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SUMMARY

This work explores the design, optimization, and practical implementation of an advanced
rat-race coupler with enhanced bandwidth and isolation performances for self-interference can-
cellation (SIC) in in-band full-duplex systems. The component is positioned at the antenna
interface to effectively mitigate the self-interference signal from the received signal, exploit-
ing the inherent signal-processing properties of the component. To address these challenges,
the novel approach proposed consists of the implementation of Chebyshev multi-section trans-
formers in the component structure, with an improvement of 30% in operative bandwidth and
doubling the isolation bandwidth. This thesis starts with a comprehensive theoretical analysis
of the 180-hybrid coupler, with particular emphasis on even and odd mode analysis and the
delicate amplitude and phase balance needed for optimal isolation.

The proposed structure is validated both with schematic and EM full-wave simulations using
Keysight Advanced Design System (ADS). The optimized microstrip implementation is finally
realized on a Rogers RO4003C substrate and measured, demonstrating a superior isolation level
and bandwidth with respect to a conventional structure.

This work contributes to advancing the SIC capabilities at the antenna interface by relying
on passive components only. The proposed solution reduces the dependence on complex active
cancellation techniques, supporting the goal of reducing the self-interference signal and enabling

IBFD communication for next-generation wireless technologies.

viii



CHAPTER 1

INTRODUCTION

1.1 In-Band Full-Duplex Overview

In wireless networks, bi-directionality in communications is usually achieved through half-
duplex schemes such as Time Division Duplex (TDD) and Frequency Division Duplex (FDD) [1].
The first utilizes a single channel alternating transmission and reception in different time slots,
whereas the second uses two separate channels for transmission and reception. FDD suffers
from inefficient spectrum utilization and does not adapt well to dynamic traffic loads since the
frequency bands allocated for transmission and reception are fixed. On the other hand, TDD
introduces an inherent latency in communication and requires precise timing synchronization.
Today, FDD is used in GSM, LTE, 5G, and satellite communications, while TDD is used in
LTE, 5G, Bluetooth, and WiFi. Both techniques exhibit low efficiency and throughput, making
them unsuitable for future high-speed communications demands.

In-band full-duplex (IBFD) systems enable simultaneous transmission and reception on the
same channel, maximizing spectral efficiency and throughput while minimizing latency [2][3].
IBFD is already implemented in some military radios [4][5] and is a promising core solution for
future communication standards such as 6G [6][7] and WiFi 7 [8].

The main technical challenge for implementing IBFD communication is the issue of self-

interference (SI) that arises from the coupling between the transmitted and received signals.



Specifically, the transmitted signal exhibits high power, and the portion that leaks on the

reception channel obscures the signal of interest, potentially leading to a saturation of the

receiver.
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Figure 1: Self-Interference Ilustration

The aim is to reduce the SI close to the noise floor, requiring an isolation between transmit

and receive channels above 100 dB [2]. Achieving and maintaining this level of self-interference

cancellation (SIC) in real-time requires the implementation of multiple design strategies along

the RF chain, involving the antenna/propagation domain, the analog domain, and finally, the

digital domain.



Modern processors enable the implementation of complex algorithms to effectively cancel
nonlinearities, phase noise, and IQ imbalance. These algorithms can also adapt to changing
environments without requiring excessive hardware complexity. As a result, cancellation in the
digital domain is preferred once the signal is digitized by the ADC. The role of propagation and
analog domain technique is then to attenuate as much as possible the SI component in order to
minimize the ADC quantization error, which depends on the difference between the dynamic
range of the signal of interest and that of the SI at the ADC input [3].

Over the past few years, the interest in IBFD has grown, with many research activities
involved, the IEEE Transactions on Antennas and Propagation that published the special issue
in [2], and the inaugural first issue of IEEE Journal of Special Topics in Electromagnetics,
Antennas and Propagation [9] on this topic. The research group of Prof. Erricolo, in the
Andrew Electromagnetic Laboratory at the University of Illinois Chicago (UIC), has provided
multiple contributions to IBFD, including the design of antennas that leverage field cancellation
to improve inherent SIC capabilities [10][11], various RF circuits for improving SIC [12] [13], a
book chapter [14], and the work in [15] that led to the patent [16]. In particular, contributions
where given to circularly polarized microstrip antennas [17] [18] [19] [20], and, in this context,
the research activity carried out in this thesis aims to the design of a rat-race use to enhance
the inherent SIC performance as part of the antenna system in [21].

The wide-band patch array antenna proposed in [21] consists of three circularly polarized
elements, with one transmitting antenna placed between two receiving antennas. The current

distribution and the position of the antennas are selected to create a null-field region between



the two RX antennas, allowing for SIC level below -50 dB between 5.4 GHz and 5.7 GHz, just
with the antenna itself. The 180-hybrid designed in this thesis exhibits wide-band behavior
and enhanced isolation level within the operating range from 5 GHz to 6 GHz. When this is
connected to the two RX antennas, the SIC performance further improve, with reduction of the
SIC level below -60 dB in a 300 MHz band within 5.4 GHz and 5.7 GHz, and below -50 dB in

a 700 MHz band between 5.1 GHz and 5.8 GHz.



1.2 Self-Interference Cancellation Level

As mentioned in the previous section, for an effective demodulation of the received signal,
the Self-Interference component has to be attenuated by 100 dB. The aim of this section is to
provide a justification for this high level of suppression required.

The receiver architectures are designed to deal with a noise floor whose power ranges from
80 dBm to 140 dBm [22] depending on temperature and bandwidth. By reducing the power of
the SI signal below this level, it becomes negligible compared to the inherent noise floor.

The maximum transmitting power for WiFi (802.11n/ac/ax) is limited to 20 dBm (100
mW) in the 2.4 GHz band [23] and 23 dBm (200 mW) in the 5 GHz band [24], with an average
power in the range between 15 dBm and 20 dBm (from 30 mW to 100 mW). The maximum
transmitting power for LTE/5G UE is limited to 23 dBm (200 mW) [25][26]. As a result, in
most of the laboratory experiments on IBFD systems, the transmitted power is in the 0 dBm
to 20 dBm range [27][28].

Assuming a SI signal of 10 dBm (-20 dB) having the same power of the transmitted signal,
as in single antenna IBFD systems, to attenuate the SI component by 10dB below the noise

floor of -80 dBm (-110 dB), the amount of SIC required is:

SIC =Ppx — Py — 10dB=—-20dB — (—110dB) —10dB =100 dB (1.1)



This proves that the minimum amount of SIC required for an effective demodulation of the
incoming signal is -100 dB. In common IBFD systems, an attenuation of -30 dB is obtained in
the propagation domain, -30 dB in the analog domain and -40 dB in the digital domain.

The antenna system proposed in [21], combined with the rat-race combiner designed in
this thesis, allow for SIC performance better than -60 dB in the propagation domain. This
makes possible to obtain a suppression level of the SI signal even higher that 100 dB when
also accounting the SIC techniques in the analog and digital domain. This contribute to make

IBFD more feasible for future applications.



1.3 Structure of the thesis

This this thesis begins with a brief introduction to the context of In-Band Full-Duplex
systems, providing an overview on the relevance and application of the component designed
in this work. Chapter 2 presents an overview of the theoretical background involved in the
design, followed by an explanation of the design workflow and of the simulations performed.
The theoretical sections focus on the key concept for this research.

