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General Introduction

Thesis Context:

It has been long held that radio systems cannot transmit and receive on the same frequency
at the same time, as the higher powered transmit signal would be unavoidably coupled
to the receiver circuitry, which results in a comparatively strong self-interference (SI),
thereby obscuring the weaker receive signal and preventing its reception. In fact, radio
systems typically transmit signal powers which are many orders of magnitude higher than
the received signals from other radios (often by over 100 dB), this is mainly due to the
high path loss between the local receiver and the distant transmitter which weakens the
received signal. Nonetheless, for any two radios, achieving a full-duplex communication,
where both radios can transmit and receive simultaneously, is vital for many applications,
in particular for mobile telephony. Until now, radio systems have achieved full-duplex
operation by simply circumventing self-interference using the conventional out-of-band
full-duplex (OBFD) techniques, such as Time Division Duplexing (TDD) and Frequency
Division Duplexing (FDD), which utilizes orthogonal resources such as time or frequency
to separate the transmit and receive signals in the time domain or in the frequency domain.

In fact, the available time and frequency resources are limited, and the demand for
additional wireless services continues to expand as the population increases, thus the
limited spectral resources in a licensed frequency band are becoming scarcer, and soon the
conventional out-of-band full-duplex techniques will become inefficient and might fail to
serve the demand. This requires finding new approaches to increase the spectral efficiency
of the available bands. Recently, in-band full-duplex (IBFD) emerged as a promising
solution for this problem. In-band full-duplex does much more than trying to avoid self-
interference, as it reuses the same frequency spectrum for simultaneously transmitting and
receiving by employing various methods to reduce and cancel the self-interference, in order
to suppress it to below the receiver noise floor, such that it does not significantly impact
the receiver signal-to-noise ratio. In essence, cancellation is simple: the transmitted
signal is known, and therefore it can be subtracted at the receiver. However, in reality, it
is far from easy because the “known” transmit signal will be corrupted by noise and non-
linearities in the transmitter, and also because circuit imperfections in the cancellation
hardware will limit its effectiveness.

Every radio system requires at least one antenna, this being the interface between
the electrical signals in the radio circuits, and the radio waves propagating in space.
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Therefore, when designing in-band full-duplex transceivers to isolate the receiver from
the transmitter, the antenna domain is an obvious place to start, although cancellation
can be performed at other stages of the front-end in the analog and digital domains.
Indeed, a substantial amount of transmit-to-receive (Tx-Rx) isolation is required prior to
the receiver input, in order to prevent the high powered transmit signal from overloading
(or even destroying) the receiver front-end, and to provide adequate suppression of non-
linearities and noise components. Depending on the design, antenna-based techniques
alone may not provide the necessary levels of isolation, and it is common for in-band
full-duplex transceivers to deploy additional self-interference cancellation circuitry at the
analog and digital stages.

The simultaneous transmit-receive property of in-band full-duplex technology can
enable the introduction of novel and efficient multiple access techniques, physical layer
security protocols, relaying solutions, and can reduce air interface delay. Also, it
might benefit radar systems, radio-frequency identification (RFID) tags, cognitive radios
(CR), and multiple-input multiple output (MIMO) arrays. Considering their appealing
advantages, it is highly desirable to implement full-duplex systems over wide bandwidths
for multi-standard applications, such as radars or cognitive radios. A wideband full-
duplex front-end can be considered as a general-purpose tool that can serve many
applications and eliminates the necessity to design multiple front-ends for different
standards. However, available publications on self-interference cancellation techniques
were focused on achieving high levels of cancellation over a narrow bandwidth, and little
work was done to extend their performances over a wide bandwidth, hence more effort
needs to be invested in that domain.

Thesis Objectives:

The aim of this work is to provide a solid evidence of the capability of implementing in-
band full-duplex systems for wideband applications, while maintaining an acceptable level
of self-interference cancellation throughout the band. This is achieved by investigating the
different self-interference cancellation techniques and choosing the one(s) that might have
a wideband potential, and then by designing and fabricating the wideband devices needed
to implement those techniques. However, recent works on wideband full-duplex systems
indicate that achieving high levels of self-interference cancellation over a relatively wide
bandwidth is possible at the antenna level, but the analog and digital parts fall far behind
with achieving wideband cancellation, mainly, due to circuitry bandwidth limitations,
complexity, and cost. Although it might not be feasible or possible to implement a fully-
developed wideband full-duplex front-end, with wideband analog and digital cancellation,
but at least it is good to have a wideband full-duplex antenna system as a first step,
which in turn can be used in multiple applications while the analog and digital parts can
be tailored several times based on the application requirements. In the light of this, in
this work, we mainly focus on implementing a wideband full-duplex antenna system that
can provide a high level of self-interference cancellation, good gain, relatively compact
size, and that can transmit and receive in the same direction.
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Thesis Organization:

Based on the above, Chapter 1 will discuss the state-of-the-art of in-band full-duplex
technology starting by a brief demonstration of some traditional techniques that were
used to solve the spectrum congestion problem, and how in-band full-duplex technology
can be superior to those techniques in enhancing spectrum efficiency. After that, it will
present the basic concepts of in-band full-duplex like how it works, what the components
of self-interference signals are, the requirements that a full-duplex system should achieve,
advantages and disadvantages, and then a global overview of a full-duplex system circuitry.
After that, the chapter will introduce our frame of work and what are the specifications
that we are looking for. This will be followed by a wide survey on the different techniques
to achieve self-interference cancellation at the antenna level and which techniques could
be qualified to operate over a wide bandwidth with a decent level of self-interference
cancellation. Finally, the chapter concludes that near-field cancellation is the self-
interference cancellation technique that is best suitable to build a wideband “bistatic”
in-band full-duplex system and it requires at least four wideband antennas and two 180◦

out-of-phase power dividers (or baluns), which will be discussed in Chapter 2.

So, Chapter 2 will describe the different devices necessary for the implementation
of the full-duplex antenna systems and it will be divided into two parts: the first part
will discuss the different ways to implement 180◦ out-of-phase power dividers and the
second part will discuss the different types of wideband antennas. In fact, out-of-phase
power dividers can be built as 180◦-hybrids or by connecting an in-phase power divider
to a 180◦ phase shifter or a phase inverter. Thus, a broad literature review on wideband
in-phase power dividers, phase shifters, phase inverters, and hybrids will be presented
first, then the different implementations of wideband out-of-phase power dividers will be
presented after. From this literature review we will pick an out-of-phase power divider
based on wideband microstrip-to-slotline transitions. The theory of microstrip-to-slotline
transition will be demonstrated and will be followed by a parametric analysis to optimize
the transition and maximize its bandwidth. Then the out-of-phase power divider will be
introduced with its performance, and an enhanced power divider with better isolation
between the output ports will be presented next. Following this, this chapter will show
a brief summary of the available wideband antennas and we will choose and design the
Vivaldi antenna which can satisfy our specifications. Finally, the chapter will end by
showing the fabricated antenna with its performance and will pave the way for Chapter
3 which deals with the whole full-duplex system implementation.

Chapter 3 will discuss the different implementations of ultra-wideband full-duplex
antenna system, and it will commence by showing the first system implementation using
the printed-circuit board (PCB) components that were designed and built in Chapter 2.
The principle of system operation will be described mathematically first, then will be
followed by a description of the system assembly and performance while pointing to the
major defects and drawbacks that the system suffers from. The major weakness of the
PCB system will be the mechanical fragility especially of the antennas. Thus, Chapter
3 moves to demonstrate a new antenna system with the same configuration but with
thicker antennas which are built from metallized 3D-printed parts. The 3D-printed system
overcomes the mechanical fragility problem but shares a common drawback with the PCB
system which is the presence of two significant grating lobes alongside the main lobe of
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radiation, the grating lobes are related to the minimum separation distance between
the antennas which is limited by the antenna size, so, we will demonstrate an approach
based on partial size reduction for the antennas to reduce the grating lobe level without
degrading the antenna performance.

After that, Chapter 3 will discuss the implementation of a dual-polarized full-duplex
array, which can transmit and receive simultaneously two orthogonal linear polarizations
while operating in full-duplex mode. The design of a dual-polarized Vivaldi antenna
with a novel feeding technique will be presented first and will be compared to the
conventional way of feeding, then the implementation of the full-duplex array will be
presented after with its feeding network. The novel dual-polarized Vivaldi antenna suffers
from asymmetry in its radiation pattern, where more energy is radiated toward one side
of the antenna, thus we propose another way of feeding of the antenna that balances
the antenna and restores symmetry to the radiation pattern. At the end, Chapter 3 will
propose a new figure of merit dedicated to wideband full-duplex systems to evaluate and
compare their performances. The proposed figure of merit takes into consideration the
system bandwidth, gain, level of self-interference cancellation, and the system of the size.
The introduction of the new figure of merit will be followed by a table that compares our
designed systems to other works in the literature.

Finally, this dissertation will be wrapped up with some general conclusions and
perspectives for future work, and with our publications in national and international
conferences and journals that resulted from our work.
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1.1. INTRODUCTION

1.1 Introduction

Estimates of future mobile traffic indicate that the global number of mobile subscriptions
could be 13.8 billion in 2025 and 17.1 billion in 2030, whereas this number has reached
6.7 billion in 2013 [1]. The increase in the number of mobile users creates an increased
demand on mobile services which in turn leads to spectrum congestion problems and
spectral resources scarcity and elevates the pressure on the available mobile infrastructure.
To keep up with the increased demand on mobile services and serve the population, these
problems need to be mitigated, thus a new approach is required to find more spectrum
resources by exploiting traditional spectrum sharing techniques or harnessing new ones:
for instance, new frequency bands are being licensed for commercial use, however, this
requires the modification of available mobile devices and infrastructure to be able to
operate in the newly licensed bands, which might not be feasible or might be costly.
Another approach exploits intensively the concepts of cell division and frequency reuse in
mobile networks: by reducing the cell size, a smaller number of mobile users per cell is
obtained, which reduces the quantity of spectrum resources needed. Yet, this approach
requires increasing the number of base transceiver stations (BTSs) and limiting their
emitted powers, which might also become costly and complex.

One other approach that has been long used to increase the spectral resources is
based on multiple access techniques which permit multiple users to access a shared
communication medium and transmit or receive their data simultaneously. Traditionally,
multiple access techniques utilize orthogonal resources such as frequency, time, or code,
which are becoming scarcer with increased number of mobile users, this led to the
development of non-orthogonal multiple access (NOMA) [2] as an alternative for the
traditionally used orthogonal multiple access (OMA) techniques such as frequency division
multiple access (FDMA), time division multiple access (TDMA), and code division
multiple access (CDMA). The basic NOMA scheme is called the power-domain NOMA,
and it allows multiple users to share the same resources (time, frequency, or code) by
controlling the transmitted power of each user and implementing successive interference
cancellation techniques. The power-domain NOMA scheme allocates less power to users
with good channel conditions (termed as NOMA strong users) and higher power to users
that have poor channel conditions (termed weak users). NOMA strong users can decode
their own signals by removing the signals intended to NOMA weak users using successive
interference cancellation. On the contrary, NOMA weak users, which experience poor
channel conditions, are lightly affected by the interference caused by NOMA strong
users, as such, the reception ability of the weak users is not affected. NOMA is still
underdeveloped and suffers greatly with increased number of simultaneous users, and it
can, also, pose a security risk as all users can access all the transmitted signals.

In addition to all the above approaches, cognitive radios (CR) [3] were also introduced
to allow an unlicensed user (or the secondary user) to use a certain frequency band
if it is not occupied by a licensed user (or the primary user), or if the unlicensed
user can respect some interference constraints while the licensed user is transmitting.
In general, a cognitive period consists of two phases: spectrum sensing and cognitive
transmission. In the spectrum sensing phase, unlicensed users sense the radio environment
and collect spectrum information (e.g., occupation status, traffic, energy), and in the
cognitive transmission phase, unlicensed users select the best spectrum bands and
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Figure 1.1: Illustration of (a) simplex, (b) half-duplex, and (c) full-duplex notions.

adapt transmissions according to the collected spectrum information [4]. Nonetheless,
conducting cognitive operations in unlicensed bands requires the approval of the band
owner, or, in worst cases, a lease which increases the cost of the system. Moreover,
cognitive nodes need to adopt complex coordination procedures with neighboring cognitive
nodes to prevent transmission on similar bands, which might become more complex with
the increase in the number of simultaneous users. And, finally, cognitive transmission
takes double the time needed for regular transmissions, because cognitive systems spend
half the time sensing the spectrum.

Recently, in-band full-duplex (IBFD) technology emerged as a promising solution to
mitigate spectrum congestion and spectral resources scarcity. This technology challenges
a long-held axiom which claims that “it is generally not possible for radios to receive
and transmit on the same frequency band due to the interference that results [5].” To
better understand this point, few things need to be put in context first. In modern
wireless telecommunication technology, there exist three modes of transmission between
two communicating nodes or devices: simplex, half-duplex, and full-duplex (Figure 1.1).
In simplex mode only one device can transmit a signal, on a certain frequency, to the
other device but can never receive a signal, that is, the communication is unidirectional,
like in a remote-control device (RCD). However, in half-duplex mode both devices can
transmit and receive on the same frequency but not at the same time, a device in such
mode needs to wait until the other device ends its transmission in order to transmit its
own signal, that is, the communication is now bidirectional but not simultaneous, like in
walkie talkies. And, finally, in full-duplex mode both devices can transmit and receive at
the same time, that is, the communication is now bidirectional and simultaneous, like in
mobile phones.
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Figure 1.2: Frequency and time resources allocation for time-division duplexing (TDD),
frequency division duplexing (FDD), and in-band full-duplex (IBFD).

Full duplex is the preferred mode of transmission for mobile communications and is
conventionally implemented using two techniques: Frequency Division Duplexing (FDD)
and Time Division Duplexing (TDD). In Frequency Division Duplexing, two frequencies
are allocated for a device, one frequency is used for transmission and the second is used for
reception, that is, both transmission and reception are happening simultaneously in the
time domain, yet they are separated in the frequency domain, of course, this technique
requires the availability of sufficient number of frequencies in order to serve all the users.
In Time Division Duplexing, transmission and reception may use the same frequency
but they occur at different time slots, that is, they are happening simultaneously in the
frequency domain but separately in the time domain. A time slot at a certain frequency is
called a communication channel. Usually, both Time Division Duplexing and Frequency
Division Duplexing are used to generate the maximum number of communication channels
possible in a licensed spectrum. The full-duplex mode implemented using Frequency
Division Duplexing or Time Division Duplexing is called out-of-band full-duplex (OBFD)
because a device transmits and receives data signals utilizing orthogonal resources (time
or frequency).

To enhance the effectiveness of full-duplex it is highly desirable to be able to transmit
and receive simultaneously in time and frequency domains. In this case, the full-duplex
mode is called in-band full-duplex (IBFD) because a device uses the same resources to
transmit and receive, which might, theoretically, double the available spectral resources
in a certain frequency band. One might wonder why, originally, no attempts were made
to achieve simultaneous transmission and reception using similar resources instead of
orthogonal resources, and why the previously mentioned axiom assumes that radios cannot
simultaneously transmit and receive. The answer can be extracted from Figure 1.3. If two
nodes attempt to communicate simultaneously at the same frequency and the same time
slot, the power coupled from the transmitter of one node to its own receiver will be much
greater than the power received from the other node. This power coupling between the
transmitter and the receiver of the same node is usually referred to as self-interference (SI),
and basically it saturates the node’s receiver and jams the signal transmitted by the other
node. The level of self-interference depends basically on the transmitted power, which
might be a few milli-Watts or a couple of Watts for short-range and indoor applications,
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Figure 1.3: The case for in-band full-duplex.

such as mobile phones and WiFi, and might reach tens and hundreds of Watts for long-
range outdoor applications, such as radars and base transceiver stations (BTSs).

In order to implement an in-band full-duplex system it is necessary to totally cancel
self-interference signals by reducing their level below the noise floor of the receiver, where,
typically, the noise floor of most radios is between -70 dBm and -110 dBm. So, if we take
as an example the mobile phone that can transmit a maximum power of 33 dBm (2 Watts)
[6] depending on how far it is from the base station, with a -90 dBm noise floor (as in
many references, here the “noise floor” refers to the noise power in the bandwidth under
consideration), then the required level of self-interference cancellation would be about 123
dB. Similarly, for WiFi applications, the average level of self-interference cancellation is
about 110 dB [7]. Note that it is not sufficient just to reduce the level of self-interference by
80% or 90% for example, because although the residual self-interference will not saturate
the receiver, yet it will act as additional noise in the system and will degrade its signal-
to-noise ratio (SNR), which will, consequently, degrade its demodulation and throughput,
and, in this case, it is better to operate in the traditional out-of-band full-duplex mode
rather than the in-band mode.

1.2 In-Band Full-Duplex Systems: Challenges and

Requirements

In essence, the self-interference cancellation mechanism is straightforward and direct: the
transmitted signal is known, and therefore it can be subtracted at the receiver. However,
in practice, it is not an easy task. In fact, when we think about how the front-end of the
radio prepares the data for transmission, we would assume that the digital baseband signal
is first converted to analog, then used to modulate the carrier signal, and after that it gets
amplified and transmitted. Thus, we naively assume that the radio front-end maintains
the baseband signal without distortion before transmission, except for amplitude scaling
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and phase shifting. Also, we might tend to think that the transmitted signal remains the
same when traveling between the transmitter and the receiver. Nonetheless, in practice,
the signal gets significantly distorted (in amplitude, frequency, or phase) as it passes
through the different components of the front-end and as it travels through air (or any
desired propagation medium). Various imperfections in the transmit chain can cause noise
and distortion; all of the components will contribute thermal noise, the digital-to-analog
converter (DAC) will add quantization noise, and the local oscillator (LO) will introduce
phase noise. Furthermore, many components, in particular the power amplifier (PA), will
introduce non-linear distortions.

1.2.1 Self-Interference Components

It is important to distinguish between the different distortion types to identify the different
components of the self-interference signals, and accordingly, we can plan and design
the circuitry required to deal with each component. The main components of the self-
interference signals can be classified into three major categories:

1. Linear Components: this corresponds to the actual signal intended for transmission,
which travels through the direct path between the transmitter and the receiver, and
its replicas, which are generated by the multipath reflections from the surrounding
environment. These signals can be expressed as a linear combination of delayed
copies of the original signal. Note that the direct path signal is much stronger, in
terms of power, than the replicas and all the other components of the self-interference
signals, and more effort is needed to suppress it.

2. Non-Linear Components: digitally modulated signals, after passing through the
non-linear components of the radio front-end such as the amplifiers and the mixers,
will produce spurious signals through a phenomenon called “Spectral Regrowth”.
The different frequencies constituting the modulated signal will interact together to
form other components at harmonic frequencies (integer multiples), at the sum and
difference frequencies of the original frequencies, and at the sums and differences of
multiples of those frequencies. These non-linear components might be, typically, 30
dB below the transmitted power, and some of them might reside inside the frequency
band of the modulated signal, while the rest might fall outside this band. The in-
band components will contribute directly to the self-interference signals while the
out-of-band components will interfere with other radios operating in the adjacent
frequency bands. Both components need to be reduced, however, the main concern
of in-band full-duplex systems is the in-band components.

