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The thesis presents the design, and development of novel wideband Simultaneous Transmit
And Receive (STAR) antenna systems. A STAR or in-band full-duplex system has the potential to double
the throughput of a communication channel, which is highly important for the next-generation wireless
networks. Similarly, these systems could increase the effectiveness of Electronic Warfare (EW) and Support
(S) operation, by facilitating spectrum/channel sensing while jamming. A self-interference (SI) phenomenon,
where the transmitter disrupts its own receiver is a major challenge in the practical realization of any radio
frequency (RF) system. High isolation (>130 dB) is often needed to overcome this SI. A common approach
to achieve this high isolation is some combination of cancellation levels such as antenna, analog, digital and
signal processing layers. The thesis focuses on maximizing the isolation at the antenna layer, which is crucial
for the system implementation. This is attained by researching bi-static, monostatic, and quasi-monostatic
architectures that do not rely on polarization multiplexing.

Bi-static configurations use separate TX and RX antennas. Hence, the SI can be minimized by
increasing the separation between apertures, embedding high impedance surfaces (HISs), or by recessing
the RX antenna inside the absorber, as demonstrated in this thesis. The advantages and limitations of each
of these techniques are analyzed through full-wave simulations and measurements. High power capable,
wideband, metallic quad ridge horn (QRH) antennas are first developed and bi-static, dual polarized STAR
system is realized with them. Measured isolation >60 dB is demonstrated between the TX and RX apertures
operating over 6-19 GHz and separated by 44 at the turn on frequency. Isolation >70dB is obtained in the
18-45 GHz bi-static dual polarized in-band duplex antenna system. Further, the influence of scatterers on
system isolation is discussed.

Bi-static configurations are robust, and system isolation is less sensitive to the asymmetries in the
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geometry. However, they require significant area particularly when highly directive apertures are needed.
When a bi-static approach is applied to reflector-based systems, the overall size of the system is often
prohibitively large. Hence, a monostatic configuration is highly desired for a high gain system. In this thesis,
a monostatic STAR configuration, operating from 4-8 GHz, is developed by feeding the designed circularly
polarized (CP) reflector antenna with all-analog beamforming network (BFN) consisting of two 90° and
180° hybrids and two circulators. The BFN is arranged to cancel the coupled/leaked signal from the antenna
and circulators, by creating 180° phase difference between the TX and RX reflected signals. Theoretically,
with ideal devices this approach can provide infinite isolation. In practice, the isolation is limited by the
electrical and geometrical imbalances. Nonetheless, using COTS components with noticeable imbalances,
average isolation >30dB is achieved with the fabricated system, which is on average 15 dB higher than the
isolation obtained with a conventional circulator approach.

Finally, a quasi-monostatic STAR approach is proposed to address the limitations of bi-static and
monostatic configurations. The demonstrated configuration can achieve 30 dB (on average) higher isolation
than the monostatic reflector architecture with the same BFN components. The quasi-monostatic STAR
antenna system consists of a parabolic reflector antenna for transmission, and a receiving antenna mounted
back-to-back with the reflector feed. To increase the system isolation both the TX feed and the RX antenna
are CP. Further, to achieve the same TX and RX polarization the TX feed is LHCP, and the RX antenna
is RHCP. The LHCP fields from the TX feed undergo polarization reversal after bouncing back from the
reflector, thereby, the TX and RX operate in the same polarization. The approach is less sensitive to the BFN
imbalances and geometrical asymmetries. An average measured isolation of 61 dB is obtained using COTS
components with relatively-high amplitude and phase imbalances. Further, the same concept is extended
to mm-waves (18-45 GHz), where a dual reflector antenna with the RX mounted behind the unused area of

secondary-reflector is employed to achieve STAR operations.
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CHAPTER 1

INTRODUCTION

Communication is an integral part of our everyday life. It has undergone cycles of evolution alongside
human civilization; from wired telephones and telegrams (Fig. 1.1) [1,2] to modern day mobile networks.
On the 17th of December 1902, Guglielmo Marconi demonstrated the first successful radio link across the
transatlantic, and since then wireless communication has advanced from 1G to current 4G or long-term
evolution (LTE). Resource sharing techniques such as simplex, half-duplex, and full duplex have been
extensively explored to accommodate the increase in the number of subscribers and their growing need for
higher data rate [3]. Nonetheless, the frequency spectrum is more congested than ever before, and thirst
for speed has only multiplied. Additionally, the available radio channels have turned into an expensive

commodity, which worsens the situation [4]. Hence, there is a need for new communication systems and

(a) (b)

Figure 1.1: Pictures of (a) Graham Bell phone, and (b) telegraph key.



architectures that can enhance the efficiency of legacy and current radio networks.

In parallel to the commercial needs, the importance of state-of-the-art electronic countermeasure
(ECM) methods has increased exponentially since the dawn of Radars in WWII [5]. Recent research and
development in high-performance wideband antennas combined with advancement in signal processing units
have made the countermeasure a daunting task for the forces [S]. Therefore, to be potent, jammers should
be wideband and have the capability to sense the spectrum while transmitting, to be potent.

Simultaneous transmit and receive systems that can send and receive at the same time, frequency, and
polarization have the potential to increase the throughput of a communication channel, as well as enhance
the effectiveness of electronic warfare (EW) systems. This thesis deals with the passive front ends of these

systems.

1.1 SimuLTANEOUS TRANSMIT AND RECEIVE SYSTEM OVERVIEW

1.1.1 ConvenTtioONAL FuLL DurPLEX SYSTEM

Existing communication systems rely on either time division duplexing (TDD) or frequency division
duplexing (FDD) to achieve instantaneous communication. In TDD, each subscriber uses different intervals
for transmission (TX) and reception (RX) over the same frequency channel. The proximity of these time
slots makes TX and RX to appear simultaneous. Therefore, less than 50% of the available frame period is

effectively consumed, for TX or RX as shown in Fig. 1.2 (a). Contrarily, FDD users send and receive at

User 1: f; =frx =frx User 1: T; =Tyx = Trx
User 2:](2 :.fTX :.fRX User 2: Tl :TTX=TRX
User 1 User 2 User 1 User 2
GuarI band
Tl TZ . Tn-l Tn . fl fz fn-l f:n
Time (s) Frequency (GHz)
(a) (b)

Figure 1.2: (a) TDD time frame, and (b) FDD frequency spectrum.



the same time, however, over different uplink and downlink frequencies (Fig. 1.2 (b)). Therefore, reducing
the maximum number of subscribers or channel capacity to less than half. These comparisons signify that
neither of the schemes is true full duplex.

Radars, and EW jammers and sensors are few analogous systems that use time multiplexing for trans-
mission and reception. Transmit and Receive switches consisting of pin diodes, tubes and or solid-state
devices perform the required transitions [6], as illustrated in Fig. 1.3 (a). This inherent latency could become
detrimental in countermeasures, specifically in attempting to jam wideband systems. Devices like diplexers
can overcome the limitation of switching time, however, TX and RX will occur at different frequencies. Al-
ternatively, circulator, a non-reciprocal 3-port device, mitigates both the switching and frequency separation
problems. The functional schematic shown in Fig. 1.3 (b), indicates that high power from the transmitting
amplifier could potentially saturate the receiver LNA if the isolation between the circulator ports is low.
Circulators having isolation in the order of 20-30 dB are available as COTS components [7, 8]. However,
it is difficult to find wideband circulators that provide high isolation and can handle high power. In the
conventional architecture (see Fig. 1.3 (b)), the power coupled to the RX is finally determined by the input
impedance match of the antenna, irrespective of the circulator’s isolation. This phenomenon is due to the
signal leakage between the ports, and the reflected signals from the antenna mismatch, which will eventually
end up in the RX. Therefore, there is a need for a system architecture that can mitigate or minimize some of

the problems of duplexing and single circulator approaches.

PA Isolator T/R Switch PA Circulator TX signal
i
Antenna L rAntenna
ot \ WA —
Transmitter Transmitter RX signal
Operation (TDD)
Ton ——M—W—
X
LNA Antenna LNA
Tonet i
Receiver Ant Receiver
RY ntenna
(a) (b)

Figure 1.3: Schematic of conventional radar system using (a) time switching, and (b) circulator.



1.1.2 STAR SysTEm

A STAR or in-band full duplex system can transmit and receive at the same and in the same frequency
channel, as demonstrated in Fig. 1.4. This feature can theoretically double the throughput of a communication
system [9-12]. Additionally, a STAR capable EW system can monitor the spectrum while jamming, which

increases the effectiveness of the electronic attack [5, 13]. Specifically:

e Demo Wi-Fi networks, and in legacy systems. Specifically, AWS-3 tactical links used by the US Army,
which covers NATO band III (1.35-2.7 GHz) [14]. In-band full duplex topology when implemented in

these legacy systems aids in overcoming the bandwidth shortage caused due to spectrum reallocation.

e To enhance the effectiveness of EW operations such as in Navy’s In-Top [15] and signal processing

electronic attack RFIC (SPEAR) programs [13].

e For data links between unmanned aerial vehicle (UAV), and drones to commanding base, as well as
among them. The absence of duplexing in time can significantly reduce the latency in control links.
Similarly, using the full frequency spectrum will increase the data rates, thus, reducing operational

downtime.

e Early adoption of STAR in wireless technologies, such as 5G, will only benefit the improved data

speeds. It will also, help in establishing dominance over mm-Wave EW and S operations.

The in-band full duplex system in [9], and [10] uses existing Wi-Fi antennas and systems to achieve

User 1:f1:fTX :fRX User 1: T] :TTX:TRX
User 2:f2=f‘]'x =.fRX User 2: Tl =TTX=TRX
User 1 User 2 User 1 User 2
Time solt Time solt TX Spectrum TX Spectrum
gained gained Conserved Conserved
Tl TZ . Tn—l Tn l fl f2 fn—l f:n
Time (s) Frequency (GHz)
(a) (b)

Figure 1.4: (a) Time frame, and (b) frequency spectrum of a conceptual STAR system.
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Figure 1.5: (a) Total data rate comparison of half duplex, full-duplex with and without analog and digital
cancellation [9], and (b) Cummulative data function (CDF) of half-duplex and in-band full-duplex with
cancellation [10].

1.62x and 1.87x (maximum), respectively, improvement in the system throughput (see Fig. 1.5). Importantly,
the gain in data rate is influenced by self-interference (SI) between the co-located TX and RX, as computed
and practically demonstrated in [9]. Therefore, minimizing the power coupled from the TX to RX is the
primary design constraint of any STAR system. The interference can be reduced at various domains and
stages to obtain the desired isolation 100-150dB, depends on the output power; channel bandwidth and

noise figure of the receiver.

1.1.3 DgesigN CHALLENGES

Generally, it is difficult for radios to transmit and receive on the same frequency band and time slot
because of the interference that results, as quoted in [16]. The statement is valid since the power from TX
could saturate its own collocated RX.

High power radiated from the TX deteriorates the SNR by injecting additional interference, specifically,
increases the signal-to-interference-plus-noise ratio (SINR). In-band harmonics and non-linear components

generated by the PA and transmitter chain components further raise the noise floor. Hence, the desired
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Figure 1.6: (a) Interfering signal paths in bi-static STAR, (b) and (c) signal levels without and with scattering,
respectively.

RX signal’s power falls below the interference level, as demonstrated in Fig. 1.6 [9, 12]. Also, this leads
to quantization errors from the analog-to-digital converters (ADC), despite maintaining the LNA above
saturation. Thus, the resulting performance of the in-band full duplex system could be lower than that of
the conventional duplexing methods [9]. The scenario worsens in the presence of scattered and multipath
signals, which are reflected from the nearby objects, as illustrated in Fig. 1.6. Therefore, minimizing the SI or
the coupling between antennas is the primary challenge of the system design. Tolerances in the fabrication,
asymmetries in the antenna geometries, and the amplitude and phase imbalances in the feeding and beam
forming components intensify the design and implementation challenges of a STAR system. This thesis

proposes techniques to increase the isolation from the antenna layer, which alleviates the design problem.

1.1.4 SYSTEM ARCHITECTURE

The functional block diagram of a typical in-band full duplex system includes PAs, isolators, antennas

(monostatic / bi-static / quasi-monostatic), LNAs, and SI cancelation circuits, as illustrated in Fig. 1.7. The
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Figure 1.7: Functional block diagram of a STAR system.

antenna sub-system provides the first level of isolation, which is in the order of 15 - 70 dB and it is critical for
the following layers to perform effectively. Analog cancelation circuits are second in the hierarchy. These
consists of N-segment delay lines and attenuators [10]. A sample of the transmitted signal is tapped from
the output of the PA, which is then attenuated and delayed in time before mixing with the received signal.
This process will reduce both the linear and non-linear components of TX interference at the RX [10].
Cancellation up to 30dB is achieved in [9, 10], which is important to prevent LNA from saturating and in
reducing quantization errors from ADC. However, the unpredictability of non-linear components generated
from the TX chain hampers the efficacy of analog cancelation layer. Digital processing sub-system further
minimizes the interference level, typically by 30dB [10]. Additionally, the availability of the transmitted
data, beforehand, aids in recovering intended RX information out of the unwanted interference. Despite
these, lowering the non-linear signal’s magnitude is a daunting task, due to the non-availability of the accurate
models [10].

Therefore, maximizing the isolation from the antenna layer is crucial and beneficial for the following

reasons:

e Cancellation applies to both linear and non-linear components.
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Figure 1.8: Flow chart indicating existing STAR topologies.

e System complexity is reduced; system can be more compact.

e The responsivity of STAR functionality is increased due to the elimination of additional processes and

stages, which is desired for EW and S operations.

Hence, the thesis focus is on methods to achieve isolation ranging from 30 dB - 70 dB from the antenna
layer itself. Additionally, combing the signal cancellation from digital and analog layers can potentially add

30 dB - 40 dB, which leads to isolation >130dB (i.e., 40 dB below the noise floor [10]).

1.1.5 STAR ANTENNA SYSTEMS

Monostatic, bi-static, and quasi-monostatic are the typically used approaches to realize STAR antenna
systems as illustrated in Fig. 1.8. Monostatic configuration uses single aperture or array of antennas for TX
and RX operations. There are three known ways to design a monostatic configuration that does not utilize
polarization or beam duplexing. The first approach depends on the geometrical symmetry of the antenna to
cancel the coupled signals at the RX port [17] (Fig. 1.9 (a)). Similarly, STAR operation is achieved from
a sequentially rotated array (SRA) of dual polarized apertures (patch antennas) by feeding it through the

modified Butler matrices [18-21] (Fig. 1.9 (c), (d), and (f)). In the second technique, the transmitted and
8
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Figure 1.9: Examples of monostatic STAR systems: (a) planar spiral [17], (b) balanced circulator approach
[22], (c) circular PIFA array [20], (d) hexagonal spiral array [21], (¢) 8-arm mode multiplexed spiral, and (f)
SRA STAR [18].

coupled signals are nullified at the receiver terminal by rerouting them through the beam forming network
(BFN) components consisting of 90° and 180° hybrids, and circulators [22-25] (Fig. 1.9 (b)). The third
approach uses orthogonality between the modes and far field patterns to achieve high system isolation [26].
Monostatic techniques discussed thus far use the same radiating elements as TX and RX antenna, which
reduces the overall system size. Hence, it is suitable for space and size constrained platforms. However, the
system isolation is sensitive to the asymmetries and imbalances in the BFN and antenna geometry, which
limits the maximum level of SI cancellation [22,27]. Fig. 1.9 shows the pictures of selected monostatic
configurations.

On the other hand, in a bi-static STAR, separate antennas function as a TX and RX and typically, they
are placed close to each other or share platform. Hence, the system isolation is a function of TX/RX antennas
radiation patterns, and the surface currents/waves on the shared ground plane, and near-field multi path.
Therefore, desired SI cancellation is achieved by increasing the separation between the antennas (Fig. 1.10
(f)) [28], recessing the RX inside the absorbers [15] (Fig. 1.10 (a)), embedding high impedance surfaces or

current absorbers between the flush mounted radiating elements (Fig. 1.10 (c) and (e)) [29], and/or through

9
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Figure 1.10: Examples of bi-static systems: (a) ONR’s In-Top array [15], (b) monopole ring array [30],
(c) monopole with decoupling structure, (d) polarization diversity STAR, (e) baffle filter, and (f) parabolic
reflector STAR [28].

techniques such as null placement [30] (Fig. 1.10 (b)). The nature of these decoupling techniques provides
robustness to system isolation against imbalances and asymmetries. However, the bi-static configuration
requires two individual antennas, which increases the overall size especially at low frequencies with high
gain antennas. A selected few bi-static antenna systems from the literature are illustrated in Fig. 1.10.
Quasi-monostatic is the middle ground between monostatic and bi-static approaches [31,32]. The
technique relies on spatial separation as well as on additional signal cancellation from BFN to provide high
isolation. This phenomenon makes the system isolation more robust to asymmetries and leads to low SI
between co-located TX and RX. In its current form [31,32] the overall area occupied by the antenna system is
decided by the size of the TX. Thus, the architecture has a smaller footprint analogous to monostatic STAR,

however, the system gain for TX and RX is dissimilar due to the difference in their aperture size.

1.2 THEsIS MOTIVATION

Wideband antennas are employed in all aspects of EW ranging from spectrum sensing, access denial

to jamming. Hence, broadband, dual polarized STAR system is preferred for effective operation. High
10



power capable antennas such as planar spirals, log periodic, and aperture antennas are extensively studied in
literature [33—35]. However, high frequency operation imposes constraints on the selection of antennas and
feed mechanisms. For example, continuous wave (CW) power handling capacity of N series connectors drops
from ~2000 W to 600 W when operating frequency increases from 1 GHz to 9 GHz. Thus, type and class of
transmission lines are critical. Waveguides are known to handle power in the order of KW [36]. However, the
single mode bandwidth of hollow waveguides is < an octave. Double and quad ridged waveguides mitigate
this issue and can achieve >3:1 single mode bandwidth [37]. Hence, quad ridge horn (QRH) may provide
desired dual polarization and wideband operation. These antennas require Ortho-mode transducers (OMTs)
to achieve dual linear polarization. Despite the extensive works, the bandwidth of existing OMTs in literature
is less than 3:1. Therefore, one of the goals of this research is to design a wideband, dual polarized, high
power capable antenna and feeding network.

Isolating co-located RX from the TX is crucial for STAR functionality as explained in previous
sections. Techniques such as bandgap structures [38], baffle filters [39], defective ground plane [40],
metallic quarter-wave chokes or corrugations [41], artificial soft and hard surfaces [42], and bed-of-nails
(BON) [43] have been used in the past to minimize coupling between the antennas. Despite the effectiveness
of these structures in reducing surface wave/currents, the operation bandwidth is limited to an octave or less.
Cascading band gap structures [44] mitigates this restriction to a certain extent. However, the number of
cascaded elements determines the bandwidth and hence, the structure needs to be larger to provide the same
level of cancellation over the wide range of frequencies. Therefore, in this thesis a printed reactive surface
(capacitive) (PRS) is designed and demonstrated to work over 3:1 bandwidth. Additionally, the design
trade-offs of three main types of high impedance surfaces (HIS) are discussed. Further, the thesis analyzes
the impact of neighboring scatterers and antennas on system isolation, which is demonstrated by designing
two shared aperture platforms covering 0.5 - 45 GHz (dual polarized) and 0.5 - 110 GHz (single polarized).