Chapter 3 discuss about the design of a rat-race coupler with the desired characteristics of
bandwidth and isolation. In the first part there is a step-by step implementation of the design,
with both theoretical explanations and a comparison of the obtained results with a conventional
rat-race ring. In the same chapter follows the microstrip implementation, the layout generation
and the results of the EM full-wave simulations

Chapter 4 discuss the fabrication and measurement results of the physical component. Fi-
nally, this thesis concludes with a summary of the research with suggestions for potential

directions for future works.



CHAPTER 2

BACKGROUND

2.1 Multi-Section Transformer

The purpose of multi-section transformers is to provide wide-band impedance matching
between the source and the load. Compared to quarter-wave transformers, which can match
an arbitrarily real load to any transmission line (assuming lossless conditions) but only over
a narrow frequency range, multi-section transformers implement a gradual impedance transi-
tion that reduces the reflections due to the frequency-dependent impedance variations. This
approach maintains the input impedance around the design value and minimizes the reflection
coefficient across a wider frequency band.

The aim of the following mathematical demonstration is to extract the frequency-dependent
polynomial expression of the reflection coefficient and map it to the desired response, as illus-
trated in [22].

Let us consider a multi-section transformer composed of N equal-length transmission lines,
with monotonically increasing characteristic impedances as in Figure 2. Referring to the small
reflection approximation, we assume the transition between characteristic impedance to be very
gradual, such that Z; =~ Z; ;. As a result, the mismatch at each interface is minimal and most
of the incident power is transmitted at the discontinuity. An incident unit-amplitude wave

propagating along the transformer experiences reflections at each interface, with each reflected
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Figure 2: Reflections in a multisection transformer matching the real load Zr with the source

chatacteristic impedance Z;

wave travels back while most of the power is transmitted forward, as previously explained. The
total reflected wave is then the sum of the small reflections on the N-interfaces, each with a
phase accumulation equal to twice the electrical distance from the interface and the source due

-
v+

to the round-trip. An approximated expression for the overall reflection coefficient I' = is
given in Equation 2.1 [22]. It should be noted that, the reflection produced on each interface
is itself an infinite sum of internal reflections within the section; however, due to the small
reflection hypothesis, the amplitude of these high order terms decreases rapidly, making the

first order reflections the dominant contributes to the total T'.

Zinit1 — Zi

[(0) =To+Tie 2 4 Toe 0 4 4 Tye N0 with ;=270 20
Zinyi+1 + Z;

(2.1)
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Assuming also that the reflection coefficients are symmetrical along the transformer (I'g =
'y, Iy =Tn-1, ... )), still maintaining the monotonical variation of the characteristic impedances,

Equation 2.1 can be manipulated into Equation 2.2, as derived in [22].

D(0) = To(1 + e 79%0) 4 Ty (7920467720 =10) § Dy (e 740 4 ¢=2N=20) | | =

— 2¢IN0 [Fo(ejNe + e_jNe) + Fl(ej(N_z)e + e_j(N_Q)e)} 4+ ...=

' %FN/Q for N even
= 2¢ N0 [Cocos N +T'y cos (N — 2)0 + 'y, cos (N — 2n)6 +

I (n—1)/2cos6 for N odd
(2.2)

By properly selecting the I';, and the number of sections N it is possible to synthetize ant
reflection coefficient response as a function of the frequency (). In the next subsection will be

explained how to synthetize the Chebyshev passband response

2.1.1  Multisection Transformer with Chebyshev Profile

Chebyshev response optimize bandwidth compromising the the flatness of the band-pass
response, that presents some ripple. Chebyshev polynomials T}, (x) are a family of orthogonal
polynomials whose amplitude oscillates within passband, corresponding to the range —1 <
x < 1, and exponentially increases in the stopband, for |z| > 1. As shown in Figure 3, the
rate of increase in the stop band becomes steeper with the polynomial order n. The first four
Chebyshev polynomials and the formula to recursively derive higher-order polynomials are in

Equation 2.3 [18].
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Amplitude of the First Four Chebyshev Polynomials

T,x)
T, () |
1 -t T,M 1
8N T, [

Figure 3: Chebyshev Polynomials Amplitude as function of x

(2.3)

Tn(:l,‘) =2x- Tnfl(l') — Tnfg (ZL')
Assuming x = cos#, in the pass-band (|z| < 1) it holds T;,(x) = T},(cos §) = cos™ 6, while in
the stop-band (|| > 1) we have T}, (x) = cosh (n - cosh™ z). To set map the pass-band to the

desired frequency interval corrisponding to 6 € [0,, ;™ — 0,,] we make:
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r=1 for #=60,, — cosb,,=1

(2.4)
r=—1 for 0=n—-0,, = cos(m—0,)=1
This is accomplished by substituting x = % = sec 0,, cos § into Equation 2.3, obtaining

Equation 2.6 [22].

T, (sec O, cos 0) = sec O, cos b,
Ts(sec Oy, cos ) = sec? 0, cos 20 + (sec2 0,, — 1)
T3(sec by, cos ) = sec? 6, cos(36) + (se(33 O — 3sec Om) cos 6

Ty (sec b, cos) = sect 6, cos 460 + (4 sect 6, — 4sec? 9m) cos 260 + (3 sect0,, — 4sec? 0, + 1)
(2.5)

The Chebyshev response of the multisection transformer is obtained by mapping the reflec-
tion coefficients in Equation 2.2 to the coefficients of the cosine terms in Equation 2.5 as in
Equation 2.7. Once the reflected coefficients are known, the corresponding values of character-

istic impedance are calculated by inverting Equation 2.1

. %FN/Q for N even
o) = 2¢ 1IN0 [I‘g cos N0 +T'y cos (N —2)0 + Ty, cos (N — 2n)0 +

F(N_l)/z cos fOT N odd

= Ae N9 T, (sec B, cosh)

(2.6)

The value of 8 ranges from 0 to 6, within the pass band and exceed 6,, in the stopband.
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Notice that, at § = 0, which corresponds to the lower frequency limit, all the phase terms
e~72k0 in Equation 2.2 are unity and maximize their contribution. As a consequence, the overall
reflection coefficient (I'(0)) also reaches its maximum as it appears as the sum of all the interface

reflections: I'(0) =g +I'1 4+ ... +'ny. The constant A then represents the peak in-band ripple

and is evaluated as expressed in Equation 2.7.

FmaX
A = — 2.
Tn(secy,) 27)

The results obtained in this section are an approximation since they rely on small refiection
approrimation. These provide a valuable insight into the working principle and are general
enough for the design of a transformer with an arbitrary maximum ripple level. Exact results

can be found in tables in [22] and [29].

2.1.2 Comparison of Multisection Transformers Profiles

The previous section discussed the implementation of the Chebyshev profile as the frequency-
dependent reflection coefficient o a multisection transformer, however, in principle any continu-
ous impedance profile can be implemented, untill this provide physically realizable characteristic
impedances Z(z) > 0. In this section we discuss about the performances of the most common
impedance transformer profiles, namely Chebyshev, Binomial (Maximally Flat) and Klopfen-
stein profiles.