3. Transmitter Noise: is mainly predominated by the thermal noise that is generated
in each component of the transmit chain, and then amplified by the power amplifier.
However, its value remains flat over an extremely wide bandwidth, which is,
typically, 50-60 dB below the transmitted power level, and thus, it is usually called
the broadband noise.
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1.2.2 Requirements for Self-Interference Cancellation
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Figure 1.4: Typical self-interference signals’ spectra of an in-band full-duplex system: at the
input of the receiver and then at the input of the analog-to-digital converter (ADC).

Now, after indicating the different components of the self-interference signals, we can
say that to implement an in-band full-duplex system it is necessary to cancel all these
components, especially the main signal which has the highest power level. The different
components need to be mitigated at the different stages of the front-end (as we will
see in the next section): at the antenna(s), in the analog domain, and in the digital
domain. Several requirements need to be considered, at each stage, when dealing with
each individual component or the self-interference signals as a whole:

� It is required to bring all the self-interference signals below the receiver noise floor,
in particular the linear component(s) which is(are) the strongest among all. So, if
we consider for example a radio that can transmit an average power of 20 dBm with
a receiver noise floor of -90 dBm, then the strongest transmitted signal power (the
main signal) will be 110 dB higher than the receiver noise floor, and hence 110 dB
of linear self-interference cancellation is needed.

� The non-linear components will be 30 dB below the main signal, or 80 dB above
the receiver noise floor, thus a total of 80 dB of non-linear self-interference
cancellation is required.

� Unlike the other components of the self-interference signals, the transmitter noise
is, by nature, non-deterministic, that is it cannot be inferred by digital algorithms.
So, the only way to cancel the transmitter noise is by taking a copy of it from where
it originated (in the analog domain), and then subtract it from the received signal.
Since the transmitter noise is 60 dB below the transmitted signal and 50 dB above
the receiver noise floor, then any in-band full-duplex system needs to contain some
analog circuitry that can provide 50 dB of analog noise cancellation.
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� To avoid saturating the receiver, it is necessary to have a first level of cancellation,
preferably before the amplifiers, to reduce the power of the self-interference signals
to a level below the maximum input power of the receiver, which is determined
by the dynamic range of the analog-to-digital converter (ADC). Assuming a 10-
bit converter, the dynamic range is typically 60 dB above the receiver noise floor,
and hence the maximum input power would be -30 dBm (with a -90dBm receiver
noise floor). Accordingly, to satisfy this condition, we need to make sure that the
strongest component (the main signal) is sufficiently canceled below the maximum
input power, therefore, at least 50 dB of self-interference cancellation are needed
before entering the amplifiers.

� Another parameter that needs to be considered, to avoid saturating the analog-to-
digital converter, is the peak-to-average power ratio (PAPR), which determines the
acceptable power peak compared to the average power content of a certain signal or
waveform. A 1 dB PAPR indicates that no peaks exist in the waveform (as in DC
signals) and a higher level of PAPR indicates that peaks exist in the waveform (as
in sinusoidal signals). If a considerably extreme peak is present in the waveform,
then it might saturate the receiver, and, in the best cases, it might reduce the
accuracy of the analog-to-digital conversion, which means that the low-level signals
will be lost in the quantization process. Thus, it is vital to keep the PAPR as low
as possible, but, typically, a 10 dB PAPR is accepted, that is the peak power can
be 10 times higher than the average power and still get an acceptable conversion
quality. Hence, for any in-band full-duplex system, we need to have an extra 10
dB of margin below the maximum input power before entering the analog-to-digital
converter, and consequently, we need to have at least 60 dB of analog cancellation
before going to the digital domain.

In summary, any in-band full-duplex system need to provide at least 110 dB of linear
self-interference cancellation, 80 dB of non-linear cancellation, 50 dB of analog noise
cancellation, and, in general, at least 60 dB need to be achieved before reaching the
digital domain. Also, the self-interference signals will be canceled at every stage of the
receiver (antenna, analog, and digital), except for the transmitter noise which can only
be canceled in the antenna and analog domains.

1.3 In-Band Full-Duplex Systems Overview

Figure 1.5 depicts a general block diagram of an in-band full-duplex heterodyne
transceiver, only the important components are depicted in the figure to show the places
at which self-interference cancellation takes place; the same concept can be extended to
homodynes, super-heterodynes, and other radio architectures. Usually, self-interference
cancellation takes place at three stages or levels: at the antenna level, at the analog level,
and at the digital level. At the antenna level a single (or multiple) shared antenna(s) might
be used simultaneously for transmission and reception, or multiple unshared antennas can
be placed together, typically two, where one or more antennas are used for transmission
while one or more antennas are used for reception. For shared antenna systems, the
antenna(s) is (are) usually connected to a duplexing device, such as a circulator or a
hybrid transformer which isolates the transmitted signal from the received signal.
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Figure 1.5: General block diagram of an in-band full-duplex heterodyne transceiver.

In the case of multiple unshared antenna systems, the main sources of self-interference
are the direct path coupling between the transmit and receive antennas, and the multipath
coupling resulting from wave reflections by objects from the surrounding environment.
Direct path and multipath couplings are also present in the shared antenna(s) case,
however, the direct path coupling mechanism is rather different: due to the finite isolation
provided by the duplexing devices, a portion of the transmitted power manages to leak
to the receiver. Also, an additional source of self-interference is present, which is the
power reflected from the antenna(s) due to the impedance mismatch with the duplexing
devices. The direct path coupling and antenna mismatch reflections are considered the
strongest sources of self-interference and can be majorly predicted and measured, so they
are usually the main focus of many works at the antenna and analog levels, while, on
the other hand, multipath coupling is considered a minor source of self-interference and
it varies greatly with the surrounding environment, so usually they are dealt with at the
digital level along with the residual part of the direct path coupling.

Both the analog and digital levels benefit from the fact that the transmit and receive
antennas are co-located on the same board or platform, and therefore, the receiver section
has knowledge of the originally transmitted signal and of the characteristics of the direct
path coupling, which can be predicted and measured. At the analog level, self-interference
cancellation circuits can be deployed at three different stages: at the RF stage before the
first pair of mixers, commonly before the low noise amplifier and the power amplifier, then
at the intermediate frequency (IF) stage between the two pairs of mixers, and finally, at
the base band (BB) stage directly before the analog-to-digital converter (ADC) and the
digital-to-analog converter (DAC). But, typically, only one analog stage is adopted. The
basic idea of analog cancellation is to take a copy of the transmitted signal before feeding
it to the antenna, then processing it in some analog circuitry to create a replica of the self-
interference signals, that will couple from the transmit antenna to the receive antenna.
The analog circuitry will try to emulate the amplitude and phase changes of the self-
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Figure 1.6: A basic block diagram of an analog self-interference cancellation scheme.

interference signals that propagate through air, and finally, the replica will be subtracted
from the total received power.

Figure 1.6 depicts a basic block diagram of an analog cancellation scheme based on
feedforward loops, which is implemented between the antennas and the power amplifiers.
The first step to achieve self-interference cancellation using this scheme is to take a copy
of the transmitted signal, before going to the antennas, and then feed it to the analog
part. The copied signal needs to be inverted so that when it reaches the receiver it will
be out-of-phase with respect to the received self-interference signals, and then they will
cancel each other. This can be achieved by either using a 180◦ out-of-phase power divider
(or a balun) to divide the transmitted signals into two out-of-phase signals, one will go
to the antenna and the second one will go to the analog circuits, or by simply using an
in-phase power divider to take a sample of the transmitted signal, and then a 180◦ phase
shift can be generated inside the analog circuits using delay lines. After that, the sampled
copy of the transmitted signal will be split into different branches known as taps. Each of
these taps has a different time delay, denoted by DN , and can independently adjust the
signal’s amplitude and phase before being combined into a single output. The time delay
and the complex weighting of the taps allow the analog cancellation circuits to match the
copied signal to both the direct path and the reflection path couplings, and to produce
a signal that destructively combines with the self-interference signals at the receiver side.
This type of circuit is known as an analog echo canceller.

At the digital level, the same self-interference cancellation procedure is implemented:
a copy of the baseband digital signal is taken from the transmit chain and then fed to
a digital signal processing (DSP) circuitry, which deploys various algorithms to create
an inverse image of the digital self-interference signals, and then subtracts the replica
from the received signals. The main purpose of the digital self-interference cancellation
is to fully suppress any residual self-interference that remains after the different antenna
and analog cancellation schemes. To achieve this, the digital processing unit needs to
accurately model the different components of the self-interference signals. The benefit of
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digital-domain cancellation is the increased flexibility in terms of modeling and parameter
estimation, which facilitates the use of advanced self-interference signal models. This
means that the significant analog impairments can be explicitly included in the modeling
within the digital canceler, and consequently they do not pose a limit for the cancellation
performance. Considering that in most cases the error vector magnitude (EVM) of the
transceiver is dominated by the non-linear behavior of its power amplifier, incorporating
a model of this non-linearity source into the digital processor can provide a significant
improvement in the digital cancellation performance [8].

Finally, the total required level of self-interference cancellation can be accumulated
at the antenna, analog, and digital stages consecutively, and achieving higher levels at a
former stage can greatly relief the later stages in terms of requirements, complexity, and
cost.

1.4 In-Band Full-Duplex Systems: Advantages and

Disadvantages

By allowing simultaneous transmission and reception on the same frequency and the same
time slot, in-band full-duplex not only doubles the spectral resources in a certain frequency
band, but it can also provide many other advantages:

� Firstly, it enables the introduction of novel and efficient multiple access techniques
[9]: full-duplex capable wireless devices can simultaneously listen to the radio
channel while transmitting a signal to an access point in order to probe if other
transmissions are occurring in the same radio channel, this would enable fast collision
detection especially in packet-based multiple access techniques.

� Moreover, in-band full-duplex can be used in cognitive radios [10] to reduce the
time needed to complete one cognitive period by half, that is, the two phases of
the cognitive period (spectrum sensing and cognitive transmission), which occur
serially, can now commence simultaneously by the aid of in-band full-duplex, thus
halving the time of one cognitive period.

� Also, continuous wave radar systems, which traditionally used primitive self-
interference cancellation techniques [11], can benefit from the advancements in
in-band full-duplex to enhance their performance and reduce their size; these
techniques will be discussed in a later section. Traditionally, radar systems needed
to reduce their transmitted power to minimize the level of self-interference and to
be able to receive properly, which limited continuous-wave radar systems to short-
range applications, however, if enhanced self-interference techniques are used, the
performance of radar systems can be extended to longer-range applications.

� Similarly, advances in self-interference cancellation can benefit antenna arrays,
in particular multiple-input multiple-output (MIMO), which seek to increase the
isolation between the individual elements of the array [12].

� Another advantage, which also relates to MIMO, is that transmitting at the same
frequency and at the same time allows the transmitter and the receiver to have quite
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the same Channel State Information (CSI), if the channel is quasi-reciprocal. This
allows the transmitter to code the data tacking into account this accurately known
CSI, which results in a better spectral efficiency of the transmission [13].

� Furthermore, implementing in-band full-duplex can reduce the air interface delay,
this is achieved by simultaneously receiving feedback information (control channels,
signaling related to error correction, etc.) while transmitting data, which minimizes
the latency in data transmission [14].

� In addition to that, in-band full-duplex can form novel relay solutions [15] to enable
almost instantaneous re-transmission. Also, it can allow a base transceiver station
(BTS) to receive from one mobile user while transmitting to another at the same
time and the same frequency. In both cases, only the relay or the base station need
to operate in full-duplex mode while the source and destination nodes can operate
in half-duplex mode.

� Finally, in-band full-duplex can add an extra level of security at the physical layer by
adopting coordinated procedures between two nodes [16], whether solely or by the
help of an intermediate relay, by injecting a jamming signal by the receiving node (or
relay) while the transmitting node (or relay) is sending the data. The receiver node
acquires a self-immunity to the jamming signal, with the aid of in-band full-duplex,
and will be able to demodulate the data received from the transmitting node, while
jamming the receiver of any eavesdropper in its range.

Despite this attractive list of advantages of in-band full-duplex systems, we should not
dismiss their disadvantages which can be summarized as follows:

� Self-interference signals: perhaps the major challenge for in-band full-duplex
systems is to totally eliminate the self-interference signals, which couple from the
transmitter of the local node to its own receiver at a higher power level than the
power received from a remote node, and failing to achieve that in a full scale might
lead to dire consequences regarding the ability of the radio to receive properly, taking
into consideration that any residual self-interference signals, although they might
not saturate the receiver, but can act as noise and might degrade the receiver’s
sensitivity to low-power signals.

� Imperfect interference cancellation: in practice, we will not obtain the expected
level of self-interference cancellation as in theory or simulation, and this can be
referred to several reasons: fabrication imperfections in the realized circuits which
might operate differently in practical measurements, the inaccurate estimation
of self-interference signals especially those that might change with surrounding
environment (reflected signals), and also the non-linearity of some components of the
front-end itself and the self-interference cancellation circuitry, in particular at the
analog level, which might grow out of control and manage to bypass the cancellation
process.

� Higher power consumption and system complexity: as will be obvious later, to
achieve self-interference cancellation in an in-band full-duplex system, additional
components or parts need to be added to the radio front-end, which increases the
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complexity of the system and increases its power consumption, and might, in some
cases, degrade the efficiency of the system.

� Increased inter-user interference: this is especially critical to mobile communications
in cellular networks and applications that require their users to transmit and receive
in adjacent bands. In out-of-band full-duplex, one of the two communicating nodes
can interfere with users on adjacent channels, mainly because the two nodes are
always separated in frequency or time, however, for in-band full-duplex systems,
both nodes transmit and receive on the same frequency and at the same time, and
thus both nodes can now interfere with the adjacent users at the same time. Thus,
we can say that the inter-user interference of in-band full-duplex, in theory, is twice
that of out-of-band full-duplex.

1.5 Frame of Work

The field of in-band full-duplex is very recent, where the first works appeared in 2012, and
it remains under development. The previously published works in this field were dedicated
for narrowband applications, and the proposed self-interference cancellation techniques
in those works could achieve high levels of cancellation over a very narrow bandwidth.
However, considering their appealing advantages, it is highly desirable to implement full-
duplex systems over wide bandwidths for civil, military, and space applications. A
wideband full-duplex front-end can be considered as a general-purpose tool that can
serve many applications and eliminates the necessity to design multiple front-ends for
different standards; which can fit well the Software Defined Radio (SDR) approach. This
type of wideband systems can be considered for diverse applications where capacity, low
latency, and secrecy capabilities are required. That may concern, for example, in cellular
telecommunication systems, backhaul microwave links between the core network and the
radio access network, or wireless links between two remote base stations instead of using
fiber optic. More broadly, the “sensing-as-transmitting” property, along with all other
characteristics of in-band full-duplex, can be valuable for any wideband multi-standard
communication operation, especially for cognitive radios and radar systems, which require
continuously scanning a wide range of frequencies while transmitting.

Little work has been done on in-band full-duplex systems to extend their performances
to cover wide bandwidths. Thus, the topic of wideband in-band full-duplex systems
remains underdeveloped, vague, and not easy to implement, so more effort needs to be
invested in that field. Some of the more recent publications on wideband full-duplex
systems indicate that achieving high levels of self-interference cancellation over a relatively
wide bandwidth is possible at the antenna level, but the analog and digital parts fall
far behind with achieving wideband cancellation, mainly, due to circuitry bandwidth
limitations, complexity, and cost. Although it might not be feasible or possible to
implement a fully-developed wideband full-duplex front-end, with wideband analog and
digital cancellation, but at least it is good to have a wideband full-duplex antenna system
as a first step, which in turn can be used in multiple applications while the analog and
digital parts can be tailored several times based on the application requirements. In
the light of this, in this work, we mainly focus on implementing a wideband full-duplex
antenna system that can provide a high level of self-interference cancellation, good gain,
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and relatively compact size. Also, some self-interference cancellation techniques might
require separating the beams of the transmitter and the receiver to achieve a higher level
of isolation between them, and in this case the implemented system has to transmit in
one direction and receive from a different direction, but in this work, we would like to
have a system that can transmit and receive in the same direction.

Based on the above, a group of self-interference cancellation techniques will be
presented in the next section, and after, we will determine the best suitable self-
interference cancellation technique that we can use to build our system, taking into
account the above-mentioned specifications.

1.6 Antenna Level Self-Interference Cancellation

Techniques

The term self-interference cancellation became well known and widely used in the context
of in-band full-duplex, however the concept appeared in different literatures many years
ago, namely in fixed telephony, continuous-wave radar systems, multiple-input multiple-
output (MIMO) antenna arrays, and radio-frequency identification (RFID). Terms like
Transmitter-Receiver Isolation, Transmit Leakage Cancellation, and Carrier Suppression
were used in those literatures to describe the same process or concept. Accordingly, some
of the techniques presented in this section are invoked from these literatures and built
upon toward in-band full-duplex. But, although the concept was investigated long time
ago, yet it was not widely researched, mainly, because, in those literatures, the cancellation
level needed was not so high and demanding. However, with the emergence of in-band
full-duplex and the recent works [7, 17–26] in that field, self-interference cancellation
gained more attention and investment by the scientific community, where some researchers
managed to achieve notable breakthroughs and were able to achieve levels higher than 90
dB of self-interference cancellation.

When it comes to classifying self-interference cancellation techniques it turns out that
there is no one way to do this, mainly because there are some techniques that can be
collectively grouped in one or more families of techniques, and there are individual unique
techniques that cannot be incorporated in any of those families. So, in this section,
we organize the different techniques in a way that gives a broad view of the available
techniques while focusing on the most relevant ones for our targeted wideband in-band
full-duplex system. So, as previously mentioned, to accumulate the required levels of self-
interference cancellation, several techniques can be applied successively at the antenna,
analog, and digital domains. But in this work, we only focus on the antenna level where
the self-interference cancellation techniques can be divided into two main categories:
monostatic and bistatic.

The term monostatic was used in the literature of radar systems to describe a radar
that simultaneously transmits and receives using a single shared antenna or multiple
collocated antennas, and the term bistatic was used in the same literature to describe a
radar system that uses separate antennas for transmission and reception at sufficiently
different locations that their angles or ranges to the target are significantly different [27].
However, in the context of in-band full-duplex, the definitions of these two terms have
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Figure 1.7: Different antenna configurations and their classification into monostatic and bistatic
from the radar literature point of view and in-band full-duplex point of view (a) a dual fed
circular patch antenna with one port connected only to the transmitter and the second port
connected to the receiver, (b) two circular patch antennas with one feeding port: one connected
to the transmitter and the second one connected to the receiver, (c) a dual fed circular patch
antenna with the two ports simultaneously connected to the transmitter and the receiver, and (d)
two circular patch antennas with one feeding port simultaneously connected to the transmitter
and the receiver.

to be modified to better describe what is already published in the literature, because
in some publications a single antenna with multiple ports can have a bistatic behavior
and multiple antennas with single ports can provide a monostatic performance. So, in
this context, both monostatic and bistatic systems can use single or multiple antennas,
which can be collocated or not. But what distinguishes them from each other is that in a
monostatic system, all ports of each individual antenna have to be physically connected
to both the transmit and the receive feeding networks at the same time. Whereas in
a bistatic system, one or more ports of each antenna should be only connected to the
transmit feeding network, while the rest of the ports must be only connected to the
receive feeding network. Figure 1.7 illustrates different antenna configurations and how
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Monostatic Bistatic
P

a
ss

iv
e

• Circulators:

? Loop Circulation

• Hybrid Transformers:

? Single 180◦-Hybrid

? Balun-Power Divider Combination

? Single Quadrature-Hybrid

? Two Circulators With Two
Quadrature-Hybrids

? Two Circulators With Balun-
Power Divider Combination

• Antenna Separation

• Beam Separation

• Cross Polarization

• Near-Field Nulling

? Half-Wavelength Separation

? Antiphase Feeding

? Near-Field Cancellation

? Circularly-Phased Arrays

• Beam Diversity

• Surface Current Suppression

A
ct

iv
e

• Reflection-Leakage Collision
• Decoupling Networks

• Co-Polarized Reflections

Table 1.1: Self-interference cancellation techniques at the antenna level.

they are classified into monostatic and bistatic from the radar literature point of view and
in-band full-duplex point of view.