Bi-static STAR systems consume a relatively larger area, which increases with a decrease in frequency.
Alternatively, a monostatic approach uses half the physical size, while providing high isolation [17, 22].
However, there has not been any high gain antenna based monostatic configuration. Hence, this thesis
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describes the design of an axis-symmetric parabolic reflector STAR and analyzes the influence of reflector
on system performance. The achievable isolation is sensitive to the imbalances and asymmetries in the
BFN and antenna geometry. Therefore, a new configuration called quasi-monostatic STAR is designed and
developed in this research. The configuration is more resilient to the imbalances and achieves higher isolation
than the monostatic reflector in-band full duplex system.

Recently, various government organizations and companies have been showing interest in mm-Wave
frequencies because of its unexplored potential for EW and 5G communications. The higher path loss is
one of the parameters that systems must overcome to establish links and to be effective at these frequencies.
Therefore, high gain antennas are strongly desired. Prime feed or axis symmetric reflectors could provide
the required gain [45]. However, the long feeding lines increase the loss in the TX and RX chain. This
signal attenuation is typically overcome by using Cassegrain reflectors where the feed is closer to the
transmitter [45,46]. Additionally, minute anomalies, imperfections, and imbalances will have higher impact
on system isolation because of the smaller wavelength. Therefore, the quasi-monostatic configuration is
adopted to minimize the influence. Further, this approach uses the unutilized area behind the sub-reflector
to house the RX antenna, which has not been discussed in open literature. Finally, STAR functionality is

achieved by operating both TX and RX antennas in same polarization, and frequency.

1.3 THESsIS ORGANIZATION

e Chapter 2 focuses on the design of a quad ridge horn (QRH) and ortho-mode transducer (OMT)
functioning from 6 GHz to 19 GHz (i.e., 3.1:1 impedance bandwidth). Modeling and performance of
E-plane bend, Y-junction or E-plane bifurcation, and the turnstile junction are described. Methods
such as split block-CNC machining and wire EDM are employed to fabricate the designed antennas
and auxiliary components. The concept is further extended to design a dual polarized QRH operating

from 18 -45 GHz.

e Chapter 3 outlines the theory of operation of high impedance surfaces (HIS), specifically, metallic
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corrugations, bed-of-nails, and printed reactive surface. The chapter also investigates the design
parameters, the bandwidth of operation, and the tradeoffs between these three surfaces. It further
discusses the isolation between two flush mounted QRHs configured in bi-static STAR antenna systems.
Importantly, the influence of embedding decoupling structures such as corrugations, bed of nails
(BON), PRS (or metasurface), and recessing RX in an absorber cavity, on the system isolation are
investigated. The impact of these approaches on the impedance match and far field performance of

the antennas are described.

o Chapter 4 discusses design of high gain monostatic STAR antenna system. The focus is on the design
of broadband CP reflector antenna with STAR functionality and high system isolation. Further, the
chapter introduces a balanced circulator BFN, which can provide theoretically infinite isolation due
to signal cancellation at the RX port. Impact of imbalances, asymmetries, and the roughness of the

reflector surface on achievable isolation are discussed.

e Chapter 5 proposes a new configuration termed quasi-monostatic STAR. The operational principle, the
design of feed and the RX antenna are discussed. An in-depth explanation of the coupling mechanism
in a quasi-monostatic configuration is given. Further, the advantage and robustness of this architecture

over the monostatic approach are illustrated.

o Chapter 6 expands the aforementioned concepts to the design of a Cassegrain reflector antenna with
high gain and in-band full duplex capability, operating over mm-Wave frequencies from 18 - 45 GHz.
The configuration includes the conventional dual reflector antenna, and an RX antenna mounted behind
the sub-reflector. The design of reflector’s feed (QRH), the RX antenna, and the working mechanism
are explained. This chapter also discusses the trade-offs between the reflector size and its influence
on crucial parameters such as gain, isolation, and impedance match of the system. The feasibility and

benefits of employing a tightly coupled array as the RX antenna are also outlined.

o Chapter 7 presents the thesis conclusions, contributions, and suggestions for future work.
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CHAPTER 2

WIDEBAND DuAL PoLARIZED QuAD RIDGE HORN

ANTENNA

2.1 INTRODUCTION

Long haul communication and EW operations require high power or equivalent isotropically radiated
power (EIRP) to be effective. These impose constraints on the antenna design and its performance. Specifi-
cally, for application such as SPEAR, the feed should be dual polarized and support 1.5 KW power [13] over
minimum of 3:1 (impedance) bandwidth. Hence, the antenna needs to be lossless. Aperture antennas such
as pyramidal, conical and ridge horns can meet these requirements [36,46—48]. Therefore, a dual polarized
QRH operating over 6-19 GHz will meet the specification, which also aligns with the requirements of band-III
of the SPEAR program [13]. There has been extensive research on design of QRH [48—53]. However, mini-
mizing the antenna profile is still challenging, especially, when the antenna should have an aperture <0.66 12
and length as small as possible. These physical restrictions affect the impedance match of the antenna and
achieving VSWR <2 becomes tedious. This low VWSR is preferred to facilitate high input power since high

reflections due to mismatch can harm the transmitter and can increase the system loss. Further, the power



handling also influences the feeding mechanism. For example, a compact method of feeding QRH by using
two orthogonal coaxial probes connecting opposite ridges as described in [49, 52] is not desired, though it
provides the required bandwidth. The proximity of the probes could potentially lead to arching and hinder
the input power handling capacity. Additionally, the intricacy of fabrication and sensitivity of the antenna
performance to manufacturing tolerance is significant, especially at high frequencies. Contrarily, the feeding
technique in [50] overcomes the problem of the proximity of the exciting probes. However, the 180° hybrids
are required to implement the approach, which could become the bottleneck for input power. Furthermore,
recent advancement in non-metal based additive manufacturing can help to fabricate lightweight and low-cost
prototypes with shorter turnaround time. However, experimental demonstrations indicate that typical, plastic
3D printed, and copper plated horns will have lower power handling [54]. Therefore, antennas fabricated
in metal are preferred. Hence, this research is focused on design of an all metallic, double ridge waveguide
based ortho-mode transducer (OMT). The designed OMT has wider operational bandwidth in comparison to
the OMTs in [36], and [48]. Also, the antenna has aperture of size 3.3 x 3.3 cm? (0.661 x 0.66.) and length
of 19 cm including OMT (10 cm aperture + 9 cm OMT).

Recently, there has been an increased interest in using mm-Wave frequencies for EW applications. A
dual polarized, high power capable QRH is even more suitable at these high frequencies. The antenna is
designed using a similar approach as that of the 6-19 GHz QRH. However, the performance is more sensitive
to the machining tolerances. Hence, suitable measures are taken during the design and fabrication, which is
explained in this chapter.

This chapter is organized into five sub-sections:

o Section 2.2 explains the design of a QRH with focus on the importance of the profile of the ridges and
the aperture matching. Standard and modified cross-sections of double ridge waveguide along with

their cut-off frequencies are also discussed.
e Section 2.3 presents a brief review of QRH feeding techniques and their trade-offs.

e Section 2.4 describes the design of an OMT with great emphasis on designing bends, bifurcations
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or power dividers, and turnstile junctions. Further, the performance of the OMT with the horn is

evaluated.

e Section 2.5 outlines the design, fabrication, and performance of the mm-Wave QRH.

2.2 ANTENNA DESIGN

The dual-polarized QRH operating from 6-19 GHz is designed in two steps. First, the quad ridge
aperture is engineered to have a minimum reflection. Second, a turnstile junction based OMT is designed for
areflection coefficient less than -10 dB. The cross-section of the standard double ridge waveguide (WRD650)
is modified to achieve good impedance match with square quad ridge (SQR) waveguide and single mode
operation from 6 to 18.6 GHz as illustrated in Fig. 2.1. The dimensions of the modified and standard WRD650
cross sections are shown in Fig. 2.2 (a) and (b), respectively. The increase in a4, lowers the cut-off frequency
of the TE 9 mode. Similarly, reducing the edr and increasing the hdr of the waveguide will increase the turn
on frequency of TE;g mode by capacitively loading the waveguide [37], [55]. The resulting cross section of

the SQR waveguide, which has fundamental mode cut-off frequency below 6 GHz is shown in Fig. 2.2 (¢).

600 I I I , , , ,

TE10 - Standard ===== TE20 - Standard
TE10 - Modified @ TE20 - Modified

4 6 8 10 12 14 16 18 20
Frequency (GHz)
Figure 2.1: Propagation constant of TE o and TE»y modes of standard and modified WRD650 waveguides.
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Figure 2.2: Cross section of (a) standard, (b) modified WRD650 double ridge waveguides, and (c) square
quad ridge waveguide.

2.2.1 QRH APERTURE

The impedance match between the feed waveguide (at the throat of the horn) and the free space is
critical for achieving low overall reflection coefficient. The length, width, and the profile of the flare play a
significant role in minimizing reflections from the horn aperture [56]. Loading the waveguide with ridges
reduces the cut-off frequency of the fundamental mode along with its impedance. Specifically, the Zy of the
designed SQR waveguide is approximately equal to 50 Q, which is lower than that of both, a double ridge
waveguide, and free space, as illustrated in Fig. 2.3. These impedances are calculated using Z,,; (impedance
calculated from power (P) and current (I)) definition in HFSS — FEM [57]. The disparity between free space
and the SQR cross-section will result in a poor match. Additionally, the ridges confine the electric fields
near them (see Fig. 2.4). Hence, the ridge profile and length are essential for the impedance match, along
with the horn’s flare.

Ridge tapers such as linear, exponential, and sin?> have been explored in literature [49]. In this
work, a Klopfenstein taper is adopted for the horn of length 8 cm and the aperture size of 3cm X3 cm, as
depicted in Fig. 2.5. The dimensions of the antenna are chosen based on the strong desire to maintain low
profile. The Klopfenstein tapered ridge results in a lower reflection coeflicient than the linear taper, for
the considered length and aperture size as shown in Fig. 2.6. The diffraction of fields from the aperture
edges is another source of deterioration in the impedance match of horn antennas. Typically, these fields

are minimized by rolling the edges of the aperture as demonstrated in Fig. 2.5 (c), which is also known as
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Figure 2.3: Impedance of modified WRD650, SQR waveguides, QRH at the aperture, and free space.
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Figure 2.4: Electric field distribution of TE;y inside modified WRD650 at frequencies 6 and 19 GHz,
computed using FEM in HFSS.

aperture matching [58]; generally, elliptic or convex curved surfaces as employed. A semi-elliptic curve is
used in this design to preserve the QRH’s flush mountable capability. It is noticed that curving the ridges is
also essential to reduce the mismatch due to diffraction at higher frequencies. The improvement in [S;;| with

aperture matching is clear from Fig. 2.6.

2.3  QRH FeepING TECHNIQUES

The feed of the QRH should support the full operation bandwidth of the antenna with VSWR <2 and
high input power. Further, the QRH can be excited in various ways. One approach employs two orthogonal

coaxial cables to launch the respective TE;g modes, as shown in Fig. 2.7 (a). This approach can support
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Figure 2.5: (a) Profile of linear and Klopfenstein tapers, (b) illustration of edge diffraction, (c) aperture
matching with dimensions, and (d) QRH aperture.
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Figure 2.6: |S11] in dB of the QRH with linear and Klopfenstein tapers, and aperture matching.

wideband operation. However, the reflection coeflicient of the second polarization (for the probe away from
the cavity bottom) has spikes which deteriorate the antenna’s performance. Moreover, the proximity between
the probes can significantly hinder the high power operation. This limitation can be overcome by using
the four ports approach described in [50] Fig. 2.7 (b). The technique in [50] requires two additional 180°
hybrids, which now limit the power handling and increase the system complexity. Hence, there is the need

for a feeding method which operates over 3.1:1 bandwidth and supports high power operation.
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Figure 2.7: QRH fed by (a) two coaxial probes [49], (b) four probes and 180° hybrids [50], and (c) B®ifot
junction [59].

2.4 ORTHO-MODE TRANSDUCER DESIGN

Ortho-mode transducers (OMTs) are typically designed with either a B®ifot [59] Fig. 2.7 (c) or
a turnstile junction [60-64]. B®ifot junction based OMTs employ septum and posts, which limit their
bandwidth and increase the performance sensitivity to their position and thickness. The presence of ridges in
the waveguide further increases the design complexity of the junction. Contrarily, a turnstile junction based
OMT can be designed with greater flexibility to operate over wide bandwidth, as explained in the following
sections. Importantly, the designed OMT is made of all metallic ridge waveguides and hence can handle
the high input power. An OMT is a 4 port device, which combines the two orthogonal polarizations fed at
the separate input ports into a common output aperture, as shown in Fig. 2.8. It is composed of turnstile
junction, E- or H-plane bends, and Y-junctions or bifurcations, depending on the physical size and shape,

and the routing.

2.4.1 BENDS AND BIFURCATIONS

The E or H-plane bends, and the bifurcation or power dividers, along with the turnstile junction are
critical components of an OMT. The bends and Y-junctions aid in routing the waveguide components. An
OMT can be designed using only E-plane or H-plane bends or a combination of both, based on the available
size (height and width). In this design, only the E-plane bends are employed. The bends are realized using
single and double ridge waveguides, as demonstrated in Fig. 2.8. Single ridge bends are used after the

bifurcation to connect to the turnstile junction, whereas, the double ridge bends are used to accommodate for
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Figure 2.8: CAD model of the OMT with E-plane bends, Y-junction, and turnstile junctions.

the feeding waveguides and the standard WRD650 flanges. COTS WRD650 to N-type adaptors from ATM
Microwave are used to feed the OMT for testing purpose. These adaptors can work up to 19 GHz and can
handle the rated power of 150 W continuous power, and 3 KW peak power [65].

The design of the E-plane bends is relatively simple, and primarily depends on the radius of the
bends. Specifically, the longer the radius, the better will be the impedance match of the component, which
is in accordance with the theory in [66]. However, it is important to ensure that the cross-section of the
waveguide is maintained throughout the bend and the structure is symmetric. Maintaining the symmetry and
the cross-section is important to avoid the excitation of higher order modes. The CAD model of the designed
single and double ridge bends along with the |[Sq;| in dB is shown in Fig. 2.9. The bends of radius 1.5 cm,
1.1 cm, and 0.6 cm are designed using extensive parametric study in the full-wave solver, Ansys HFSS [57].

The Y-junction is a 3-port power divider designed by splitting the double ridge waveguide into two
single ridge waveguides with equal cross sections [48]. This approach results in bifurcation with shorter
overall length compared to that obtained using conventional approaches [60] and, [66]. The study of the
Y-junction found that the impedance match of the common port (Port 3 in Fig. 2.9) is a function of the inner

radius of the bends (ry;, in Fig. 2.9 (¢)), hence r=1.5 cm is selected, which results in [S1;| <-25 dB over the
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Figure 2.9: (a) CAD model, and (b) impedance match of the designed components.

operation band, see Fig. 2.9 (d). Additionally, the sharpness of the intersection of the waveguides is critical
for good impedance match. However, the achievable sharpness is limited by the fabrication process and
tolerances. In the designed junction the intersection is 6 mils wide. Furthermore, the Y-junction provides
the required 180° phase difference between the arms of the turnstile junction with the equal magnitude as

shown in Fig. 2.10.

2.4.2 TURNSTILE JUNCTION

The turnstile junction is a six port device, where four ports are for the inputs and the remaining two
ports represent two output polarizations from a common aperture, or vice-versa. The principle of operation
of a turnstile junction is simple and straightforward. Specifically, two signals of one polarization with a 180°
phase difference from each other are fed at Arm 1 and Arm 2, illustrated in Fig. 2.11. Similarly, the signals
of the second orthogonal polarization are connected at Arm 3 and Arm 4. Therefore, the signals from arms

1 and 2 add in phase at Arm 6, and cancel out with each other at the remaining arms. Conversely, the signal
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Figure 2.10: Magnitude and phase of Y-junction or bifurcation.

coming from Arm 5 will split into two out of phase signals at arms 3 and 4. Symmetry in the structure
and the phases of input signals ensure high isolation between the two polarizations. However, achieving the
[S11] below -10dB over 6 to 19 GHz is the main challenge of the design. Hence, the turnstile junction is
the bottle-neck of an OMT design. Furthermore, the shape and size of the matching stub (see Fig. 2.11) is
critical to attain good impedance match of junction, as described in [48]. In this design a swept pyramid
shaped matching stub is employed, and the dimensions of the stub are obtained by performing a parametric
study in a full-wave solver. Additionally, the single ridge waveguides at the input of the turnstile junction are
capacitively loaded (as shown in Fig. 2.11) to compensate for the reactance [37]and the resulting S| in dB

of the junction is shown in Fig. 2.12.

243 OMT witH QRH

The designed turnstile junction, Y-junctions, and bends are combined to form the OMT. For measure-
ment purposes, additional impedance tapers are used to convert the modified double ridge cross-section to
the standard WRD650 cross section at the input ports of the OMT. The transition from modified to standard

WRD650 is essential to maintain good impedance match of the OMT, when the OMT is fed by commercially
23



(@)

Arm 2
-1

jArn' 6
Arm 4 =— —» Arm 3
0 NArm 5 0

f

Matching stub Capacitive load AT} 1
(b) (©

Figure 2.11: CAD model of turnstile junction showing matching stub and working principle.

S,,| (dB)

-10"*@‘.6

|--6-- Polarization 1 ****@* Polarization 2|

)
oo '
207 o:%"‘ﬁooew %\ /
A \ ?
-30 odem }» I
0.8 cm \!"
40 1 1 I
6 12 15 18

Frequency (GHz)

Figure 2.12: Simulated reflection coefficient of designed turnstile junction along with matching stub.

available N-type to WRD650 adapters [65]. The designed OMT has impedance match with S| <-10 dB for
most of the band as clearly shown in the simulated reflection coefficient in Fig. 2.13. The spikes in reflection
coeflicient (at 18.7 GHz) are due to the turn-on of TE,¢ mode in the OMT when the bends and junctions are
connected with the turnstile junction, as illustrated in Fig. 2.14. The fabricated QRH and OMT are shown
in Fig. 2.15. The QRH is built from a single Al block using electrical discharge machining (EDM) and
computer numerical control (CNC) machining, whereas the OMT is fabricated using conventional split block

and CNC machining. The antenna with OMT has VSWR <2, for 97% of the operational band, as shown in
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Figure 2.13: Simulated [S;;]| of the turnstile junction and OMT.