The Chebyshev profile is widely adopted when stopband attenuation and passband return

loss are priorities. It provides a fast transition from passband to stopband and support a
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wideband response at the cost of an in-band ripple. However, the ripple peak amplitude can be
effectively controlled to meet the design constraints, as shown in the previous section [22][29].

The Binomial/Maximally-Flat profile is preferred when in-band flatness is the main concern.
It allows for no ripple within the pass-band but suffers from narrower bandwidth and slower
roll off in stop-band, making it not appealing for wide-band designs[22][29].

Finally, the Klopfenstein profile provides the best trade off between length and performance,
offering the shortest transformer for a specified maximum reflection coefficient and fast roll-off
in stop-band. The main drawback is the high fabrication complexity and the high sensibility
to manufacturing tolerances, since it requires either a continuous taper or many finite discrete
steps to accurately approximate the profile. In addition, unlike Chebyshev profile, it does not
offer an explicit control for the in-band ripple[22][29][30].

A summary of the performance comparison between the different transformer profiles is

provided in Table I.
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TABLE I. COMMON MULTISECTION TRANSFORMERS PROFILES

Criterion Chebyshev Binomial Klopfenstein
Passband Reflection Controlled ripple Ripple-free Controlled
Stopband Attenuation Fast, exponential Slow, polynomial Fast
Roll-off Speed Very steep Gentle Steep
Bandwidth Wideband Narrower than Chebyshev Wideband
Ripple Control Explicit - No explicit control
Transformer Length Moderate Longest Shortest
Fabrication Complexity Medium Low High
Sensitivity to Tolerances Moderate Low High
Design Complexity Medium Low High

2.1.3 Effect of Section Length in Multi-Section Transformers

In multi-section transformers, the typical choice for the section length is [ = A/4, not for its
strong impedance transformation capabilities but also for the beneficial effect associated with
the accumulation of phases.

As discussed in the previous section, each impedance discontinuity generates a reflected

wave that propagates back toward reaching the source with an accumulated phase shift equal
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to twice the electrical length of its path due to the round-trip. As a result, the phase difference

at the source between two reflections generated by adjacent component is equal to:
Agii1 =2pl-1 =261 (i —1) =251 (2.8)
In the case of [ = A\/4 , Equation 2.8 becomes:
Agij1 =2 (*) : % =7 (2.9)

As a result, the reflections from adjacent sections are out of phase and interfere destructively,
reducing the overall reflection coefficient and increasing the steepness steepness of the stop-
band attenuation. As the value of [ changes for both larger and smaller values of \/4, the
reflections gets further from the out-of phase consdition and the cancellation effect reduces.
The limit condition occurs either as | — 0 or at [ = \/2, where A¢; ;—1 = 0 and the reflections
interfere constructively, significantly worsening the reflection coefficient roll-off. This behavior
is periodic with respect to the section length [, with destructive interferences occurring for odd
multiples of A\/4 and constructive interferences for odd multiple of A/2. Understanding this
periodicity is essential to find the optimal trade off between the overall transformer length and
the performance, especially in the case of integrated layouts as the one of the 180-hybrid in this

thesis.
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Reflection Coefficient Amplitude versus Frequency
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Figure 4: Effect of section length variation on the reflection coefficient amplitude of a five-

section Chebyshev transformer as a function of frequency

2.1.4 The Fano-Bode Criterion

The Bode-Fano criterion sets a fundamental theoretical limit on the minimum magnitude
of the reflection coefficient that can be achieved with an arbitrary, passive matching network.
In other words, for a given load, the broader the desired matching bandwidth, the maximum

reflection coefficient peaks in the band [22][31]. Bode-Fano’s criterion in Equation 2.10[32]
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defines the optimum result in terms of bandwidth and reflection coefficient amplitude that can

be ideally archived and approximated in practice but not surpassed.

& 1 dv 7
J v rar e <6 (210

This inequality implies that zero reflection across the bandwidth is impossible and that
perfect matching can only be obtained at a finite number of discrete frequencies only [22].

In the case of the multisection transformer, increasing the number and length of the sections
leads to an increase of matching bandwidth with a decrease of the quality factor @) and, finally,
a higher minimum in-band reflection coefficient, according to the Bode-Fano criterion. A flatter
but zero in-band reflection coefficient is then the direct consequence of the wideband matching

provided.
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2.2  Microstrip-line Theory

Microstrip lines are one of the most widely used forms of planar transmission lines in modern
RF /microwave circuits, especially for their ease of manufacturing and integration with active
and passive components. For mass production, they are typically fabricated with standard
photolithography and etching processes, ensuring cost-effectiveness and up-to-micrometer pre-
cision essential for high-frequency applications. For fast prototyping they can be fabricated
using CNC machines, however, this solution is generally not cost-effective and allows for a
significantly lower resolution compared to etching techniques.

Figure 5 illustrates the cross-section of a microstrip line. This is composed of a conductor
strip with width W and thickness ¢, that lies on top of a dielectric substrate with thickness h
and relative permittivity €,.. The substrate itself lies on a grounded metal layer known as the

ground plane.

(PEC) w
A .

Dielectric
Substrate

(ér. o) h

Ground Plane (PEC)

Figure 5: Microstrip geometrical dimensions represented on the cross-section plane
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Assuming the strip and the ground plane made of perfect electric conductor (PEC), the
boundary condition imposes that the tangent component of the electric field at the conductor
surface is null; as a result, the electric field lines arise and terminate on the two conductors and
are normal to the surface at the interface. On the contrary, the boundary conditions of the
magnetic field require the normal component to be null, resulting in the magnetic field lines
circulating around the conductor always parallel to the surface. The portrait of electric and

magnetic fields in the microstrip-cross section is shown in Figure 6.

€0

Dielectric
Substrate

Figure 6: Electric and Magnetic field lines represented on the cross-section plane of the mi-

crostripline

The conductor strip is positioned between two means: the air above, with permittivity
€0, and the dielectric below, with relative dielectric permittivity €.. As a consequence, the

electric field is not contained within a homogeneous and the electric field lines cross regions
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with different permittivities and phase velocities v, = cy/+/€,. This phenomenon is known as
fringing and causes in the longitudinal components (along Z if the reference system in Fig-
ure 6 is considered) to be not null at the air-dielectric interface, making the propagation mode
non-TEM. However, in most applications, the dielectric thickness is much smaller than the
operating wavelength (h/W < \), ensuring the longitudinal components to be much weaker
if compared to the transverse ones Consequently, the propagation mode in a microstrip can
be approximated to quasi-TEM, allowing the extension of TEM transmission lines theory to

estimate key parameters, such as characteristic impedance [22] [33].

2.2.1 Effective permittivity and Characteristic Impedance

As explained before, under the hypothesis of h/W < A, it is possible to approximate
the hybrid TE-TM mode that propagates into the microstrip to a quasi-TEM. We can then
consider the strip as floating inside a single mean (as TEM mode) with permittivity (1 < e.rs <
€,) known as effective permittivity and evaluated in Equation 2.11 [22] from the geometric

characteristics of the microstrip.

e +1 e — 1 1
€eff = T2 +T2

2h
+ =LA

Once ¢, is calculated, the phase velocity and propagation constant can be evaluated as in

Equation 2.12 [22], while the characteristic impedance as in Equation 2.13 [22].