After that, for each of the aforementioned categories, self-interference cancellation
techniques can be further divided into two subcategories: passive and active. The terms
passive and active might also be slightly misleading in this context, and it does not
mean necessarily that passive self-interference cancellation techniques use only passive
devices or that active techniques use only active devices, but, on the contrary, both types
of techniques can use active and/or passive devices. In fact, in this context, an active
technique is a technique that requires a prior knowledge of the characteristics of the
system components, surrounding environment, or transmitted signal to actively operate
based on the available information; in such techniques, usually, the whole system needs
to be tuned or redesigned if a single component is changed. On the other hand, passive
techniques are agnostic to the system characteristics, surrounding environment, and the
transmitted signal, and can operate independently without any prior knowledge of the
system’s parameters. Moreover, for passive techniques, changing a component in the
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system does not usually require redesigning the whole system. Thus, based on the above
definitions, analog and digital self-interference cancellation techniques are considered
active as their operation depends mainly on a prior knowledge of the transmitted signal
and the surrounding environment of the system. Table 1.1 organizes some of the published
techniques under their categories, however, note that the names of these techniques in the
diagram might be slightly different from the names given to them by the different authors,
but for the sake of generality and consistency we try to give them expressive names that
suit the coherence of this narrative, and more clarity of these names will appear when
we explain them later in this section. Finally, for monostatic systems, the antennas
need to be connected to a duplexing device, mainly a circulator or a hybrid transformer,
hence in the monostatic category the techniques are subcategorized into circulator-based
techniques and hybrid transformer-based techniques.

1.6.1 Monostatic Systems

1.6.1.1 Circulators

3

��

��

1 2

Figure 1.8: An illustrative drawing of a single antenna connected to a circulator that shows the
port numbering of the circulator, direction of circulation, and the flow of signals between its
ports.

Figure 1.8 depicts a circulator which is a three-port microwave device that can be
lossless and matched at all ports but nonreciprocal, that is, power can flow from port
1 to port 2, port 2 to port 3, and port 3 to port 1, but not in the reverse directions
[28]. Circulators were traditionally built using ferrite (or magnetic) materials, but,
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more recently, they have also been designed using periodically switched devices, such
as capacitors or transistors. Since the power entering the circulator is forced to circulate
in a single direction but not in the opposite, its ports possess an inherent isolation from
signals coming from the opposite direction, however, in practice, this isolation is finite
and limited to more or less than 20 dB over a narrow bandwidth, or more or less than
10 dB over a slightly wider bandwidth. Although the inherent isolation of the circulator
is limited and does not provide the targeted level of self-interference cancellation at the
antenna level (50 dB), yet it constitutes a first step toward accumulating that level,
especially if it is paired with additional self-interference cancellation techniques. However,
the main drawback of all circulator-based self-interference cancellation techniques is the
circulator’s bandwidth constraint, which restrains such techniques from extending to
wideband operation. Moreover, circulators are relatively bulky and, in some cases, are
not easy to integrate on some boards or circuits.

Usually, the transmitted signal is fed to Port 1, and the antenna is connected to port
2, while the receiver is connected to port 3. Due to the finite and low level of isolation
between its ports, a portion of the transmitted signal (STx) is leaked to the receiver.
In addition to that, in practice, there will be a mismatch between the antenna and the
circulator, this means that also a portion of the transmitted signal will be reflected back to
the circulator and will go directly to the receiver. So, in total, the receiver will receive three
signals: the received signal (SRx), the leaked signal (SL), and the reflected signal (SRef ).
The received signal is the only wanted signal while the leaked and reflected signals are
considered as self-interference signals and need to be eliminated. Mainly, most circulator-
based self-interference cancellation techniques manage to greatly reduce the leaked signal,
however, some of them does not deal with the reflected signal, maybe because the reflected
signal is not as much significant as the leaked signal. In what follows, we present some of
these techniques that can also be subcategorized as passive or active:

I. Loop Circulation:

This technique [29, 30] uses three circulators instead of one arranged as shown in
Figure 1.9, such that the transmitted, the received, the reflected, and the leaked signals
have always to pass through at least two of the three circulators. Since the leaked signal
moves against the direction of circulation, it gets weaker each time it passes through a
circulator till it reaches the receiver. So, in this configuration the leaked signal is only
weakened and is not totally eliminated. Also, in case there is a mismatch between the
antenna and the circulator, the reflected signal, due to the mismatch, will flow directly
to the receiver. But, perhaps, if the distances between the circulators are manipulated,
then it is possible to alter the characteristics of both the leaked and reflected signals
such that they combine 180◦ out-of-phase at the receiver. Anyhow, the obtained isolation
between the transmitter and receiver is not significant and is not worthy, especially that it
introduces some drawbacks. For instance, the size of one circulator is considered relatively
bulky, so the size of three circulators can drastically increase the size of the system, also
it increases the complexity of integrating all circulators on the same board and the cost
of the system.
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Figure 1.9: Loop circulation technique.

II. Reflection-Leakage Collision:

In [31, 32] the reflected signal (SRef ) from the antenna to the circulator and the leaked
signal (SL) from the Tx port to the Rx port are forced to combine destructively at
the Rx port by adding a tunable impedance mismatched terminal (IMT) between the
antenna and circulator, the role of the terminal is to modify the phase and amplitude of
the reflected signal such that the reflected signal and the leaked signal will have equal
amplitudes and will be 180◦ out-of-phase such that the two signals will combine out-of-
phase at the output (Rx) port and will eliminate each other, which drastically increases
the level of self-interference cancellation. This technique requires a prior knowledge of
the circulator’s characteristics to be able to predict the characteristics of the leaked
signal, and also requires a prior knowledge of the antenna’s impedance mismatch with the
circulator to predict the characteristics of the reflected signal. If a different antenna or a
different circulator are to be used, a new terminal has to be designed to adapt to the new
characteristics of the newly added components. Moreover, the terminal contains tunable
components (variable capacitors or transistors) which induces non-linear effects in the
system, and, in addition to that, the effect of the terminal on the antenna’s effective gain
was not demonstrated by the author’s, but it is expected to decrease due to the power
lost in the terminal components.
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Figure 1.10: Circulator reflection-leakage collision with the aid of an impedance mismatched
terminal.

1.6.1.2 Hybrid Transformers

I. Theoretical Background:

Hybrid transformers, also known as Electrical balanced transformers and balanced
duplexers, belong to a class of networks called maximum output networks [33], that were
first introduced in fixed telephony to deliver the maximum transmitted power from one
fixed telephone apparatus to another, and to receive the maximum power from the second
apparatus at the same time, while trying to isolate the two signals from each other. In
simpler words, they were used to isolate the receive port of the telephone from its own
transmit port, that is, to achieve self-interference cancellation in fixed telephony. After
the birth of wireless communications, especially after the invention of continuous-wave
radar systems, techniques based on hybrid transformer networks were exploited to cancel
the power leaked from the transmit path of a wireless device to its own receive path, and
after the emergence of in-band full-duplex, similar techniques were re-invoked to aid in
the cancellation of self-interference. But before presenting these techniques, a description
of the main characteristics and the behavior of hybrid transformers is presented next.

The hybrid transformer is a four-port network where each pair of opposite ports are
conjugate (or isolated) depending on the matching at each port, that is, if the transmit
and receive ports and a third port are matched, then the degree of conjugacy (or isolation)
is directly related to the mismatch between the third and fourth port [34]. Hybrid
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Figure 1.11: (a) conventional symbol of the hybrid transformer in fixed telephony and (b) a
more recent symbol used in microwaves theory.

transformers were conventionally built from windings, however, for RF applications they
can be implemented using a combination of 90◦- or 180◦- hybrid couplers, in-phase or 180◦

out-of-phase power dividers, and also can contain circulators, which will be described in
details later. Figure 1.11(a) shows a schematic of the conventional symbol used for hybrid
transformers in old publications, also Figure 1.11(b) shows a more recent symbol used in
microwaves theory. To demonstrate the conventional theory of hybrid transformers, the
old symbol will be used, while the new symbol will be used after to explain its principle
of operation in in-band full-duplex.

A network is called a hybrid transformer if it possesses the following four properties,
by referring to Figure 1.11(a) and assuming ideal transformer: if the impedances at Ports
B and D are equal (RB = RD), then no signal arrives from Port A to Port C; thus, Ports
A and C are called conjugate ports. And, similarly, if the impedances at Ports A and C
are equal (RA = RC), then Ports B and D are also conjugate. Hence, the usual hybrid
transformer networks are biconjugate systems. The second property states that if the
network is biconjugate and an impedance match exists at one port, then all the other
ports of the network will be matched. And conversely, if all the ports are matched then
the network will be biconjugate.

Under ideal conditions, there are no power losses inside the network and if the network
is biconjugate, then the power from Port A can only reach Ports B and D. So, if we
designate the power entering Port A as PA and the powers received at Ports B and D as
PB and PD respectively, then PA = PB + PD. Based on this, the hybrid transformer can
be designed to obtain any desired ratio between the powers PB and PD by manipulating
the impedances between each two ports while preserving the matching at all ports and
the biconjugacy conditions. If we designate this ratio as r = PB/PD, then we have:

PB
PA

=
r

r + 1

PD
PA

=
1

r + 1
(1.1)
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The same power ratios PB/PA and PD/PA can be also expressed in dB as follows:

RBA = 10 log10

(
r

r + 1

)
dB RDA = 10 log10

(
1

r + 1

)
dB (1.2)

Usually, in most publications r = 1, that is the power entering Port A will be divided
equally to Ports B and D, because it is much easier and simpler to have equal power
division than unequal power division, but the latter is also possible to implement. Now,
the third property of hybrid transformers states that the power transmitted from Port A
to Port B must be equal to the power transmitted from Port B to Port A, and a similar
condition holds for Ports A and D. In addition to that, if the used components in the
network are lossy, then the power loss from Port A to Port B should be identical to the
loss from Port D to Port C, and, similarly, the power loss from Port A to Port D must
be identical to the loss from Port B to Port C. And, finally, the fourth property of hybrid
transformers deals with the phases of the signals passing throw the four paths: A to B,
B to C, C to D, and D to A, and it states that the phases of any three signals in any of
the three paths should be zero, while the phase of the signal in the fourth path should be
180◦.

II. Full-Duplex Operation:

For in-band full-duplex applications any two conjugate ports of the hybrid transformer
can be chosen as transmit and receive ports, then an antenna will be connected to the
third port and its equivalent impedance will be connected to the fourth port, as shown
in Figure 1.12. If the transformer is designed to have equal power splitting (i.e., r = 1),
then the power fed to the transmit port (Port A) will be divided equally, and, after
that, half of the divided power will be delivered to the antenna (at Port B) while the
other half will be delivered to the equivalent impedance (at Port D) where it will be
absorbed. Similarly, the signal received by the antenna will be divided equally at Port
B, then half the power will be delivered to the receiver at Port C and the other half will
be delivered to the transmitter at Port A, however, in this case, the performance of the
transmitter would not be affected because the transmitted signal is much stronger than
the received signal. Nonetheless, half the transmitted and received powers will be lost in
the transformer, which is the price we pay to implement a duplexing device without using
magnetic materials. But these losses can be reduced by doing the following:

� To mitigate the power losses in the reception path, the power split ratio at Ports
B and D can be increased or decreased to force more received power to go toward
the receiver port and less power to go toward the transmit port. But it should be
noted that if not the same splitting ratio is present at all four ports, then the third
property is violated, and the network can no more be called a hybrid transformer.

� On the other hand, to reduce the power losses in the transmit path, the equivalent
impedance at Port D can be removed and a second antenna, which is identical to the
first one, is connected to the port. Or, alternatively, both the equivalent impedance
and the antenna can be removed from the circuit, and a dual-fed antenna with two
feeding ports can be connected to Ports B and D, respectively.

Page 22



CHAPTER 1. STATE OF THE ART

�� ��

���

�

�

�

�
Figure 1.12: Basic in-band full-duplex system based on hybrid transformers.

The reader might wonder now why not a second antenna was connected at Port D in
the first place, knowing that this solution can eliminate power losses in the transmission
path. This is not the only advantage of this solution, but, additionally, it has two other
important advantages: firstly, by using two identical antennas we eliminate the necessity
to design the equivalent impedance, which might be cumbersome is some cases, and,
secondly, if the two used antennas are wideband, then the performance of the full-duplex
system can be potentially extended to wideband operation if there exists a wideband
hybrid transformer. Nevertheless, although these advantages may seem alluring, but they
come at a great cost in the far-field behavior of the antennas if they operate with single
linear polarizations, because no matter what kind of antennas is used or the way the
antennas are placed, oriented, and fed with respect to one another, there will always be
a far-field null in either the transmit or the receive paths of the system, mainly in the
broadside lobe of the radiation pattern, which means that the system will not be able to
transmit or receive in a certain direction; this will be demonstrated later. However, this
issue is not a big problem for dual-polarized or circularly-polarized antennas.

In practice, there will always be some power leakage from the transmitter to the
receiver depending on the devices used to implement the hybrid transformer and on
the mismatch between the transformer and the antenna on one side, and the mismatch
between the equivalent impedance and the transformer on the other side, and, also,
depending on whether both mismatches have equal values or not. Nonetheless, if there is
a 180◦ phase shift in one of the paths between Ports A and C, then the two leaked signals
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and the two reflected signals will combine, ideally, out-of-phase at the receiver port. But,
although the leaked and reflected signals will be canceled at the receiver, it is always
better to have less leakage in the transformer and better matching with the antennas to
allow more energy to get radiated by the antenna(s) and less power to get destroyed inside
the transformer, which enhances the power efficiency of the full-duplex system.

It is obvious that for in-band full-duplex operation, only the transmit and receive ports
need to be conjugate (Ports A and C), and that conjugacy is not necessary for the other
two ports (Ports B and D), thus the biconjugacy condition of the hybrid transformers is
not necessary for in-band full-duplex operation, and it is sufficient just to have one pair
of conjugate ports. Thus, this allows us to violate the biconjugacy condition for hybrid
transformer without affecting the performance of the in-band full-duplex system, and the
resultant transformer will have a quasi-hybrid behavior. By violating the biconjugacy
condition we get more degrees of freedom for designing the transformer with a diverse
variety of components. In addition to that, for in-band full-duplex applications, it is
not necessary for the conjugate ports to be facing each other, and any two ports can be
conjugate whether they are adjacent or on opposite sides, which also gives more freedom
in the circuit design.

Based on the above, self-interference cancellation techniques using hybrid transformers
are firstly subcategorized into passive and active techniques. Passive techniques
describe the various methods to implement a hybrid transformer focusing mainly on the
components inside the network, while active techniques focus mainly on manipulating
the characteristics of the components connected to the transformer, namely the antenna
and the equivalent impedance. Finally, for passive techniques, depending on whether
the transformer network respects or violates the biconjugacy condition, the presented
networks will be classified into “True-Hybrid Transformer Networks” and “Quasi-Hybrid
Transformer Networks”. Also, in the case of passive techniques, it is always assumed that
the two antenna ports of the transformer (Ports B and D), unless otherwise mentioned, are
always connected to a single dual-fed antenna and that there is no equivalent impedance
at any port.

III. True-Hybrid Transformer Networks:

A. Single 180◦-Hybrid:

180◦-Hybrids can be actually considered as hybrid transformers as they satisfy all the
properties of hybrid transformers. Classically, there are two devices that can be used as
180◦-Hybrids: the rat-race couplers and the tapered coupled line coupler. For instance,
let us consider the rat-race hybrid that is depicted in Figure 1.13, it has four ports with
a characteristic impedance Z0, each placed at a quarter-wavelength away from each other
around the top half of a ring. The ring has an impedance equal to the characteristic
impedance of the ports multiplied by the square root of two (Z0

√
2), and the bottom half

of the ring is three quarters of the wavelength. Its operation can be described as follows:

� If all ports are matched and a power is injected at Port A, then it will be split
equally between Ports B and D while Port C remains isolated, but the signal at
Port D will be phase-shifted by 180◦ with respect to the signal at Port B. Similarly,
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Figure 1.13: The rat-race coupler.

if the power injected at Port D then it will be split equally between Ports A and C
while Port B remains isolated, such that the signal at Port A is also shifted by 180◦

with respect to the signal at Port C.

� Moreover, if the power is injected at Port B, then it will be split equally and in-phase
at Ports A and C while Port D remains isolated. Similarly, if the power is injected
at Port C, then it will be split equally and in-phase at Ports B and D while Port A
remains isolated. So, it can be said that Ports A and C are isolated, and Ports B
and D are also isolated, which means that the biconjugacy property is satisfied.

� In addition to that, the power that flows from one port to a second port is exactly
equal to the power that flows from the second port to the first one, whatever two
ports are selected.

� And, finally, only one path in the circuit generates 180◦ phase shift, which is the
bottom half of the ring, while all other paths are in-phase. Hence, the rat-race
coupler satisfies all properties of a hybrid transformer.

The isolation between any two conjugate ports of the rat-race hybrid is caused by the
standing waves that originate during its transient state operation, mainly, due to the half-
wavelength difference between the two paths that the signal takes to travel form the input
port to its conjugate. For example, in the transient state, if the input signal is injected at
Port A, as in Figure 1.13, then the power will travel to Port C following two paths: the first
path passes by Port B and is half-wavelength long, while the second path passes by Port
D and is one wavelength long. Obviously, there is a half-wavelength difference between
the two paths, which causes standing waves to occupy the transmission lines between
Ports B and C and also between Ports D and C. The standing waves will block those
transmission lines and will prevent any signal from passing through them in the steady
state, and that is how the isolation between the conjugate ports originates. However, the
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isolation provided by the rat-race hybrid is finite and can reach 80 dB in simulation, but
in practice it drops sometimes below 20 dB depending on the fabrication tolerances. Only,
one publication on self-interference cancellation using a single conventional 180◦-hybrids
was found in [35]. Also, a novel 180◦-hybrid based on microstrip-to-slotline transitions
was demonstrated in [36] for dual-polarized in-band full-duplex arrays.

B. Balun-Power Divider Combination:
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Figure 1.14: (a) A hybrid transformer network implemented using a rat-race coupler and three
Wilkinson power dividers/combiners and (b) an equivalent schematic showing its operation as
an in-band full-duplex system.