Fig. 2.16, and isolation between the ports >30 dB. Smaller spikes in VSWR at 6.4 and 7.3 GHz are due to
imperfections in the fabrication and assembly of the OMT, and the spike at 18.7 GHz is due to the turn on of
the TE>p mode. Nonetheless, it is observed that the excitation of the TE;y mode has an insignificant effect
on the far-field performance of the antenna. The antenna has good far-field performance with symmetric and

consistent radiation patterns, achieving gain >7 dBi, side lobe <15 dB and low cross-polarization, as shown

in Fig. 2.17, and Fig. 2.18 respectively.
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Figure 2.14: E-field inside turnstile junction and OMT at 11 and 18.9 GHz.

25



Matching stub ——»,

An=10 cm

Aya=3.8 cm
(a) (b) (c)

An=10 cm

OMT:=9 cm

(d) (e)

Figure 2.15: Pictures of fabricated quad ridge horn antenna and OMT along with matching stub.
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Figure 2.16: Simulated and measured VSWR of QRH fed by the OMT (for both polarization). WRD650 to
coaxial adaptor is used to feed the OMT.
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Figure 2.17: Simulated and measured co- and cross-polarized broadside gains of the QRH.
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Figure 2.18: Simulated and measured co- and cross-polarized (a) E- and (b) H-plane patterns of the QRH at
different frequencies.
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2.5 wmm-Wave QRH

The horn antenna and OMT are designed using a similar approach of the 6-19 GHz QRH. First, the
standard cross-section of the double ridge waveguide is modified to support single mode operation up to
50GHz and handle 2kW CW power [36,48]. The resulting waveguide with its dimensions is depicted
in Fig. 2.19. The aperture of the antenna maintains the desired small profile with width and breadth,
1.27 x 1.27 cm?, which is <(0.661x0.66.1). Furthermore, the asymmetric sine profile [49] is employed
instead of Klopfenstein taper for the ridges. Thus, the final horn with aperture matching has |S11| < -15 dB
for 99% of the operational bandwidth.

Also, the OMT is redesigned to accommodate the minute details in bends and bifurcations in accor-
dance with the fabrication tolerances. The routing of the waveguide sections is modified to provide ample
space for the flange of the feeding waveguide or ridge waveguide to 2.4 mm coaxial launcher. A cone-shaped
matching stub is used instead of the swept pyramid in the turnstile junction, for easy fabrication. The
CAD model of the aperture and the matching stub with dimensions are illustrated in Fig. 2.20 (a) and (b),
respectively. The pictures of the CNC machined antenna are shown in Fig. 2.21, where the aperture and the
OMT are combined to avoid the leakage at the junction.

The simulated antenna fed by OMT has VSWR <2 over the operating band. However, the VSWR of
the fabricated QRH has spikes at 18.7 and 20 GHz (see Fig. 2.22). These anomalies are mainly due to the
imperfections in the fabrication. Therefore, it can be corrected with a better process and tighter tolerances.
Nonetheless, the antenna has VSWR <2 for 92% of the operational bandwidth. Also, the fabricated antenna
has symmetric radiation patterns with low side lobes, and gain >7 dBi, as shown in Fig. 2.23 and FFig. 2.24,

respectively.

2.6 SUMMARY

The design and fabrication of a wideband, dual-polarized, QRH and OMT operating over 3:1 BW

is presented. The 6-19 GHz antenna has aperture size 3.3 x 3.3 cm? which leads to gain >7 dBi, and side
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Figure 2.19: Cross section of double ridge waveguides, (a) standard WRD180, and (b) modified WRD1845.
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Figure 2.20: CAD model of (a) QRH, and (b) matching stub of the turnstile junction.
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Figure 2.21: Pictures of fabricated OMT and antenna, matching stub, and assembled antenna with measure-
ment setup. The antenna is fabricated using CNC machining.

lobes more than 15 dB below the beam peak. The horn is machined in aluminum, and the dimensions of
ridges are selected to facilitate high power, bi-static STAR applications. Further, various dual polarized

antenna feeding techniques are briefly compared with the turnstile junction-based approach. The QRH fed
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Figure 2.22: Simulated and measured VSWR of QRH fed by the OMT (for both polarization). WRD180 to

2.4 mm adapter is used to feed the OMT.
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Figure 2.23: Simulated and measured co- and cross-polarized broadside gains of the QRH.

by OMT has VSWR <2 and <2.1 in simulation and measurement, respectively. Additionally, an 18-45 GHz

dual polarized antenna is designed using a similar approach, while accounting for the small dimensions and

fabrication tolerances. The QRH has gain >7 dBi, VSWR <2.1 for 92% and symmetric radiation patterns.
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Figure 2.24: Simulated and measured co- and cross-polarized (a) E- and (b) H-plane patterns of the QRH at
different frequencies.
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CHAPTER 3

DECOUPLING TECHNIQUES

3.1 INTRODUCTION

In STAR systems power is coupled between TX and RX predominantly through two means, radiation
through free space and because of surface currents when the apertures are mounted on the ground plane.
Antennas sharing a feeding network will have an additional coupling path due to the leakage in the com-
ponents. Further, scattering and diffractions from the edges of a finite size ground plane will provide an
auxiliary route. The coupling is less concerning in a multi-antenna system where each element operates at a
different frequency. However, in a STAR system minimizing the SI from each path is critical. Hence it is of
primary importance to develop techniques to reduce the power coupled.

Increasing the separation between antennas is a simple approach to maximize the isolation between
the TX and RX. However, that multiplies the size of the host platform, hence, it is not preferred in area
constrained applications. The coupling between the antennas on a ground plane can be approximated using
the Friis equation (3.1) [67], where G(¢;2) is the gain along the horizon, and Cy; is the power coupled.
Therefore, minimizing G(¢; ») is another approach to reduce Ci,. Furthermore, an aperture antenna will
have lower gain at 6 = 90° (-co dB over an infinite ground plane) in the H-plane than in the E-plane. Hence

the TX and RX oriented in their H-plane will have lesser coupling, therefore, this applies only to single



polarized systems.
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In the literature, techniques such as polarization diversity [68], null placement, and near field can-
cellation [30, 39, 69] are proposed to improve the isolation of a bi-static STAR antenna systems. Each of
these techniques has drawbacks: the use of polarization diversity is limited to singly polarized systems, null
placement technique is narrowband, and near-field cancellation approach requires a complex beamforming
network and is sensitive to the electrical and geometrical symmetries.

The suppression of surface currents/waves between the TX and RX antennas on a shared ground
plane of finite conductivity is an alternative approach to effectively reduce the coupling. The surface
waves excited in the E- and D-plane are mainly TM waves [70]. The extensive studies in [38, 71-73]
indicate that the propagation of these waves is a function of the surface impedance. When the impedance
satisfies the transverse resonance condition, the wave propagates along the surface [72]. TMy waves have
capacitive impedance, therefore an inductive structure will support its propagation. Whereas a surface with
capacitive impedance forces these waves to radiate [41,73]. For metals with finite conductivity at microwave
frequencies, the surface impedance is given by (3.2) [38] (see Fig. 3.1), where ¢ is the skin depth, and
o is the conductivity. Hence the impedance has small resistive and inductive components [38,71], which
supports the propagation of TM surface waves. High impedance surfaces (HIS) can be realized using metallic
corrugations [41,74], bed of nails [43], or printed reactive surface PRS [75,76].

_EZ_1+j (3.2)

This chapter is organized into six sub-sections:

e Section 3.2 discusses a single polarized, bi-static STAR system. This section highlights the importance

of the orientation of antennas and the aperture dimensions to maximize the system isolation.

e Section 3.3 presents the challenges associated with achieving high isolation in a dual polarized bi-static
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Figure 3.1: Propagation of TM, surface wave on finite conductivity ground plane.

system, and techniques to equalize SI for both the polarization.

o Section 3.4 describes the theory and implementation of HIS in depth. Also, this section brings out
the trade-offs and bandwidth constraints of these surfaces. Further, its effectiveness in reducing the

coupling in a dual-polarized bi-static system is discussed.

e Section 3.5 outlines the benefits and drawbacks of using absorbers to suppress the currents and the

gain along the horizon, and its impact on system isolation.

e Section 3.6 briefly delves into the influence of nearby scatterers on the coupling between two apertures

mounted on a common ground plane.

3.2 SINGLE POLARIZED SYSTEMS

3.2.1 6-19 GHz Bi-staTIC

A STAR antenna system is designed using double ridge horns to achieve > 3:1 bandwidth. High
isolation is obtained by modifying the orientation and the physical parameters of the antenna. The gain along
the horizon is a function of the aperture size, that is, the larger the aperture, the lower G(6 = 90°) will be,
as illustrated. Moreover, the coupled power decays as -6 dB/octave and -12 dB/octave in the E- and H-plane,
respectively. Hence, horns oriented in their H-plane will have higher isolation for a given distance, which
can be further improved by widening the aperture (Fig. 3.2). Contrarily, increasing in size will also raise

the side lobe level (SLL) that could deteriorate the STAR performance at higher frequencies, as inferred
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Figure 3.2: (a) Double ridge horn CAD image, (b) simulated H-plane patterns of the double ridge horn at
6 GHz and 11 GHz, and (c) isolation between TX and RX for aperture size: 3x 3,3 x 4,3 x5, and 3 X 6 cm?.

by comparing the isolation from 13-14 GHz for A,,4; =4 and 6 cm. Nonetheless, the system has isolation
>60dB over the operating band and >80 dB over 84% of the bandwidth as demonstrated in Fig. 3.3. The
isolation between the antennas is simulated using MoM in FEKO, and FE-BI in Ansys HFSS. Also, the
size of the aperture and the rate of exponential taper is designed to maintain SLL. <15 dB. The complete
performance of the horn is presented in Appendix A.

These studies indicate that high isolation, >60dB, can be achieved easily by varying the antenna
dimensions and placement when the separation between the TX and RX is in the order of 41. However, this

applies only to a single polarized system.
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Figure 3.4: Simulated isolation between single polarized TX and RX separated by 20 cm, center-to-center.

3.2.2 18-45 GHz Bi-staTIC

Electrical distance between the antennas is another factor which controls the amount of SI. Specifically,
the power coupled is inversely proportional to the square of separation. Hence, a single polarized, double
ridged horn operating in 18-45 GHz and oriented in the H-plane has isolation >80dB when placed 124
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(20 cm) apart on a finite ground plane. The simulated isolation with the CAD model of the antennas is shown

in Fig. 3.4. The detailed characterization of the QRH is outlined in Appendix A.

3.3 DuaL POLARIZED SYSTEMS

Orienting the TX and RX antennas in their H-plane is not a preferred solution to achieve isolation
>60 dB in a dual-pol system, because the H-plane of one polarization is the E-plane for the other, as shown in
Fig. 3.5. Therefore, to improve the isolation for both polarizations, the TX and RX antennas are oriented in
their D-plane. In this study the antennas are separated edge-to-edge by 20 cm, which is both practical as well
as the maximum distance permitted by the designated platform of the SPEAR program [13]. The antennas

are modeled and measured on a ground plane of size 13 cm X 38 cm. Note that the size of the ground plane

(a) (b)

100 T T .

a
=
c
0
©
[e)
L2
30 =8 Pol1-Pol1 (E-plane) = # = Pol1-Pol1 (D-plane)-Simulated |
==@-=Pol2-Pol2 (H-plane) ****@*** Pol1-Pol1 (D-plane)-Measured
20 : : : :
6 9 12 15 18
Frequency (GHz)

(c)

Figure 3.5: Pictures of fabricated antennas on ground plane in (a) E-H-plane and (b) D-plane, (c) simulated
isolation in E-, H-, and D-plane.
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has limited impact on the coupled power level. However, the dimensions influence the frequency of ripples
or peaks and troughs in the coupled power, which can be attributed to scattered signals from the ground
plane edges. The measured coupling level is around -40 dB and remains higher than -60 dB up to 12 GHz
(see Fig. 3.5). A similar coupling level is measured for the other polarization. Excellent agreement with

simulation verifies robustness of both theory and experiment.

3.4 HicH IMPEDANCE SURFACES

3.4.1 METALLIC CORRUGATIONS

Metallic corrugations are single periodic metallic slots of depth A/4 (at the anti-resonance frequency)
and with the periodicity (or spacing between consecutive slots) much less than the wavelength [41,46,74,77].
These surfaces are also known as hard and soft surfaces, based on the orientation of the slots to the E-field
vector and the direction of propagation [78]. The surface can be analyzed using an equivalent surface
impedance, Z;, when the periodicity of the slots is much less than the wavelength. The surface impedance or
reactance can be calculated using (3.3) [47,79], where, wjsc is the corrugation width, sy is the periodicity
of the slots/corrugations (i.e. corrugation slot width + wysc), ko is the free space wavenumber, and hpsc
is the depth of corrugations. The surface impedance is capacitive when the corrugation depth is between
0.25410 0.54, and thus the surface prevents the propagation of TM waves in this range. The decay of currents
along this surface can be approximated as in [80].

SMC — WM

Xpmc = < notan(kohyc) (3.3)
SMcC

The surface impedance can also be computed using the full wave solvers, where the infinite periodic
approximation is used to calculate the reflection coeflicient of the surface for a plane wave (TM polarized)
incident at a grazing angle. Further, the reflection coefficient is used to compute the surface reactance
using the relation in [75]. For a given slot width and the periodicity, the anti-resonance frequency is mainly

determined by the depth of corrugations. Specifically, when the depth is 4/4, tan(ko/ps¢) in (3.3) approaches
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Figure 3.6: Normalized surface reactance of corrugations for TM and TE polarized waves, incident at near
grazing angle (6 = 89°).

-oo and hence results in a highly capacitive surface, similarly, spsc = A/2 results in the surface with 0’ surface
reactance. Therefore, the surface is capacitive in the range 0.254to 0.51and is effective in inhibiting TM
surface waves for a maximum of an octave of bandwidth. The surface impedance calculated using full
wave simulation indicates similar behavior w.r.t to the depth of the corrugations, as shown in Fig. 3.6. The
surface has *~0’ reactance for the TE polarized wave since the E field will be tangential to the metal wall
of corrugations. The multiplication factor in (3.3) controls the magnitude of the reactance, therefore the
thinner the corrugations, the higher will be the surface reactance. However, the smallest achievable wy, ¢ is
limited by the fabrication. These surfaces can also be analyzed using a dispersion diagram (w-8 diagram),
as outlined in [74]. The main disadvantages of metallic corrugations are limited bandwidth and increase in

system weight and manufacturing cost.

3.4.2 BED oF NaAILS

Bed of nails (BON) are double periodic arrays of metallic pins (see inset of Fig. 3.7) that can be

used to synthesize a desired surface reactance by suitably selecting the dimensions and periodicity of the
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Figure 3.7: Normalized surface reactance of bed of nails for TM polarized wave, incident at near grazing
angle ( = 89°) as a function of diameter of the pins (1 to 3 mm) for spacing, h.rr =7 mm.

pins, as demonstrated in [43]. The structure can be analyzed by its surface reactance when the periodicity
is smaller than the wavelength [43], analogous to the evaluation of metallic corrugations. Furthermore, this
approximation of impedance is valid only when the diameter and spacing of the pins are selected such that
there is no propagation in lateral directions X and Y for Z <0 over the frequency band of interest. Under these
conditions, the surface reactance, Xgop, is only a function of the height of the pins and k, (wave number
along z direction), which can be approximately calculated using (3.4) [43]. Where h.rr is the effective
height of the pin, (i.e. including the fringing field) and €, is the equivalent permittivity of the bed of nails in

the direction of propagation.

kiherr

X

XBON = tan(kzheff) (3.4)

The Z of the bed of nails as a function of pin diameter, dgon, and height, hpon is shown Fig. 3.7 and
Fig. 3.8, respectively. The results indicate that the anti-resonance frequency is dependent on the pin height.
Whereas the diameter and the spacing between pins have less influence on the parallel resonance. However,

the maximum separation should be kept below A,/2 to prevent propagation in lateral directions [43], where
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Figure 3.8: Normalized surface reactance of bed of nails for TM polarized wave, incident at near grazing
angle (9 = 89°) as a function of pins heights for spacing, h.¢r =7 mm.

Ag is the guided wavelength for the effective permittivity of the bed of nails.

Furthermore, the surface impedance of the bed of nails as a function of 6 and ¢ Fig. 3.9 indicates
that the structure is isotropic. This behavior is mainly due to the geometrical symmetry of BON. Hence,
the waves propagating in oblique directions after reflecting from the edges will also see the same Zg, and
therefore the structure can minimize coupling due to scattering from the finite ground plane edges. Note that
the isotropic behavior is not supported in metallic corrugations. For the proposed design, the bed of nails
with dgony =3 mm and spony =7 mm is selected. Implementation of BON overcomes complexity and cost
associated with metallic corrugations. However, the bandwidth is still limited to an octave and the surface is

A/4 thick.

3.4.3 PrRINTED REACTIVE SURFACES

The bandwidth limitation of the bed of nails can be improved by top loading the pins with metallic
patches, resulting in a structure known as metasurface [75, 76] or printed reactive surface (PRS). The

improvement in bandwidth is mainly due to the additional resonant structure formed by the equivalent
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Figure 3.9: Normalized surface reactance of bed of nails for TM polarized wave for incident angle (6 = 0°
to 89°) and (¢ = 0° to 89°).

capacitance and inductance of the patches and pins [38]. Moreover, the height is significantly lesser than that
of the metallic corrugations, and bed of nails. Specifically, itis 7 mm (0.14A¢c g, ) thick which is 56% thinner
than the latter two. A PRS with I[prs =6.5mm, wpgrs =6 mm, and €. =1 is considered first. Importantly,
the surface impedance of the PRS remains capacitive over more than a 3:1 bandwidth, unlike the octave
bandwidth of metallic corrugations and bed of nails. The structure can also be evaluated as effective Z;
since the size of the unit cell is smaller than the wavelength [75]. Hence, the PRS is analyzed with a similar
approach used for the other two HISs discussed before.

Studies highlight that the critical design parameters of PRS are pin height (hpgrs), patch length (Iprs)
and width wpgrs. The dependency of surface impedance on hpgs and /pgs is as shown in Fig. 3.10 and
Fig. 3.11, respectively, where increasing the height lowers the anti-resonance frequency and vice versa.

An additional advantage of PRS is the feasibility to be fabricated on a dielectric substrate. The height

of the surface is « , Where €, is the permittivity of the substrate, and hence the surface thickness can

&
be further reduced by choosing the dielectric with higher permittivity. However, increasing the ¢, raises the

equivalent capacitance of the resulting unit cell, thereby, reducing the total capacitive reactance of the Z,
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Figure 3.10: Normalized surface reactance of PRS for TM polarized wave, incident at near grazing angle
(0 = 89°), as a function of height of the PRS, where wprs =6 mm, dprs =3 mm and spacing, sprs =7 mm.

