and top views.  

 

 

Table 5.1: Geometrical Parameters of the dual-Polarized ME Dipole 

Parameters H HS h H1 W WS 

Values (mm) 9.4 4.7 2.5 3.7 6.26 5.2 

Parameters L1 L2 L3 L4 L5 L6 

Values (mm) 2.5 2.7 1.9 10.2 1.9 3.9 

Parameters T S G D1 D2 CW 

Values (mm) 1 3.2 2.1 3.4 1.7 25 
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(a) 

 

(b) 

Figure 5.6: VSWR of the magneto-electric dipole unit cell: (a) infinite array, and (b) 

standalone element.  

 

 

 

(a) 
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(b) 

 
Figure 5.7: (a) E-plane, and (b) H-plane patterns of the standalone unit cell at 7.5 GHz and 

8.1 GHz.  

5.3.2 Dual-linearly Polarized Subarray and Feed Network 

 The designed unit cell (Figure 5.5) is arranged in 4 × 4 topology to realize the 

proposed subarray as shown in Figure 5.8. To maintain symmetric response between the 

two input VSWRs of the subarray, the gamma probes are interleaved between adjacent 

cells as shown in the enlarged view of Figure 5.8.  

 

 
Figure 5.8: Proposed subarray obtained as a 4 × 4 array of unit cells in Figure 5.5.  

 

 The beamforming network (BFN) is an important part of the subarray system. The 

routing paths are engineered to minimize physical length and a low-loss transmission line 
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approach is utilized. Specifically, a TEM transmission line is used based on a hybrid 

integration of grounded coplanar waveguide and air-coax shown in Figure 5.9(a). The 

proposed transmission line approach aims to reduce the insertion loss and manufacturing 

cost given the use of a single layer PCB board. The PCB portion of the transmission line is 

realized on a 20 mils Taconic RF 30 board. The upper and lower ground planes are 

connected through 0.5 mm diameter vias. The separation between adjacent vias is 0.7 mm. 

To uniformly excite the 4 × 4 array, four 4-way power dividers/combiners are used per 

polarization as shown in Figure 5.9(b). The inputs of these power dividers are further 

combined using a second set of 4-way power dividers constructed on the upper layer. The 

transition between layers is through a Teflon filled 50 Ω coaxial line as shown in Figure 

5.9(b). The cascade connection of the 4-way dividers in the two layers leads to the dual-

linearly polarized subarray.  

 

 

(a) 

 

(b) 

Figure 5.9: (a) Cross section of the proposed hybrid transmission line, and (b) 16-way 

corporate feed network.  
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 The dual-linearly polarized antenna is fabricated as shown in the inset of Figure 

5.10 with the corresponding VSWR and S21 of the prototyped subarray. As seen, VSWR < 2 

is demonstrated both through simulation and measurements. Measured VSWRs at the two 

polarized ports are very similar, the small difference observed is attributed to imperfect 

symmetry of soldering during the assembly process. Good agreement is also observed 

between measured and simulated coupling between the two ports. This coupling is lower 

than -25 dB over most of the band, thereby setting the limit of the maximum achievable 

isolation when combined with the diplexer. The measured realized gain and aperture 

efficiency of the dual-linearly polarized subarray are shown in Figure 5.11. The measured 

realized gain is found to be about 1.5 dB lower than simulation. Lower aperture efficiency is 

also observed. This reduction in measured realized gain and aperture efficiency suggests 

uncharacterized mismatch losses as well as higher imbalances in the fabricated BFN. This 

is most likely due to the misalignment of the aluminum spacer used to realize the TEM 

transmission line. The E- and H-plane normalized patterns at 7.5 GHz and 8.15 GHz of the  

 

 

 
Figure 5.10: Measured, simulated VSWR, and S21 of the dual-linear polarized subarray. 
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Figure 5.11: Measured and simulated realized gains and aperture efficiency of the dual-

linear subarray. 

 

 

 

(a) 

 

(b) 

 
Figure 5.12: (a) E-plane, and (b) H-plane normalized patterns of the dual-linear polarized 

subarray at 7.5 GHz and 8.15 GHz. 
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dual-linear subarray are shown in Figure 5.12. As seen, symmetric patterns are obtained 

with cross-polarized component, 20 dB below the principal plane. 