8 = koy/ery (2.12)
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60 1, (8h 4 W

rs In (W + E) for

Zo = (2.13)
120m for % >1

Ver [%+1.393+0.667ln (%+1.444)}

2=

The formulas for effective permittivity and characteristic impedance presented in Equa-
tion 2.11 and Equation 2.4 provide an approximation valid in quasi-static conditions only (low
frequency). Even though we approximated the microstrip line to a quasi-TEM structure, we
recall that the mode is actually an hybrid of TM and TE modes, so both the impedance and
the effective permittivity variy with frequency. A frequency dependent effective permittivity
implies a phase velocity that changes with frequency and a dispersive behavior. In other words
the components of a broadband signal will reach the end of the line at different times creating a
distortion of the input signal. Approximated formulas are not suitable since these are not accu-
rate enough over a sufficiently wide frequency range, so numeric models are usually preferred,

as the ones proposed in [34] and [35].
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Figure 7: Frequency behavior of effective permittivity in a microstrip line with W = 3 mm,

L = 32 mil, ¢, = 3.55, and t = 35 um

Figure 7 shows the plot of the effective permittivity as a function of the frequency considering

the dispersive model in [36];

2.2.2 Losses in Microstrip-line

In a microstrip line the attenuation is the sum of different components, the most prominent
are the conductor attenuation and the dielectric attenuation. Conductor attenuation arise from
the finite conductivity of the conductor (o) which makes the strip and the ground plane. As the
frequency increases, current tends to concentrate close to the surface of the conductor rather

than distributing uniformly across the cross section (skin effect), resulting in an increase of sur-
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face resistance (Rg). The attenuation of the wave due to the conductor losses is approximately

given by Equation 2.14 [22].
R

= 797 [Np/m} where Rs(f):\/WUTM [Q/D] (2.14)

Conversely, dielectric attenuation (cy) is related to the energy dissipation phenomena that

0%

take place in a real dielectric. In particular, when an electric field is applied, the dipoles align
storing energy and release energy when the electric field is no more present, all without losses.
In a real dielectric, instead, part of the energy provided by the field is dissipated by heat due
to molecular frictions and relaxation delays. These energy losses are taken into account by the
imaginary part of the permittivity (¢”), while the real part (¢') accounts for the energy stored.
An approximation of the attenuation resulting due to dielectric losses is given by Equation 2.15

[22], in which the term tand = i—l,/ is known as loss tangent.

_ koer(eeps —1)
g = m tand [Np/m] (2.15)

Considering Equation 2.14 and Equation 2.15, the dielectric attenuation grows as f (linearly
with frequency) while the conductor attenuator grows as v/f. The dielectric attenuation is then
expected to prevail at low frequencies while the conductor losses dominate at higher frequencies.

The behavior just depicted can be observed in Figure 8 [36].
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. Conductor and Dielectric Losses in Microstrip Line
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Figure 8: Frequency behavior of dielectric, conductor and overall attenuation in a microstrip
line with W = 1.8 mm, L = 32 mil, W = 35 um, €, = 3.55, tand = 0.0025, and o, = 5.8 x 10°

S/m
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2.3 Rat-Race Functioning Principle

The 180-hybrid, commonly referred to as rat-race, is a microwave network in which 4 ports
are interconnected in a ring structure composed of three quarter-wavelength A/4 sections and
one three-quarter-wavelength 3\ /4 section. A microstrip line implementation of this component
is shown in ?7. Considering the ring with constant characteristic impedance and all the ports
matched, at the central frequency, a signal applied to any port evenly splits and propagates
along the clockwise (CW) and counterclockwise (CCW) directions. This equal power division
is the result of the structure’s symmetry, which ensures that the two propagation paths have

the same impedance seen from the ports.

Zy

Figure 9: Rat-race coupler Structure
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= 90° relative to the input. Port 4 acts

360° A

When port 1 is driven, the input splits in CW and CCW components, each reaching the
A 4

output ports 2 and 3 with a phase shift of 8 =
as the isolated port, since it is reached by CW and CCW signals of equal amplitude but 180°

phase difference, resulting in destructive interference and cancellation.
Conversely, if port 4 is driven, the CW signal propagates for [ = \/4, reaching port 3 with

a 6 = 90° phase shift, while the CCW signal travels for | = 3\/4 arriving at port 2 with a

0 = 270° phase shift. In this case, port 1 becomes the isolated port, and the two outputs on

ports 2 and 3 exhibit a 180° phase difference.

® Port 1 Driving @ @ Port 4 Driving @
{y; :

(isolated)

Figure 10: Rat-race coupler as power divider

A mirrored behavior is observed when ports 2 and 3 are excited. Specifically, when port 3

is excited, the power splits equally between ports 1 and 4, with the two outputs in phase, and
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port 2 is isolated (mirroring the behavior when port 1 is driven). If port 2 is excited, the power
again splits between port 1 and 4; however, now port 3 is isolated, and the outputs exhibit a
180° phase difference (mirroring the behavior when port 4 is driven).

The description so far refers to the rat-race used as a power divider. However, due to the
reciprocity of the component, it can also operate as a power combiner/coupler, producing both
the sum and the difference of the two inputs. When ports 1 and 4 are simultaneously excited,
the signal on port 2 is the difference of the inputs, while the signal on port 3 is their sum, with
ports 1 and 4 remaining isolated from each other. The same mirrored behavior occurs when

port 2 and 3 are driven,

Port 1 and 4 Driving

@ Simultaneously ®

Figure 11: Rat-race coupler as power combiner
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The S-matrix of the component is derived in Chapter 2.3 and the final result is shown in

Equation 2.16.

-0 1 1 0-
[S]Zj Lo (2.16)

V2 1 0 0 1

0 -1 1 0|

The analysis of the 180-hybrid is conducted using the even and odd mode analysis technique,
as described in [22], [33] and [37]. The aim is to derive the scattering matrix of the component
in order to characterize its transmission properties and investigate the effect of the structural

features on the device’s behavior.

2.3.1 Even and Odd Mode Analysis of a 180-Hybrid Ring

The linearity of Maxwell equations solutions in microstrip lines, combined with the sym-
metry of the 180-hybrid along its vertical axis, enables the decomposition of any quasi-TEM
excitations in the structure within two orthogonal quasi-TEM modes, namely the even and odd
modes. The even mode exhibits a symmetric field distribution as generated by two inputs with
identical amplitudes and phases applied on two symmetric ports. The consequence of these
excitations is a zero current that crosses the vertical axis as if an open circuit is present. On
the contrary, the odd mode presents an antisymmetric field distribution, as if the inputs on
the two ports have the same amplitude but opposite phase. In this case, the current across

the symmetry axis is maximized, as if a short circuit is present. According to these assump-
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Figure 12: Even and Odd mode two-ports decomposition considering ports 1 excited by a unit

incident wave .

tions, the four-port rat-race ring can be considered the superposition of two simplified two-port
networks: one for the even mode and one for the odd mode.