A el TRt R

CLERREEEEE ' XTM

)
s
LREP

—O—lpgg=4 MM == = | o =5.5mMm

| RS=4.5 MM uessss IPRS=6 mm

P
_-— .. IPRS=5 mm = IPRS=6'5 mm

Normalized Surface Reactance

12 14 16 18
Frequency (GHz)

Figure 3.11: Normalized surface reactance of PRS for TM polarized wave, incident at near grazing angle
(0 = 89°), as a function of patch length, where wpgrs =6 mm, dprs =3 mm and spacing, sprs =7 mm.

as evident from Fig. 3.12. This decrease in the surface reactance directly influences the relative reduction in

coupling. Therefore, the permittivity of the substrate should be selected based on the required thickness and
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Figure 3.12: Normalized surface reactance of PRS for TM polarized wave as a function of permittivity of
the substrate.
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Figure 3.13: Comparison of normalized surface reactance of corrugations, bed of nails and PRS for TM
polarized wave, incident at near grazing angle (8 = 89°).

the desired improvement in isolation. Despite the reduction in reactance with higher permittivity, the surface

will remain capacitive for >3:1 bandwidth. However, the structure is not isotropic with ¢ mainly because of

the square geometry of the patches, in contrary to the bed of nails.
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Table 3.1: Comparison between the considered HIS

Parameter Metallic corrugations Bed of Nails  PRS

Surface height 1.25cm 1.25cm 0.7cm
Bandwidth 2:1 2:1 >3:1

The comparison of surface reactance of HISs for TM surface wave Fig. 3.13 indicates that the
designed PRS is capacitive over 3:1 bandwidth, which is significantly higher than that achieved with metallic

corrugations and bed of nails. Moreover, the former is thinner, lighter, and simple to fabricate, as summarized

in Table 3.1.
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Figure 3.14: CAD models of corrugations around (a) TX only, (b) TX and RX, and (c) simulated TX and
RX isolation on a finite ground plane.
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3.4.4 IMPLEMENTATION

Theory, design steps, and the characteristics of HISs are explained in the preceding sub-sections.
Following paragraphs discusses practical realizations and the effectiveness of those surfaces in reducing
coupling. First, concentric corrugations are flush mounted with the TX and a maximum of 7 dB improvement
in isolation is achieved. Up to 15dB of reduction in coupling is obtained by embedding the corrugations
around both of the antennas as shown in Fig. 3.14 [81]. The results indicate that the effectiveness of regular,
and uniform corrugations in reducing the coupling is limited to an octave bandwidth, due to the variation
of the surface reactance with frequency. Moreover, these structures increase the system weight and cost.
Hence, other simple and relatively easy to realize variations of HISs are considered next.

When the designed bed of nails with 24 and 13 unit cells in the x-axis (i.e. towards the RX) and y-axis,
respectively, is embedded between the TX and RX separated 20 cm edge-to-edge (see Fig. 3.15) the isolation
increases from 42 dB to 59 dB, as described in Fig. 3.16. This 17 dB reduction in coupling is higher than that
obtained in [44]. The comparison of isolation with the finite ground plane and bed of nails for two cases:
hpon =1.5cm and hgon = 1.2 cm are shown in Fig. 3.16 and Fig. 3.17, respectively. The isolation > 60 dB
is achieved over 95% of the operating bandwidth, with the bed of nails of ipon =1.2cm. The impact of
BON recedes around 10.2 GHz and coupling increases sharply about 12 GHz, for igon = 1.5 cm. Similarly,
hpon =1.2cm is effective until 13 GHz. This behavior is due to the dependency of Z; as the function of
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Top view

Sgon

S
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Figure 3.15: Bed of nails flush mounted between TX and RX. The TX and RX are separated edge-to-edge
by 20 cm.
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Figure 3.16: Isolation between TX and RX QRH in diagonal plane with the fabricated bed of nails between
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Figure 3.17: Isolation between TX and RX QRH in diagonal plane with the fabricated bed of nails between
TX and RX when the height of bed of nails is 1.2 cm.

hpon (see Fig. 3.8), which also proves the limited bandwidth of BON. The surface reactance of the bed
of nails (hpon =1.2cm) becomes inductive around 15 GHz which enhances the propagation of the TMg

waves along the ground plane and thereby increases the coupling. The rise in the magnitude of the electric
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Figure 3.18: (a) CAD model of BON with TX and RX, (b) and (c) complex magnitude of E field along the
surface and above the bed of nails when it is capacitive (@6 GHz) and inductive (@ 15 GHz), respectively.

field along the surface at 15 GHz, as depicted in Fig. 3.18 strengthens the above argument. Nonetheless, the
measured coupling between TX and RX agrees well with the simulation results.

The bandwidth limitation of the BON is overcome by using the PRS as discussed in Section 3.4.3.
The comparison of isolation, shown in Fig. 3.19, obtained with the bed of nails and PRS clearly highlights
the bandwidth improvement of PRS, where the antennas are mounted in their E-plane over the finite ground
plane. Moreover, isolation with and without PRS indicates that the capacitive reactance of the surface has

significantly reduced the coupling at lower frequencies while maintaining the coupling equal to or less than
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Figure 3.19: Simulated isolation between TX and RX in E-plane over finite ground plane, bed of nails, and
PRS.

free space, for 3:1 bandwidth. The study of separation distance and number of unit cells between the TX
and RX, shown in Fig. 3.20 and Fig. 3.21, indicates that the relative reduction in coupling and bandwidth
is less sensitive to the number of unit cells. Specifically, at 7.2 GHz the increase in the isolation of 14 dB,
and 15.7dB are achieved with 11, and 24 unit cells, respectively. This study indicates that the bandwidth
of the proposed PRS is not limited by the number of unit cells which is advantageous over the cascaded
EBG in [44]. Hence, the considered approach with PRS is more suitable to reduce the coupling over a wide
bandwidth when spacing between the TX and RX is limited. The fabricated surface consisting of 24, and 14
unit cells in the x-axis and y-axis, respectively, and flush mounted with QRH is shown in Fig. 3.22.

As discussed, the capacitive reactance of a PRS is a function of the permittivity of the substrate;
the higher the permittivity, lower is the reactance offered by the surface (see Fig. 3.12). Therefore, the
improvement in isolation obtained with a substrate of €. =2.2 is lesser than that of the air dielectric as
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Figure 3.20: Isolation between the TX and RX for the separation 10 cm (11 unit cells), when the TX and RX

are oriented in D-plane.
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Figure 3.21: Isolation between the TX and RX for the separation 20 cm (24 unit cells), when the TX and RX

are oriented in D-plane.

shown in Fig. 3.23. Nonetheless, the designed PRS on Taconic TLY 5 substrate remains capacitive for

3:1 bandwidth. The agreement between the measured and simulated coupling (see Fig. 3.24) between the
antennas with PRS further strengthens all discussed arguments.
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Figure 3.22: PRS flush mounted between TX and RX, which are separated edge-to-edge by 20 cm.
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Figure 3.23: Simulated isolation between the TX and RX QRH with PRS between TX and RX with PRS in

free space, and €, =2.2.

18

The HIS modifies the flow of currents on a ground plane and the proximity of these structures to the

antenna will have an influence on its radiation patterns, which can be analyzed by comparing the radiation

patterns with and without the surface. Radiation patterns in Fig. 3.25 indicate that the impact can be noticed

only at higher elevation angles and is insignificant along boresight and over half-power beamwidth (HPBW).

Also, it is important to note that the TX and RX antennas have similar radiation patterns. Further, envelope

correlation coefficient (ECC) [17, 82] between the radiation patterns can be used to quantify the effect of

HIS.
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Figure 3.25: Simulated radiation patterns of TX, and RX when flush mounted in finite ground plane and
embedded with HIS (bed of nails and PRS), at 6 GHz.
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3.5 ABSORBER LOADING

The other well-known technique to reduce the gain at the horizon and thus the coupling is to recess the
antenna inside an absorber cavity [28]. To demonstrate that, an artificial absorber with €, = 1-j2.7 and y, =
1-j2.7 [83] is wrapped around the RX QRH, in the simulation. As shown in Fig. 3.26, up to 15 dB increase in
isolation is achieved at the expense of the RX antenna efficiency, which drops to 15% at the lower frequency
end. Note that a reduction in efficiency, such as one shown here, may be acceptable for some applications.

The coupling between TX and RX can be further reduced by combining the different techniques
mentioned in the previous sections. For example, the HIS can be flushed mounted while the RX is recessed
in an absorber cavity. In this approach, HIS reduces the coupling due to surface currents and recessing in the
absorber lowers the gain of the RX antennas at horizon, thereby further increasing the isolation. The HFSS
model of bed of nails and PRS with RX recessed in absorber cavity is shown in Fig. 3.27. The Fig. 3.28, and
Fig. 3.29 indicate that 10 dB further improvement in isolation can be achieved with this technique, however,

the efficiency of the RX antenna will drop by 15% (@6 GHz), as mentioned before. This efficiency can be
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Figure 3.26: Simulated coupling between TX and RX for the antennas oriented in D-plane on finite ground
plane when the receiver is recessed inside the absorber cavity. The TX and RX are separated edge-to-edge
by 20 cm.
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improved to 30% by using a step in the thickness of absorber cavity, that is by decreasing the thickness of

the absorber with an increase in the height from the aperture to ground plane.

3.6 INFLUENCE OF SCATTERERS
Therefore,

Often antennas from one band are placed next to radiators from other applications.
investigating the impact of neighboring scatterers and antennas on the system isolation is necessary. This

influence is dominant at high and mm-wave frequencies. Specifically, the isolation dropped by 20 dB when

the 18-45 GHz antennas are mounted on a 12” x 12” platform along with the spiral antenna, as shown in

(b)

(a)
Figure 3.27: HFSS model of a (a) bed of nails in between TX and RX, combined with RX recessed in
absorber, and (b) PRS in between TX and RX, combined with RX recessed in absorber.
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Figure 3.28: Simulated coupling between TX and RX QRH when the antennas are oriented in D-plane with

bed of nails, where the RX is recessed in absorber.
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Figure 3.29: Simulated coupling between TX and RX QRH when the antennas are oriented in D-plane with
PRS, where the RX is recessed in absorber.

Fig. 3.30 (a) and (d). The degradation is mainly due to the excitation of surface waves in the dielectric
substrate. Comparison of the system isolation with only metal scatterers Fig. 3.30 (b) and (e) and with
60 mils substrate of € =3 Fig. 3.30 (¢) and (f), confirms the above statement. Nonetheless, isolation >60 dB
is achieved by proper placement of the antenna in a platform operating from 0.5 to 110 GHz, as illustrated in

Fig. 3.31.

3.7 SuUMMARY

The theory and design parameters of three types of HIS, namely, metallic corrugations, bed of nails
and PRS are outlined. The surface impedance of these structures for the TMy plane wave incident at grazing
angle is used as a design metric. Also, the chapter presents a comparison of operational bandwidth of HISs,
where the bandwidth is defined as the frequency range for which the surface remains as capacitive for a TMg
wave. Importantly, it is demonstrated that the PRS can achieve wider bandwidth, >3:1, than the rest of the
HIS discussed herein. The realized bi-static STAR antenna subsystem with embedded PRS has measured

isolation >60 dB over 6 - 19 GHz for antennas separated edge-to-edge by 20 cm (446G H;). Additionally, the
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Figure 3.31: Measured isolation between single polarized TX and RX mounted on SPEAR tray 12 x 12”
with antennas operating from 0.5-110 GHz.

influence of permittivity on the surface reactance and system isolation is discussed.
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CHAPTER 4

MonNostATIC HiGH DIRECTIVITY STAR

4.1 INTRODUCTION

The sole focus of this chapter is to maximize the isolation from the antenna layer in a high directivity
reflector-based STAR system, which could play a critical role in boosting the overall system performance given
high isolation and good TX and RX radiation characteristics; particularly for a line-of-sight communication
system. Implementing a long-range STAR system is more challenging due to the high TX power (i.e.
higher self-interference) required to achieve the desired range. Alternatively, antennas with high gain can be
employed to overcome the input power requirement of the long-haul microwave links. Various monostatic
and bi-static full-duplex STAR antennas and antenna arrays with high isolation between TX and RX have
already been proposed [22,27,30, 39,68, 69, 81, 84,84]. However, none of these systems have sufficiently
high gain required for long-range communications, despite high isolation. The reflector-based antenna can
be designed to overcome that, and if a feed with low SI between TX and RX is used, the desired features
of STAR, greater EIRP, reasonable size, and low complexity can be achieved. Bi-static approaches [29, 84]
are robust and less sensitive to the imbalances; however, they require significant spacing between TX and
RX to achieve high isolation. When a bi-static approach is applied to reflector-based systems, as in [85], it

further increases the overall size of the system. Specifically, in [85] the reflector separation is 57.2 cm, that



is 191106 ;. When the same system is scaled to C-band (4 to 8 GHz) that corresponds to 143 cm, which is
in addition to increase in the reflector dish size. Hence, the overall system dimensions can be on the order of
251, which may not be possible for many applications. Hence, a monostatic configuration is highly desired
for a reflector-based system. In this research, it is achieved by feeding the circularly polarized (CP) coaxial
cavity antenna with all-analog beamforming network (BFN) consisting of two 90° and 180° hybrids and two
circulators. The BFN is arranged to cancel the coupled/leaked signal from the antenna and circulators, by
creating 180° phase difference between the TX and RX reflected signals. The realized arrangement results in
high isolation between the TX and RX [22-24, 86]; however, the practically achieved isolation is limited by
the imbalances of the BFN and the asymmetry in the antenna geometry. The significance of these imbalances
is also discussed later in the chapter.

Generally, directive antennas like pyramidal, conical, and corrugated horns are used as feed for
reflector antennas [41, 45-47, 87-90], which can handle high power and have high radiation efficiency.
However, these antennas have significant phase center variations [90], and asymmetric E and H plane
patterns [91,92]. Therefore, when they are used as feeds for reflectors, the variation in phase center can lead
to reduced efficiency, axial defocusing, and increase in side lobe levels. Similarly, asymmetry in principal
planes patterns result in higher cross-polarization [90]. Coaxial cavity antennas [93] can be designed with
symmetric E and H plane patterns, constant phase center and low dispersion as mentioned in [94,95]. Also,
dual linear and circular polarization can be easily achieved by the coaxial cavity antenna. However, the coaxial
cavity antennas discussed in the open literature are not well-matched over an octave bandwidth [93-95],
something addressed in this research.

The reflector antenna is designed as axis-symmetric or prime fed reflector, which has symmetric
radiation patterns, low SLL, and cross-polarization level. Apex matching technique [87,90,96] is used to
reduce the impact of the reflector on the reflection coefficient of the feed. The prime fed configuration
requires a support structure for the feed, which results in additional blockage and increase in SLL. This is
overcome by extending the inner conductor of the coaxial cavity to the apex of the reflector, Fig. 4.1. The
resulting self-supporting architecture resembles the ‘ring feed’ [87], and ‘hat feed’ antennas [89, 97, 98].
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Apex matching

Figure 4.1: Fabricated self-supporting reflector antenna with coaxial cavity feed and apex matching.

However, the operation principle is different, and doesn’t require a special paraboloid surface [99]. Also, the
antenna has wider bandwidth than the single strut antennas in [87,97,98]

This chapter is organized into three sub-sections:

o Section 4.2 describes the design and performance of the coaxial cavity antenna stand-alone, and as a

feed. Also, it outlines the implementation and far field results of a parabolic reflector antenna.

e Section 4.3 presents the architecture and signal cancellation approach of the monostatic high directivity
STAR antenna. Further, the simulated and measured system isolation are discussed. In addition to the

influence of electrical imbalances and geometrical asymmetries on the achievable isolation.

59



TEM Mode TEq; Mode
Figure 4.2: Far field patterns of (a) TEM and (b) TE|; mode of coaxial cavity antenna.

4.2 REFLECTOR ANTENNA DESIGN

4.2.1 Feep DesiGN

The coaxial cavity antenna is an open-ended waveguide radiating into free space. Sometimes, this
configuration is referred to as nested coaxial waveguide feed [91-95]. This antenna can be analyzed using
the theory outlined in [37]. Fundamental mode of the waveguide is TEM with a null at boresight, Fig. 4.2.
Hence, to achieve a directional beam, the waveguide is operated in its first higher order mode, i.e. TEj;.
The cut-off frequencies of TE{; and TE;; (second higher order mode) are given by (4.1) and (4.2) [37,100].
Thus, the inner (A;4) and outer (A,4) conductor radii are selected accordingly for single mode operation
over an octave bandwidth (4 to 8 GHz). Linearly polarized TE;; mode can be excited by creating X or Y
oriented current distribution, which is achieved by exciting opposite ports with 180° out of phase signals,
as shown in Fig. 4.3. Exciting ports 1 and 3 generates horizontal polarization whereas exciting ports 2 and
4 generates vertical polarization. The orthogonality between the two excited TE|; modes ensures the dual
polarized operation. Further, these ports can be excited with +90° phase progressions to realize the desired

CP operation (RHCP or LHCP), as illustrated in Fig. 4.3.

dett = 1.873(§>(A0d + Ad) 4.1

60



A{iE
/—\\ p s P4'1_‘_80°_ (2700°)

y’ N po.

.Mr conductor ap
00

\ /
A\ _<Outer conductor

X
. ', o
IS 4 4 A A

(d) (e)

Figure 4.3: (a) Picture of coaxial waveguide, (b) fabricated antenna (top view) with excitation probes for
TE11 mode, (c) and (d) E fields of TE;; mode in Y and X directed currents with corresponding ports.

Aeat = 1.023(§>(A0d + Ad) 4.2)

Impedance match of the antenna is one of the crucial parameters for the system operation and it
becomes critical when the antenna is intended for relatively high input power. In spite of its good far field
performance, the broadband impedance match of the coaxial cavity antenna is not easy to achieve [93,101].
This is addressed, herein. First, the ratio of inner to outer conductor diameter of an open-ended coaxial
waveguide is varied to achieve reflection coefficient |S;;| <-10 dB. In the simulation, this is conducted by

exciting the waveguide with a wave port in TE;; mode. The reflection coefficient of the antenna, shown
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Figure 4.4: |S1| of the coaxial cavity antenna for different inner and outer conductor diameter ratios, A;4/A4.

in Fig. 4.4, indicates that higher b/a ratio deteriorates the impedance match at higher frequencies. These
results are in accordance with the similar study performed in [91, 101]. Moreover, the b/a ratio controls the
E and H patterns’ symmetry of the antenna, as mentioned in [101], which is essential for achieving uniform
illumination of the reflector surface (in ¢) and for symmetric radiation patterns. Hence, as a compromise
between impedance match and pattern symmetry, A;4/A,4 =0.23 is selected for the designed antenna. Also,
the asymmetry between E and H plane patterns negatively influences the cross-pol level and thus the axial
ratio (AR) for the CP operation. Therefore, A;4/A,4 is an important design parameter.