5.3.3 Quadrature Hybrids 

The sensitivity analysis of Section 5.3.1 demonstrated that amplitude and phase 

imbalances can severely degrade the total isolation of the system. The conventional one 

section 90o hybrid [132] is known to be balanced at the single designed frequency. Multiple 

branch hybrids can be used to increase the bandwidth, over which, low imbalances are 

observed; however, they require extra area which is not compatible with the desired 

compact integration. Herein, a modified version of the single branch hybrid with open 

circuit stubs is used to flatten the amplitude and decrease phase imbalances over the band 

of interest [133]. The designed hybrid is realized using transmission line approach  

 

 
Figure 5.13: S-parameters of the stub loaded single-section quadrature hybrid with flat 

amplitude and phase over wide bandwidth. 
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described above. Ports 1 and 2 are the input ports; they can either be used for transmit or 

receive. Ports 3 and 4 are the two output ports connected to the diplexer to realize the 

balanced configuration. The S-parameters and schematic of the designed hybrid are shown 

in Figure 5.13. As seen, the reflection coefficient and coupling to the isolated port are lower 

than -17 dB over X-band. Flat amplitude between the two output ports is also observed over 

wide band.  Flat phase response is also observed over the range of interest with the 

maximum phase imbalance less than 2 degrees. 

5.3.4 Diplexer Technology 

 Filter implementations based on planar PCB resonators are well known for their 

attractiveness for low profile applications. Unfortunately, they have low unloaded Q 

(200~500) [134]. Waveguide components in contrary are known to have low insertion loss; 

yet, they are bulky and not attractive for the intended applications [112]-[113]. As 

compromise between insertion loss and size, a diplexer design based on coaxial cavity 

resonators is proposed [135]-[137]. The diplexer is designed by combining two 6th order 

Chebyshev bandpass filters centered at the TX and RX bands respectively. The layout of 

the two filters is shown in Figure 5.14(a) highlighting a total of 12 resonators. The diplexer 

is formed by combining the input of the two filters using a transmission line transformer. 

The lengths of this 3-port transformer are optimized in AWR circuit simulator [138] to 

achieve the proper diplexer response. The 3-port junction is shown in Figure 5.14(b) for the 

fabricated diplexer. Square coaxial cavity resonators are used with width w = 10 mm, 

height h = 10 mm, and coax inner conductor diameter D = 2.5 mm as shown in Figure 

5.14(a). With these chosen dimensions, the calculated unloaded Q using Ansys HFSS [77] is 

4000 using aluminum as base material. Coupling between resonators is illustrated with the 

dash lines shown in Figure 5.14(a). This coupling being predominantly inductive, metallic  
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(a) 

 

(b) 
Figure 5.14: (a) Layout of the designed coaxial cavity diplexer, and (b) fabricated split block 

diplexer. 

 

posts are inserted at the center of these irises to increase coupling while keeping the iris 

width within machining tolerances. The diplexer is assembled in two main parts. The 

bottom (body part) contains the cavity resonators and the associated coaxial connectors for 

power excitation. The inner conductor of the coax connectors is directly connected to edge 

resonators through circular trenches machined in the center conductor of the coaxial 
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cavities. The top part (cover) contains the coupling post and holes for post fabrication 

tuning screws. These tuning screws are needed to compensate the fabrication imperfections 

given the high unloaded Q of the resonators. Schematic of the prototyped diplexer is shown 

in Figure 5.14(b). Its scattering parameters are plotted in Figure 5.2. As seen, reflection 

coefficient at the common port is less than -13 dB and isolation at 7.9 GHz (RX band edge) 

is 30 dB. Measured insertion loss of the prototyped diplexer is less than 1 dB, justifying the 

usefulness of this type of filter technology. 

5.4 Full System Characterization 

 The diplexer designed in the last section is a connectorized standalone component 

fabricated to demonstrate the practical feasibility of the proposed design in a compact form. 

In the balanced diplexer configuration, two identical diplexers are placed back to back as 

shown in Figure 5.15. The SMA connectors of Figure 5.14(b) are removed, and the output 

ports of the diplexers (ports 2 and 3 in Figure 5.14(a)) are directly connected to the 90o 

hybrids. The common port of the diplexer is designed in this case for 25 Ω characteristic 

impedance instead of 50 Ω, as in Section 5.3.4. This port is attached to a 4-way power 

divider/combiner. Designing the diplexer for 25 Ω impedance eliminates the need for extra 

transmission line length needed for impedance transformation. The layout of the fully 

integrated, and proposed balanced diplexer is shown in Figure 5.15. The diplexer’s cover 

and the aluminum spacer of the different transmission lines are hidden for better visibility 

in the figure. 
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Figure 5.15: Layout of the balanced-diplexer with clearly visible compact integration of two 

diplexers, two quadrature hybrids, and two 1:4 power dividers/combiners. 