Let us now consider the case of port 1 driven by a unit amplitude incident wave. As
explained in the previous section, the input power is evenly divided, reaching ports 2 and 3
with the same phase, while port 4 remains isolated. This scenario can be modeled as the
superposition of two simpler two-port networks receiving the excitations as in Figure 12. The
overall scattered waves exiting from the rat race ports are then the combination of the reflections

and transmission coefficients of the two-port networks as in Equation 2.17
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1
B, = §(Fe + Fo)
1
B2 - i(Te + To)
(2.17)
1
BS = 5(]-_‘6 - Fo)
1
B4 - i(Te - To)

The even and odd modes reflection and transmission coefficients are calculated considering
the ABCD matrices of the even and odd mode two-port, that are in turn obtained as the
product between the ABCD matrices of 3 sections in series: a A\/8 stub (open-circuited in even
mode and short-circuited in odd mode), a A/4 transmission line and a 3A/8 stub (likewise open
circuited for the even mode and short-circuited for the odd mode). All these sections have

the same characteristic impedance z, normalized with respect to the port impedance Zy. The

evaluation of the ABCD matrices is presented in Figure 13.
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Figure 13: ABCD matrices for even and odd mode equivalent circuits of the rat-race hybrid.

At the central frequency, the matrices simplify as Equation 2.18.

—_
<.

N
3

-1 jz
ABCD, = ABCD, = ' (2.18)
2 1 2

Zr Zr
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The reflection and transmission coefficients are now evaluated using the formulas in Equa-

tion 2.19 [22], obtaining the expressions in Equation 2.20.

_A+B-C-D _ 2(AD - BC) (2.19)
~ A+B+C+D ~ A+B+C+D ‘
—2 —2j 2j 2j
I, — +?W 7) B:1+]%+])
25+ 2 ZE+2 (2.20)
J2% J2zr
e~ T3 To=—73
zZ + 2 z&+ 2

Finally, substituting Equation 2.20 into Equation 2.17, the amplitude of the scattered waves

exiting from the two ports are in Equation 2.21 [22].

4
By = 1
L= 2242
J2zy
B = =
T a2 (2.21)
J2z;
B = = —
3 531 2—|—Z$
B4:S41:0

The expressions in Equation 2.21 also correspond to the first column of the scattering matrix.
Considering now the case of port 4 driven by a unit amplitude wave, the excitations on the
ports are instead as in figure Figure 14, and the overall scattered waves are as in Equation 2.22

[22].
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Figure 14: Even and odd mode decomposition when port 4 is driven by unit amplitude wave

1
Bl - §(Te - To)
1
BQ = 5(1—16 - FO)
(2.22)
1
B; = §(T6 +7,)
1
By = 5(1“6 +7T,)
Calculating again ABCD matrices of the two-ports networks for both the even and odd

modes in Figure 14, then the I' and T using Equation 2.19, the expressions for the scattered

waves are the one in Equation 2.23
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Bl = S14 = O
J2zy
By = 594 =
2+ (2.23)
= 8 = —
3 = 534 2+ 22
4
B = = 1 _—
4= 544 242

Recalling that the behavior of the device when ports 2 and 3 are driven mirrors that observed

when ports 4 and 1 are driven, respectively, the complete scattering matrix is composed as in

Equation 2.24.

_(1—25‘;2) —37 — 2, 0o | 0 11 o]

5] = i (1) 0 2 | 5 ot 00— .
0 (g i V2l g 0
0 B hr (-3 0 -1 1 0]

The overall scattering matrix shows that, at the central frequency, the characteristic impedance
of the ring z,. has no influence on the isolation and on the division ratio between the outputs,
which always remains equal split. The matching of the ports is instead dependent on z,. and

the condition of no power reflected is obtained for z, = v/2, when both outputs receive the 50%

of all available input power.
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2.3.2 Frequency Behavior of the component

The analysis in the previous section was conducted considering the component at the de-
sign frequency. The aim of this section is instead to show the component behavior when the
frequency varies.

Let us consider again the case of port 1 to be driven. Recalling Figure 13, the ABCD
matrices are functions of tan(S1), cos(5l) and sin(S1), where [ is the line length and 8 = 27/ is
the propagation constant. Considering tan(8 A/8) = tan(f) = t, we can express these functions

as in Equation 2.25 using trigonometric identities.

Ay 12 oA 2t
cos (BZ) =17 e Sln(ﬂz) =17 e tan(ﬁ

g)_ 3t — 3
47 1-3¢12

(2.25)

Substituting Equation 2.25 into the equations in Figure 13, we obtain Equation 2.26, which

are the analytic expressions of the even and odd ABCD matrices as functions the frequency

through t.
[ 5t 102+ 1 g2t
ABCD. — | 3tt+22-1 2 +1
‘ 2j t(t2 — 3) 32 -1
41062 +5  j2v/2¢t
4 2 2
ABCDo — | —t2+2t°4+3  t-+1
ivV2(3t2—1)  * -3
N t2+1

The total scattering matrix is finally obtained by repeating the steps in Chapter 2.3.
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The amplitudes of the scattering parameters, when the device operates as a power divider
driven by port 1 or port 4 are shown in Figure 15 and Figure 15. These plots are obtained from

Equation 2.26 substituting the propagation constant in of ¢ = tan (ﬁ %) with

2r 2nf
_ 2 _ - 2.27
p== o Veers (2.27)

where €.ff = 2.66, co = 3-10% m/s and f ranging from 1 GHz to 10 GHz.
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Figure 15: Plot of scattering parameters amplitude considering port 1 driving, €, = 3.55,

€eff = 2.66 and central frequency fo =5.5GHz
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Figure 16: Plot of scattering parameters amplitude considering port 4 driving, ¢, = 3.55,

€eff = 2.66 and central frequency fo =5.5GHz

The phase difference between the two outputs is illustrated in Figure 17 (a) when port 1 is

driving and in Figure 17(b) when port 4 is driving.
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Figure 17: Plot of the phase of the outputs in a rat-race ring with €, = 3.55, €.y = 2.66 and

central frequency fo =5.5GHz

2.4  Performance of the Ideal 180-Hybrid Ring and Metrics

Observing Figure 15, Figure 16 and Figure 17, the ideal rat-race has port matching with
|s11| below -20dB between 4.75 GHz and 6.25 GHz, and |s44| below -20dB between 4.6 GHz
and 6.4 GHz. The isolation level |s41| and |s14| are below -30dB in a 500 MHz band between
5.25 GHz and 5.75 GHz. while, considering the output power splitting, we have that |sa4/, |s34],
|s21| and |s31| remain in the range of -3 dB around the design frequency.

To evaluate the performances of the device as a coupler, we consider the magnitude imbal-
ance and the phase imbalance on the two outputs as metrics. The magnitude imbalance is the
absolute difference between the magnitudes of so; and so4 for the difference port 2, and between

the magnitudes of s3; and s34 for the sum port 3. This should remain within +0.5 dB for the
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performances to be acceptable. The phase imbalance is instead the absolute difference between
the phases of the signals that reach ports 2 and 3. In the case of the difference port 2, this
is the difference between /so1 and Zsg4, and is expected to remain within £10° around 180°
in the operative frequency range. In the case of the sum port 3, this is the difference between
/s31 and /s34 and is expected to remain within £10° in the operative frequency range.

The phase and amplitude imbalance of the ideal rat-race are shown in Figure 18.