In addition to the cross section of the aperture/waveguide, the physical dimensions of the exciting
probes are critical for achieving good impedance match of the antenna. Hence, in step two, the probes are
shaped for |S1;| <-10dB over an octave bandwidth. The important parameters are length, P;.,,, shape, and
height of the probes from bottom of the cavity, Py,. Specifically, as shown in Fig. 4.5, a cylinder (probe II)
with diameter of 0.127 cm and length of 1.64 cm has narrower bandwidth (|S1;| <-10dB) in comparison to
the mono-cone shaped probe (probe 1), which is due to the reduction in reactance of the input impedance
seen at the port, Fig. 4.6, with frequency. Further, Py, and Pj,.,, are determined to achieve |[S;;| <-10dB
over the band by performing the parametric study in HFSS. Thus, the studies conducted herein indicate
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Figure 4.5: (a) and (b) Shape and dimensions of the modified and cylinder probe, respectively, and (c) active
reflection coefficient of the coaxial cavity antenna for different probe shapes

Figure 4.6: Smith chart showing the impedance of probes I (red) and II (black).

that with proper selection of A;4/A,4 ratio and probes dimensions, an octave of bandwidth (|S;;| <-10dB)
can be achieved for a coaxial cavity antenna. The antenna is fabricated with A;;=1cm, A,;=4.62cm

and height, Ay; =5.06 cm, which is same as the height of inner and outer conductors (see Fig. 4.7). The
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Figure 4.7: Fabricated coaxial cavity antenna and its dimensions.

fabricated antenna has measured |S;;| <-10dB over an octave bandwidth, and the impedance match with
BFN measured at the input of 90° hybrids is depicted in Fig. 4.8. The 90° hybrids in conjunction with 180°
hybrids are used to realize CP. The reflection coefficient at the input of 90° hybrids is low (<-20 dB) since all
the reflected signals from the antenna and the 180° hybrids are routed to unused port, which are terminated
with a matched load. It should be noted that all the terminated signals account for the system total loss and,
hence, it is important to minimize their level.

The antenna has an excellent far field performance. Specifically, gain >6 dBic with aperture efficiency
>87% (@8 GHz), AR <3 dB for 8 =+30°, symmetric radiation patterns over ¢ (0° to 360°), are shown in
Fig. 4.9, Fig. 4.10, Fig. 4.11, and Fig. 4.12 respectively. The results indicate good agreement between the
measurement and simulation. The designed coaxial cavity antenna has phase center variation <5% and <15%
for CP and linear polarization operations, respectively for the angular span of 106° in 6 (the angle subtended
by the designed reflector at the focus), as illustrated in Fig. 4.13. The phase center is calculated using the

slope method [102], where the reference coordinate system is considered at the aperture of the antenna.
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Figure 4.8: Simulated and measured active reflection coefficients of the coaxial cavity antenna at the input
ports of the (a) antenna, (b) 180° hybrids, and (c) 90° hybrids.
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Figure 4.9: Measured and simulated broadside gain of the designed coaxial cavity antenna.
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Figure 4.10: Measured and simulated axial ratio at § =0°, and 30° of the designed antenna.
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Figure 4.11: Simulated co-and cross-polarized radiation patterns of the coaxial cavity antenna over ¢ = 0° to
180°.
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Figure 4.12: Measured co-and cross-polarized radiation patterns of the coaxial cavity antenna over ¢ =0° to
180°.
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Figure 4.13: Normalized phase center (w.r.t. wavelength) of the designed coaxial cavity antenna for CP and
linear polarization (in E and H planes). Phase center is calculated for the angular span 6 = +53°.
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4.2.2 REFLECTOR DESIGN

A prime-feed or axis-symmetric paraboloid reflector is designed to achieve high gain desired for long-
range communication and EW applications. The diameter and the focal length of the reflector are computed
through a parametric study conducted in HESS, to achieve gain >20 dBi while maintaining low side lobe
and cross-polarization level. The antenna has diameter, D =40cm and F/D of 0.495 and achieves aperture
efficiency above 60% over 87.5% of the bandwidth with peak efficiency of 70%. Also, the antenna has gain
>21 dBic over the band of operation with maximum of 28 dBic at 8 GHz, as shown in the Fig. 4.14. The
radiation patterns are directive and symmetric around ¢ (0° to 360°) as shown in Fig. 4.15 (b), and HPBW
of the antenna is 6° at 8 GHz. Well-known short comings of the prime feed reflectors are aperture blockage
and deterioration in the impedance match of the feed due to the reflected fields from the reflector [90, 97];
the later can be observed from the reflection coefficient response in Fig. 4.16. An approach to minimize
the impact on impedance match is to reduce F/D [46]. However, it is observed that the improvement in the
impedance match is not significant at the expense of reduced gain and the aperture efficiency.

Contrarily, an offset-fed reflector can be designed to reduce the feed blockage and to improve the
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Figure 4.14: Comparison between the broadside gains of symmetric and offset-fed reflectors. The geometries
of the symmetric and offset fed reflectors are shown in the inset.
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Figure 4.15: Co and cross-polarized radiation patterns of (a) offset-fed, and (b) symmetric reflectors @ 4
GHz over several azimuthal cuts from ¢ =0° to 360°.

impedance match [45,46]. Therefore, an offset reflector is designed with lower rim offset, H=4.4cm,
which is selected such that the top most point of the feed clears the bottom most point of the reflector. The
corresponding feed orientation angle is calculated using equations in [45,46]. Also, the projected diameter
is the same as that of the prime feed case. The comparison of reflection coefficient in Fig. 4.16, clearly
indicates the improvement with the offset fed reflector. However, the radiation patterns are asymmetric,

with the squint in the symmetric plane, and have higher cross-polarization (in the asymmetric plane) in
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Figure 4.16: Simulated reflection coefficient of the coaxial cavity feed (standalone) compared to that of
symmetric and offset-fed reflector antenna.

comparison to the prime feed reflector, as shown in Fig. 4.15. Also, the gain of the offset fed reflector
is lower than the later, mainly at lower frequencies (see Fig. 4.14), due to the increased spill over losses.
Additionally, the asymmetry in the antenna geometry and radiation patterns deteriorate the isolation of the
proposed system, which will be discussed later in Section 4.3.

Hence, the axis-symmetry reflector configuration is selected for the design. To reduce the impact of
reflector on impedance match, apex matching technique is applied [87,96]. In this technique, a flat metallic
disk is mounted at the origin of the parabola, as shown in the Fig. 4.17. Further, the diameter of the plate is
selected to create 180° phase difference between the reflected signal from the apex matching and the rest of
the reflector surface at the focal point (or feed). Hence, these signals cancel (see Fig. 4.18); thereby reducing
the effect on the impedance match of the feed. The significance of apex matching can be clearly seen in
Fig. 4.18. Gaussian or cone shaped structures can be used to increase the impact over wider bandwidth [103];
however, the flat disk is chosen to minimize the fabrication cost and complexity. Apex matching can have
some effect on the far field of the antenna because of the modification in the parabolic surface [96]. In the

proposed design, apex matching lowered the gain by 0.4 dB at 8 GHz. Nonetheless, the antenna has SLL
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Figure 4.17: Illustration of apex matching technique, showing the reflected signals from the flat disk and
reflector surface at the feed point.
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Figure 4.18: Simulated reflection coefficient of the coaxial cavity antenna with probe extended to support
the feed, and reflection coefficient of the self-supporting reflector antenna with and without apex matching.

<-16dB and cross-pol level <-20dB over the operating frequencies. Moreover, the symmetry in antenna

geometry and radiation patterns is retained.

The prime feed reflector requires supporting struts for the feed, which increase aperture blockage

and side lobe levels [85].

Therefore, the inner conductor of the feed is extended to the apex of the

reflector, improving the impedance match of the feed (standalone) at the mid-band, as shown in Fig. 4.18, in

accordance with [101], without any noticeable deterioration in the far field performance. The self-supporting

feed maintains the symmetry of the antenna structure while eliminating the need for complex struts. The
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fabricated antenna with its dimensions is shown in Fig. 4.1. The required BFN is housed below the reflector
(not pictured)and the feeding cables are routed through the inner conductor, as illustrated in Fig. 4.1.

The radiation patterns of the self-supporting apex matched reflector are symmetric with cross-
polarization level <-20dB, SLL <-16 dB, and gain >21 dBic over the operating bandwidth (see Fig. 4.19 and
Fig. 4.20). The deviation in measured to simulated directivity at higher frequencies, Fig. 4.19, is mainly due
to the slight variation in the focal and feed point of the fabricated antenna, which has led to defocusing. The
extended inner conductor is tilted by approximately 2.5°, approx., corresponding to a feed offset of 0.33 cm
and 0.83 cm (X and Y axis, respectively). By incorporating these offsets in the simulation, the gain dropped
by 1.79dB and is in good agreement with measurement, as shown in Fig. 4.19. However, the design of
reflector is not optimal, and hence the far field performance can be improved further. Also, the feed has

-4 dB amplitude taper at 6 =+ 53° (@ 4 GHz).

30 . : , : : : .
0 —9-—0-4___0__6,—6 _e-
= e S e s
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15 | | | | 1 [ T
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Figure 4.19: Measured and simulated broadside directivity of the proposed self-supporting reflector antenna.
Also shown, the simulated directivity with error in feed position.
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Figure 4.20: Measured and simulated co (LHCP) and cross-polarized (RHCP) radiation patterns of the
self-supporting reflector antenna with apex matching, at ¢ =,0°.
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Figure 4.21: Signal flow diagram of the proposed monostatic STAR system, consisting of circularly polarized
reflector antenna, 90° and 180° hybrids, and circulators.

4.3 FurL DuprLEX CONFIGURATION

The monostatic STAR is realized by feeding the designed CP antenna through the BFN consisting of
90° and 180° hybrids as well as circulators. The schematic and the signal flow of the proposed architecture
are shown in Fig. 4.21. The realized approach is similar to the full-duplex system outlined in [22].

First, the input signals (or the TX signals) are connected to the port 1 of the TX 90° hybrid 1. Then,
the TX signals are split into two signals of equal magnitude and quadrature phase, (j/V2)e/? and (1/V2)e/?.
Further, these signals are routed through Paths I and 11, as illustrated in Fig. 4.21. The signals fed to the input
of circulators I and II undergo attenuation due to the finite insertion loss (IL) of the circulators. The outputs
of circulators are connected to the inputs of 180° hybrids, which are used to generate two signals with equal
magnitude and 180° phase difference. These signals are required to excite TE;; mode in the coaxial cavity
antenna (feed of the reflector). The impedance mismatch of the feed results in reflected signals, Eq. (4.3)
and Eq. (4.4), which travel back to the respective circulators through 180° hybrids, where SC1 and SC2

the Sy of circulators 1 and 2, respectively.

I |éej¢’ . 8¢ 4.3)
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1 .
|r2|6ef¢ - S§2 (4.4)

These signals are further attenuated, due to IL from port 2 to port 3 of the circulators, before reaching
RX 90° hybrid 2. At the hybrid 2, the signals from Path I undergo another 90° phase shift resulting in
(4.5), whereas the signals from Path II go through the hybrid without any phase shift (4.6); similarly, for
the signals from circulators leakage. Thereby, these two signals are combined 180° out of phase at the RX
port, resulting in theoretically infinite isolation when |I'j| =|I%|, Sgll = Szclz, S3C21 = S3sz, and the leakage from
circulators 1 and 2 are the same (4.7). However, any asymmetry in the BFN and the antenna geometry

will create imbalances in amplitude and phase which results in finite isolation of the system. The signals

combined in-phase at the port 4 of hybrid 2 are terminated in matched load.

-1 .
|F1|@ef¢sgl - SG! (4.5)
1 .
|1“2|$e]¢SZC12 . S3sz (4.6)
-1 . 1.
D55 S5+l oesGE 53 =0 @)

The prototyped STAR system achieves isolation >30 dB with high amplitude and phase imbalances
from the COTS hybrids used in the BEN, as illustrated in Fig. 4.22. Specifically, the used 180° hybrids
have amplitude and phase imbalances of 0.6 dB and +10° [104], respectively. Similarly, 90° hybrids have
+0.5dB and +3° amplitude and phase imbalances, respectively [105]. Nevertheless, with the proposed
approach, an average improvement of 15dB in isolation is achieved in comparison to the conventional
single circulator configuration (see Fig. 4.23), as demonstrated in Fig. 4.22. The similarity in the measured
isolation of the standalone feed and the feed with the reflector is mainly due to the geometrical symmetry of
the self-supporting reflector antenna. COTS circulators with 20 dB isolation, 0.35 dB IL and VSWR <1.25
are used [106].
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Figure 4.22: Measured isolation (a) without reflector, and (b) with reflector, using proposed monostatic

approach and the isolation of the full-duplex system for the conventional approach.

4.3.1 IMPACT OF ASYMMETRY
The imperfections in the antenna geometry degrades the system isolation because of its impact on the
cancellation process (4.7). For example, the asymmetry of the offset-fed reflector resulted in approximately

8 dB lower isolation in comparison to the prime feed reflector, as shown in Fig. 4.24. Also, the electrical
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Figure 4.24: Simulated isolation of the proposed system symmetric self-supporting and offset-fed reflectors.

inequalities due to amplitude and phase imbalances of the BFN deteriorates the isolation of the system.
As shown in Fig. 4.25, when frequency independent phase imbalance of +6° and amplitude imbalance
of +£0.4dB are introduced into the system BFN using a circuit simulator (AWR Microwave Office), the
achievable system isolation dropped to 30 dB. It should be noted that though the system isolation has seen

the drop due to the imbalances, it is still higher than that provided by the circulators (ideal circulator with

4.5 5 5.5 6 6.5 7 7.5

Frequency (GHz)

15 dB isolation is used in this analysis).
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Figure 4.25: Simulated isolation of the proposed system self-supporting reflector antenna with imbalances
in BEN.

4.3.2 IMPACT OF ROUGHNESS

Roughness or random deformations in the reflector surface create phase errors, of which the impact
on directivity is well documented in [47,107,108]. In addition to decreasing directivity, these anomalies can
deteriorate the isolation of the proposed STAR antenna system. Random roughness can be modeled using
various statistical models or distributions [107]. Herein, we use a Gaussian distribution with correlation
interval comparable to wavelength and root mean square (RMS) height much less than the wavelength [47].
Specifically, the surface roughness with correlation length 10cm (1.33 A4gH;) and RMS height of 0.2 cm
(0.026 A4GH7), when projected on XY plane, is considered. The resulting random rough surface (RRS) is
shown in Fig. 4.26 and Fig. 4.27. The deterioration in isolation up to 14 dB is observed as illustrated in
Fig. 4.28. Furthermore, the directivity of the antenna with roughness considered is reduced to 24.9 dB from
25.6dB and 26.9 dB from 28.2 dB, at 6 GHz and 8 GHz, respectively. Also, deformations have increased the

SLL of the antenna by 8 dB at 8 GHz.
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Figure 4.26: Generated Gaussian roughness with RMS height=0.2 cm
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Figure 4.27: Parabolic surface with Gaussian roughness.
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Isolation (dB)

The isolation of the system can be increased by using analog cancellation technique [18], where

An approach to increase the isolation between the TX and RX channels of a high gain reflector

antenna
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Figure 4.28: simulated systems isolation with and without roughness.

4.3.3 IsoLATION IMPROVEMENT TECHNIQUES

the signals from ports 4 and 1 of 90° Hybrid 2 are combined to compensate for the imbalances in the
BFN components, as shown in Fig. 4.29. SI can be reduced up to 32 dB over a narrow bandwidth using this
technique, as illustrated in Fig. 4.29 (b). In addition, the improvement in the isolation over a wider bandwidth
can be achieved by employing a dynamic cancelation network, as demonstrated by the results in Fig. 4.29

(c). The measured S-parameters of the BFN components, and the simulated antenna are used in the circuit

simulator [109] to realize the circuit and results in Fig. 4.29.

4.4 SUMMARY

is proposed and practically demonstrated. The feed is the well-performing coaxial cavity antenna
which bandwidth is extended through simple geometrical modifications. The high isolation in the introduced

monostatic STAR approach is achieved by canceling the coupled/leaked signals using a BFN consisting
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of 90° and 180° hybrids and circulators. It is explained that theoretically high isolation can be achieved
between the TX and RX through the proposed method. However, it is shown that the asymmetry in the
antenna geometry and the BFN can significantly deteriorate the achievable isolation, which is demonstrated
by considering an offset-fed reflector, surface roughness of the reflector, and imbalances in BFN. Using
COTS components with noticeable imbalances and, more importantly, variation between thereof, average
isolation > 30 dB is achieved with the fabricated system; in average, 15 dB higher than the isolation achieved

with the conventional circulator approach. The proposed antenna exhibits symmetric radiation patterns, with
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Figure 4.29: simulated systems isolation with and without roughness.

gain >20 dBic, axial ratio <1 dB, and |[S;;| <-10 dB over the operating bandwidth.
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CHAPTER 5

WIDEBAND Quasi-MoNosTATIC STAR

5.1 INTRODUCTION

This chapter upholds the ongoing thesis argument that higher isolation from the antenna layer itself is
critical. Hence, the robustness of the STAR performance to asymmetries and imbalances are necessary for
practical implementation. In Chapter 4, it is demonstrated that a monostatic configuration [32] is a preferred
approach for high gain, long-range, in-band full-duplex systems. The adopted method showed the potential
to achieve theoretically infinite isolation. However, the practical realization is plagued by the amplitude
and phase imbalances in the COTS hybrids and circulators. Nonetheless, isolation up to 30 dB is achieved.
Therefore, to overcome these limitations, a new system architecture called quasi-monostatic STAR is devised
in this chapter.

The proposed configuration can achieve 30 dB (on average) higher isolation than the approach in [32]
with the same BFN components. It is demonstrated that quasi-monostatic STAR can facilitate, simulta-
neously, linearly co-polarized transmission and reception with isolation >40dB, and gain >20dBi (for TX
antenna) while retaining the overall system’s physical footprint (in xy-plane) of a transmitting antenna alone.
The chapter also outlines the techniques to enhance the antennas F/B ratio and thereby, further improve the

system isolation. Finally, to address bandwidth extension to more than an octave, wideband spiral antenna



(@) (b)

Figure 5.1: (a) Photograph of the fabricated antenna, and (b) sketch illustrating the system operation.

is employed for the feed and RX and high isolation is reported.

The system consists of a center fed axis symmetric parabolic reflector [110] for TX operation and a
coaxial cavity antenna [93] mounted above the feed for RX. The resulting configuration is shown in Fig. 5.1.
The presence of the RX within the volume occupied by the TX helps reduce the system’s physical size,
analogous to a monostatic case. Further, in a baseline operational concept both TX feed and the RX antenna
are circularly polarized. That is, (to achieve true-co-pol STAR) the former is left-hand CP (LHCP) whereas
the latter is RHCP. The physical orientation of the antennas and the presence of the metallic reflector leads
to the same polarization operation for the TX and RX (see Fig. 5.1 (b)). It is seen that the system isolation
is related to the front-to-back ratio (F/B), and the cross-polarization levels of the two back-to-back antennas.
The polarization diversity between the two antennas provides an additional cancellation layer, resulting in
high system isolation. Additionally, due to the inherent low mutual coupling between the TX and RX
feeds, the proposed approach is less sensitive to the BFN imbalances and geometrical asymmetries. An
average measured isolation of 61 dB is obtained using commercial off-the-self (COTS) components with
relatively-high amplitude and phase imbalances.