For this technique, the proposed network is depicted in Figure 1.14 and it consists of a
rat-race hybrid and three Wilkinson power dividers/combiners. The rat-race hybrid, in
this case, operates as a 180◦ out-of-phase power divider/combiner (also known as balun)
by connecting the input’s conjugate port to a 50 Ω matching load; the load is represented
in the figure by a red circle inside a metallic square; so, alternatively, the rat-race hybrid
can be replaced with any three-port 180◦ out-of-phase power divider (or balun). Also, the
Wilkinson power divider at Port C can be substituted by another rat-race hybrid that
operates as an in-phase power combiner. Nonetheless, it is important to note that the
demonstrated network with the rat-race hybrid cannot be actually considered as a true
hybrid transformer, because the powers that flow from Port A to Ports B and D are not
equal to the powers that flow from Ports B and D to Port A, since the power entering
Port A will be divided in half between ports B and D, while only quarter the powers
entering Ports B and D will reach Port A. Thus, the powers flowing from Port A to Ports
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B and D are twice the powers flowing from Ports B and D to Port A, which violates the
third property of hybrid transformers. However, if the rat-race hybrid is replaced with
a three-port 180◦ out-of-phase power divider, then the third property will be respected
again and the network can be considered as a true hybrid transformer, but, in either cases,
the network operates similar to what is expected.

Also, it is good to know that the mechanism of isolating the conjugate ports in this
network is different than the mechanism of isolation in the rat-race hybrid:

� The power entering the rat-race hybrid from Port A for example does not flow,
ideally, to Port C, and instead it only flows toward Ports B and D, this happens
because there will be standing waves between Ports B and C and between Ports D
and C, which prevents the incoming power from flowing to Port C and, consequently,
no power reaches Port C. But, as mentioned previously, the isolation of the rat-race
hybrid is finite in practice and some power manages to leak to the receiver.

� On the other hand, for the proposed network, there are two layers of isolation: the
first stage of isolation takes place inside the Wilkinson power dividers which try to
force all the power coming from Port A to go directly to Port B or Port D, and try
to prevent any power from leaking to Port C. But, similarly, the isolation of the
Wilkinson power dividers is finite in practice, typically 20 dB, and some power will
manage to flow to Port C through Ports B and D.

� However, the flowing powers in different branches of the network will arrive, ideally,
equal in magnitude and 180◦ out-of-phase with respect to one another, and will
cancel each other inside the power divider at Port C, which means that no power,
ideally, reaches Port C from Port A. But in practice the second layer of isolation
is sensitive to phase imbalances inside the network, and these imbalances will be
present in the network due to fabrication tolerances which degrades the isolation.

� Thus, the difference between the rat-race hybrid and this network is that the power
is preserved in the rat-race, while it is destroyed in the proposed network, which
affects the power efficiency of the system.

To describe mathematically how the transmitted, leaked, and reflected signals are
behaving in the system, and how their amplitudes and phases are changing at each stage,
it is easier and more expressive to use some equations to describe the signals’ behavior. For
these equations, we think it is most suitable to work with power waves because they are
compatible with S-parameters, where an denotes the power wave incident at the port n,
and bn denotes the power wave reflected or coming out from that port. Consequently, the
incident and reflected powers carried by each wave are given as |an|2 and |bn|2 respectively.
The flow of power waves is depicted in Figure 1.14(b), and based on it, it can be shown
that the power wave leaked from the transmitter to the receiver bl is equal to zero (red
dotted path in Figure 1.14(b)):

al =

√
2

2
S32ai a′l =

√
2

2
S32aie

jπ (1.3)

bl = al + a′l =

√
2

2
S32ai

[
1 + ejπ

]
= 0 (1.4)
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Figure 1.15: (a) An in-band full-duplex system based on a hybrid transformer network
implemented using one rat-race coupler operating as a 180◦ out-of-phase power divider, a second
rat-race coupler acting as an in-phase power combiner, and two quadrature hybrids feeding two
dual-fed patch antennas for circular polarization and (b) its equivalent schematic.

Similarly, it can also be shown that the two reflected signals from the antenna will combine
180◦ out-of-phase at the receiver (blue dotted path in Figure 1.14(b)):

af =

√
2

2
S12S31Γai a′f =

√
2

2
S12S31Γaie

jπ (1.5)

bf = af + a′f =

√
2

2
S12S31Γai

[
1 + ejπ

]
= 0 (1.6)

This topology was implemented in [37] using one rat-race hybrid and three Wilkinson
power dividers and in [38] using one 180◦ out-of-phase and three in-phase power dividers.
Also, there are some other variations of this technique that can be found in the literature:

� In [39, 40] the Wilkinson power divider at Port C was replaced by another rate-
race hybrid working as in-phase power combiner, and the lateral Wilkinson power
dividers were replaced by quadrature hybrids, as shown in Figure 1.15, however, the
quadrature hybrids, in this case, are used to feed circularly-polarized patch antennas
and the 90◦ phase shift generated between the output ports of the quadrature-
hybrids does not interfere with the operation of the network, that is, at any time,
the phase difference between the two signals propagating in the two branches of the
network will always be 0◦ or 180◦ but never 90◦ or 270◦.

� Similarly, in [41] the lateral Wilkinson power dividers in Figure 1.14 were replaced
with two 180◦-hybrids, which also do not affect the performance of the network but
were used to differentially feed a dual-polarized spiral antenna array.
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� Finally, in [42–44] the lateral Wilkinson power dividers were also replaced by Lange
couplers, and the rat-race hybrid was removed from the network and was replaced
by an integrated differential voltage-controlled oscillator (VCO) that internally
generates two 180◦ out-of-phase output signals.

IV. Quasi-Hybrid Transformer Networks:

Quasi-hybrid transformer networks may contain circulators or quadrature hybrids:
if two quadrature hybrids are placed at any two conjugate ports of the transformer
such that 90◦-output arms of both quadrature hybrids are in the same branch of the
network, then for one path, between the two conjugate ports, the total phase shift is 180◦.
However, in this case, the phase shift between any two consecutive ports is always 0◦ or
90◦ but never 180◦, hence the fourth property of hybrid transformers will be violated, and
the implemented network will be a quasi-hybrid transformer. Moreover, for circulators,
if at least one circulator is used in the network, let us assume at the antenna port, then
the power going from Port A to Port B will not be equal to the power flowing from Port
B to Port A, which also violates the third property of hybrid-transformers. Finally, note
that circulator-less quasi-hybrid transformer networks as well as true-hybrid transformer
networks can be potentially extended to wideband operation as they are not constrained
in bandwidth as the circulator-based networks. In what follows, we present some of the
quasi-hybrid transformer networks.

A. Single Quadrature-Hybrid:

���
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� �

��������������
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Figure 1.16: An in-band full-duplex system implemented using the branchline coupler.

Quadrature-hybrids are four-port devices that split the input power at one port into two
signals that are equal in magnitude but are 90◦ out-of-phase, the two split signals are
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delivered to two other ports while no power reaches the fourth port, just like the rat-race
hybrid. Mainly, there are three devices that can be considered as quadrature hybrids:
the branchline coupler, the coupled line coupler, and the Lange coupler. Let us take
for example the branchline coupler which is depicted in Figure 1.16, it consists of two
pairs of quarter-wavelength transmission lines: the vertical pair have their impedances
equal to the characteristic impedance of the input ports (Z0), while the horizontal pair
have their impedances equal to the characteristic impedance divided by the square root
of two (Z0/

√
2). If a signal is injected at Port A while all other ports are terminated with

matched impedances, then the signal will be split equally between Ports B and D while
Port C remains isolated. The signal flowing from Port A to Port B will accumulate 90◦

of phase as it passes through the bottom quarter-wavelength transmission line, and the
signal coupled from Port A to Port D will accumulate 180◦ of phase as it needs to pass
throw two quarter-wavelength transmission lines, thus the phase difference between the
two output signals is 90◦.

Similar to a rat-race coupler, the isolation in the branchline coupler is a result of the
standing waves which occupy the transmission lines leading to the isolated port. However,
the isolation provided by the branchline coupler is also finite, about 30 dB of isolation
in simulations and might be less than that in practice, depending on the fabrication
tolerances. But, although its isolation is limited and does not provide the targeted
level of self-interference cancellation at the antenna level (50 dB), yet it constitutes a
first step toward accumulating that level, especially if it is paired with additional self-
interference cancellation techniques. The branchline coupler can provide isolation over a
narrow bandwidth, due to its wavelength dependence, but its bandwidth can be extended
by cascading multiple transmission line sections together. Also, another drawback of
quadrature hybrids for in-band full-duplex applications arises when there are impedance
mismatches between the hybrid and the antenna, in this case, a portion of the transmitted
signals will be reflected back to the hybrid, and the reflected signals will flow back to
the transmit and receive ports at the same time. Now, assuming that the mismatches
at both ports are identical, then the two reflected signals will combine out-of-phase at
the transmit port and in-phase at the receive port, which might be good for systems
that are sensitive to power reflections at the input, but it is not good for in-band full-
duplex applications because the level of self-interference cancellation is reduced. This
technique was discussed in [45] and implemented using single patch antenna [46, 47] and
two orthogonal slot antennas [48–50].

B. Two Circulators with Two Quadrature-Hybrids

The proposed network in this section is depicted Figure 1.17 and it can be described as
follows:

� The network is implemented using two hybrid couplers at the transmit and receive
ports and two circulators at the antenna ports.

� The arms of both hybrids that produce the 90◦ phase shift should be in the same
branch of the circuit, to make sure that the signals that manage to leak from the
transmitter to the receiver will be 180◦ out-of-phase, and thus they will combine
destructively. Otherwise, they will combine in-phase and reduce the level of isolation
between the transmitter and receiver.
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Figure 1.17: In-band full-duplex system based on quasi-hybrid transformer network using two
quadrature hybrids and two circulators with a circularly-polarized patch antenna.

� Also, the circulators, in this case, are not the only source of isolation in the network,
but rather the network as a whole is responsible for achieving the desired isolation.

� The other role of the circulators in the circuit is to direct the maximum power
generated by the transmitter to the antenna, and also to direct the maximum power
received by the antenna to the receiver. So, the circulators preserve the power
efficiency of the system.

� Also, another advantage for this network is that the transmitter and the receiver are
co-polarized, that is, the transmitter can transmit left-handed circularly-polarized
waves and the receiver can only receive the same type of polarization.

By referring to Figure 1.17, it can be shown that the power wave leaked from the
transmitter to the receiver bl is equal to zero (red dotted path in Figure 1.17):

al =

√
2

2
S31aie

j π
2 a′l =

√
2

2
S31ai (1.7)

bl = ale
j π
2 + a′l =

√
2

2
S31ai

[
ejπ + 1

]
= 0 (1.8)

Similarly, it can also be shown that the two reflected signals from the antenna will combine
180◦ out-of-phase at the receiver (blue dotted path in Figure 1.17):

af =

√
2

2
S32S21Γaie

j π
2 a′f =

√
2

2
S32S21Γai (1.9)

bf = afe
j π
2 + a′f =

√
2

2
S32S21Γai

[
ejπ + 1

]
= 0 (1.10)
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Figure 1.18: Linearly-polarized in-band full-duplex system based on quasi-hybrid transformer
network using three quadrature hybrids and two circulators with a single-fed patch antenna.
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Figure 1.19: (a) An in-band full-duplex system based on quasi-hybrid transformer network using
four quadrature hybrids and two dual-fed patch antennas for dual circular polarization and (b)
its equivalent schematic.

Thus from Equations (1.8) and (1.10) it can be inferred that this topology can achieve,
theoretically, infinite isolation between the transmit and receive ports by eliminating the
signals leaked from the circulators and the signals reflected from the antennas, only if

Page 32



CHAPTER 1. STATE OF THE ART

it is assumed that similar components in the system have identical performances or S-
parameters, and if both mismatches between the antenna and the two circulators are also
identical. This technique was presented in [51–55] using a single patch antenna, in [56–
58] using reflector antennas, and in [59] using a four-arm spiral antenna. Also, the same
system was studied in [30, 60] without any antennas. In addition to that, some other
variations of this technique also exist in the literature:

� In [61], the quadrature hybrids at the transmit and receive ports were replaced with
Wilkinson power dividers connected to a quarter-wavelength transmission lines at
one of their outputs to create the 90◦ phase shift.

� Moreover, the basic configuration can be slightly modified to generate linear
polarization by incorporating a third quadrature hybrid between the circulators and
a single-fed patch antenna as shown in Figure 1.18. This has been demonstrated in
[62], and also in [63, 64] but the circulators were substituted with transistors that
provide a quasi-circulator behavior.

� In [65] the same network as in Figure 1.17 was used to generate single linear
polarization by connecting one circulator to a patch antenna array while connecting
the second circulator to an equivalent impedance.

� Finally, the circulators in the above network can be replaced with another two
quadrature hybrids as shown in Figure 1.19, and the new quadrature hybrids will
be used to feed two circularly polarized antennas. As compared to the circulators,
the added hybrids can be considered more compact and can provide better isolation
over a wider bandwidths. This has been implemented in [66–71].

C. Two Circulators with Balun-Power Divider Combination:

The proposed network in this section is depicted in Figure 1.20 and it is composed of an
in-phase power divider, a 180◦ out-of-phase power divider (or balun), and two circulators
connected to a dual-fed patch antenna to generate dual-linearly-polarized waves. This
network operates in a manner similar to the “balun-power divider combination” network
that was previously demonstrated. However, the only difference that the circulators
introduce to the network is that they direct the maximum transmitted power to the
antenna and the maximum received power to the receiver, but over a narrow bandwidth.

It can be shown that the power wave leaked from the transmitter to the receiver bl
(red dotted path in Figure 1.20) is equal to zero:

al =

√
2

2
S31aie

jπ a′l =

√
2

2
S31ai (1.11)

bl = al + a′l =

√
2

2
S31ai

[
ejπ + 1

]
= 0 (1.12)

Similarly, it can also be shown that the two reflected signals from the antenna, af and a′f ,
will combine 180◦ out-of-phase at the receiver (blue dotted path in Figure 1.20):

af =

√
2

2
S32S21Γaie

jπ a′f =

√
2

2
S32S21Γai (1.13)
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Figure 1.20: In-band full-duplex system based on quasi-hybrid transformer network using an in-
phase power divider, a 180◦ out-of-phase power divider (or balun), and two circulators connected
to a dual-polarized patch antenna.

bf = af + a′f =

√
2

2
S32S21Γai

[
ejπ + 1

]
= 0 (1.14)

Thus, from Equations (1.12) and (1.14) it can be said that this topology can also achieve,
theoretically, infinite isolation between the transmit and receive ports by eliminating the
signals leaked from the circulators and the signals reflected from the antennas, only if
it is assumed that the circulators have identical performances or S-parameters, and if
both mismatches between the antenna and the two circulators are also identical. This
technique was presented in [72–74].

V. Reflection-Leakage Collision:

The basic full-duplex operation of hybrid transformers where the antenna is placed
at one port (Port B) and its equivalent impedance at a second port (Port D), as in
Figure 1.12, is considered active, because it requires the prior knowledge of the antenna’s
impedance to mimic it. As an alternative to the basic approach, the technique presented
here achieves self-interference cancellation by replacing the equivalent impedance with a
mismatched load at Port D, as depicted in Figure 1.21. The load can consist of lumped
components, delay lines, or transmission line stubs, and is specifically designed to reflect
the signal coming from the transmitter (STx) to the receiver, such that the reflected and
leaked signals from the antenna port (SA) and the reflected signal from the mismatched
load (Sref ) will combine 180◦ out-of-phase at the receiver [75–78]. However, in this case,
the isolation is only obtained at an extremely narrow bandwidth, so in order to obtain
isolation over a slightly wider bandwidth, the same approach was implemented in [79–81]
by adding tunable components in the mismatched load to tune its impedance and obtain
the maximum possible isolation. In [82] a modified branchline coupler with mismatched
circuit placed at the equivalent impedance port is presented. The impedances and lengths
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Figure 1.21: A hybrid transformer loaded with a mismatched load.

of the transmission lines of the branchline coupler were modified to force more power to
flow from the transmitter to the antenna and from the antenna to the receiver, and to force
less power to flow toward the equivalent impedance port, and, finally, the mismatched
impedance was designed to counter the impedance and phase imbalances of the modified
coupler and make sure that the reflected signal from the mismatched impedance and the
power leaked from the transmitter will combine 180◦ out-of-phase.

1.6.2 Bistatic Systems

1.6.2.1 Passive Techniques:

I. Antenna Separation:

Any wave that propagates in the air suffers from free space path loss (FSPL) [83] which
attenuates its radiated power flux density with the square of the distance traveled by
the wave. Thus, by increasing the distance between the transmit and receive antennas
[84, 85] (Figure 1.22(a)), the level of self-interference is expected to drop, however, at
the expense of a larger system size. Figure 1.22(c) shows the simulated self-interference
cancellation level as a function of the separation distance between two inset-fed circular
patch antennas designed at 10 GHz, the distance was increased from λ up to 10λ then the
levels of self-interference cancellation were recorded. It can be seen that the increase in
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Figure 1.22: (a) Antenna separation technique, (c) and (d) are the simulated self-interference
levels between two patch antennas at 10 GHz as a function of the separation distance ‘d’ and
beam rotation angle ‘θ’ respectively.

the level of self-interference cancellation becomes much less significant as the separation
distance increases where the most rapid increase in the cancellation is observed between
λ and 2λ.

II. Beam Separation:

Instead of increasing the physical separation between antennas, the main beams
radiated by the antennas can be separated instead [84, 86], this is achieved by rotating
the patch antennas in Figure 1.22(b) along the y-axis in opposite directions, the transmit
antenna can be rotated in a clockwise direction while the receive antenna can be rotated
in a counter-clockwise direction. As the antennas rotate away from their initial positions,
the overlap between the transmit and receive beams decreases, which in turn decreases
the level of self-interference between the transmit and receive antennas. Nonetheless,
this means that the system transmits in one direction and receives from another
directions, and not all applications can tolerate to transmit and receive in different
directions. Moreover, this technique is only applicable to directive antennas and is
useless in omnidirectional antenna applications. Figure 1.22(d) plots the simulated level
of self-interference cancellation as a function of the angle of rotation, which was increased
from 0◦ up to 90◦, while setting the distance between antennas to one wavelength at 10
GHz. It can be observed that even at the maximum angle of rotation (90◦) the obtained
level of self-interference cancellation is unsatisfying with respect to the disadvantages
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introduced by the technique.

III. Cross Polarization:

(a)

�� ��

(b)

Figure 1.23: (a) dual-fed patch antenna with two cross-polarized ports and (b) two single-fed
cross-polarized patch antennas.

If two antennas radiate orthogonal electric fields then it can be said that they are cross-
polarized. For instance, if the transmit antenna radiates an electric field that is vertically
polarized, then the receive antenna can be placed in such a way it radiates horizontally
polarized fields, this is demonstrated in Figure 1.23. Similarly, if the transmit antenna
is right-hand circularly polarized (RHCP) then the receive antenna should be left-hand
circularly polarized (LHCP). The transmit and receive antennas can be selected to operate
on orthogonal polarizations which provides an inherent isolation between them because
cross-polarizations do not couple to one another. In practice, the achievable level of self-
interference cancellation is limited by the manufacturing imperfections of the antennas,
especially, imperfections in antennas’ placement and orientation. Also, if two systems were
built with orthogonal polarizations, then it is required to have the transmit antennas of
one system to be aligned with the receive antennas of the second system. Finally, cross-
polarization can be considered a complementary source of cancellation and is usually
implemented with some other primary techniques, and it cannot be always implemented
depending on the targeted application. This concept has been implemented using linear
polarization for monopole antennas [87], dipole antennas [88], a single patch antenna
[89–100], two patch antennas [101–104], three patch antennas [105, 106], and four patch
antennas [107, 108], as well as substrate integrated waveguide (SIW) antennas [109].
In addition to that, this technique was demonstrated with right- and left-hand circular
polarizations using three patches [110], four patches [111–118], and spiral antennas [119,
120].