0 Magnitude Imbalance Phase Imbalance
: 155l = By
Z =Byl Bilas
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— 4
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(a) (b)
Figure 18: Plot of the amplitude and phase imbalance in a rat-race ring with ¢, = 3.55,

€eff = 2.66 and central frequency fo = 5.5GHz
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2.5 CAD Tools and Simulation Environment

In modern RF circuit design, the CAD tool has become essential to obtain a reliable under-
standing of the component performance before the physical fabrication. The analytical models
are often based on complex approximations that fail to capture real-world behaviors, which can
significantly affect component behavior.

In this work, Keysight Advanced Design System (ADS) has been employed as the primary
environment for the design, simulation, and optimization of the rat-race ring. This enabled
precise tailoring of the component’s behavior for Self-Interference Cancellation in IBFD systems.

Keysight ADS is a leading Electronic Design Automation (EDA) software used in both
industry and academia for RF and microwave circuit design. It unifies the schematic design,
circuit simulation, layout generation, and electromagnetic analysis in the same environment,
allowing the modeling of both the ideal transmission line behavior in the initial design and the
real-world parasitic effects in the EM analysis.

The design workflow starts with the implementation of the component using ideal trans-
mission line elements in the schematic, for a rapid validation of the theoretical behavior and
focus on key performances across the frequency band, as isolation. The transition from the
ideal model to a realizable component follows with the implementation of microstrip elements
in the schematic. In this stage, the built-in LineCal tool is used to calculate the microstrip’s
physical length and width of the microstrip elements based on the substrate characteristics. At
this point, particular attention is given to the bends and junctions that are necessary for the

physical realization of the component, as these insert parasitic susceptances and admittances.
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To mitigate these effects, which are neglected in the ideal theoretical modeling, multiple op-
timization iterations are conducted on the physical parameters of the microstrip . Following
the microstrip schematic implementation, the circuit is translated into a physical layout using
ADS Layout Editor, and EM simulations are performed to capture parasitic coupling, radiation
losses, and discontinuity losses.

The EM simulations are conducted using Momentum Solver integrated in ADS, which aim
to solve Maxwell’s equations on the layout geometry to evaluate the electric and magnetic field
distribution on the component. This provides insights into how the component will behave
in the real world. It is also possible to conduct layout optimization with this simulation,
although, due to the long time required, these are optimizations are tipically used for final
fine-tuning of the component. By contrast, schematic simulations are much faster since they
are based on idealized components represented with simplified models that do not account for
many real-world effects. These are circuit-level simulation that relies on network analysis and
aim to simulate the voltage, current, and power at different points of the circuit. Both these
simulations types provide the network parameters of the component, typically the S-parameter,
which are then exported and processed in other software, such as MATLAB, if post-processing
is needed.

Once satisfied with the EM results, the layout of the component is exported in a usable
format for fabrication.

The of advantages Keysight ADS as design and simulation platform are numerous. The in-

tegration between schematic and EM simulations in a single platform enables iteration between
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schematic and layout without changing environments, so reducing design time. In addition,
ADS offers a powerful optimization tool that automatically adjusts component parameters to
meet performance goals, allowing for a tuning that would be too complex if based on theoretical
models only. Finally, the Momentum EM solver provides results that closely match those of the
real component, giving high degree of confidence in the performance expected by the fabricated
component. The main drawback is the computational complexity required by the full-wave EM
simulation, especially when using fine meshes or when simulating large components. EM sim-
ulation requires significant processing power and simulation time, especially if high resolution
and a broad frequency range coverage are needed.

In conclusion, Keysight ADS is a powerful and versatile CAD tool that has been very helpful

to validate the theory, design, optimize and simulate the rat-race ring in this work.



CHAPTER 3

DESIGN OF A WIDEBAND HIGH-ISOLATION RAT-RACE COUPLER

In Chapter 2.3, it has been demonstrated that the conditions of input matching and maxi-
mum power transmitted to the outputs are obtained when the characteristic impedance of the
ring is Z, = Zy\v/2, where Z; is the ports impedance. However, in real-world implementa-
tions of the component, such as the one in microstrip proposed in this thesis, the characteristic
impedance of a line is a function of the frequency. Consequently, the optimal matching condi-
tion mentioned before can be obtained at the design frequency only, and the device is inherently
narrowband. To achieve the goal of a wideband rat-race ring, it is necessary to minimize the

variation of the impedances in the ring over a wide frequency band.

3.0.1 Effect of multi-section transformers in ring branches

Let us consider the half-symmetrical section of the component as illustrated in Figure 19.
In the first part of this chapter we are going to analyze the rat-race to calculate the impedances

Zin, and Z;,, shown in Figure 19.

44
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Figure 19: Section of narrowband rat-race coupler

Zin, 1s the input impedance of the \/4 section that is loaded with the parallel combination
of the port 2 termination (Zy) and the input impedance of the 3)\/8 stub, which is, in turn,
open-circuited in the even-mode analysis (Z sle=1J Zox/i) and short-circuited in the odd-mode

(Zsl,o = —jZo\/i). With this considerations, Zi,, . and Z;y, , are calculated as in Equation 3.1

(20 —J'Zox/i)2
ZoV2

(20 jZO\/§)2
ZoV2

Zinl,e = Zinl,o = (31)

Assuming the case of port 1 driving the component, the total voltage on Z;,, can be ex-

pressed as in Equation 3.2.
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Vi = ‘/1,6_}—‘/1,0 = 2‘/1,6
(3.2)

[ l,e [ 1,0 Zinl,e + Zinl,o
I, =1zye + 12,0 = + =Vie | 50—
1 Z; Z; Zin, . Zi
Mi,e Mo M1,e“IN1,0

Combining Equation 3.1 and Equation 3.2, the total Z;,,, can be evaluated as in Equa-

tion 3.3.

Vi 2Zin, Zin,,

= =—"2" 2" =2(Z Z; = ZyV2 3.3
In Ziny o + Zing o ( e | ml’o) O\[ (3:3)

Zin, 1s instead the parallel between the port 1 termination (Zy) and the A/8 stub, which open
circuited in even-mode (Z527e = —jZO\/i) and short-circuited in odd-mode (ng,e = ngﬂ).
The voltage on Zjy, is still Vi = Vi .+ V1, = 2 Vi ¢, so the total impedance Z;,, are calculated

in Equation 3.5, with the same procedure as Equation 3.2 and Equation 3.3

Ziny.. = (20 || —jZoV/2) Ziny., = (20| i ZoV2) (3.4)

Ziny =2 (Zin2,e [ Zinz,o) =2 (3.5)

The high symmetry of the components ensures that at design frequency this same impedance
set is seen at driving port junction when any other port is driven.

To minimize the frequency dependent variations of Z;,, and Z;,, over a broader range, this
thesis proposes the the novel solution of implementating the symmetrical Chebyshev multi-

section transformer illustrated in Figure 20 between port 1 and 2, and between port 3 and
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4 (to maintain the symmetry along the vertical axis). This implementation ensures that the
impedance seen through the /4 branch remains close to its design value of Z;,, = Zov/2
over a wider frequency band. In addition, due to the symmetry of the transformer itself, this

improvement in bandwidth holds regardless of which port is driven.