This chapter is formulated in four sub-sections:
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Figure 5.2: Schematic of the proposed system along with the BFN consisting of 90° and 180° hybrids.

e Section 5.2 explains the design and methodology of the quasi-monostatic STAR. Further, the underlying

coupling channels of the architecture is analyzed with simulated and measured isolation results.

e Section 5.3 presents the far field and impedance performance of the feed and reflector.

e Section 5.4 outlines the techniques for improving operational bandwidth and system isolation.
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5.2 SysTEM DESCRIPTION

5.2.1 SYSTEM ARCHITECTURE

The proposed quasi-monostatic STAR antenna system consists of a parabolic reflector antenna for
transmission and a receiving antenna mounted back-to-back with the reflector feed, as shown in Fig. 5.1.
The physical size of the RX antenna should be comparable to or smaller than that of the TX feed, in order
to prevent additional reflector blockage. To increase the system isolation both the TX feed and the RX
antenna are CP. To achieve same TX and RX polarization (i.e. no polarization multiplexing) the TX feed is
LHCP and the RX antenna is RHCP. The LHCP fields from the TX feed undergo polarization reversal after
bouncing back from the reflector. Thereby, the TX and RX operate in the same polarization, as illustrated in
Fig. 5.1 (b). This approach can also support simultaneous dual polarized operation if appropriate feed and
RX antenna are used.

In the proposed system, a dual-polarized coaxial cavity antenna is used as a reflector feed and RX
antenna [32]. The antenna is selected because of its stable phase center, symmetric radiation patterns, and
high radiation efficiency over the desired bandwidth of operation. The required CP is realized by existing

the antenna using 2 X 4 Butler matrix BFN consisting of a 90° hybrid and two 180° hybrids (see Fig. 5.2).

5.2.2 CoOUPLING SOURCES

When the back-to-back antennas are in the far-field of each other, the coupling is through the back
lobes. To save the space and easy mechanical integration, the TX feed and RX antenna are arranged as
in Fig. 5.3. Coupling mechanisms are now more complicated as they include currents on the sides of the
antennas and antenna’s near field. Instead of separating the individual contributions to the overall coupling,
the aggregate effect can be readily simulated. The coupling between the individual exciting probes (ports)
is in the order of -40 dB, as shown in the Fig. 5.4. Similarly, the isolation between the linearly polarized
(LP) antennas is >40 dB (see Fig. 5.5). The increase in isolation with frequency is well correlated with the

higher F/B, as shown in Fig. 5.6. Separating the antennas further away is one simple approach to enhance
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the isolation. For example, doubling the separation between antenna apertures enhances isolation by 6.36 dB
(maximum), as shown in Fig. 5.7. However, this is not a preferred method, since it enlarges the overall
system size. Placing the absorber between the two antennas can also improve isolation, at the expense of
higher complexity.

Contrarily, the isolation of the system can be enhanced to >60dB (see Fig. 5.8) by operating the
designed antennas in CP. This increase in system isolation with the CP is due to the additional layer of signal
cancellation from the polarization diversity, and due to the higher F/B of the antennas in comparison to the
linear polarization, as shown in the Fig. 5.9. The S-parameters of the simulated antenna along with ideal BFN
are used in the circuit simulator (AWR microwave office [109]) to obtain the results in Fig. 5.8. The isolation
of the system is dependent on the imbalances and symmetry in the BFN and antenna geometry, respectively.
Hence, imbalances in amplitude and phase of the COTS components can deteriorate the isolation of the
system, which is clear from Fig. 5.8. The measured S-parameters of the COTS 90° hybrids [105], and 180°
hybrids [104] with amplitude and phase imbalances +0.5 dB and +3°, +0.6dB and +10°, respectively are

used.

5.69 cm

2.54 cm

5.69 cm

(a) (b)

Figure 5.3: Coaxial cavity antennas (RX and TX feeds) mounted back-to-back, (a) CAD models, and (b)
fabricated prototype.
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Figure 5.4: Simulated mutual coupling between the TX and RX ports of the coaxial cavity antennas.
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Figure 5.5: Simulated isolation between TX and RX for linear polarization and separation distance of 13 cm.
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Figure 5.6: Simulated F/B of coaxial cavity antenna for linear polarization.
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Figure 5.9: Simulated (a) the radiation patterns for linear and circular polarization at 4, 6, and 8 GHz, and
(b) F/B of the coaxial cavity antenna.

When the antennas are integrated with the reflector, the reflected fields from the parabolic surface
provide two additional coupling paths. Specifically, in the path I, the reflected LHCP fields from the reflector
will couple to the LHCP fields (co-pol) of the RX. Similarly, in path II, the cross-pol of the feed (LHCP)
is radiated as RHCP (cross-pol) from the reflector resulting in coupling to the RHCP fields (cross-pol) of
the RX. The influence of the additional paths can be inferred from the ripples (or standing waves) in the
mutual coupling between ports with reflector, as illustrated in Fig. 5.10. These additional paths will also
deteriorate the system isolation as shown in Fig. 5.11. Nevertheless, the impact of asymmetries on system
isolation is significantly reduced in comparison to that in [32], and >60dB can be achieved. This makes
the quasi-monostatic configuration more robust towards imbalances. Importantly, at higher frequencies, the
system isolation is even less sensitive because of the higher F/B and lower mutual coupling, which is an

added benefit of the system.
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Figure 5.11: Simulated system isolation with reflector.
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Figure 5.12: Transient analysis (in CST) of coaxial cavity antennas (RX and TX feed) mounted back-to-back
with and wihtout reflector, (a) co-pol to co-pol, and (b) co-pol to cross-pol.
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Further insight on the coupling mechanism of the proposed architecture can be obtained by analyzing
the problem in the time domain. In this analysis, a transient pulse of 1 ns duration is transmitted from the
feed (see Fig. 5.12). The signal coupled to the co-polarized port (RX-Portl) from the transmitting port
(TX-Port 1) with and without reflector is shown in Fig. 5.12 (a), where the second signal pulse with higher
amplitude highlights the importance of coupling through co-pol. Similarly, an additional signal pulse of
lower magnitude in the signal coupled from TX-port 1 (co-pol) to RX-port 2 (cross-pol), in Fig. 5.12 (b),
affirms the coupling through the cross-pol, in the presence of the reflector. The time domain analysis is
carried out in CST transient solver [111].

The measured system isolation with and without reflector is shown in Fig. 5.13. Some degradation
in the system isolation can be observed from the measured results in comparison to the simulation. This
degradation is mainly due to the small asymmetries in the fabricated antenna geometry inclusive of mounting.
Nonetheless, the system has average high isolation of 61 dB, which is 30 dB higher than the system isolation
in [31]. Most importantly, the isolation is less sensitive to the imbalances.

The roughness and deformations in a reflector surface lead to asymmetries and may deteriorate system
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Figure 5.13: Measured and simulated system isolation of the proposed quasi-monostatic reflector STAR
antenna.
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Figure 5.14: Comparison of simulated system isolation with and without reflector surface roughness.

isolation as discussed in Chapter 4. They can also negatively affect far-field performance [108]. Hence,
random roughness is modeled as Gaussian distribution with correlation length 10cm (1.33 A4gpm.) and
root mean square (RMS) height of 0.2cm (0.026 A4 GH;). The asymmetries due to surface roughness have
tolerable impact on system isolation in the proposed quasi-monostatic system, as shown in Fig. 5.14, further

highlighting the robustness towards asymmetries.

5.3 SysTEM PERFORMANCE

5.3.1 FEeep AND RX ANTENNA

A coaxial cavity antenna operating in its first higher order mode, TE;;, is used as the feed for the
reflector [93,110]. The antenna is excited by four probes which are oriented and phased 90° to each other to
achieve CP operation. The antenna has a height of 5.06 cm, and outer and inner conductor diameters 4.62 cm
and 1 cm, respectively, as shown in Fig. 4.3. These physical parameters are selected as a compromise between
impedance match and the far field performance over the bandwidth, as explained in detail in Chapter 4. The

phase center of the antenna is stable with <5% variation for CP. Additionally, the antenna has symmetric
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Figure 5.15: Measured and simulated VSWR of the RX antenna with and without reflector.

radiation patterns with axial ratio <3 dB for 6 =+30°, VSWR <2, and gain >6 dBic over the 4 to 8§ GHz
operating frequency band. The impedance match of the antenna is less impacted by the presence of another
antenna, and the reflector mounted behind it which are required for the proposed configuration (see Fig. 4.8
and Fig. 5.15). However, the reflector has increased the gain of the RX at frequencies where the reflected
fields from the reflector add constructively in the far field. Similarly, an increase in the cross-pol level of
the RX is noticed in the presence of the reflector behind the antenna. The gain, and radiation patterns of the
antenna with and without reflector are shown in Fig. 5.16, Fig. 5.17, and Fig. 5.18, respectively. Nonetheless,

these deteriorations in the far field are not significant for the intended application.
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Figure 5.16: Measured and simulated gain of the RX antenna with and without reflector.

Figure 5.17: Measured and simulated radiation patterns of the RX antenna without reflector.
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Figure 5.20: Measured and simulated radiation patterns of the TX.

5.3.2 REFLECTOR ANTENNA

The existing axis-symmetric parabolic reflector with F/D =0.49, and diameter =40 cm is employed
in the proposed system (see Fig. 5.1). The feed and the RX antennas are supported using a conventional
four struts approach [45]. This mount provides extra sturdiness in comparison to a single- and three- struts
approach and help maintain the symmetry, which is preferred for high isolation. The struts are constructed
as 1 cm outer diameter hollow cylindrical tubes, therefore, aiding the routing of RF cables to the reflector
backside through it. A maximum drop of 1.16dB (@ 6.8 GHz) in gain is observed over the band with the
struts and the RX antenna mounted behind the TX feed antenna, which indicates that its influence is minimal.
The quasi-static reflector antenna has gain >20 dBic, VSWR <2, and maximum aperture efficiency of 70%
over the operating frequencies, 4-8 GHz, as shown in Fig. 5.19. The drop in the measured gain is primarily
due to the defocus and slight offset of the feed from the center of the parabola. Hence, good agreement

between measurement and simulation is achieved by incorporating the focal point offset of 1.5 cm in z-axis,
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Figure 5.21: Simulated reflector co-polarized radiation patterns for ¢ =0° and 45° (a) without, and (b) with
struts.

0.3cm and 0.8 cm in x-and y-axis, respectively, as illustrated in Fig. 5.19. The antenna has side lobe level
(SLL) <-10dB over the operating frequency band, as shown in Fig. 5.20. The influence of the struts (oriented
at 45°) on SLL at ¢ =45° is seen in Fig. 5.21. Note that this impact can be minimized by using polygonal,

dielectric or corrugated struts, as explained in [112, 113].

5.4 IMPROVING ISOLATION AND OPERATIONAL BANDWIDTH

5.4.1 IMPROVING IsoLATION

Radiation from the back lobe is the primary source of coupling in the proposed configuration, as
mentioned in Section 5.2. Reducing the mutual coupling is important, since the lower the coupling, the

greater will be the robustness of the system isolation to the asymmetries and imbalances. Therefore,
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improving the F/B of both antennas will reduce the coupling between the TX feed and RX, and thereby
sensitivity of the system isolation to the BFN’s imbalances. The F/B can be increased using various
techniques, such as, corrugations at the aperture, aperture matching, and recessing the antenna inside the
absorber cavity. The metallic corrugations are quarter wavelength (at resonant frequency) chokes (Section
3.4). High impedance offered by these surfaces reduces the diffracted fields from the aperture edges of the
antenna, and thus, increases the F/B. Similarly, aperture matching minimizes diffracted fields radiated behind

the antenna and improves F/B. When the antenna is recessed inside the absorber cavity, the losses in the
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Figure 5.23: Simulated isolation between the antennas with and without corrugations for the ideal and

measured BFN, (a) without reflector, and (b) with reflector.

absorber will help reduce the diffracted fields resulting higher F/B. However, the absorber may reduce the
radiation efficiency of the antenna. The reduction in back lobe by 5-10dB can be observed by comparing

the radiation patterns of coaxial cavity antenna with and without corrugations, as shown in Fig. 5.22 (a)
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and (b). Metallic corrugations of depth 1.87 cm (A4 g./4), with four slots, resulting in a total diameter of
7.15 cm are used. It should be noted that the resulting feed size with corrugations is smaller than the size
of the supporting structure for the struts used (see Fig. 5.1). Similarly, improvement in F/B can be achieved
by recessing the RX antenna inside the absorber as shown in Fig. 5.22 (b). A numerical absorber [83] with
€ =1-j2.7, and u, =1-j2.7 is used for the study shown in Fig. 5.22 (b). Further, the reduction in the back
lobe directly corresponds to the reduction in the mutual coupling, and hence, will result in increased system
isolation. Importantly, the lower mutual coupling will improve the tolerance of the system isolation to the

imbalances as illustrated in the Fig. 5.23 (a) and (b).

5.4.2 EXTENDING BANDWIDTH

Isolation >60 dB over an octave bandwidth (4-8 GHz) is demonstrated in the proposed quasi-monostatic
STAR using coaxial cavity antennas as the feed and RX. The operation bandwidth over which high isolation
can be achieved is mainly limited by the impedance bandwidth and far-field performance of the antenna
employed, and not by the approach. Hence, the bandwidth of the proposed approach can be extended by
employing a wideband radiator such as dual polarized quad ridge horn [29] or cavity-backed spiral as reflector
feed and RX antenna (see Fig. 5.24). The number of components (180° and 90° hybrids) required in the BFN
can be reduced significantly by employing a CP antenna, such as, cavity backed two-arm spirals as the feed
and RX. Therefore, to demonstrate wideband operation with high isolation, two, cavity backed, absorber
loaded two-arm Archimedean spirals operating from 3-18 GHz are considered herein. The 4.3 cm spiral
has 10 turns with equal metal to slot ratio and is fabricated on Taconic TLY 5 [114] substrate with €. =2.2,
and tano =0.0009. A 2.7 cm tall metallic cavity loaded with absorber backs the aperture. The antenna has
VSWR <«1.55, and AR <3 dB for 8 = +30°, when fed by a microstrip balun.

The system isolation of 61 dB (average) can be achieved over 6:1 bandwidth when the spiral antenna
is used in the proposed configuration, as shown in the Fig. 5.25. The high isolation achieved is mainly due
to the low cross-pol and high F/B of the spiral antenna (see Fig. 5.26). Hence, any feed with good axial

ratio and low back lobes can be employed in the proposed configuration to realize high isolation wideband
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Figure 5.25: Measured system isolation of the quasi-monostatic STAR with cavity backed spiral.

quasi-monostatic STAR system. Note that the reflector antenna with the spiral feed supports only the
single polarization operation, in contrast to the reflector fed by the coaxial cavity antenna, which facilitates

simultaneous dual polarization.
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Figure 5.26: Simulated radiation pattern of the cavity backed spiral.

5.5 SuMMARY

The design and implementation of a quasi-monostatic STAR antenna system is presented. It is shown
that the radiation properties of the feed and RX antennas, specifically, F/B and cross-pol level are important
to achieve high isolation. The antennas are operated in CP to achieve additional improvement in isolation. It
is demonstrated that the approach is less sensitive to the asymmetries in the antenna geometry and the BFN.
Average measured isolation of 61 dB using COTS components proves that the proposed STAR system can
be practically realized with high system isolation. Further, it is shown that the system can maintain isolation
>50dB even in case of deformation to the reflector surface, which may happen over time. Known techniques
to improve F/B of the feed and thereby system isolation are also discussed. Furthermore, it is shown that
the operation bandwidth can be improved to more than one octave while maintaining high isolation, 61 dB
(average), by using wideband cavity backed spiral antennas. The designed system with coaxial cavity antenna
has gain >20dBic and >7 dBic for the TX and RX, respectively, and VSWR <2 over an octave bandwidth
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(4-8 GHz). The RX has a wider beam compared to the TX due to the difference in the effective aperture
sizes. This difference in directivity and patterns can be used as advantage in certain applications where a

wide field of view for a sensor is desired and high gain beam is preferred for the TX.
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CHAPTER 6

Quasi-MonNosTATIC STAR DuaL REFLECTOR

6.1 INTRODUCTION

Interest in frequencies, K-band and above is on the rise among both civilian applications, and in defense
and aerospace areas [115,116]. The former is driven by communication technologies such as proposed fifth
generation wireless networks due to large available instantaneous bandwidth, and for automotive radars for
better range resolution [117]. Similarly, mm-Wave has the unexplored potential for electronic warfare and
support (EW and S), and signals intelligence (SIGINT) [118]. Additionally, antennas, feeding networks, and
passive components are physically small [116,117]. Hence, these could be efficiently housed inside cars and
airborne vehicles like UAVs. Further, the current capabilities of additive manufacturing foster the design
and fabrication of mm-Wave components.

4rd
Pathloss = 2ozog10% (6.1)

Despite its benefits, implementing a STAR system in mm-Wave frequencies is even more challenging.
First, the signals will undergo greater path loss as given by (6.1) [47]. Secondly, the atmospheric absorption

of the waves is higher as depicted in Fig. 6.1 [119]. Hence, it is desired to have high gain antennas such



RN
o
N

o 5
§ "’ Q ? \he,
1 -~ ’

B Lol ® A a il
N—" 10 d: Q\ 3
S Q /'I .o—‘
= .N .-lb
S : Pt
C N o’
(0] -
£ LP
<< 10™ 3

10" 102

Frequency (GHz)

Figure 6.1: Atmospheric attenuation of microwave at sea level.

as reflectors. In-band full-duplex configuration explained in Chapter 4 is a lucrative choice. However, the
inner conductor of the coaxial cavity Fig. 4.1 becomes small, that is, 2 mm which is mechanically feeble
to self-support the feed. Importantly, the availability of the COTS circulators covering the full 18-45 GHz
frequency band is meager [7, 8], and the system isolation will have increased sensitivity towards imbalances
and asymmetries. Contrarily, the quasi-monostatic approach is the other favorable option. However, the
reflector topology used for realizing STAR system in Chapter 5 requires the feed to be placed at the focus
of the axis-symmetric reflector. Thus, the TX path will have greater attenuation and routing of waveguides,
desired for high power, is cumbersome and could contribute to the reflector blockage. Therefore, a dual
reflector based quasi-monostatic configuration is developed in this chapter, which addresses the challenges
mentioned above.