 

 As seen, two 4-way power dividers/combiners, two 90o hybrids, and two diplexers are 

compactly integrated in a 100 mm × 100 mm footprint. To tune the diplexer in this 

balanced configuration, eight SMA connectors are temporary attached to the output of the 

two 4-way power dividers. Two COTS 4-way power combiners [139] are then connected to 

the diplexer using four sets of phase matched cables as shown in the inset of Figure 5.16. 

The input of the COTS power combiner, therefore served as the common port of the 

diplexer. In this tuning arrangement, the measured insertion loss combined both diplexer 

and hybrids losses. The tuned diplexer response measured from the input of the hybrids is 

shown in Figure 5.16. As seen, common port reflection coefficient is less than -12 dB over 

TX and RX bands. The S21 in the TX and RX pass bands is -5 dB, thereby indicating total 2 

dB insertion loss in the diplexers and 90o hybrids. Diplexer transmit filter rejection at 7.9 

GHz is 25 dB. This is 5 dB lower than values obtained in the standalone diplexer. This 

difference is due to the post-fabrication tuning which was aimed at increasing the similarity 
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between the two diplexer responses, rather than decreasing its filter roll-off. This work 

aims to demonstrate paths towards dual-polarized phased array systems when transmit 

receive isolation does not rely on diplexers only. 

The commercial power dividers, phase matched cables, and connectors are removed 

after post fabrication tuning. The balanced diplexer is then integrated with the dual-linear 

antenna to realize the compact dual CP subarray shown in Figure 5.17(b). An exploded 

view of this antenna, shown in Figure 5.17(a) highlights the integration of all the 

components described herein. 

The measured co-polarized transmit-receive isolation of the proposed balanced 

architecture is shown in Figure 5.18. As seen, isolation > 50 dB is obtained over the band 

for the co-polarized RHCP case. The isolation for co-polarized LHCP is greater than 40 dB 

over the band. The reduction of isolation for LHCP polarization is due to higher imbalances 

of the diplexer responses for this polarization after tuning. The measured RHCP isolation is 

seen to be more than 15 dB higher than the standalone diplexer of Figure 5.2. The cross- 

polarized isolation is equivalent to the diplexer rejection of Figure 5.16, as demonstrated in  

 

 
Figure 5.16: S-parameters of the tuned diplexer in the balanced configuration. 
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Section 5.2. These promising results demonstrate real potential for isolation improvement 

with better controlled assembly and fabrication process. 

   

 

                   

(a) 

 

(b) 

Figure 5.17: Layout and photograph of the prototyped X-band subarray: (a) exploded view 

highlighting the integration of the different components of the antenna, (b) front and back 

views of the fully integrated array with brass screws used to tune the diplexers. 
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Figure 5.18: Measured co-polarized isolation of the proposed balanced-diplexer subarray. 

 

 The measured and simulated co- and cross-polarized realized gains of the subarray 

are shown in Figure 5.19, with visible roll-off due to the diplexer response. As seen, 

measured realized gain is seen to be greater than 15 dBic, and its cross-polarized 

component lower than -5 dB (axial ratio < 2 dB). Measured radiation patterns at 7.6 GHz 

and 8.2 GHz are shown in Figure 5.20. Symmetric patterns are obtained and low cross-

polarization is seen over more than 18o field of view needed for visible Earth. 

 

 
Figure 5.19: Measured and simulated co- and –cross-polarized realized gains of the 

fabricated subarray with seen roll-off indicating the diplexer response. 
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Figure 5.20: Measured CP radiation patterns of the balanced-diplexer subarray at 7.6 GHz 

and 8.2 GHz. 

5.5 Summary 

 A low profile, robust, and dual-circularly polarized FDD subarray with high isolation 

and good far-field performance is demonstrated. It is shown, herein, that the complexity of 

higher order filters needed to generate sharp rejection over narrow guard band can be 

decreased with the proposed architecture. The maximum achievable isolation is 

demonstrated through calculation and experiments. It is demonstrated, through sensitivity 

analysis, that if proper care is taken in the design of different components of the system, 

achieved isolation can approach its maximum theoretical limit. The design of the different 

components of the proposed architecture is described both as standalone radiators and as 

part of an integrated system. VSWR < 2, axial ratio < 2 dB, realized gain > 15 dBic, 

symmetric, and co-polarized transmit receive isolation > 50dB are demonstrated for the 
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fully integrated dual-circularly polarized subarray. The obtained isolation can be further 

enhanced at the band edge by improving the port to port isolation of the used element. 
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Chapter 6 

 

Conclusion and Future Work 

 

6.1 Summary 

 In this thesis, the analysis, design, and prototyping of different antennas and 

antenna systems for possible use in airborne, shipborne, and space platforms are 

researched. For airborne and shipborne applications, designed antennas are all metal, flush 

mountable, and have low side lobes, thereby making them attractive for bi-static 

simultaneous transmit and receive (STAR). In space platforms, novel antennas and systems 

have been designed and fabricated with promising results which anticipate interesting new 

capabilities. 