N-Sections Chebyshev N-Sections Chebyshev
Transformer Transformer
I —
Z; Zy U @ 4 ‘N Zin, Zn = @® Uzin =Zy
in, 2
I”c < < < < O < CW‘
Zin, = ZoV2 Zin, = ZyV2

Figure 20: Symmetric multisection transformer implemented in between port 1 and 2 (identical

for in between port 3 and 4 due to symmetry)

When port 1 is driven, the signal is expected to split evenly between ports 2 and 3, prop-
agating on two identical electrical paths. For this reason, the same multi-section structure
implemented between ports 1 and 2 has to be implemented also between ports 1 and 3.

In addition, the expressions presented in Equation 2.20 show that the isolation of port 4
primarily relies on the 270° phase shift introduced by the transmission line rather than on the
impedance matching. Since multi-section transformers have a negligible effect on the phase

and do not produce any significant smoothing on the phase variation, implementing the same
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structure between ports 2 and 4 would offer minimal benefits if compared with the increase
in design complexity. For this reason, multisection structures are not implemented in between
ports 2 and 4,

To meet the requirement of an overall transformer length of A/4 (to fit in the branches),
the number of sections has to be carefully selected to optimize the matching performances.
The transformer is designed to simultaneously match both ports to the impedance Z,,, so the
transformer can be considered the union of two multi-section transformers, each matching one
of the connected ports. While increasing the number of sections enhances matching capability,
it also reduces the electrical length of each section to maintain the overall transformer length
at A\/4. However, as shown in the previous chapter, shorter sections negatively impact the
matching capabilities of the transformer. A good trade-off between section numbers and length
is found with a total of 9 sections, each with an electrical length of 10°, ensuring both the
compactness of the design and noticeable improvements in the component bandwidth. An
illustration of the proposed structure is provided in Figure 21.

Among the different profiles analyzed earlier for the multisection transformers, the Klopfen-
stein taper ensures the best performance for the reduced length of the transformer. However,
since this component must be fabricated using a CNC machine, the tight manufacturing pro-
cess tolerances make the Klopfenstein profile unsuitable and move the choice to the Chebyshev

profile to maximize the bandwidth.
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Figure 21: Illustration of the proposed rat-race structure with multisection transformers

The structure in Figure 21 has been simulated in Keysight ADS using ideal transmission
lines and center frequency of f. = 5.5 GHz. Figure 22 compares the performance of the proposed

configuration with the ideal rat-race ring presented in Chapter 2.3.
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Figure 22: Convetional and improved structure performances.
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As shown in Figure 22(a), the structure with multi-section transformer exhibits improved
matching on port 1, with s1; remaining below 20dB across the frequency range from 4.5 GHz
and 6.4 GHz. This represents an improvement of the bandwidth improvement of 350 MHz,
corresponding to a 25% compared to the conventional structure

Considering instead the amplitude imbalance, Figure 22(c) and Figure 22(d) show a 30%
increase in the frequency range in which the phase imbalance remains in the acceptable range
for both port 1 or port 4 driving. By contrast, the improvements in isolation and port 2
matching are modest. The -20dB bandwidth of |sg2| increases by approximately 10%, while the
corresponding improvement for |s41] is limited to 4%.

As observed in Figure 22 (a) and (b), implementing multisection transformers results in
an increase in the minimum matching level. This behavior can be attributed to Fano’s limit
discussed in Chapter 2.1.4, which imposes a trade-off between bandwidth and matching per-
formance. Nevertheless, this phenomenon contributes to a flatter in-band response, which is
advantageous for systems operating over a wide frequency range, such as in-band full-duplex

systems, since it ensures consistent performances across the entire operative range.
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3.0.2 Effect of multi-section transformer for input port matching

The aim of this section is to present the additional novelty introduced in the proposed
structure, which consists of the implementation of multi-section transformers in the branches
connecting the ports to the ring. This results in an improvement of the isolation level and
bandwidth, which are essential parameters for SIC in IBFD systems.

The first part provides an intuitive explanation of how these multi-section transformers affect
isolation performance; the second part evaluates the isolation improvement obtained through
their implementation.

Recalling the functioning principle of the rat-race described in Chapter 2.3, the isolation of
the component relies on precise phase and amplitude relationships that are valid only at the
central frequency for the CW and CCW signals that propagate in the ring.

At the central frequency, the branches that connect port 1 to 2, port 1 to 3, and port 3
to 4 exhibit an electrical length of & = 90°, while the branch that connects port 2 to 4 has
an electrical length of & = 270°. This configuration ensures that, when port 1 is driven, the
impedance seen along the CW and CCW paths is identical, resulting in an even —3 dB power
split between them. As a consequence, port 4 is isolated as it is reached by signals with equal
amplitude and a 180° phase shift that cancels each other. In this condition, any reflected wave
that is re-injected in the ring through the ports interferes destructively on port 4, resulting in
peak isolation performances.

As the frequency varies from the design value, the electrical length and the impedance of

the branches vary, resulting in an uneven power split between the CW and CCW paths, a phase
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deviation from 180° on port 4, and finally a deterioration of the isolation. The mismatch also
increases, causing an increase in the reflections that do not cancel on port 4.

In this context, the insertion of multi-section transformers between the ring and the ports
mitigates these effects by minimizing reflections on the ports and keeping the impedance seen
toward the ports around Zj over a wider range. This latter effect, combined with the multisec-
tion transformers implemented in the branches, minimizes the impedance variation between the
CW and CCW paths, resulting in an even power split maintained over a wider frequency band.
In general, the combination of multisection transformers implemented in the branches and on
the ports helps maintain the design impedance relationships over a wider range, significantly
improving the isolation performance of the device.

Figure 23 compares isolation performances between the microstrip structure with and with-
out the multisection transformers on the ports. The isolation level remains below —30 dB
between 5 GHz and 6 GHz with an increase of 100% with respect to the structure with no

multisection transformer implemented on the ports.
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3.1 Microstrip implementation

The structure discussed in the previous sections has been implemented using microstrip
lines in Keysight Advanced Design System (ADS). The multisection structures were realized in
microstrip lines on a RO4003C substrate, characterized by relative permittivity of €. = 3.55,
dielectric thickness of h = 32 mil (0.813 mm and loss tangent of tan 6 = 0.0025. Based on these
substrate’s parameters, the width and length of the microstrip lines were evaluated using the
formulas in Chapter 2.2, alternatively, through the LineCalc tool available in ADS for higher
accuracy. Once the schematic with the microstrip lines was completed, it was optimized and
simulated to assess the expected electrical performances

The physical layout of the component was then generated in ADS Layout Editor. In order
to obtain results as close as possible to the fabricated device the circuit simulation performed
on the schematic is not enough, so an electromagnetic simulation has been carried out on the
layout mesh using Momentum Microwave, the full-wave solver available in ADS. Both a circular
and a rectangular layout of the component has been generated and optimized. The rectangular
layout is shown in Figure 24 with the key dimensions in Table III and the EM simulation
results in Figure 25, the circular layout is instead shown in Figure 26 with the key dimensions

in Table IV and the EM results in Figure 27.