Conventionally, Cassegrain and Gregorian reflectors have primary and secondary dishes in the order
of 1004 and 104 in diameter, respectively [45—-47,120]. Hence, they are preferred for ground station, on
board satellites, and radars. However, reflectors in the order of 166cm (10043 ) is not desired for
small UAVs and decoys platforms. Therefore, the research focuses on designing small size dual-reflectors of
diameter 30 cm (12”) and 15 cm (6”) for in-band full-duplex antenna systems.
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Two STAR topologies are outlined in this chapter. In the first approach, TX is a Cassegrain antenna,
and the RX is a prime feed single reflector. Unlike, typical dual reflector, the unused backside of the secondary
reflector is utilized as the main dish for the RX, as illustrated in Fig. 6.2 (a). Second configurations also employ
dual reflector for TX, whereas, the RX can be a QRH or tightly coupled array, mounted on the secondary
reflector, as shown in Fig. 6.2 (b) and (c), respectively. Relatively small main dish size deteriorates the
far field performance due to the increased blockage, which is compounded by the difficulties in achieving
required amplitude taper from the feed and the sub-reflector [120]. This influence on radiation patterns is
minimized by modifying the profile of the QRH and shape of the secondary reflector while accounting for
the feed’s phase center variations as explained in the following sections. Furthermore, the trade-off between
the primary and secondary reflector diameter ratio, and its impact on far-field is presented. Importantly, the
chapter describes the STAR functionality with achievable system isolation >65 dB and far-field performance
of the TX and RX antennas.

This chapter is organized into four sub-sections:

e Section 6.2 discusses the theory and construction of a standard Cassegrain reflector and highlight the
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challenges in the design of relatively small primary and secondary dishes. Specifically, influence on

maximum aperture efficiency and far field patterns quality.

e Section 6.3 presents the two variants of dual reflector-based STAR configurations. Further, evaluates

the benefits and limitations of each approach and its potential applications.

e Section 6.4 describes the design, fabrication, and performance of the approach II in detail. Explicitly,

the TX feed, lens loaded RX antenna, and the 6” STAR Cassegrain reflector system.

e Section 6.5 outlines the system isolation and techniques to minimize the coupling.

6.2 DuaL ReErFLECTOR DESIGN

6.2.1 CONVENTIONAL

Dual reflectors are one of the extensively researched and deployed antenna systems for high gain
applications, because of its benefits over front-fed or prime feed reflectors. Specifically, the location of the
feed close to the source and the receiver, reduced spillover which minimizes the noise temperature, and its
ability to provide equivalent focal length shorter than the physical/actual focal length leading to compact
systems. Cassegrain and Gregorian are the two commonly used configurations [45,46]. However, the former
is preferred due to the proximity of the sub-reflector and the feed to the main dish, which results in smaller
overall system volume. Fig. 6.3 depicts the arrangement of a Cassegrain reflector antenna with critical design
parameters. These parameters are broadly classified as independent and dependent variables and are mainly
decided by the far field requirements and the mechanical feasibility of the system. Therefore, a dual reflector
antenna can be designed employing two principal approaches to result in the maximum aperture efficiency
or gain, while minimizing the spillover and blockage loss [46, 120].

In the first procedure, diameter of the main reflector, Dy, is decided, independently, according to
the desired antenna gain. Next, the size of the secondary dish, Dg, is computed for the least blockage
using (6.2) [46, 120]. Consequently, the feed is designed to provide the 10dB taper at the edges of the
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sub-reflector, while satisfying the minimum blockage condition. This condition is achieved by maintaining

the feed diameter Dr..4 and its shadow smaller than that of the secondary reflector, as illustrated in Fig. 6.3

and given by (6.3).
5
Ds _ [ cos't@u/) , A )" ©2)
DM (47‘[’)2(51'11),00) DM '
F_C N lkD%?eed o DFeed (6 3)

Fy 2 F.A —  Dj

In the second approach, primary reflector and the feed are designed first according to the requirements,
followed by the secondary dish for minimum blockage condition using (6.4), where P is given by (6.5) and
C is distance between sub-reflector foci. Furthermore, a balance between blockage and diffraction loss is

achieved by modifying the sub-reflector diameter for highest gain [46].

2FmSin(tan_l(DFeed/2C)) _ 2(FEff/DM)PSil’llﬁ0

1+ cos(tan" (Dpeeq/2C))| 1+ (Feff/Dum)cosyo 64
p= 2C(€2 - 1) (6 5)
Bl 2e2 '
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Figure 6.4: Simulated directivity of Cassegrain reflector @ 3.9 GHz.

For example, a 10m (1304) diameter primary reflector of a Cassegrain antenna with F/D,; =0.3
and Fgyr/ Dy =1.5 operating at 3.9 GHz is designed in [46]. Secondary dish of diameter, Dg=0.894 m
(11.621), eccentricity, e, of hyperbola= 1.5, is obtained for corrugated horn feed, Dr..q =0.415 m by using
(6.2) and (6.3). The feed has 10 dB taper illumination at the subtended angle, 6 = 18.9°. The resulting dual
reflector antenna has directivity, 50.77 dBi, at 3.9 GHz, resulting in 71% aperture efficiency (AE), as shown
in Fig. 6.4. The simulations are carried out in GRASP using geometrical optics (GO) and physical optics
(PO) and accounting for the sub-reflector and feed blockage [121]. These results indicate that greater AE,

and high gain can be attained from a well designed Cassegrain reflector antenna.

6.2.2 SMALL REFLECTORS

This research is focused on dual reflector antennas for compact airborne systems as discussed in
Section 6.1. These platforms demand the overall system size to be in the order 12 to 6, which becomes
limitation to achieve maximum AE. That is, for the 12” (18.21136H,) diameter main reflector, operating
over 18-45 GHz, variation of F/Dy; and Fgz¢/Dys from 0.3 to 0.5, and from 0.75 to 0.25, respectively will

result in sub-reflector diameter 1.47” to 1.6”, which is obtained using (6.4), (6.5), and minimum blockage
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condition. However, the size of the secondary dish, subtended angle, and the required 10 dB amplitude
taper illumination makes the design of feed nearly unrealistic for maximum AE and gain, as illustrated in
Fig. 6.5. Contrarily, if approach II is followed, for 12 main reflector and 1.7” feed diameter, the secondary
dish should be of 7.9” diameter (6.2), which is impractical and results in high blockage loss. Therefore,
achieving optimum AE and gain from a small dual reflector system, 9.1-18.24, is nearly impossible. Hence,
this research focuses on the design of Cassegrain antenna with acceptable radiation pattern quality and AE
in the order of 40%, importantly, STAR functionality with high isolation and minimum difference between

the TX and RX gains, as explained in the following sections.

6.3 STAR TorPOLOGIES

6.3.1 AppProOACH |

The configuration consists of Cassegrain and prime feed reflector antennas for the TX and RX, as
illustrated in Fig. 6.2 (a). The RHCP fields from the TX feed are reflected from the secondary reflector
as LHCP, which illuminates the primary dish. These incident waves will undergo polarization reversal due
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to the boundary condition and are re-radiated as RHCP. Analogously, the RHCP fields impinging on the
receiving main reflector will flip the polarization such that all the power is transferred to the LHCP RX feed.
Thereby, the STAR configuration operates in same sense of CP, without using any polarization diversity. The
presence of RX within the space occupied by TX (in the xy plane) makes the architecture quasi-monostatic.

The power from the TX feed couples to RX feed through two paths. First, via cross-pol fields of both
the antennas, as demonstrated in Fig. 6.2 (a). Hence, CP antennas with a low axial ratio (AR) will provide
high isolation. Further, the presence of sub and main reflector of TX and RX, respectively, provides additional
shielding. Contrarily, the spillover from these dishes will account for the second path of coupling. Therefore,
minimizing the diffracted fields or increasing amplitude taper of the feeds is beneficial for obtaining high
isolation. Nonetheless, high isolation >45 dB and >90 dB is achieved for LP and CP, in simulation with ideal
BFN components as shown in Fig. 6.6. The radiation patterns and gain of both the TX and RX are shown in
Fig. 6.7.

Notice that the TX and RX have dissimilarity in their gain, which is due to the difference in their
radiating aperture areas. Therefore, increasing the sub-reflector diameter will minimize the inequality in the
gains, however, at the expense of TX’s AE as shown in the Fig. 6.8 and Table 6.1. Hence, the primary and
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TX and RX gain differences 6 dB, 9dB, 10dB, 11dB, and 12 dB. Note that 100% AE, and no-loss are
assumed in calculating the gain at 18 GHz.

secondary diameter ratio, 0.35, is selected in the studies presented, which lead to the 9 dB gain difference

compared to >16 dB of the configuration in Chapter 5.

Further, reducing the main reflector diameter from 12” to 6 will deteriorate the far field and impedance

performance of both the TX and RX. This degradation is due to the increased proximity and the interaction
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Table 6.1: Sub-and main reflector diameter ratio trade-off

Gain Difference (dB) @ 18 GHz Diameter Ratio Blockage Loss (dB) Aperture Efficiency

0.5 6.06 24.76%

0.35 251 55.98%
10 0.32 1.93 64%
11 0.28 1.50 70.75%
12 0.25 1.17 76.35%

between the reflectors and feeds, and higher spillover. Hence, the approach is not suitable for the system size

<12”.

6.3.2 ArpproacH II

The configuration depicted in Fig. 6.2 (b) and (c) are more appealing than the approach I, when a
high gain STAR antenna system needs to be accommodated inside small payloads, which are in the order

of 6” diameter, and it is necessary to minimize the difference in the TX and RX gain. In this architecture

Sub-reflector

<«——RX array

<— 8 x 8 Vivaldi array
(a) (c)

Figure 6.9: (a) CAD model of dual reflector with array, (b) sub-reflector top view, and (c) 8 x 8 Vivaldi array.
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(see Fig. 6.2 (b) and (c)) the unused area behind the sub-reflector is utilized for mounting a single aperture
antenna or a tightly coupled array. Thus, the configuration provides two benefits. One, the available area
can be effectively utilized to achieve 100% AE, and thereby, maximize RX gain. Secondly, the construction
of the antenna is simple, robust, and enables easy integration of a radome.

The coupling phenomenon is similar to that in a quasi-monostatic STAR of Chapter 5, where the
significant part of the SI comes from the back lobe of the RX and the cross-pol of the TX feed. However,
the presence of metallic sub-reflector provides additional isolation. Additionally, part of the power couples
through the side lobes of the receiving antenna, hence the array should be designed for low SLL.

A 6” Cassegrain reflector TX antenna and a tightly coupled Vivaldi RX array are designed as shown
in the Fig. 6.9. The secondary dish is 2.1” and can accommodate a maximum of 12 x 12 dual polarized
Vivaldi elements, which can theoretically achieve 19.6 dBi gain at 18 GHz, thereby, reducing the TX and
RX gain difference to 4.85 dB. A comparison of the number of elements, array size, and gain is summarized
in Table 6.2. A single polarized 8 x 8 tightly coupled Vivaldi array with a dual reflector in proposed STAR
configuration is simulated in FEKO, for the proof of concept. Picture of the CAD models is shown in
Fig. 6.9. System isolation >40dB is achieved for LP, which could result in >60dB for CP. Importantly,
>10dB improvement in isolation is achieved by exciting the elements with Tschebysheft distribution, which
is primarily due to the reduction in the SLL, as depicted in Fig. 6.10. Note that 8 x 8 elements and single
LP are selected due to the limitation of computational resources. Nonetheless, the studies presented herein
indicates that the configuration has the potential to provide high system isolation, minimize TX and RX gain
differences, and facilitate multiple beams (simultaneously) for the receiving/sensing applications.

The similar operation can also be achieved from a wideband QRH with ~100% AE as an RX antenna.
Specifically, a 2” diameter aperture antenna can provide ~19dBi, which reduces the TX and RX gain
difference to 6 dB. Additionally, the system is simple for practical implementation. Hence, the design,
fabrication and performance of the dual reflector STAR antenna system are explained in the following

sections.

117



Table 6.2: Number of array elements vs directivity difference - Approach II

Number of Elements  Array Size (cm Xcm) Array Directivity (dB) TX and RX Directivity Difference

8 3x3 16.1 8.37dB
10 3.75%x3.75 18.03 6.44 dB
12 4.5x4.5 19.61 4.85dB
14 5.25%5.25 20.93 3.48dB

6.4 SysteEM DEesiGN-AprPPROACH 11

6.4.1 FeeD DEsIGN

Dual polarized conical QRH with single mode operation from 18-45 GHz is used as the feed for the
reflector. This antenna is selected because of its bandwidth, high power handling, no loss, and ability to
attain symmetric E-and H-plane patterns [122] and greater AE [81]. The symmetry in radiation patterns
is beneficial for achieving uniform illumination of sub-reflector and low cross-pol level in CP operation.
First, the cross-section of the circular quad-ridge waveguide and the horn aperture are designed. The former
is designed to provide modal purity over the frequency of interest, and the latter for required amplitude
taper while maintaining the blockage smaller than that of the sub-reflector. The dimensions of the resulting
geometries are shown in Fig. 6.11 (a) and (b). Furthermore, the taper of the ridges and the flare profile
are chosen based on the parametric study, in HFSS, to achieve RL >10dB, and patterns without the ripple
and low SLL. The designed QRH has exponential tapered aperture and spline profile ridges (see Fig. 6.11
(c)). The antenna has gain >11dB, |S;;| <-10dB, as shown in Fig. 6.12 and Fig. 6.13, respectively. Also,
amplitude taper >10dB for § =+32.8° and 6 =+28.8° from 24 and 28 GHz, respectively, as illustrated in

Fig. 6.14. The QRH is fed using the turnstile junctions discussed in Chapter 2.
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Figure 6.11: CAD model with dimensions of (a) quad ridge waveguide, (b) QRH aperture, and (c) QRH.
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Figure 6.12: Simulated co-and cross-polarized gain of the TX feed.
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Table 6.3: Design parameters of dual reflector - Iteration I

Parameter Value
DM 677
F/Dy 0.35
Focal Distance 27
Dg 2.17

6.4.2 TX DEsIGN

A 6” Cassegrain reflector operates as the TX of the proposed STAR system. The parameters of the
antenna are given in Table 6.3. In this design, the ratio, Dys/Ds is 0.31 which results in blockage loss
2.45 dB, computed using (6.6) [120]. Therefore, the maximum attainable AE drops to 47.9%. Nonetheless,
directivity >25 dBi, and SLL <12 dB is achieved when symmetric Gaussian beam is employed as the source,

as shown in Fig. 6.15. These simulations are carried out in GRASP using GO and PO.

2
D
Blockage Loss =201og (1 - [—S] )(dB) (6.6)
Dy

However, the realized gain deteriorates in comparison to the ideal case, when the designed QRH is
employed as the feed, as demonstrated in Fig. 6.16. Importantly, large drops are observed at frequencies 23,
27, and 31 GHz (see Fig. 6.16). Similar behavior is noticed in the [S1;| response of the feed, as highlighted
in Fig. 6.17, which indicates the presence of standing waves. Through full-wave analysis, it is found that
the primary reasons for this trend are the interaction between the main, sub-reflector and feed, and offset in
the phase center (PC) of the QRH from the focus. This interaction creates multiple bounces of the radiated
fields, which results in under illumination of the main reflector, as illustrated in the Fig. 6.18 currents plots.
Also, the distance between the apex of the sub-reflector and the feed aperture, 3.6 cm, corresponds to the
frequency of the standing wave.

These problems are minimized by accommodating three changes. First is aimed to minimize the
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Figure 6.15: (a)-(d) Simulated radiation patterns of dual reflectors at 18, 27, 35, and 45 GHz, respectively,
and (d) directivity

interaction. Increasing the F/Dy; of the reflector will lead to higher focal length (Table 6.4), which translates

to the larger space between the secondary dish and the feed. Hence, the new F/D,, is set to 0.5 corresponding
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Figure 6.17: Simulated [S1;| of QRH with dual reflector.

to 5.6 cm between the apex of primary and sub-reflector (see Fig. 6.19). Note that F/Dj, is limited to 0.5

to maintain the subtended angle relatively high such that the feed can satisfy 10 dB amplitude taper over a
significant portion of operating frequencies.

Second, the shape of the sub-reflector is modified from its regular hyperbola to vary the phase of

the reflected fields [123, 124], thus, improving main dish illumination, as demonstrated in Fig. 6.20. These

simulations are performed in FEKO. Finally, the feed position is altered to compensate for the change in PC.

The PC variation is higher due to the flaring and the aperture size of the horn. Hence, it is cumbersome to
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Surface current (dBA/m)

27 GHz 29 GHz
Figure 6.18: Simulated surface current distribution of the dual reflector at 27 GHz, and 29 GHz.

Table 6.4: Design parameters of dual reflector - Iteration II

Parameter Value
DM 6, bl
F/Dyy, 0.5
Focal Distance 2.9”
Dg 1.89”

compensate over 2.5:1 frequency bandwidth by adjusting the antenna position. Nonetheless, a significant
reduction in the ripples has been observed post modifications, as shown in Fig. 6.21. Further, the impedance
match of the feed also reciprocates the similar trend (see Fig. 6.22). The radiation patterns of the TX are
shown in Fig. 6.23 where the antenna has SLL less than 10 dB, cross-pol level <-30 dB. The dimensions of

the final design are listed in Table 6.4.
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6.4.3 RX DEesIGN

The receiving QRH is designed to meet two goals. First, to minimize the TX and RX gain difference.
Second, to contain the profile of the RX antenna within the sub-reflector size while keeping low height.
The circular quad ridge waveguide designed in previous section is employed to excite the RX. Further, the
aperture diameter is selected as 3.5 cm to cover the maximum available area behind the sub-reflector. The
profile of the fare and ridges are modified to low |Si;land SLL. The resulting antenna has an exponential
taper for aperture and asymmetric sine taper for the rides, as shown in the Fig. 6.24. The QRH has [Sy;|
<-20dB, gain 15+1.2 dB over the operational band shown in the Fig. 6.25, and Fig. 6.26, respectively. Thus,
the difference in TX and RX gain is 10 dB, at 18 GHz, which is satisfactory. However, the margin increases
to 18 dB at 45 GHz (see Fig. 6.26), mainly due to the reduction in AE of the horn. Hence, the antenna gain
needs to be improved.

The wide aperture (5.25145 g1 ;) and the flare angle are the causes for deterioration in the AE. Loading
the horn aperture with a dielectric (e >1) will cause the incident fields to refract and in collimating the beam,
thereby, increase the directivity [90]. These antennas are referred to as lens corrected horns [90], which are

implemented using various ways. Specifically, four types are mentioned in [90], where shape and permittivity

3.5cm
0.16 cm 5 7/
A /
0.3 cm 3 cm . : Y —
R /— Asymmetric
o8 / e L./ sine taper
.8 cm 0
Exponential 11 [T
taper ' )
(a) (b) (©)

Figure 6.24: CAD model with dimensions of (a) quad ridge waveguide, (b) RX QRH aperture, and (c) RX
QRH.
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Figure 6.26: Simulated gain of the RX without lens and TX (dual reflector).

of the dielectric play the critical role.