 This research demonstrated that the ultrawideband response of Vivaldi antennas, 

which has made them popular in phased array systems, can be maintained when recessed 

inside a metallic enclosure. The conventional approach which seeks to increase the 

separation between the antenna and the cavity in order to decrease their mutual 

interaction is found to be ineffective. This was shown in the studied single polarized 3 × 4 

array to have numerous issues with resonances excited inside the cavity. These high Q 

resonances significantly affect the performance of this antenna, with multiple gain nulls 

appearing over the frequency range. The nature and origin of these resonances are 

described in great detail. An efficient technique that does not rely on any lossy material is 

proposed to suppress these resonances. In contrary to most conventional cavity-backed 
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antennas, the proposed approach relies on antennas, in which, the E-plane edge elements of 

the array are shorted to cavity. This cavity backed 3 × 4 is fabricated using a cost effective 

manufacturing technique combining 3D printing and stacked multi-layer PCB. Measured 

ultrawideband, resonance-free response, is observed over more than 5:1 bandwidth with 

VSWR < 2. The proposed antenna when used for broadside only radiation has a very 

interesting feature at low frequencies; its aperture efficiency is seen to be greater than 

100%. The tightly coupled Vivaldi elements, when recessed inside a metallic enclosure have 

strong fringing fields at low frequencies, leading to a bigger effective aperture. Initial 

investigations of the antenna’s scan capabilities demonstrate comparable performance with 

its free standing counterpart. For broadside only applications, a more compact embodiment 

of this antenna with single feed is proposed. Isolation analysis in a bi-static STAR system 

based on developed antennas is presented. Different techniques are proposed to increase 

transmit-receive isolation. In one case, termination of some specific array elements with 

match loads has resulted in isolation improvement of more than 15 dB. In other scenarios, 

when antennas are mounted on shared platforms, antenna placement and the use of 

reflective surfaces are demonstrated to increase the isolation value to > 55 dB. 

 Dual-polarized, cavity-backed Vivaldi antenna elements have revealed new 

challenges not encountered in the single-polarized embodiment. The approach which aims 

to short the E-plane edge elements to the cavity is found to be insufficient for a resonance –

free response. Instead, different types of resonances, confirmed with Eigen-mode analysis 

are observed inside the cavity. In the 2-element, cavity-backed antenna designed for 

broadside radiation, resonances are found to be formed by the boundaries provided by the 

cross-polarized Vivaldi arms and cavity walls. To suppress their occurrence within the 

frequency range of interest, the cavity is shaped in the form of a quad-ridge horn antenna. 

The proposed dual-polarized antenna has a symmetrical response between orthogonal 

polarizations which has so far been a limitation for ultrawideband coax-fed quad-ridge 
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horns. The designed cavity-backed 3 × 4 and 2-element Vivaldi are mounted in different 

types of platforms for isolation analysis. Different techniques to increase TX-RX isolation 

are presented. Use of reactive impedance surfaces (RIS) between antennas demonstrate 

improvement in isolation in excess of 15 dB. Absorber loaded, corrugated metallic reflectors 

are used to improve the isolation between closely separated antennas when mounted on a 

shared-antenna platform.  

 A monostatic STAR antenna subarray is proposed at X-band to enable dual-

polarized capability in a phased array system at geostationary orbit. The presented 

architecture is based on sequentially rotated arrays (SRA) of dual-linearly polarized 

antenna elements. The proposed architecture relies on a modified Butler matrix 

beamforming network (BFN) which is carefully engineered such that all leaked signals 

from the transmitter are cancelled at the co-polarized receive port. The proposed 

architecture does not rely on any diplexer which, until now has limited these arrays to a 

single polarization. An all metal design philosophy, more suitable for space environment is 

used. The radiating element is a newly proposed dual-polarized waveguide based antenna 

that does not rely on an orthomode transducer. The BFN is all waveguide based to decrease 

insertion loss. A novel waveguide balun with theoretically zero amplitude and phase 

imbalances is introduced.   Measured isolation of the proposed subarray is > 44 dB using 

designed components.  