IV. Near-Field Nulling:

Near-field nulling is a family of techniques that uses at least two transmit antennas
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or two receive antennas or both, then they introduce fixed phase differences between
antenna elements to create near-field nulls in the transmit or receive radiation pattern, or
both, then the receive antennas can be placed at the position of the transmit null, which
can increase the level of self-interference cancellation. It was noticed by simulation that
the level of self-interference cancellation of these techniques is highly sensitive to phase
changes in the feeding signals and is less sensitive to amplitude changes, however, the
contribution of amplitude changes is not negligible. The amplitude and phase changes
come from various sources, mainly the phase and amplitude imbalances of the feeding
device and the precision of the antenna fabrication and placement. There are four
techniques that utilize this concept:

A. Half-Wavelength Separation:

��

��

d d + λ/2

Figure 1.24: Half-wavelength separation technique.

This technique [18] uses two transmit antennas and one receive antenna (Figure 1.24):
one transmit antenna is placed at a distance d to one side of the receive antenna, while
the second transmit antenna is placed at a distance d+λ/2 on the other side of the receive
antenna. Due to the half-wavelength difference between the two paths, both transmitted
signals will arrive at the receive antenna with 180◦ phase difference, and hence both
signals will combine destructively and will create a near-field null at the receive antenna’s
interface. This should yield, theoretically, a high level of self-interference cancellation.
Note that since the distances between the receive antenna and the two transmit antennas
are not equal, then the power received from the near antenna is higher than the power
received from the far antenna, which means that although the two received signals are 180◦

out-of-phase, yet they are not of equal amplitudes, thus the signals will not cancel each
other perfectly at the receiver’s interface. So, in order to achieve better signal cancellation,
the amplitudes of both signals need to be equalized, this is achieved by attenuating the
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stronger signal by using an attenuator or by feeding the far antenna more power than the
near antenna by using an unequal split power divider. In addition to that, this technique
suffers from several drawbacks:

� The main drawback of this technique is that once the system is built and configured,
then any further changes require redesigning the whole system especially the
attenuation ratio or the power split ratio of the fed signals.

� Another major drawback of this technique is the wavelength (or frequency)
dependence of the antennas’ separation distance, which means that self-interference
cancellation only takes place at the frequency of design and becomes weaker as we
move away from this frequency, which renders the antenna placement technique
useless for wideband applications.

� Also, we can observe multiple drawbacks of this technique concerning the far-field
radiation patterns of the transmit and receive antennas, some of these drawbacks
might also apply to other techniques that use multiple antennas to transmit or
receive: firstly, since two antennas are used to transmit and one antenna is used
to receive, the gain of the transmit link is higher than the gain of the receive link
(Gt = Gr + 3 dB), also the shapes of the far-field radiation patterns might differ for
both links depending on the type of the used antennas, as it was observed that the
main beam of the transmit link seems be more directive than the main beam of the
receive link.

� Secondly, the two transmitted signals combine constructively in the far-field region
at the center of the system, which is considered an advantage compared to other
techniques presented in this section because no null regions are present in the far-
field radiation pattern. However, the problem is that the receive radiation pattern
is located at the position of the receive antenna and not at the center of the system,
which means that there is a slight shift or skew between the transmit and receive
radiation patterns.

� And, finally, if the separation distance between the two transmit antennas is higher
than a half-wavelength at the frequency of design, two significant grating lobes will
be observed in the far-field radiation pattern of the transmit link, yet the minimum
separation distance is constrained by various factors in particular the size of the
used antennas.

B. Antiphase Feeding:

In this technique an antenna configuration similar to that in the antenna placement
technique is adopted but with some modifications (Figure 1.25(a)). The two transmit
antennas are now placed at the same distance d away from the receive antenna, then
both antennas are fed signals that are equal in amplitude but 180◦ out-of-phase, this
is achieved by using a 180◦ power divider (or balun). Similar to the half-wavelength
separation technique, the two transmitted signals will combine destructively at the
receive antenna’s interface and achieve, theoretically, infinite amount of self-interference
cancellation. Also, the same level of self-interference cancellation and system performance
can be, theoretically, obtained if the central antenna is used as transmitter and the lateral
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Figure 1.25: Antiphase Feeding technique (a) with Tx antennas oriented in the same direction
and (b) with Tx antennas oriented in opposite directions and symmetric with respect to the
center of the system. (c) and (d) are their corresponding transmit electric field distributions,
respectively.

antennas are used as receivers. This technique solves several drawbacks that the half-
wavelength separation technique suffers from:

� Since the two transmit antennas are placed at the same distance away from the
receive antenna, no power attenuation or unequal power split is needed to feed the
antennas, which simplifies the system design and reconfiguration.

� Also, since the distances between the transmit antennas and the receive antenna
are independent of wavelength or frequency, then this technique can be used for
wideband applications. But the only constraint on its bandwidth is the bandwidth
of the antennas and the feeding balun, especially its ability to provide a relatively
constant 180◦ phase difference between the two transmitted signals over the desired
bandwidth.

� In addition to that, the radiation patterns of the transmit and receive links are now
aligned at the center of the system, which means that the system can transmit and
receive in the same direction or location.
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Although this technique overcomes many drawbacks of the half-wavelength separation
technique, yet it inherits two drawbacks from half-wavelength separation and introduces
a third drawback:

� Firstly, since this technique uses two transmit antennas and one receive antenna
then the transmit and receive links will have different gains and radiation patterns.

� Secondly, if the separation distance between the two transmit antennas is higher
than a half-wavelength at the frequency of design, two grating lobes will be observed
in the far-field radiation pattern.

� Thirdly, the near-field null, which is located at the center of the system, extends to
the far-field region, and creates a null zone where no other device can receive the
transmitted signals, this is depicted in Figure 1.25(c).

This technique was demonstrated for monopole antennas [121–125], dipole antennas
[126], and patch antennas [90, 91, 95, 127, 128]. To eliminate the far-field null, the two
lateral antennas should be placed and oriented oppositely or symmetrically with respect to
the center of the system as depicted in Figure 1.25(b). Although the transmit and receive
antennas are cross polarized in Figure 1.25(b) yet they can be co-polarized, however,
cross-polarization is better because it increases the level of self-interference cancellation.
The electric field distribution of this configuration is shown in Figure 1.25(d) where it can
be observed that far-field null does not exist anymore while the near-field null is preserved.
This concept was also implemented using single patch [93, 96–98], two patches [100, 102],
three patches [105, 110, 129, 130], spiral antennas [131], and monopole antennas [87].

C. Near-Field Cancellation:

The near-field cancellation technique was proposed in [132, 133] and it follows a 2-step
approach: in the first step, an antenna configuration similar to that in Figure 1.25(b) is
adopted, where two transmit antennas are symmetrically placed at a distance d away
from the center of the system and fed by a balun. After that, in the second step,
two receive antennas are symmetrically placed along the perpendicular bisector of the
transmit antennas at the same distance d away from the center, such that the transmit
antennas also lie along the perpendicular bisector of the receive antennas, and then the
two receive antennas are fed by another balun as shown in Figure 1.26. By using two
antennas in the transmit and receive links, each fed by a balun, we obtain near-identical
radiation patterns for both links with identical gains, which overcomes one drawback of
the antiphase feeding technique while inheriting all its advantages. In addition to that,
in theory, it is sufficient to connect just the transmit antennas to a balun or just the
receive antennas to obtain infinite self-interference cancellation, however, in practice, a
finite amount of self-interference cancellation is obtained due to imperfections in antennas’
fabrication and placement, and also due to phase and amplitude imbalances of the used
balun, thus having two baluns in the system can, in practice, increase the obtained level
of self-interference cancellation.

Moreover, the distance from the center to the transmit antennas and the distance
to the receive antennas can have equal or different values, and in both cases the same
system performance is obtained in terms of self-interference cancellation and antenna
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Figure 1.26: Near-field cancellation technique.

gains, however, if the distances are not equal then differences between the transmit and
receive far-field radiation patterns will emerge, thus it is preferable to keep the distances
equal and maintain high system symmetry to obtain similar radiation patterns. Above
all its appealing advantages, near-field cancellation is the most suitable technique for in-
band full-duplex multiple-input multiple-output (MIMO) applications and systems that
implement this technique are the most compact as compared to all other techniques. This
technique was implemented using one patch antenna [101], two patch antennas [103], four
patch antennas [107, 108, 111–117, 134, 135], and an 8× 8 patch array [136]. As well as
single spiral antenna [137–144], four spiral antennas [41], and quad-ridged horn antennas
(QRHA) [111].

D. Circularly Phased Arrays:

The concept of circularly phased arrays can be considered as an extension to the near-field
cancellation concept explained previously. Usually, an even number of antenna elements
are placed on a circle of a fixed radius and uniformly separated from one another, then
the antenna elements are fed with a linear progressive phase shift, usually with the aid
of a butler matrix, and each couple of opposite elements can be used for transmission
or reception. As a result of the progressive phase shift and the opposite feeding of the
antenna elements, a near-field null and a quasi-omnidirectional far-field radiation pattern
are created. Figure 1.27 shows two different configurations of circular arrays: in the first
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Figure 1.27: Circularly phased arrays (a) single layer fed “mode 1” with 45◦ phase step and (b)
double layer configuration fed “mode 1” with 90◦ phase step.

configuration all the antennas are placed on a single layer and in the second configuration
the transmit and receive antennas are placed on separate layers, this separation aids
in reducing the level of self-interference. In the single layer case, four non-consecutive
antennas can be used to transmit and the other four to receive, but in some publications
the whole array can be used to transmit or receive, and an additional antenna can be
placed at the center of the array to receive or transmit, by doing this the system exploits
the beam diversity technique, which will be explained in the next section and which
has its own disadvantages. In general, any number of antenna elements can be used
in the array to increase its gain and directivity, however, at the expense of a greater
system size and a more complex feeding network. This technique was implemented using
monopole antennas [145–147], monocone antennas [148–150], loop antennas [151, 152],
dipole antennas [153, 154], monopoles-dipoles combination [155], patch antennas [118,
156], horn antennas [157, 158], reflector antenna [159], spiral antennas [160, 161], conical
sinuous antennas [162], planar inverted-F antennas (PIFA) [163], and quadruple inverted-
F antennas (QIFA) [164].

V. Beam Diversity:

This technique is mainly applicable in antenna arrays where the beams of the transmit
and receive antennas can be chosen differently by manipulating the transmit and receive
beam-forming networks. In fact, by referring to Figure 1.28, manipulating the phase
of the signals fed to each individual antenna in the array, can generate different beams
that can be directed in several directions. To increase the isolation between the transmit
and receive arrays, their beams can be steered away from one another to decrease the
overlap between them, or at least two different beams can be selected even though they
are overlapped. Similar to polarization diversity, different beams do not couple well as
identical beams, which increases the level of self-interference cancellation, although the
obtained isolation might not be significant in some cases. The main disadvantage of this
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Figure 1.28: Two phased antenna arrays that can generate beams oriented in several directions
while selecting the least overlapping beams to increase the isolation between them.

technique is that the implemented system will have to transmit and receive in different
directions, that is, if two in-band full-duplex systems were each built with diverse beams,
then the transmit beam of one system needs to be identical to the receive beam of the
second system, otherwise the quality of communication between both systems will be
degraded. This technique was used in [149–152, 155, 157]. Finally, beam diversity can
be considered for monostatic arrays, however it cannot be easily implemented, mainly,
because the transmit and receive beamforming networks in monostatic arrays are shared
and restricted in the choice of devices, while in bistatic arrays the feeding networks are
separate which gives more freedom of implementation using different devices.

VI. Surface Current Suppression:

Surface suppression techniques typically relate to directional antennas and involve the
suppression of surface currents flowing between the transmit and receive antennas by
using a specifically designed material, especially if the antennas are integrated on the
same platform or share a common ground plane. Mainly, three types of materials or
surfaces are used: absorbing surfaces, reflective surfaces, and high-impedance surfaces
(HIS). Absorbing surfaces are comprised of dielectric materials with high loss tangents,
and they are used to attenuate the self-interference signal that passes through them in
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Figure 1.29: (a) an in-band full-duplex relay system with two patch antennas (the receive antenna
is on the bottom layer) isolated by wavetraps, (b) two patch antennas surrounded with walls of
vias on the same substrate with a defected ground plane, and (c) top view of two quad-ridged
horn antennas integrated on a shared metallic platform with an electromagnetic bandgap bed
of nails between them and corrugations around the transmit antenna.

a resistive manner [84, 165]. On the other hand, reflective surfaces aim to shield the
receive antenna from the transmitted signal by introducing metallic parts between them
[163, 166–175]. And, finally, high-impedance surfaces operate in a resistive manner similar
to absorptive materials, however, they additionally incorporate reactive elements that
modify the phase of self-interference signal to aid in its cancellation. Such surfaces can
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be implemented in different configurations:

� For instance, wavetraps which are a series of planar quarter-wavelength transmission
lines or parasitic patches that are short-circuited at one end to the ground plane
[176–179], as depicted in Figure 1.29(a).

� Also, feed corrugations, which are quarter-wavelength rings or sections inscribed
into the ground plane around the transmit antenna, as in Figure 1.29(c), can create
a high negative reactance which forces the surface currents to radiate rather than
propagate along the surface of the ground plane [180] thereby improving the self-
interference cancellation. This concept was demonstrated with horn antennas [181].

� In addition to that, another type of high-impedance surfaces are the periodic surfaces
such as the capacitive bed-of-nails, Figure 1.29(c), which consists of a grid of metallic
pins (or Vias) structured in a periodic manner, and has also been demonstrated for
horn antennas [182, 183].

� Moreover, in [183] the tops of the pins were loaded with metallic patches, known as
metasurfaces or electromagnetic bandgap (EBG) materials, as in Figure 1.29(c), to
enhance the bandwidth of the bed-of-nails. Electromagnetic bandgap materials were
also implemented solely between patch antennas [171, 184–189], triple-ring antennas
[190], and spiral antennas [120].

� In addition to the above, defected ground structures were used in [191–193], as
in Figure 1.29(b), to filter the surface currents between the transmit and receive
antennas in the bandwidth of design.

� Finally, in [194, 195] walls of vias were placed around the collocated transmit and
receive antennas to prevent surface currents from coupling from one antenna to the
other, as illustrated in Figure 1.29(b).

1.6.2.2 Active Techniques:

I. Decoupling Networks:

Any two closely co-located antennas can be represented in the form of an admittance
π-network as depicted in Figure 1.30, where −Y21 represents the admittance of the direct
path coupling between the two antennas. Thus, to eliminate the direct path coupling
another network with admittance YD can be connected between the two antennas such that
YD − Y21 = 0. In fact, what happens is that the direct path signal and the signal passing
from the transmit antenna to the receive antenna through the decoupling network will be
of equal amplitudes and 180◦ out-of-phase, and thus they will eliminate each other. Once
the decoupling network is introduced between the two antennas, the matching at the input
ports will be probably lost, thus it is necessary to add matching networks at each antenna
port to restore the matching to the system. Hence, it can be said that this technique
adopts a 3-step approach: (step 1) design the antennas and measure the direct path
admittance, (step 2) design a decoupling network to counter that admittance, and (step
3) design a matching network at the inputs of the antennas to fix the mismatch caused
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Figure 1.30: An admittance π-network of two closely spaced antennas with a decoupling network
between them and two matching networks at the input of each antenna.

by the decoupling network. Decoupling networks are usually implemented with lumped
components such as resistors, capacitors, or inductors, or sometimes using transmission
lines, but also can be implemented using transistors or tunable components.

The main drawback of this technique is its bandwidth limitation due to the change in
the value of the admittance with frequency, which requires designing multiple decoupling
networks for different frequencies, and that in turn increases the size and complexity of
the system. Alternatively, tunable components could be used to adaptively reconfigure
the decoupling network, but this causes many problems in the system, mainly, because
changing a single parameter in any of the components can drastically change the matching
of the system, and even if the matching networks are also tunable there is no way to predict
the impact of the change in the decoupling network on the performance of the system, and
thus it will not be possible to counter this change by naively tuning the matching network.
Another drawback is concerned with the power efficiency of the system, where the added
matching and decoupling networks will absorb some of the transmitted or received powers,
and also the power that passes through the decoupling network to the receive antenna will
be destroyed at the receiver, which means that more power is being lost in the system.
This technique was implemented using two monopole antennas [196–208], two patches
[209–213], three patches [214], and four patches [135].

II. Co-Polarized Reflections:

Figure 1.31 shows the diagram of the proposed antenna configuration for this technique
which consists of two collocated antennas with orthogonal polarizations to increase the
initial isolation between the transmit and receive ports (Ports 1 and 3). Then, a co-
polarized auxiliary port with the transmitter is introduced at the receiving antenna (Port
2) and is terminated with a variable reflective load. The impedance of the variable load is
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Figure 1.31: Two cross-polarized patch antennas with a co-polarized auxiliary port at the receive
antenna terminated with a variable load.

intentionally mismatched with the auxiliary port to force the co-polarized power to reflect
back to the cross-polarized port (Port 3). The power wave reaching the receiver (bo) is
a sum of the direct-path cross-polarized power wave (at) and the reflected co-polarized
power wave (ar), and it can be expressed in terms of the input power wave (ai) at Port 1
as follows:

bo = (S31 + S32S21Γ) ai (1.15)

It can be seen from equation (1.15) that if the variable load’s impedance was designed such
that S32S21Γ = −S31, then the power coupling from the transmit antenna to the receive
antenna will be zero, and, consequently, the isolation between them will be infinite. This
technique was proposed in [104, 215].

1.7 Wideband Full-Duplex Systems

In this section we point to the self-interference cancellation techniques that were used to
implement wideband in-band full-duplex systems, and to the techniques that have the
potential to provide a wideband performance, however, before we commence, we need to
reach a consensus on a common definition of a wide bandwidth and a wideband system.
For this reason, if we assume that a full-duplex system operates over a certain bandwidth
with an upper frequency fu and a lower frequency fl, then the fractional bandwidth can
be defined as follows:

FBW =
fu − fl
fu + fl

fu
fl

=
1 + FBW

1− FBW
(1.16)
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Technique Advantages Disadvantages

Circulator

• Uses single antenna
• Simple implementation
• Conserves power efficiency
• Transmits and receives in
the same direction

• Bulky size
• Narrowband
• Low isolation

Hybrid
Transformers

• Wideband potential
• Uses single antenna
• Can provide high isolation
• Transmits and receives in
the same direction

• Complex implementation
• Reduced power efficiency
• Sensitive to phase and
amplitude imbalances

Antenna
Separation

• Frequency-independent
• Simple implementation

• Increased system size
• Skew between Tx and Rx
radiation patterns

Beam
Separation

• Frequency-independent
• Simple implementation

• Transmits and receives in
different directions

Near-Field
Cancellation

• Wideband potential
• Can provide high isolation
• Transmits and receives in
the same direction

• Requires two baluns
• Uses four antennas
• Sensitive to phase and
amplitude imbalances
• Sensitive to antenna placement

Circularly-
Phased
Arrays

• Wideband potential
• Can provide high isolation
• Can transmit and receive
in the same direction
• Omnidirectional

• Complex implementation
• Big number of antennas
• Complex feeding networks

Table 1.2: Summary of some self-interference cancellation techniques at the antenna level.