Figure 24: Rectangular Layout of the Proposed Microstrip Rat-Race Coupler
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TABLE III: KEY DIMENSIONS OF THE RECTANGULAR LAYOUT

Wy | 1.8 mm Ly | 0.92 mm Ws | 2.26 mm Wip | 1.83 mm Lo | 1.0 mm
Wi | 1.6 mm Lo | 0.92 mm We | 2.00 mm W11 | 1.27 mm Ly | 2.65 mm
Wy | 1.4 mm Ls 1.84 mm Wo | 1.87 mm Wie | 1.76 mm Lo | 3.24 mm
W3 | 1.2 mm Ly | 8.28 mm Ws | 1.62 mm Wis | 1.50 mm Lot 2.0 mm
Wy | 1.0 mm Lo | 15.16 mm Wy | 2.41 mm Wia | 1.16 mm Loo 3.72 mm

Observing the results of the rectangular layout in Figure 25, the most impressive improve-
ment is in the isolation (Figure 25b ) with both an increase in bandwidth and a decrease of more
than -5dB in the average in-band isolation level. In detail, the amplitude of s41 remains below
-25dB between 4.8GHz and 6.13GHz (BW = 1.33 GHz), and below -30dB between 4.9GHz and
6.0GHz (BW = 1.1 GHz). The reflection coefficients in Figure 25(a) increased in flatness and
minimum amplitude value, with the -20 dB band between 4.5GHz and 6.63GHz (BW = 1.8
GHz) for s;; and between 2.7GHz and 6.4GHz (BW = 1.8 GHz) for sg2. In both port 2 and
3, the amplitude imbalance (Figure 25e) remains in the acceptable range of +0.5 dB between
4.25 GHz and 6.7 GHz (BW = 2.45 GHz), and also the phase imbalance (Figure 25f) remains

in the acceptable range of +10° also in this same range.
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Figure 26: Circular Layout of the Proposed Microstrip Rat-Race Coupler



TABLE 1V: KEY DIMENSIONS OF THE CIRCULAR LAYOUT

60

Wy | 1.8 mm Ly | 1.39 mm Ws | 2.26 mm Wio | 1.81 mm Ly | 2.93 mm
Wi | 1.6 mm Lo | 1.39 mm We | 2.14 mm W11 | 1.68 mm Lo1 | 3.39 mm
Wy | 1.4 mm L3 | 1.39 mm W7 | 2.44 mm Wis | 1.43 mm Lops | 3.15 mm
W3 | 1.2 mm Ly | 2.78 mm Ws | 2.31 mm Wis | 2.40 mm
Wy | 1.0 mm L5 | 37.41 mm Wy | 2.20 mm Wisa | 1.12 mm

With respect to the rectangular layout, the circular layout required much less optimization

due to the absence of corners, however the manufacturing is more complex if cartesian CNC are

involved. The results of the EM simulations on this layout ara shown in Figure 27 and appears

very similar to the ones of the rectangular layout in Figure 24. The amplitude of $1; remains

below -20 dB in a 1.8 GHz band between 4.7 GHz and 6.5 GHz, while s99 remain in the -20 dB

band within 4.5 GHz and 6.4 GHz. The isolation performance slightly improved if compared

to Figure 25, with s4; below -30 dB in the frequency range from 4.9 GHz and 6.3 GHz (BW

= 1.4 GHz).
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CHAPTER 4

CONCLUSION

4.1 Fabrication and Measurement results

The layouts presented in Figure 24 and Figure 26 have been fabricated in the Andrew
Electromagnetic Laborarory at UIC using a CNC machine on a Roger RO4003C substrate with
dielectric thickness of 32 mil (0.813 mm), dielectric constant of ¢, = 3.55 and copper layer
thickness of 35 um. The manufactured prototypes with the 50 Q ports are shown in Figure 28a
and Figure 28b.

The structures have been measured in the UIC Andrew Electromagnetic Lab using a
Keysight PNA N5222A vector network analyzer as shown in figure Figure 29. The obtained

results are shown in Figure 30 and Figure 31.

62
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Figure 28: Manufactured prototypes of the rectangular layout (a) and of the circular layout (b)

Termination

Figure 29: Measurement setup
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4.2 Conclusions

In this work, the design of a rat-race coupler for SIC in IBFD systems has been discussed.
Most of the work focused on enhancing the isolation level and bandwidth of the component
to prevent the non-ideal behavior of the rat-race ring from having a detrimental effect on the
overall cancellation performance. To achieve this, the novelty is implementing multisection
transformers in both specific branches of the rat-race coupler and in the sections connecting the
ports to the ring. The component has been implemented in microstrip using Keysight ADS,
and both a circular and rectangular layout have been generated.. After the EM simulations
and multiple iterations of layout optimization, the two layouts have been finally manufactured
and measured at the UIC Andrew Electromagnetic laboratory facilities.

In the rectangular layout, measurement results show a reduced range where the isolation
is below 30dB; however, the -25 dB band appears increased by 200 MHz compared to the EM
simulation results, with a 1.5 GHz bandwidth between 4.85 GHz and 6.35 GHz. The operational
range within the the phase and amplitude imbalances remain acceptable is almost the same
range of the EM simulation, although worse matching performance is observed, with s1; and
s92 both below -15 dB within 4.35 GHz and 6.5 GHz (BW = 2.15 GHz).

The measurements on the circular structure appear slightly worse than the EM simulation.
The main reason for this is that a Cartesian CNC has been used to fabricate the component; as
a result, the circular structure has been approximated as a sequence of straight lines, and the
combination of this with the inherent manufacturing tolerances contributed to the performance

degradation. Nevertheless, a broadband matching is still achieved, with s1; remaining below
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the -15 dB band within 4 GHz and 7 GHz, while s9o stays within the -15 dB band within 4

GHz and 7.8 GHz. The isolation remains within the -25 dB range between 5.23 GHz and 6.35

GHz, and the range of acceptable amplitude imbalance is between 5.5 GHz and 7 GHz.
Overall, the results validate the effectiveness of the proposed multisection design to improve

the isolation and bandwidth of the rat-race coupler in IBFD applications.
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4.3 Future Research Directions

This section aims to suggest outlooks for future research on improving rat-race combiners in
IBFD systems for SIC. The work carried out in this thesis achieved significant advancements in
terms of isolation and operational bandwidth of the component; however, the solution proposed
has been significantly influenced by the necessity to simplify fabrication and meet manufacturing
constraints.

Relaxing these limitations would enable exploring other solutions, such as integrating cou-
pled lines in the branches of the ring. Any signal propagating in coupled transmission lines
is a combination of two distinct modes, namely even mode and odd mode, each with different
characteristic impedance and effective permittivity, leading to different phase velocities and
propagation constants. Combined with the capability of coupled lines to act as a multisection
transformer, this dual behavior results in a smoother, more gradual variation of the phase over
frequency compared to a conventional transmission line.

This property is particularly advantageous in rat-race rings, in which performance degrades
due to the frequency-dependent variation of the electrical length of the branches. The imple-
mentation of coupled line, especially in the 3\/4 branch responsible for the generation of the
critical 180° phase shift, would improve both the operational bandwidth and isolation of the
component. Such a structure would require precise fabrication with low uncertainty, mainly
due to the inherent sensitivity of coupled lines whose coupling strongly depends on the spacing

between the two lines.
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