 Additional approach that enables high isolation in a dual-polarized X-band phased 

array is proposed. In this configuration, instead of removing the diplexer, their complexity 

is decreased while maintaining high isolation. The approach is based on a balanced-diplexer 

architecture; it utilizes two 90o hybrids which are connectorized such that all leaked 

transmit signals are partially cancelled at the co-polarized received port. Total system 

isolation is demonstrated to be equal to the combined isolation of diplexer and antenna 

cross-polarization. The proposed architecture has an aperture efficiency close to 100%. As a 
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proof of concept, a low profile, robust, and dual-circularly polarized subarray is designed 

and fabricated. Design of the different components of the proposed architecture is described 

both as standalone radiators and as part of an integrated system. VSWR < 2, axial ratio < 2 

dB, realized gain > 15 dBic, symmetric, and co-polarized transmit receive isolation > 50dB 

are demonstrated.   

6.2 Contributions 

 The major contributions to this research are as follows: 

 It is demonstrated for the first time that a Vivaldi antenna array can be recessed 

inside a metallic cavity while maintaining ultrawideband performance. The 

newly developed antenna is all metal, with high aperture efficiency (>100% at 

low frequencies), and low turn on frequency. These features are of great 

importance in electronic warfare applications. 

  A compact single feed and single-polarized Vivaldi recessed inside a cavity is 

demonstrated. The proposed cavity shape allows operation over a 2 -7 GHz band 

with very low side lobe levels (<-20 dB from boresight). This performance 

decreases its susceptibility to jamming and makes it very suitable for space 

constraint platforms. 

 Design of a dual-polarized cavity-backed 2-element Vivaldi antenna is 

demonstrated as an alternative to conventional coax-fed quad-ridge horns. The 

proposed antenna enables symmetrical responses between orthogonal ports, high 

cross-polarization isolation (>35 dB), and stable radiation patterns over 4:1 

bandwidth from 2 to 8 GHz. 

 Designed 2 – 7 GHz antennas are used in shared-aperture platforms with 

demonstrated high TX/RX isolations. Techniques to increase the isolation for 

closely separated antennas are developed. 
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 A newly developed X-band, dual-polarized subarray, which allows diplexer-free 

operation while maintaining high TX/RX isolation in a monostatic STAR system 

is introduced. Proposed STAR architecture can theoretically achieve infinite 

isolation between co-polarized transmit and receive ports. 

 A new dual-polarized all metal antenna with double ridge waveguide excitation 

is introduced. High cross-polarization isolation (> 60dB) is demonstrated with 

the proposed architecture without any use of an orthomode transducer.  

 An all metal, waveguide based, beamforming network (BFN) that integrates a 

90o hybrid and a balun is demonstrated. The proposed BFN has a low insertion 

loss, and low amplitude and phase imbalances over X-band. It is therefore very 

attractive for applications requiring high power. 

 A novel balanced-diplexer subarray is proposed to enable dual-CP at X-band with 

co-polarization between transmit and receive. This architecture decreases the 

complexity of diplexers used in X-band phased array systems with a narrow 

guard band between TX and RX. 

 Design of a mechanically robust X-band magneto-electric dipole is demonstrated. 

 The design of a fully assembled and low profile X-band subarray, which conforms 

to a compact 10 × 10 × 3 cm3 volume, and, integrates two coaxial cavity diplexers, 

two branch line hybrids, two 4-way power dividers, and a 4 × 4 array of magneto-

electric dipoles, is demonstrated.  

6.3 Future Work 

 In the discussed balanced-diplexer approach, the maximum achievable isolation is 

limited by the cross-pol isolation of the constitutive antenna element. To remove this 

limitation, use of dual-CP elements is proposed. Each dual-circularly polarized antenna 

element is sequentially rotated and fed in a balanced configuration (Figure 6.1). A separate 
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BFN is used between the two orthogonal polarizations of the array, thereby eliminating the 

cross-pol contribution in the total co-polarized isolation. All reflections and leakages are 

cancelled in a similar fashion as the balanced diplexer. When circularly-polarized elements 

are used in the unit cell of the subarray, very high aperture efficiency can be achieved even 

in a large array [118]. With this approach, we can achieve high isolation with high aperture  

 

 

 

Figure 6.1: Architecture of combined sequential rotated array and balanced diplexer. 

 

 

Figure 6.2: Simulated isolation showing isolation improvement with balanced diplexer. 
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efficiency at the cost of increased complexity. Simulated isolation of the previous SRA with 

balanced diplexer is plotted along with balanced diplexer proposed herein (black curve in 

Figure 6.2). As seen, 30 dB improvement in isolation is achieved while using identical dual-

polarized linear elements. 
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