According to [216] if a certain system has at least 20% of fractional bandwidth or at
least 500 MHz of bandwidth (regardless of the fractional bandwidth), that is if fu = 1.5fl
or fu = fl + 500MHz, then the system can be considered as wideband. However, the
important question that arises is: according to what criteria we choose the upper and
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lower frequencies? Apparently, there are no specific criteria to choose from and it really
depends on the field of application and its specifications.

Firstly, there is the matching bandwidth of the antenna system, which corresponds to
a voltage standing-wave ratio (VSWR) less than 2:1, or a reflection coefficient less than
-10 dB. However, the matching bandwidth does not always mean that the performance
of the system is good, because, in many cases, the antenna can be well matched, but its
gain can be very low, which means that the power is being lost in the system, hence it
is important to consider a gain bandwidth that corresponds to a gain level higher than a
certain value. Similarly, if the system has a high gain then it does not mean necessarily
that the system is well matched, so it is vital for the application to consider both the
matching bandwidth and the gain bandwidth. Also, for some applications, it is essential
to have a constant beam shape over a certain bandwidth, especially for circularly-polarized
antenna systems that need to maintain the axial ratio below 3 dB, thus the bandwidth is
determined by those metrics. For in-band full-duplex applications a new parameter needs
to be considered when specifying the bandwidth, which is the level of self-interference
cancellation that needs to be kept higher than a certain value over the chosen bandwidth.
Consequently, in this work, the bandwidth of the presented self-interference cancellation
techniques will be ruled by all the aforementioned parameters.

Based on the previous definition of wideband systems, some circulator-based
techniques can be considered as wideband if a circulator with a 500 MHz of bandwidth
is used [217], thus wideband circulator-based quasi-hybrid transformer networks can be
found in [56–59]. However, no matter how much wideband the circulators are in their
band of operation, yet they remain band limited and cannot be scaled to other frequency
bands. On the other hand, circulator-less quasi-hybrid transformers and true-hybrid
transformer networks have the potential to operate in wideband, mainly because their
operation depends on transmission-line power dividers, baluns, or quadrature hybrids
that can be easily modified and scaled to any frequency range and any percentage
of fractional bandwidth. Wideband circulator-less quasi-hybrid transformer networks
were not reported in the literature, but wideband true-hybrid transformer networks are
reported in [37, 41].

The majority of the wideband systems found in the literature are bistatic, basically
because their operation does not depend on duplexing devices, which in most cases
are narrowband. Techniques like antenna separation, beam separation, polarization
diversity, and beam diversity are frequency-independent, and thus they can be classified as
wideband, although the amount of self-interference cancellation can vary with frequency.
Moreover, those techniques are not usually used as primary techniques for self-interference
cancellation, rather, they are used as a complementary source of cancellation with other
techniques. On the other hand, near-field nulling techniques, except for half-wavelength
separation, have proven to be the most adequate techniques to implement wideband full-
duplex systems, in particular, near-field cancellation and circularly-phased arrays. Those
techniques can provide 50 dB of self-interference cancellation and a good far-field behavior
with a relatively compact size. The main requirements to implement those techniques
is the availability of wideband baluns and wideband antennas. Table 1.3 summarizes
some wideband full-duplex systems implemented in previous publications and it indicates
the used self-interference cancellation technique, the bandwidth, the level of the self-

� Simulated Value
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Ref. Technique(s)
Frequency

Range [GHz]
SIC [dB] Gain [dBi] Notes

[37]
Balun-Power

Divider Combination
8.65 – 11.85 > 30 – Reduced power efficiency

[58]
Quasi-Hybrid

Transformer Network
4 – 8 > 25 > 20

Big system size &
bandwidth limitation

[85] Antenna Separation 15 – 40 > 60 > 20 �

Big system size &
skew between Tx and
Rx radiation patterns

[86] Beam Separation 18 – 45 � > 55 � > 16 �

Big system size &
skew between Tx and
Rx radiation patterns

[131] Antiphase Feeding 1.2 – 2 � > 55 � > 2 � Low gain & different
Tx and Rx beams

[143] Near-Field Cancellation 0.5 – 3.5 > 37 > 4 –

[150]
Circular Arrays &

Beam Diversity
0.8 – 1.7 > 28 > 4

Big system size &
complex feeding network

[183]
Surface Current
Suppression &

Antenna Separation
6 – 19 > 60 > 7

Big system size &
skew between Tx and
Rx radiation patterns

Table 1.3: Summary of some wideband full-duplex systems.

interference cancellation, the gain, and the main disadvantages of the system.

1.8 Conclusion

In this chapter we have presented the context of in-band full-duplex technology and its
ability to mitigate the spectrum congestion and spectral resources scarcity problems.
Also, we have pointed to the main problem that stands in the way of implementing this
technology, which is the high level of self-interference coupling between the transmitter and
receiver of the same node that needs to be reduced. Then we have presented a general view
of in-band full-duplex systems and indicated the different stages at which self-interference
cancellation occurs and the targeted level of cancellation at each stage. After that, we
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listed the potential advantages of in-band full-duplex in different applications and stressed
on the importance of implementing wideband full-duplex systems as general-purpose tools
for multi-standard or high data rate applications. Following that, we have demonstrated
a number of the already published self-interference cancellation techniques at the antenna
level, explained their principle of operation, and pointed to their strengths and weaknesses.
Finally, we have specified which techniques were already used to implement wideband full-
duplex systems and which ones have the potential to operate in wideband.

Page 52



Chapter 2
Wideband Passive Devices and

Antennas

Contents

2.1 Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

2.2 Wideband In-phase Power Dividers . . . . . . . . . . . . . . . . . . . . . . . . . . 55

2.3 Wideband Phase Shifters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

2.4 Wideband Phase Inverters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

2.5 Wideband 180° Out-of-Phase Power Dividers. . . . . . . . . . . . . . . . . . 64

2.5.1 Early Wideband Balun Designs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

2.5.2 Wideband Hybrids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

2.5.3 Wideband Baluns using Phase Shifters/Inverters . . . . . . . . . . . . . . . 67

2.5.4 Wideband Compact Baluns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

2.5.5 Conclusion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

2.6 Microstrip-to-Slotline Devices. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

2.6.1 Microstrip-to-Slotline Transitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

2.6.2 Parametric Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

2.6.3 Ultra-Wideband Transitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

2.6.4 Ultra-Wideband In-Phase and 180◦ Out-of-Phase Power Dividers . . 82

2.6.5 Power Dividers with Enhanced Isolation . . . . . . . . . . . . . . . . . . . . . . 87

2.7 Wideband Antennas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

2.7.1 The Vivaldi Antenna . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

2.8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

Page 53



2.1. INTRODUCTION

2.1 Introduction

��

��

π

π
1

3

24

����������

����������

Figure 2.1: A schematic of the near-field cancellation technique.

Our preliminary study in the previous chapter has led us to the conclusion that the
best self-interference cancellation techniques to implement a wideband in-band full-duplex
system are near-field cancellation and circularly phased arrays. However, the targeted
application of this system is a wireless link between two distant base stations, which
might be tens of kilometers far away from one another, and thus the system needs to
be directive and to have a high gain. As a result, the circularly phased array technique
will be discarded, as it provides a quasi-omnidirectional radiation pattern, and, instead,
a system based on near-field cancellation will be designed. Recall that the near-field
cancellation technique requires at least four antennas and two 180◦ out-of-phase power
dividers as shown in Figure 2.1, thus, to implement a wideband full-duplex system based
on near-field cancellation we must find a wideband directive antenna and a wideband 180◦

out-of-phase power divider.

This chapter is dedicated to the study and design the most suitable components to
implement a wideband full-duplex antenna system with the following characteristics: high
self-interference cancellation level, wideband matching, good radiation patterns and gain
across the entire bandwidth. We will begin by discussing the different ways to implement
wideband 180◦ out-of-phase power dividers. In fact, there are two main approaches to
implement an out-of-phase power divider:

1. The first approach is based on using a four-port 180◦ hybrid junction, such as a rat-
race coupler or a tapered coupled line coupler, which can inherently perform out-
of-phase power division. Or, alternatively, two quadrature hybrids can be cascaded
together to obtain the 180◦ phase difference between the two output signals.
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2. The second approach is based on connecting a 180◦ phase shifter or a phase inverter
at the outputs of an in-phase power divider. Phase shifters and phase inverters can
be also incorporated inside hybrids to extend their bandwidths.

In the light of this, we need first to make a review of the available wideband in-phase
power dividers, phase shifters, and phase inverters, then we can move to discuss the
implementation of wideband 180◦ out-of-phase power dividers based on each approach and
on the presented wideband passive devices. This state-of-the-art will help us with choosing
and designing the best 180° out-of-phase power divider topology that suits our needs,
where wideband performance, compactness, and ease of design and implementation using
planar transmission lines are highly desirable. A step-by-step design and optimization
process of the proposed out-of-phase power divider is detailed and the simulated results
will be compared to measured ones.

Finally, in this chapter, wideband antennas will be discussed, and their performances
will be compared prior to choosing the best antennas for our applications, i.e. the Vivaldi
antennas. To ensure the wideband performance of the antennas, a wideband microstrip-
to-slotline transition, which will be introduced and used, initially, for the wideband out-
of-phase power divider, will be, then, slightly modified and re-used to feed the Vivaldi
antennas. The single antenna will be described, simulated, and fabricated, and after, the
measurements will be carefully compared to the expected simulated results.

2.2 Wideband In-phase Power Dividers

The most commonly used types of in-phase power dividers (Figure 2.2) are the T-junction
power divider and the Wilkinson power divider [218]. The T-junction power divider,
usually, consists of a 50 Ω input transmission line connected to two 100 Ω output lines,
but a quarter-wavelength transformer can be placed at the output to bring the impedance
down to 50 Ω. In both cases the outputs are not matched and not isolated, this is due to
the fact that a 3-port device cannot be reciprocal, lossless, and simultaneously matched
at all ports. On the other hand, the Wilkinson power divider is, in fact, a T-junction
with quarter-wavelength transformers and a 100 Ω resistor placed between them. By
adding the resistor to the circuit, it becomes lossy and, hence, it can be now matched at
all ports at the same time. Also, the added resistor aids in isolating the output ports.
Theoretically, the signals in both branches of the Wilkinson power divider are of equal
amplitudes and phases, thus the resistor will behave as an open circuit and no power will
flow from one output port to the other, and no power will be lost in the resistor.

Apparently, the T-junction has a simpler design but it lacks matching and isolation at
the output ports, while, on the other hand, the Wilkinson power divider is more complex
to implement but it possesses matching and isolation at the output ports. Now, the
legitimate question is which power divider is better for in-band full-duplex applications?
Typically, for bistatic systems, a power divider with isolation is not required, because these
systems use separate feeding networks for the transmit and receive links, and, usually, it
is not necessary to isolate the antennas of the same link. On the other side, for most
monostatic systems the isolation between the power divider’s output ports is required,
because such systems utilize a shared feeding network for both the transmit and the
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(a) (b)

Figure 2.2: (a) T-junction power divider and (b) Wilkinson power divider.

receive links, and, hence, it is necessary to isolate the transmit link from the receive link,
otherwise, the level of self-interference cancellation can be degraded.

The T-junction power divider has no limit on its bandwidth, theoretically, if it does
not contain any quarter-wavelength transformers, mainly, because the operation of the
T-junction is based on persevering a 2:1 impedance ratio between the input transmission
line and the two output transmission lines. Usually, the impedance of planar transmission
lines remains relatively constant with frequency, which means that the 2:1 impedance
ratio is frequency-invariant. On the other hand, the Wilkinson power divider contains
quarter-wavelength transmission lines and thus it is a frequency-dependent device. Several
approaches have been used to increase the bandwidth of the Wilkinson power divider: for
example, by using three parallel coupled lines as the main power division mechanism
[219–224], loading the outputs of the power divider with coupled lines [224–228], loading
the input or output ports with short/open-circuit stubs [219, 221, 223–230], or loading
the quarter-wavelength section with stubs [231, 232]. In addition to all the above, in
[233, 234] a microstrip T-junction with an elliptical patch at the input is paired with a
parallel slotline in the ground plane, then a resistor is placed inside the slotline to provide
isolation between the output ports. Nevertheless, most of these techniques only deal with
the matching bandwidth and do not address the isolation bandwidth.

One wideband technique that addresses both the matching and the isolation
bandwidths was proposed by Cohn [235]. This technique proposes creating a multi-section
Wilkinson power divider by cascading multiple pairs of quarter-wavelength transmission
lines between the input and output ports, then terminating each pair of transmission
lines by a shunt resistor. The impedances of the quarter-wavelength pairs decrease
monotonically from 100 Ω near the input to 50 Ω at the output, which allows the
propagating signals to smoothly flow from the input to the output without severe
reflections, and thus provides a wideband matching. Also, the usage of multiple shunt
resistors ensures a good isolation level over the matching bandwidth. This technique
is the most used technique to implement wideband Wilkinson power dividers, mainly,
because it can theoretically provide an infinite bandwidth with good isolation between
output ports, depending on the number of the quarter-wavelength sections and the
shunt resistors, and, also, because it can be scaled up or down, to operate at higher or
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Ref. Technique(s)
Frequency

Range [GHz]
Matching

Bandwidth
Isolation

Level [dB]
Size [mm2]

[221]
Three coupled lines with

stub at input port
3.1 – 10.6 110% > 15 2.9× 4.1

[227]
Loading outputs with

coupled lines and stubs
3.1 – 10.6 110% > 10 –

[233]
T-junction with
ground slotline

3.1 – 10.6 110% > 10 20× 30

[237]
6-section Wilkinson

power divider
8 – 67 157% > 20 5.5× 1.2

[251]
7-section Wilkinson

power divider
2 – 38 180% > 17 26× 4

Table 2.1: Comparison of wideband in-phase power dividers.

lower frequencies, by just changing the length of the quarter-wavelength sections without
affecting its performance. This technique was used to implement wideband Wilkinson
power dividers using microstrip lines [236–256] and striplines [257–260], where most of
these implementations can provide a multi-octave bandwidth, and some can provide more
than a decade bandwidth. Finally, Table 2.1 summarizes some of the discussed in-phase
power dividers, showing the technique used to implement them, the matching bandwidths,
the level of isolation between output ports, and their sizes.

2.3 Wideband Phase Shifters

In general, phase shifters can be viewed as four-port networks consisting of two
transmission lines: a reference line and a delay line, as the one in Figure 2.3. The delay line
might be composed of one or more transmission lines with different characteristics, such
that the total length of the delay line must be longer or shorter than the reference line. The
length difference between the two lines induces a time delay between the signals passing
through them, which translates into a phase shift between the two output signals. Usually,
the length of the delay lines is set to a fraction of a wavelength at the desired frequency of
operation, which makes them narrowband due to their frequency-dependence. The need
for wideband phase shifters motivated many researchers to investigate alternative ways
to obtain a relatively flat phase shift over a wide bandwidth. Several approaches have
been reported in the literature, but, mainly, only two of them have managed to achieve
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Figure 2.3: Schiffman phase shifter.

a relatively wide bandwidth using planar technologies: the first one is based on coupled
transmission lines while the second is based on stub-loaded multi-section transmission
lines having different characteristics. Before demonstrating these approaches, note that
not all the cited phase shifters can provide 180◦ of phase shift, most of them can provide
less than 120◦, typically, 45◦ or 90◦. In fact, it is much easier to obtain a lower value of
phase shift over a relatively wide bandwidth, while it is more difficult to obtain higher
phase shift values. Anyhow, several phase shifters with low phase shifting value can be
cascaded together to obtain 180◦ of phase shift but the system’s size increases. Also, the
bandwidth of the phase shifter is determined according to the frequency range in which
the phase shifter can maintain the targeted level of phase shift plus/minus a margin of
error, this margin could be ≤ ±5◦ for lower phase shift values and might reach ±10◦ for
higher values.

One of the earliest attempts to implement a wideband phase shifter was carried out
by Schiffman [261], who showed that the phase difference between a quarter-wavelength
coupled transmission line, inter-connected at its ends, compared to a 3/4 wavelength
reference line, would provide a nearly flat 90◦ phase difference over a wide bandwidth, as
compared to conventional phase shifters. The bandwidth of the Schiffman phase shifter
can be further increased by increasing the coupling factor between the coupled lines, this
can be achieved by reducing the spacing between them. Unfortunately, this approach
is limited by manufacturing constraints. Several modifications of the Schiffman phase
shifter were adopted in different works [262–267] in an attempt to increase its bandwidth,
nevertheless, all these approaches can hardly achieve 85% of fractional bandwidth in the
best case. In addition to those, the theory of cascading multiple sections of coupled lines
was demonstrated by Schiffman himself [268] and others [269–272], however, we could not
find in the literature any implementation of these theories, probably due to fabrication
difficulties and design complexity. Some other works, that utilize coupled transmission
lines loaded with stubs, impedance transformers, and/or defected ground planes, were
reported in [273–277]. The phase shifters reported in these works can achieve at least
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Figure 2.4: Wideband phase shifter based on broadside coupled patches.

100% of fractional bandwidth.

As an alternative solution, Abbosh [278, 279] introduced a tri-layered wideband phase
shifter based on broadside coupled microstrip patches, which have shown a potential to
operate over more than 120% of fractional bandwidth with a relatively constant phase.
The phase shifter is depicted in Figure 2.4 where two elliptical microstrip fed patches
are etched on the top and bottom layers respectively, such that they are aligned face-to-
face. The patches couple power to one another through an elliptical slot which is etched
in the middle layer between the two patches. This structure can maintain a constant
coupling factor over a wide bandwidth, which translates into a constant phase shift over
the bandwidth of operation. The dimensions of the microstrip patches and the elliptical
slot dictate the obtainable phase shift. To increase the bandwidth of the proposed phase
shifter, the microstrip patches were terminated by open-circuited stubs in [280], and
exponentially tapered patches with a square slot were adopted in [281]. Also, to reduce
the number of layers needed to realize this phase shifter, Abbosh introduced a bi-layer
structure based on coplanar waveguide patches [282, 283]. The above-mentioned phase
shifters were designed to provide 45◦ of phase shift, so, several works were carried out to
build 90◦ [284–287] and 180◦ [288–290] phase shifters based on the same structure. Most
of these works either manipulate the shapes of the patches, the slot, and the terminating
stubs to obtain a higher phase shift, or cascade two phase shifters of a lower phase shifting
level to obtain a higher phase shifting level.
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Ref. Technique(s)
Frequency

Range [GHz]
Matching

Bandwidth
Phase
Value

Phase
Error

[267]
Modified Schiffman

phase shifter
1.47 – 3.52 85.4% 90◦ ±5◦

[274]
Stub loaded
coupled lines

3.1 – 11.1 113% 90◦ ±5◦

[288]
Broadside coupled
microstrip patches

1 – 10.2 164% 180◦ ±6◦

[291]
Microstrip-to-slotline

transitions
3.1 – 12 118% 180◦ ±8◦

[294]
Transmission line

resonators
1.16 – 4.76 122% 90◦ ±5.1◦

Table 2.2: Summary of some wideband phase shifters.