Type 3 lens or dual surface lens is one of the commonly used approaches, because of the easy
integration with a horn. In these lens types, the fields undergo refraction at two faces as shown in Fig. 6.27.
The design equations are given by (6.7)-(6.10) [90]. Hence, the permittivity of the lens is a design trade-off,
that is, higher the permittivity greater will be the mismatch between the waves inside the horn and the free
space. Therefore, a lens of diameter 3.5 cm (same as the aperture) and height 1.14 cm, made of Teflon with

€- =2.1 is designed in this research. Importantly, the gain of the resulting lens corrected horn has an increase
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Figure 6.27: CAD models of (a) and (b) dual surface lens with dimensions, and (c) RX QRH with lens.

from 15dB to 24 dB, at 45 GHz, which reduces the maximum difference between the TX and RX gain to
9.69dB as shown in Fig. 6.28. Further, the horn is excited using turnstile junction fed by coaxial probes
(shown in inset of Fig. 6.29) and the antenna has |S;;| <10 dB over the operational band (see Fig. 6.29). Also,

the radiation patterns of the RX are shown in Fig. 6.30.

F+(n—1T + (n* — 1)Fsect — FStan6
r =

(6.7)
l’l2
()
z = (r — Ftan6)S (6.8)
b2 12

S = [(M) - 1} (6.9)

T IR F/D
D { i (2F/D)2} n—1 6.10)
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35 GHz

Figure 6.30: Simulated Co-and cross-pol radiation patterns of RX with lens.

6.5 SysTEM IsoLATION

The coupling between the TX and RX is mainly through the back-lobe of the receiving antenna and
the cross-pol of the TX feed, also, due to the scattering and spillover from the sub-reflector, as discussed
in Section 6.3.2. The system isolation is >40 dB for LP which is governed by the inherent power coupling
between the antennas. Furthermore, the isolation >80dB is achieved when the TX and RX are CP, as
illustrated in Fig. 6.31. This increase in isolation is due to the additional cancellation provided by the BFN,
and the higher F/B of the antennas. Also, the presence of struts has negligible influence on the system
isolation because of the geometrical symmetry in the structure (see Fig. 6.31).

The configuration employs COTS 90° hybrids for realizing CP, and these components will have im-
balances in amplitude and phase [104,105], which can influence system isolation as demonstrated previously
in Chapter 4 and 5. Hence, frequency independent asymmetry of +6° in phase and +0.5 dB in amplitude
is introduced in circuit simulator (AWR Microwave office [109]) to analyze the impact on isolation. This
imbalance deteriorates the attainable signal cancellation by 40 dB as illustrated in Fig. 6.32. However, the
isolation is 30 dB higher than that obtained in Chapter 4, which brings out the robustness of the configu-
ration towards electrical asymmetries. Similarly, the isolation remains >60 dB when mechanical offset is
incorporated into the structure, as shown in Fig. 6.33. The picture of the prototype antenna and the measured
isolation is illustrated in Fig. 6.34. The reflector and the QRHs are fabricated using CNC machining. The

system has 63 dB (average) measured isolation with COTs 90° hybrids and 0.086” coaxial cables. Note that
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Figure 6.31: Simulated (in CST) isolation of the system without and with the metallic struts.

rectangular double ridge (WRD1845) to circular quad ridge transitions are used to feed the antennas, and the

measured S-parameters of the QRHs with cables and hybrids are combined in a circuit simulator to obtain

CP isolation.

Furthermore, recessing the RX antenna inside the absorber cavity will result in lower SLL, as well as
reduce the back-lobe level. Thereby, reducing the mutual coupling between the TX feed and the RX. Hence,

the system will have higher tolerances towards the imbalances, that is, 10 dB higher isolation than the base

case, as illustrated in Fig. 6.35.
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Figure 6.32: Simulated (in CST) isolation of the system with frequency independent electrical imbalances
+6° in phase, and +0.5 dB in amplitude.
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6.6 SUMMARY

The chapter outlines the importance and advantageous of implementing a STAR system in mm-Wave,
and the associated challenges from the isolation and fabrication perspective. Importantly, a new dual reflector
antenna based in-band full-duplex configuration is proposed. The approach relies on inherent low coupling
between the TX feed and the RX to achieve high isolation. Moreover, the antennas are operated in CP to
reduce the SI. Also, the steps of designing a conventional Cassegrain reflector are summarized. Specifically,
the impact of reducing the main dish diameter and D,;/Dg ratio on the far field are discussed in detail.
Further, three ways of realizing a STAR system consisting of 12” and 6” dual reflector in conjunction with
prime feed reflector, tightly coupled array and high gain QRH are outlined, along with the pros and cons
of each approach. An in-band full-duplex 6” Cassegrain reflector system is implemented which has a gain
>24dB and >16dB for the TX, and the RX, respectively. The chapter discusses the effect of interaction
between the sub-reflector and the TX feed on the far field and the measures to minimize this influence.
Additionally, a lens corrected QRH in designed to improve the AE of RX, thus, reducing the difference in
TX and RX gains. The system has isolation >60dB for CP and >40dB for LP, which can be potentially

improved by 10 dB as demonstrated.
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CHAPTER 7

CoNcLUSION AND FUTURE WORK

7.1 CoNCLUSION

Theory, design and practical realization of wideband STAR antenna systems are researched in this
thesis The wideband dual polarized antenna is first developed and described in Chapter 2. Chapters 3 and 4
describe two in-band full-duplex configurations and the techniques to improve their performance. Chapters
5 and 6 propose a new approach, called quasi-monostatic STAR, which addresses some of the limitations
of bi-static and monostatic architectures. The antenna systems operating over frequencies from 4 GHz to
45 GHz are developed in this research, which includes small apertures to the multiple wavelength wide
reflectors. Hence, this thesis explores the challenges, advantages, and solutions to various STAR antenna
configurations.

The design of wideband quad ridge horn (QRH) antenna, which can handle high power and can be
flush mounted with the platform is described first. Despite extensive research on QRHs, the existing feeding
techniques, in open literature, are either limited in power handling or relative operational bandwidth, as
discussed. To address this, the focus is on the design of 3:1 impedance bandwidth (VSWR <2) antenna
fed by double ridge waveguide based OMT. This task is accomplished in two steps. First, the aperture is

designed to achieve |S11| <-20 dB over the operational frequencies, by modifying the ridge profile and using



aperture matching technique. Further, the OMT consisting of turnstile junction and waveguide bends are
developed to support the desired impedance match requirement. The fabricated antenna has VSWR <2, and
gain >7 dBi with worst SLL of -15dB over 6-19 GHz, as demonstrated. In doing so, the antenna retains a
small footprint, that is, the aperture size of 3.3 x 3.3 cm? corresponding into (0.661 x 0.66.). Additionally, a
QRH operating over 18-45 GHz is developed using a similar design analogy, while accounting for the small
dimensions and the fabrication tolerances. The antenna is fed through a turnstile junction based OMT, and
it is compatible with the modified WRD1845 double ridge waveguide.

The QRHs designed in Chapter 2 are used to implement a bi-static STAR antenna system. These
are also employed to cover two sub-bands of in-band full-duplex systems operating from 0.5-45 GHz and
0.5-110 GHz. Understanding the underlying physics of power coupling between the co-located TX and RX
is one of the primary goals of the thesis. Hence, in Chapter 3 this is carried out methodologically by first
examining a single and dual polarized system mounted on a ground plane. Further, the area between the
antennas is treated with HISs to minimize the coupling due to the surface currents/waves. Specifically, three
types of reactive surfaces are analyzed, namely, metallic corrugations, bed of nails, and PRS. These HISs are
compared against each other in terms of bandwidth, ease of fabrication, cost, size, and weight. Importantly, it
is demonstrated that a PRS can reduce the TMO surface waves propagation over 3:1 bandwidth by providing
capacitive reactance. The realized bi-static STAR antenna subsystem with embedded PRS has measured
isolation >60 dB over 6-19 GHz for antennas separated edge-to-edge by 20cm (44¢gH;). Additionally, the
influence of scatterers and the neighboring antennas on system isolation is discussed.

A bi-static configuration involves two independent antennas placed wavelengths apart to achieve STAR
functionality. Hence, it occupies a significant area of the host platform where high gain and isolation is
desired, especially at low frequencies. Contrarily, a monostatic approach supports STAR features from a
single aperture. Therefore, this approach is preferred for a high gain reflector based in-band full-duplex
antenna system, as discussed. A BFN consisting circulators, 90°, and 180° hybrids and a CP antenna are
employed to realize a monostatic configuration. High isolation between the TX and RX is achieved by careful
rerouting of the coupled/leaked signals through the BEN. A coaxial cavity antenna operating from 4-8 GHz
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with symmetric radiation patterns, AR <3 dB for 6 = £30°, and phase center variation <5% and <15% for CP
and LP, respectively is designed as the feed for the axis-symmetric parabolic reflector. Despite the excellent
far field performance, the coaxial cavity antennas discussed in the literature have a poor impedance match,
which is a limiting factor for high power applications. Hence, this is improved by modifying the shape
of exciting probes as discussed. Thus, the antenna has VSWR <2 over an octave of bandwidth. Further,
the inner conductor of the feed is used as the support, thereby, eliminating complex struts and minimizing
the resulting reflector blockage. It is demonstrated that theoretically high isolation can be achieved with
ideal BFEN. However, the achievable isolation drops due to the amplitude and phase imbalances in COTS
components. Nonetheless, it is demonstrated that ST <30 dB can be obtained between the TX and RX. Also,
it is shown that the presence of reflector has a negligible influence on the system isolation. Additionally,
the influence of the dish’s surface roughness on SI cancellation is studied. The designed reflector antenna
has symmetric radiation patterns, with gain >20 dBic, axial ratio <1 dB, and |S{{| <-10 dB over the operating
bandwidth.

After the analysis of bi-static and monostatic STAR, a new approach called quasi-monostatic is
proposed, which minimizes certain limitation of both configurations. The system consists of a center fed
axis symmetric parabolic reflector for TX operation and a coaxial cavity antenna mounted above the feed
for RX. The presence of the RX within the volume occupied by the TX helps reduce the system’s physical
size, analogous to a monostatic case. Further, in a baseline operational concept, both TX feed and the RX
antenna are circularly polarized. That is, (to achieve true-co-pol STAR) the former is left-hand CP (LHCP)
whereas the latter is RHCP. The physical orientation of the antennas and the presence of the metallic reflector
leads to the same polarization operation for the TX and RX. It is demonstrated that the isolation is primarily
influenced by the F/B and the cross-polarization level of the two back-to-back antennas. High isolation is
achieved by combining the polarization diversity between the TX feed and the RX antenna with the inherent
low mutual coupling. Importantly, this combination provides the robustness to the system isolation towards
electrical and geometrical asymmetries. That is, 61 dB average isolation is achieved by employing the COTS
hybrids with high amplitude and phase imbalances as demonstrated. Further, the bandwidth of operation is
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dependent on the feed and the RX. Hence, an absorber loaded cavity-backed spiral is employed to extend the
operational frequencies over nearly 3 octaves (3-18 GHz). The designed system with coaxial cavity antenna
has a gain >20 dBic and >7 dBic for the TX and RX, respectively, and VSWR <2 over an octave bandwidth.

Finally, a high gain, dual reflector based quasi-monostatic STAR configuration is introduced for mm-
Wave frequencies. Three different approaches are researched all aimed at minimizing the difference between
TX and RX gains while achieving high isolation. The Cassegrain reflector is employed due to the proximity
of the feed antenna to the source, which reduces the loss in the TX chain. Importantly, the unused area behind
the secondary dish is utilized to house the RX antenna. Further, the size of the main dish is reduced to ~104,
unlike the conventional dual reflectors where prime reflector size is at least 100Ato reduce blockage. Hence,
the far field performance deteriorates as explained in Chapter 7. Therefore, techniques to minimize these
influences are demonstrated using full-wave simulations. A balance between the difference in TX and RX
gain, high isolation, and far-field quality is achieved by using design trade-offs. Additionally, three variants of
antennas are proposed for the RX. Specifically, a prime feed single reflector, a tightly coupled Vivaldi array,
and a lens corrected high gain QRH. Note, that all these approaches provide isolation >60 dB as illustrated
through full-wave simulations and measurements. A 15.24 cm (6”) Cassegrain reflector antenna as TX and
the RX implemented from QRH is fabricated and characterized. The former has the gain >24 dBi and the
latter >16 dBi, with VSWR <2 over the operational bandwidth. By adding the absorber around RX antenna

the isolation can be further improved by at least 10 dB.

7.2  ORIGINAL CONTRIBUTIONS

The original contributions of this thesis are:

e Demonstration of novel flush-mountable QRH with turnstile junction based OMT,with 118% band-

width (VSWR <2.1), and high power handling capability [29].

o A theoretical analysis approach for design of HISs to improve SI cancellation in bi-static STAR antenna

systems is developed [29].
143



e Demonstration of PRS design to provide capacitive reactance over >3:1 frequency bandwidth for TMg

surface wave [29].

o Implementation of a bi-static STAR system with isolation >60dB over 3.16:1 bandwidth for the
antennas separated by a 4, g, spacing is discussed. This high isolation is achieved by integrating the

developed HISs with the TX and RX [29].

o Analysis of impact of scatterers and neighboring antennas on STAR performance through the design

and fabrication of multi-band platforms operating from 0.5-45 GHz and 0.5-110 GHz [84].

e Demonstration of first reflector based monostatic in-band full-duplex antenna system with measured

isolation > 30 dB [99].

e Improving the impedance bandwidth of a coaxial cavity antenna to an octave bandwidth while main-

taining excellent far field performance [99].

e Demonstrates that the conventional struts of an axis-symmetric reflector can be eliminated by em-
ploying the inner conductor of the coaxial cavity antenna (feed) as a support therefore reducing the

blockage [99].

o A new STAR antenna configuration termed quasi-monostatic is proposed [31, 32]. Demonstrated

robustness of quasi-monostatic STAR aperture to electrical and geometrical asymmetries [31, 32].

e Development of three novel dual reflector, quasi-monostatic in-band full-duplex antenna systems. The

approaches utilize of the unused space behind the sub-reflector for the RX [125].

7.3 FuTurE WORK

In section 6.3.1 it is demonstrated that STAR functionality with high gain and isolation can be attained
from a topology, where, the TX is realized from Cassegrain and the RX from the single reflector. This
approach results in poor far field performance and deterioration in the impedance match when the size of
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the main dish is reduced to 94 (or 6” at 18 GHz). Hence, it is not fully explored in this thesis and further
improvement can be made in the future.

However, the configuration is advantageous for the applications/platforms which can support antenna
size >12” (or 201). The approach will provide high gain >20 dBi for the RX. This increase in gain is beneficial,
especially, at mm-Wave frequencies. The increase in size will also increase the separation between the sub-
reflector and the TX feed, thereby, minimizing the interaction between them. A low permittivity dielectric
support can be employed to provide additional support for sub-reflector. The effect of dielectric, struts, and
the radome on far field and STAR performance is an interesting research topic and has not been explored in
the existing literature.

A STAR system demonstrated in section 6.4 employs a lens loaded QRH for the RX and Cassegrain
reflector for the TX. Therefore, the antennas have a 9.7 dB maximum gain difference, as explained in the
section. A feasibility study of integrating an additional lens, either flat or variations of conic sections, can
be performed. This modification could minimize the gain difference without significantly deteriorating the
TX and STAR performance.

A technique of using a tightly coupled array as the RX instead of an aperture antenna is briefly
discussed in section 6.3.2. It is shown that the approach facilitates STAR performance with high isolation,
and can be further improved by modifying the amplitude distribution of the array elements. Also, it is
demonstrated that 12 X 12 planar array will reduce the gain difference between the TX and RX to 5dB. In
addition to that, a digital beam forming network can be used to feed the array, which will provide additional
functionalities, such as multiple beams, shaped beams, and so forth. Importantly, direction finding (DF)
capability can be added along with STAR. Thus, further improving the effectiveness of EW and S operations.
Moreover, some components of the RX block such as LNA and frequency down converter can be mounted
behind the sub-reflector, thereby, further increasing the received signal strength. A feasibility study of
housing entire receiver components under the RX can be carried out. Mounting the receiver would allow
the data to be sent digitally, thereby, reducing the number of cables through the struts and in turn the losses.
However, an estimation of noise figure (NF) and the solutions to improve should be performed before the
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practical implementation.
Impact of radome on performance of quasi-monostatic STAR antenna systems can be further re-
searched. Effect of high power on electro-mechanical stress and impact thereof on SI cancellation is of

future interest.
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APPENDIX A

SINGLE POLARIZED HORN ANTENNAS

A.1 INTRODUCTION

This chapter presents the simulated and measured impedance and far field performance of the single
polarized dual ridge horns operating in 6-19 GHz and 18-45 GHz. These antennas are part of the multi-

antenna, monostatic and bi-static STAR platform working from 0.5 to 110 GHz.

A2 6-19GHz

In Chapter 3, a single polarized bi-static in-band full-duplex system is presented. High isolation > 60 dB
is achieved by the orienting the antennas in its H-plane and modifying the profile and the aperture size of
the horns. Klopfenstein and exponential tapers are used for the ridges (in E-plane) and flare, respectively
(in H-plane). The rate of exponential taper is selected from the parametric study to achieve side lobe level
(SLL) less than 15 dB over the band while maintaining high isolation. The CAD model and the picture of
the fabricated antenna is shown in Fig. A.1. The simulated and measured [S1;|, and gain, radiation patterns

of the antennas are shown in Fig. A.2, Fig. A.3, and Fig. A.4, respectively.
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Figure A.1: (a) and (b) Pictures of CAD models and (c) photo of fabricated single polarized double ridge
horn antenna.
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Figure A.2: Simulated and measured |S| of the designed double ridge horn antenna.
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Figure A.3: Simulated and measured gain of the designed double ridge horn antenna.
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Figure A.4: Simulated and measured far field of the designed double ridge horn antenna at 6, 11 and 19 GHz.

163



A3 18-45GHz

Analogous to 6-19 GHz antenna, a double ridge, a single polarized horn antenna is designed and fabricated to
implement a bi-static STAR antenna system, as described in Chapter 3. E-plane ridges of the horn are shaped
as Klopfenstein taper, and the flare has the exponential profile. The fabricated antenna has an aperture size
2.26x1.09 cm?, and height 3.8 cm as depicted in Fig. A.5. The antenna has |S11| <-10dB, and gain >7 dBi

over the bandwidth as shown in the Fig. A.6 and A.7, respectively. Also, symmetric radiation patterns with

low side lobes as illustrated in Fig. A.8.
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Figure A.5: Simulated and measured |S| of the designed double ridge horn antenna.
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Figure A.6: Simulated and measured |S;;| of the designed double ridge horn antenna.
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Figure A.7: Simulated and measured gain of the designed double ridge horn antenna.
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Figure A.8: Simulated and measured far field of the designed double ridge horn antenna at 18, 24, 36 and
45 GHz.
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