In [291] a wideband phase shifter that utilizes microstrip-to-slotline transitions was
reported. Although such transitions rely on a coupling mechanism to operate, however,
in this case, the coupling is not the only factor that determines the value of the phase shift.
From a different perspective, phase shifters based on coupled lines, although they provide
a wideband performance, might be difficult to fabricate and might couple some unwanted
power to other components in the system. Moreover, some of them have a multi-layered
structure, which does not allow their integration with other components of the system
on the same board. These drawbacks lead some researchers to investigate alternative
methods for implementing wideband phase shifters without using coupled lines. Works
in [292–299] reported phase shifters based on transmission line resonators, which usually
consists of one or more sections of transmission lines, having different characteristics
(impedance and length) and terminated with open- or short-circuited stubs of different
shapes. Such phase shifters are built on a single layer and can achieve more than 100% of
fractional bandwidth. Their bandwidth can be further extended by increasing the number
of transmission line sections and/or stubs, which comes at the expense of bigger system
size. Finally, Table 2.2 demonstrates some of the presented phase shifters, showing the
technique to build them, their matching bandwidth, their phase shifting level, and the
phase error in the bandwidth of operation.

All the reported wideband phase shifters operate at low frequencies; the highest
reported frequency of operation is 12 GHz in [291]; and we could not find a publication
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on wideband phase shifters operating at higher frequencies, at which transmission line
parasitics become significant and have a great impact on the propagating signals and
their phases. This indicates that phase shifters might not be the best choice for wideband
high-frequency applications, rather, phase inverters might be better in this case, as their
principle of operation is independent of frequency and of transmission line dimensions.

2.4 Wideband Phase Inverters

Phase inverters can be implemented using balanced-to-unbalanced (Balun) transformers,
which are transitions that transform an unbalanced transmission line to a balanced
transmission line. Transmission lines that have two conductors with equal impedances
along their lengths with respect to a common ground plane are considered balanced,
and otherwise they are considered as unbalanced. This means, any transmission line
that uses two conductors of different sizes is necessarily unbalanced, while balanced
transmission lines use symmetric conductors with equal sizes. Examples of unbalanced
transmission lines are microstrip lines, striplines, and coplanar waveguides (CPW).
While slotlines, coplanar striplines (CPS), and parallel striplines (PSL) are considered
as balanced transmission lines. Those balanced transmission lines will be referred to,
hereinafter, as two-conductor balanced transmission lines, and the currents flowing on
the two conductors are of equal amplitudes and 180◦ out-of-phase, in this case, the line
is said to be differentially balanced. Note that, two-conductor balanced transmission
lines do not require the presence of a physical ground plane to operate. The ground
plane is virtual in this case and there is only one signal that propagates between the two
conductors, and it relies on the differential currents flowing in them.

Now, how does transitioning from a balanced transmission line to an unbalanced
transmission line generates phase inversion? To illustrate this point, let us consider
the double microstrip-to-coplanar stripline transition which is depicted in Figure 2.5.
It consists of two transitions cascaded together. To transition from the microstrip line to
the coplanar stripline, two strips with equal widths are placed on the top of the substrate,
then the ground plane of the microstrip line is tapered until its width matches the width
of the top strip. After that, the second strip is connected to the tapered ground plane
using several vias. Finally, when the taper reaches the last via at position C, the metal
below the strips is removed after that point, and no ground plane exists below the strips
between C and E. Thus, the two strips of equal widths behave as a two-conductor balanced
transmission line. The phase inversion of the input signal takes place after transitioning
back from the balanced line to the unbalanced line, notice which strip of each transition
is connected to the ground by vias in Figure 2.5(a). The opposite connection of strips
results in inverting the electric fields at the output, this process is depicted in detail below
the transition in Figure 2.5(a). On the other hand, if similar strips were connected to
the ground plane, no phase inversion is induced in the transition, this is also shown in
Figure 2.5(b). So, in summary, in order to obtain phase inversion, we need to transition
from an unbalanced to a balanced transmission line first, then to transition back to
another unbalanced transmission line, such that, the ground planes of the two unbalanced
transmission lines need be connected to different conductors of the balanced transmission
line.
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Figure 2.5: Double microstrip-to-coplanar stripline transition (a) with phase inversion and (b)
without phase inversion.

For most transitions, the impedance of the balanced line will be much higher than
the impedance of the unbalanced line, so, usually, a taper is used in the transitions
to match their impedances, and hence the bandwidth and the size of the transition
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Figure 2.6: Phase inverters based on (a) coplanar waveguide swap and (b) parallel stripline
swap.

will be determined by the shape and length of the taper. This is why the ground
plane of the microstrip-to-coplanar stripline transition is tapered. Fortunately, there are
plenty of publications on extremely wideband transitions that can easily achieve a decade
bandwidth, to mention a few: coplanar waveguide-to-coplanar stripline transitions [300–
304], coplanar waveguide-to-parallel stripline transitions [305–308], microstrip-to-coplanar
stripline transitions [309–315], microstrip-to-parallel stripline transitions [316–319], and
microstrip-to-slotline transitions [320–322]. Also, a detailed and broad review of coplanar
waveguide transitions can be found in [323]. In addition to that, substrate-integrated
waveguide (SIW) transitions [324–326] have the ability to operate as phase inverters, yet
they are more narrowband than other kinds of transitions.

Also, we found in the literature two phase inverters that do not employ a balanced-
unbalanced (balun) transition, and they are depicted in Figure 2.6. The first one [327–329]
is a coplanar waveguide inverter (Figure 2.6(a)) that starts and ends with 50 Ω microstrip
lines in the upper layer. At the middle of the upper layer, the first microstrip line is
divided gradually into two branches which surround the second microstrip line to compose
a coplanar waveguide. The ends of both microstrip lines are semi-circular and the ground
conductor below them is truncated in a semi-elliptical manner. After that, the ends of
each microstrip line are connected to the ground conductor of the other microstrip line
using via holes. This forces the currents flowing in the upper conductor of one microstrip
line to go to the bottom conductor of the second line, and similarly, the opposite currents,
which flow in the bottom conductor of the first line, will be forced to move to the upper
conductor of the second line. The outcome of this process is an inverted electric field
at the output port with respect to the input port. The second inverter (Figure 2.6(b))
employs a similar phase inversion mechanism using parallel striplines [330]. The top and
bottom strips are separated into two parts by introducing a finite gap in each of them,
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Ref. Transition Type
Frequency

Range [GHz]
Matching

Bandwidth
Insertion
Loss [dB]

Requirement

[302] CPW-CPS 0 – 165 200% < 1.5 Vias

[305] CPW-PSL 0.04 – 27 199% < 1.2 Vias

[312] Microstrip-CPS 2 – 26.5 172% < 1.5 Vias

[317] Microstrip-PSL 1 – 30 187% < 1.5 None

[321] Microstrip-Slotline 1.02 – 13.9 173% < 1.5 None

[326] Microstrip-SIW 17.5 – 30 53% < 1 Vias

[327] CPW Swap 5.5 – 17.2 103% < 0.4 Vias

Table 2.3: Summary of some wideband transitions.

such that all the strip parts have the same area to preserve line balance, and the strip
parts in each layer are symmetric to one another with respect to their centers, while the
strip parts in the upper layer are symmetric to the strip parts in the bottom layer with
respect to the plane parallel to the strips. Now, the top part of each stripline is connected,
using a via, to the bottom part of the other stripline, which yields the signal inversion.
Finally, Table 2.3 summarizes some of the most relevant articles that deal with wideband
transitions.

2.5 Wideband 180° Out-of-Phase Power Dividers

Before we commence with presenting the approaches used to implement wideband 180◦

out-of-phase power dividers, we need to clarify one point. In the literature, the term
balun is usually used to refer to a 180◦ out-of-phase power divider, that is, it is assumed
that 180◦ out-of-phase power dividers can transform an unbalanced transmission line to a
balanced transmission line. But how could it be? In fact, balanced transmission lines can
be also created by combining two unbalanced transmission lines of the same type and of
the same characteristics. For instance, by having two microstrip lines of equal widths on
the same board with a shared ground conductor. The two strips together, in this case,
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act as a balanced pair, because they have the same impedance with respect to the shared
ground plane, although each individual strip with the ground conductor is unbalanced.
This kind of balanced transmission lines will be referred to as three-conductor balanced
transmission line, because it has three conductors: a pair of balanced conductors and a
ground conductor.

Note that, unlike two-conductor balanced transmission lines, two signals flow in a
three-conductor balanced transmission line, and they do not flow between the balanced
pair directly, but, rather, between each balanced conductor and the ground plane. This
implies that the currents flowing in the balanced conductors are not necessarily differential,
that is, the two currents can be of equal amplitudes and phases. In fact, if two conductors
carry differential currents that does not imply that they are balanced, and if they are
balanced that does not also mean that they carry differential currents. This is due to
the fact that balance is related to the line impedance and not to the properties of the
propagating wave. So, we can have two differential lines with different impedances, and we
can have balanced lines that are not differential. Based on the above explanations, power
dividers can be considered as balanced-unbalanced (balun) transformers, because they
transform a single unbalanced line into a three-conductor balanced line at the output.
However, for some reason, the terms balanced lines and differential lines were used
interchangeably in the literature to mean the same thing, although that is not always
true, and based on this, the term balun was assigned to 180◦ out-of-phase power dividers
and used by convention. Hence, in this manuscript, we will follow the same convention
and use the term balun to refer to a 180◦ out-of-phase power divider.

2.5.1 Early Wideband Balun Designs

����������������
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�°

�

�

�

(b)

Figure 2.7: Wideband 180◦ power dividers based on (a) Marchand balun, (b) log-periodic multi-
section half-wavelength balun.

One of the earliest wideband baluns is the one proposed by Marchand [331], which
was originally designed to transform an unbalanced coaxial line to a pair of balanced
transmission lines carrying differential signals. The attractive performance of Marchand
balun encouraged many researchers to implement it using planar transmission lines [332–
339]. The balun is depicted in Figure 2.7(a) and it consists of two quarter-wavelength
coupled transmission lines. The top parts of both lines are connected together at one end,
and the other end of one part acts as the input port while the other end of the second part
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is left open-circuited. The bottom parts of each coupled line are short-circuited at one
end while the other ends act as output ports. Another wideband balun that consists of
multiple sections of half-wavelength transmission lines separated by quarter-wavelength
transmission lines was reported by Al Basraoui [340]. Al Basraoui also suggested that if
the half-wavelength transmission lines were designed with lengths that vary according to
a fixed geometric ratio, such that the geometry of the balun is log-periodic as depicted
in Figure 2.7(b), then the balun can provide more bandwidth. This balun was also
implemented in [341–343].

2.5.2 Wideband Hybrids

��������

������������

���������

Figure 2.8: Wideband 90◦ hybrid based on broadside coupled patches.

As mentioned previously, wideband 180◦ out-of-phase power dividers can be, mainly,
implemented by either using wideband four-port hybrids or cascading a wideband three-
port in-phase power divider with a wideband phase shifter or phase inverter. In the case
of hybrids either two wideband 90◦ hybrids can be cascaded together to yield the 180◦

phase difference, or a single 180◦ hybrid can be used instead. In the literature there are
three approaches to implement wideband hybrids:

1. The first approach uses the classical theory of multi-section transmission lines to
increase its bandwidth. This approach was used to implement wideband branchline
couplers [344–346], 90◦ coupled line coupler [347, 348], and 180◦ coupled line couplers
[347, 349–354].

2. The second approach is based on introducing a phase inverter in the hybrid such as
a microstrip-to-slotline transition to build 90◦ hybrids [355] and 180◦ hybrids [356–
362], or a coplanar waveguide-to-slotline transition to build 90◦ hybrids [363, 364]
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Ref.
Hybrid
Type

Technique
Frequency

Range [GHz]
Matching

Bandwidth
Isolation

Level [dB]
Phase

Imbalance

[348] 90◦
Multi-section coupled

line coupler
0.5 – 18 189% – ±5◦

[373] 90◦ Broadside coupled patches 2.3 – 12.3 137% > 23 ±2.5◦

[359] 180◦
Microstrip-slotline transitions
+ CPW-microstrip transition

3 – 11 114% > 20 ±5◦

[363] 180◦ CPW-slotline transition 3.1 – 5.9 62% > 18 ±2.5◦

[349] 180◦ Tapered coupled line coupler 12 – 67 139% > 19 ±10◦

[387] 180◦
90◦ Broadside coupled coupler +
broadside coupled phase shifter

2.5 – 8 105% > 13 ±11◦

[369] 180◦ CPW swap inverter 5.8 – 12.3 72% > 30 ±3◦

[370] 180◦ PSL swap inverter 0.8 – 3.2 120% > 25 ±5◦

Table 2.4: Summary of some wideband hybrids.

and 180◦ hybrids [363–367]. Also, a 180◦ hybrid using microstrip-to-parallel stripline
and microstrip-to-slotline transitions is demonstrated in [368], using the coplanar
waveguide swap inverter in [369], and the parallel stripline swap inverter in [370].

3. The third approach is based on using a wideband phase shifter in the hybrid. For
instance, the phase shifter using broadside coupled patches, which was described
previously in Figure 2.4, can be modified to operate as a 90◦ hybrid [371–386],
as illustrated in Figure 2.8. This broadside coupled 90◦ hybrid, in [387], was
cascaded with a broadside coupled phase shifter to implement a 180◦ hybrid, and in
[388] it was combined with microstrip-to-slotline and microstrip-to-parallel stripline
transitions also to implement a 180◦ hybrid. And, finally, in [389], a 180◦ hybrid
was implemented using four Wilkinson power dividers and two cascaded broadside
coupled phase shifters.

Finally, Table 2.4 compares different implementations of wideband hybrids based on
the above approaches.

2.5.3 Wideband Baluns using Phase Shifters/Inverters

Wideband 180◦ power dividers can also be formed by cascading a wideband in-phase
power divider with any wideband phase shifter or phase inverter that were demonstrated
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Figure 2.9: Wideband 180◦ power dividers implemented using (a) power divider plus coupled
line phase shifter, (b) power divider plus delay line phase shifter, and (c) power divider plus two
microstrip-to-coplanar stripline transitions.

previously. Note that, not all of the demonstrated phase shifters and inverters were
used in the literature to implement wideband 180◦ power dividers, rather only few
works were reported using some of them. In particular, in-phase power dividers with
a coupled line phase shifter, as shown in Figure 2.9(a), were demonstrated in [390–394],
and using delay line phase shifters, as shown in Figure 2.9(b), were demonstrated in
[395, 396]. Similarly, power dividers with phase inversion were reported in [397, 398] using
microstrip-to-coplanar stripline transitions, coplanar waveguide-to-microstrip transition
[399–402], and the parallel stripline swap inverter [403–406]. An example of 180◦ power
divider implemented using a Wilkinson power divider cascaded with inverting transitions,
microstrip-to-coplanar stripline transitions (previously introduced in Figure 2.5), is
depicted in Figure 2.9(c). Notice that two double transitions are needed in this case,
one of transitions will perform phase inversion while the second will not. The input
power will be divided equally and in-phase by the Wilkinson power divider, and one of
the divided signals will get inverted while the second will not. This results in two output
signals that are, ideally, equal in magnitude and 180◦ out-of-phase. The bandwidth of the
transitions could be a decade or more, thus a power divider with a decade bandwidth will
also be required, and the only way to do this is by increasing the number of sections in
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the Wilkinson power divider. This can drastically increase the size of the circuit taking
into consideration that the size of the transitions is also huge.

2.5.4 Wideband Compact Baluns

�

��
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��

(b)

Figure 2.10: A single 2-in-1 topology to implement (a) in-phase and (b) 180◦ out-of-phase power
dividers based on microstrip-to-parallel stripline transitions.

The wideband performance of phase inverters is highly attractive and desirable
in implementing 180◦ out-of-phase power dividers, nevertheless, the big size of the
implemented circuit can be limiting for some applications. There are two points to
consider for size reduction: the first point is the size of the multi-section Wilkinson
power divider used to cover the desired bandwidth, which increases as the number of
sections increases. The second point is the use of the double transitions, that is, we need
to transition from microstrip line, or any unbalanced line, to any balanced line first, then
we need to transition back from the balanced line to the unbalanced line again to perform
phase inversion. The first point can be solved by replacing the Wilkinson power divider
by a T-junction power divider, which has no theoretical bandwidth limit, and this can
greatly reduce the size of the circuit at the expense of unmatched and unisolated output
ports. The second point can be solved by implementing the T-junction in the balanced
section rather than implementing it using the unbalanced lines. To better understand this
point let’s consider the power dividers in Figure 2.10, which consist of three microstrip-
to-parallel stripline transitions connected in a T-junction configuration. To implement
this kind of transitions, the ground plane of the microstrip line is continuously tapered
until its width becomes equal to the width of the strip on the top layer. The first
transition is responsible for transitioning from microstrip-to-parallel stripline, and then a
T-junction is implemented in the parallel stripline section, which eliminates the need for
a double transition at the output and we can directly transition back to microstrip from
the junction. The beauty of this technique is not only limited to wideband performance
and compactness, but also the fact that wideband in-phase and 180◦ out-of-phase power
dividers can be generated using this technique by simply choosing whether to invert one
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Figure 2.11: (a) In-phase and (b) 180◦ out-of-phase power dividers based on broadside coupled
patches.

of the outputs or not. For example, if all the microstrip lines are placed on the top
layer, as in Figure 2.10(a), then an in-phase power divider is generated. On the other
hand, if one of the output microstrip lines is placed on the bottom layer while keeping
the other microstrip lines on the top layer, as in Figure 2.10(b), then the two output
lines will be inverted with respect to one another in this case, and a 180◦ out-of-phase
power divider is generated. This technique was implemented using microstrip-to-parallel
stripline transitions [318, 407–409], microstrip-to-slotline transitions [410–437], coplanar
waveguide-to-coplanar stripline transitions [438, 439], and coplanar waveguide-to-slotline
transitions [440–442].

Another 2-in-1 topology to implement both in-phase and 180◦ out-of-phase power
dividers using broadside coupled patches was proposed in [443, 444]. The power dividers
are depicted in Figure 2.11 and they consist of five metal layers and four dielectric layers.
The input patch, which is placed in the middle layer, is a stripline fed patch sandwiched
between two ground planes. Elliptical slots are etched in each ground plane to couple
power from the input patch to the output patches, which are microstrip fed patches that
are placed on the bottom and top layers. Notice that in Figure 2.11(a) the two output
microstrip lines are oriented in the positive y-direction, which yields an in-phase power
divider. On the other hand, if one of the output microstrip lines is oriented in the negative
y-direction, while the second output is oriented in the positive y-direction, then a 180◦

out-of-phase power divider is obtained. Although, in the original work, the authors only
presented the in-phase power divider, however, our simulations confirm that 180◦ phase
difference between the output ports is obtained if one of the output microstrip lines is
inverted with respect to the other. Also, we think that the number of layers can be reduced
by eliminating one output patch and one ground plane, and the two output ports could
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Ref. Structure
Frequency

Range [GHz]
Matching

Bandwidth
Phase

Imbalance
Amplitude
Imbalance

Size [mm2]

[335] Modified Marchand balun 2 – 22 167% ±3◦ ±1 dB –

[342] Log-periodic balun 1.89 – 8.45 127% ±10◦ ±1 dB 120× 40

[394]
Wilkinson power divider +
coupled line phase shifter

6 – 20 108% ±7◦ ±0.6 dB –

[395]
Wilkinson power divider +

delay line phase shifter
3.2 – 9.8 102% ±15◦ – –

[397]
Wilkinson power divider +

microstrip-CPS inverter
26.5 – 40 40% ±3.1◦ ±0.8 dB –

[402]
Wilkinson power divider
+ CPW swap inverter

0.2 – 10 192% ±5◦ ±0.2 dB 65× [∗]

[403]
Wilkinson power divider

+ PSL swap inverter
0.38 – 3.5 161% ±5◦ ±0.4 dB 20.7× 20.8

[408] Microstrip-PSL T-junction 3 – 11 114% ±0.5◦ ±0.3 dB 20× 20

[429] Microstrip-Slot T-junction 4 – 45 167% ±7◦ ±1 dB 3× 8

[438] CPW-CPS T-junction 16.5 – 40 83% ±8◦ ±1.1 dB –

[441] CPW-Slot T-junction 3 – 16 137% ±5◦ ±0.5 dB ≈ 17× 10

Table 2.5: Summary of some wideband three-port 180◦ out-of-phase power dividers .

be derived from the same output patch. Moreover, the layers could be further reduced by
incorporating coplanar waveguide patches.

2.5.5 Conclusion

Table 2.5 provides a summary of some wideband three-port 180◦ out-of-phase power
dividers, while Table 2.4 provides a summary of some wideband hybrids. After a thorough
study of each of the presented topologies, it turns out that devices implemented using
multi-section transmission lines or using phase inverters, can provide extremely wide
bandwidths, more than a decade, and their bandwidths can be easily extended to the
high frequency range. In fact, each topology has its advantages and disadvantages.
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For instance, the 180◦ tapered line coupler can occupy a very large size, but it can
provide a good amount of isolation between its ports, and, also, it can be implemented
using striplines, which gives it the advantage of being protected from unwanted coupling
from other components in the system, and, at the same time, prevents it from coupling
unwanted power to the other components. On the other hand, most of the phase inverters,
especially those based on balanced-unbalanced transitions, cannot be implemented in a
stripline-like configuration (up to our knowledge), thus they might couple power to other
components in the system. Nevertheless, 180◦ out-of-phase power dividers employing
phase inverters remain more compact than the tapered hybrid, even those that use a multi-
section Wilkinson power divider. Moreover, 180◦ out-of-phase power dividers implemented
using balanced-unbalanced T-junctions are much more compact than those implemented
by cascading a multi-section Wilkinson power divider and a phase inverter, however, they
lack isolation and matching at the output ports.

As mentioned before, for bistatic in-band full-duplex systems, it is usually not
necessary to have isolation and matching at the outputs of the 180◦ out-of-phase power
divider, thus we disregard the tapered line coupler and devices containing Wilkinson
power dividers, and instead we work on a 180◦ out-of-phase power divider employing a
balanced-unbalanced T-junction. In particular, we think that the microstrip-to-slotline
power dividers, presented in [429], are the best candidates for our application. These
power dividers can operate from 4 to 45 GHz with ±1 dB and ±7◦ of amplitude and
phase imbalances, respectively, between the two output ports. Also, such power dividers
are characterized by their extreme compactness if compared to other power dividers in
the same category, and also by their ease of design and implementation. In fact, they do
not require any vias or wire bonds, unlike other types of transitions, and they can easily
be fabricated using the standard printed circuit board (PCB) technology. In the following
section we give a detailed description of the chosen power dividers, but first, we present
the theoretical background of microstrip-to-slotline transitions and their design procedure
followed by a parametric analysis. After that, the designed and fabricated power dividers
will be presented, and new power dividers with enhanced isolation will be proposed.

2.6 Microstrip-to-Slotline Devices

2.6.1 Microstrip-to-Slotline Transitions

A microstrip-to-slotline transition, which is depicted in Figure 2.12, consists of a slotline
etched in the metallic layer at one side of the substrate, and a microstrip line perpendicular
to it is etched on the other side of the substrate. After that, the microstrip line and the
slotline are terminated with virtual short-circuited stubs that are quarter-wavelength at
the frequency of design, although other shapes of stubs can be used as terminations.
The different stubs shown in Figure 2.12 control the bandwidth and the total size of the
transition, for instance, the quarter-wavelength stubs occupy more space and are more
narrowband than the radial and the circular stubs. A detailed analysis of microstrip-to-
slotline transitions can be found in [445], yet here we present a brief description for the
reader to be consistent with the following sections.

The equivalent circuit of a microstrip-to-slotline transition terminated with microstrip
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(a) (b)

Figure 2.12: Microstrip-to-slotline transitions terminated with (a) quarter-wavelength microstrip
and slotline stubs, respectively, and (b) microstrip radial stub with slotline circular disk stub.

and slotline quarter-wavelength stubs is given by [446] and is demonstrated in
Figure 2.13(a), where Zm and Zs denote the characteristic impedances of the microstrip
line and the slotline, respectively. θm and θs are the electrical lengths of the microstrip
and slot stubs, respectively. Cm denotes the equivalent capacitance of the microstrip stub,
Ls denotes the equivalent inductance of the slotline stub, and n represents the magnitude
of coupling between the microstrip line and the slotline. The equivalent circuit can be
simplified as in Figure 2.13(b) by transforming the inductance and the capacitance of the
microstrip and slotline stubs, respectively, to the position of the transition. Hence, we
get:

jXs = Zs
jωLs + jZS tan θs
Zs − ωLs tan θs

(2.1)

jXm = Zm
1/jωCm + jZm tan θm
Zm + 1/ωCm tan θm

(2.2)

Zs and jXs are in parallel, thus their equivalent impedance can be written as:

Zeq =
jXsZs
Zs + jXs

× Zs − jXs

Zs − jXs

=
X2
sZs + jXsZ

2
s

Z2
s +X2

s

=
X2
sZs

Z2
s +X2

s

+
jXsZ

2
s

Z2
s +X2

s

= Req + jXeq (2.3)

Where Req = Re{Zeq} and Xeq = Img{Zeq}. Now, the input impedance Zin, seen by
the input port when looking at the transition, can be expressed as follows:

Zin = jXm + n2Zeq

= n2Req + j
(
Xm + n2Xeq

)
(2.4)
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(a)

(b)

Figure 2.13: Equivalent circuit of a microstrip-to-slotline transition terminated by microstrip
and slotline quarter-wavelength stubs.

For good matching between the microstrip line and the slotline the input impedance
should be equal to the port impedance, that is, Zin = Zm, but since Zm is purely real,
then the imaginary part of Zin needs to go to zero (Xm + n2Xeq = 0), which can only
happen if the equivalent capacitance of the microstrip stub goes to zero and the equivalent
inductance of the slotline stub goes to infinity. In practice, these conditions cannot be
totally satisfied, however, the stubs can be optimized to reduce the value of the imaginary
part of the input impedance to a minimum value. But for now, let’s assume that the
conditions are satisfied and that the imaginary part is equal to zero, this also means that
Xm and Xs are equal to zero, consequently, we obtain:

Zm = Zin = n2Req = n2Zs (2.5)

Equation (2.5) implies that if the reactive behavior of the stubs is neglected, then the
matching of the transition will be determined by the impedance of the microstrip line Zm,
the impedance of the slotline Zs, and the coupling factor between them n. The coupling
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factor can be obtained from the following equations:

n = cos

(
2π

h

λ0
u

)
− cot(A) sin

(
2π

h

λ0
u

)
(2.6)

A = 2π
h

λ0
u+ arctan

(u
v

)
(2.7)

u =

√
εr −

(
λ0
λs

)2

v =

√(
λ0
λs

)2

− 1 (2.8)

Where h and εr are the thickness and the relative permittivity of the substrate,
respectively. λ0 and λs are the free space wavelength and the guided wavelength in
the slotline, respectively. To calculate the guided wavelength in the slotline, and also
to calculate the microstrip line and slotline impedances, one can use the closed form
equations which are included in Appendix A. Usually, we want the port impedance to be
equal to 50 Ω, but if we assume that n = 1, then we need to have the slotline impedance
also to be equal to 50 Ω. In practice, the minimum slotline width realizable by the classical
technology for printed circuit boards (PCBs) is around 100 µm, for this slotline width
we obtain a slotline impedance which is higher than 100 Ω (at least for εr ≤ 20 and
h ≤ 1.6 mm). The impedance of the slotline, unlike the impedance of microstrip lines,
decreases only if the slotline width is decreased, however, since the minimum slotline
width, provided by the available fabrication technology, yields an impedance higher than
100 Ω, thus there will always be a mismatch between the microstrip line and the slotline
depending on the actual value of the coupling factor n, which limits the bandwidth of the
transition.

To reduce the mismatch between the microstrip line and the slotline there are several
approaches that can be adopted:

1. Firstly, the slotline impedance, corresponding to a fixed slotline width, can be
further reduced by manipulating the characteristics of the substrate. For instance,
the slotline impedance can be decreased by increasing the thickness or the relative
permittivity of the substrate, or both, however, this requires a drastic increase in
the thickness or the permittivity to obtain a minor reduction in the impedance
value. Moreover, sandwiching the slotline by two dielectric layers can greatly help
in reducing its impedance, but this increases the size of the transition. Nonetheless,
we do not prefer to manipulate the characteristics of the substrate to reduce the
slotline impedance, mainly, because the passive devices and the antennas presented
in this chapter will be fabricated on the same substrate, and we give the priority
in the substrate choice to the antennas, which require a low permittivity substrate
with a relatively low thickness.

2. Alternatively, the low impedance of the microstrip line can be tapered to match the
high impedance of the slotline by using any microstrip taper (linear, exponential,
or Klopfenstein), which also increases the size of the transition depending on the
length of the taper which is a function of the lowest frequency of operation.
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3. Finally, the coupling factor n can be also manipulated to ensure a proper matching
between the microstrip line and the slotline, this can be done by manipulating the
thickness or the relative permittivity of the substrate, but, as we stated earlier, those
parameters will be chosen in the favor of the antennas and cannot be manipulated
after, so the value of n will be fixed.

2.6.2 Parametric Analysis

Figure 2.14: A microstrip-to-slotline transition terminated with radial stubs for both the
microstrip line and the slotline. {Wm = 0.66 mm, Ws = 0.156 mm, Lm = 5 mm, Ls = 5.25 mm,
Rm = 2.4 mm, Rs = 2.6 mm, θm = 90◦, and θs = 90◦}

To determine the bandwidth of matching between the microstrip line and the slotline,
it is necessary to know the values of the equivalent capacitance Cm and the equivalent
inductance Ls of the microstrip and slotline stubs, respectively. However, there are no
theoretical studies that can provide closed form equations to describe the behavior of the
stubs, especially the slotline stubs. Hence, an empirical approach is required to study the
behavior of the stubs and their effect on the bandwidth of the transition. For this reason,
in this section, we present a parametric analysis of the microstrip-to-slotline transition
based on full-wave simulations performed in CST Microwave Studio, but, before, we need
to decide the type or shape of the terminating stubs. For wideband operation, it was
shown in [252] that more than a decade bandwidth can be obtained using radial stubs,
and, moreover, radial stubs have two parameters that can be manipulated to optimize the
bandwidth, namely their radius and angle, which gives us more degrees of freedom in the
transition design as compared to other types of stubs.

A double microstrip-to-slotline transition terminated with radial stubs was
demonstrated in [320], this transition is depicted in Figure 2.14. The double configuration
facilitates the simulation of the transition, and is necessary to conduct measurements,
because slotlines cannot be directly measured. The transition was built on a 0.635 mm
thick RT/Duroid 6010 substrate with εr = 10.2. First, the microstrip line and the slotline
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Figure 2.15: Simulated S-parameters of the microstrip-to-slotline transition of Figure 2.14.

A B C D E 

     
     

      
      

     

Table 2.6: Results of the parametric analysis of the microstrip-to-slotline transition.
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Figure 2.16: Optimized S-parameters of the microstrip-to-slotline transition of Figure 2.14.
{Wm = 0.66 mm, Ws = 0.156 mm, Lm = 5 mm, Ls = 8 mm, Rm = 2 mm, Rs = 2.4 mm,
θm = 130◦, and θs = 90◦}
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impedances were calculated using the equations presented in the previous section and
taking into account the fabrication limitations, then the radii of the stubs were set to one
sixth of a wavelength at 10 GHz, and the angles of the stubs were set to 90◦ to prevent
the stubs from overlapping, otherwise, the overlap might induce unwanted effects in the
circuit. This transition was reproduced in CST and simulated with the initial parameters’
values as in [320], which are also included in the captions of Figure 2.14.

The S-parameters of the simulated transition are demonstrated in Figure 2.15, where
it can be noticed that the bandwidth is characterized by some specific points on the S11

curve: the position of the first local minimum (A), the level of the first local maximum
(B), the level of the last local maximum (D), the position and the level of the last local
minimum (E), and the level of the in-band section (C) that is situated between the two
local maxima. Usually, the in-band section level is controlled by the levels of its bounding
maxima, therefore, by keeping their values as low as possible we ensure that the level of
(C) is also low. In order to obtain the widest bandwidth, the position of (A) should be
shifted to the left of the frequency axis while decreasing the level of (B). In parallel, the
position of (E) should be shifted to the right of the frequency axis, while maintaining its
value and the value of (D) at a low level.

The parametric analysis will only study five parameters of the transition: the
microstrip stub radius (Rm), the microstrip stub angle (θm), the slotline stub radius (Rs),
the slotline stub angle (θs) and the slotline length (Ls). The microstrip line width (Wm)
and the slotline width (Ws) were kept fixed as they correspond to fixed microstrip and slot
impedances, respectively, and should not be altered. Also, the length of the microstrip
line (Lm) has no effect on the behavior of the transition. The results of the parametric
analysis are summarized in Table 2.6 that shows how different parts of the S11 plot are
affected by increasing each parameter. The dashes in the table indicate that varying a
specific parameter has no or negligible effect on a certain part of the bandwidth, while
the arrow tells how and in which direction the curve will globally move if the parameter
is increased. Also notice that different parts of the curve might be affected by multiple
parameters simultaneously, and sometimes are affected oppositely, so a good balance
and a good trade-off between the different parameters is needed to achieve the widest
bandwidth possible. Finally, the optimized S-parameters are depicted in Figure 2.16,
where the optimized values of the transition parameters are included in the captions of
the figure. Initially, the transition operated in the 3–15 GHz frequency range, and after
optimization it operated from 3 GHz and up to more than 20 GHz.

2.6.3 Ultra-Wideband Transitions

Although the optimized transition, from the previous section, can already operate over
a wide bandwidth but we were looking for something that is more wideband. Also, the
relative permittivity of the used substrate is very high and does not suit the antennas,
because a high permittivity substrate absorbs and stores more energy and reduces the
power radiated by the antenna. In addition to that, to reach higher frequencies we need
to reduce the thickness of the substrate, otherwise, higher order modes will start to
propagate in the substrate, and those modes can either remain trapped in the substrate
as surface waves or might manage to reach the antenna and might get radiated, in this
case, the radiation pattern of the antenna will be negatively affected as those modes will
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Figure 2.17: Pictures of (a) Type-1 and (b) Type-2 Transitions, (c) and (d) are zoom-in views of
both types of transitions, respectively, showing the electric field distribution at different stages
of each transition.
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Figure 2.18: The simulated and measured S-parameters of (a) Type-1 transition and (b) Type-2
transition. {Wm = 0.4 mm, Ws = 0.1 mm, Ls = 8 mm, Rm = 1.87 mm, Rs = 1.85 mm,
θm = 160◦, and θs = 170◦}

appear mainly as side lobes. For all these reasons we have selected the RO4003C substrate
(εr = 3.55) with a thickness of 203.2 µm to build our circuits on.

After selecting the substrate, we can now calculate the width of a 50 Ω microstrip line
based on the equations in Appendix A, which turns to be equal, approximately, to 0.4 mm.
Then by letting the width of the slotline to be 100 µm, we obtain the impedance of the
slotline which is, approximately, 120 Ω at 20 GHz. The reason for specifying a frequency
point for the slotline impedance is because the slotline impedance is frequency-dependent
and can vary significantly with frequency, unlike microstrip lines which have a relatively
constant impedance with frequency. Although the mismatch between the impedances of
the microstrip line and the slotline is significant, we can still tune the parameters of the
slotline stubs to reduce their reactances which in turn decreases the mismatch according to
Equations (2.3) and (2.4). The parameters of the microstrip stubs can be tuned to reduce
the imaginary part in Equation (2.4), which can further aid in the mismatch reduction.

So, based on the above analysis, a new transition was designed in CST using the
selected substrate and the calculated microstrip line and slotline widths, while letting the
values of the rest of the parameters, namely the radii and the angles of the stubs and
the slotline length, be equal to the optimized values in the previous section. The new
transition was simulated with the initial parameters and then manually optimized based
on the observations of the parametric analysis explained previously. And, finally, after the
manual tuning, the transition was further optimized using the native optimizer in CST.
In fact, two types of transitions were designed and simulated, and they are depicted in
Figure 2.17. The transition in Figure 2.17(a) will be named Type-1 transition and the
transition in Figure 2.17(b) will be named Type-2 transition.

The output microstrip line (the right microstrip line) of Type-1 transition is oriented
oppositely with respect to the input microstrip line, while the output of Type-2 transition
is oriented in the same direction of its input. The purpose of designing the two
transitions with different configurations can be explained by looking at the electric
field distributions in each transition, which are demonstrated in Figure 2.17(c) and
Figure 2.17(d), respectively. It can be observed form Figure 2.17(c) that the output
electric fields of the output microstrip line of Type-1 transition are inverted with respect
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to the input electric fields, while for Type-2 transition the output electric fields are not
inverted with respect to the input electric fields. This means that the output electric
fields of both transitions are inverted with respect to one another, consequently, the two
output signals from both transitions will be 180◦ out-of-phase. And this will be our tool
to create phase inversion.

Figure 2.18 shows the simulated and measured S-parameters of each transition and
the values of the optimized parameters of these transitions. The actual size of the
transitions is 12 mm× 4 mm, however, they were built on a 40 mm× 40 mm board for
mechanical convenience. Three main observations can be extracted from the S-parameters
plots: first, both transitions have good matching between 4 and 45 GHz, however, the
measured S11 becomes worse at frequencies beyond 30 GHz as compared to the simulated
results, this might be caused by the high frequency cables and connectors (Southwest 2.4
mm Connectors) used for measurements, these cables and connectors suffer from poorer
matching at higher frequencies. The second observation is regarding the insertion loss
which increases as the frequency increases, and this is mainly due to the dielectric losses
and the slotline radiation losses. Radiation losses might become more significant than
the dielectric losses at higher frequencies, where the radius of the slotline stub becomes
comparable to the wavelengths at those frequencies. Also, the measured insertion loss
is higher than the simulated one, and this can be caused by the change in the dielectric
constant of the substrate during the fabrication process.

In fact, the dielectric constant of a lossy material is given by the following equation:

εr = ε′r + jε′′r (2.9)

where ε′r and ε′′r are the real and imaginary parts of the dielectric constant. The real
part ε′r represents the relative permittivity of the material that is usually found in the
data sheet of the substrate (3.55 in our case), and it controls the phase that will be
accumulated by the wave propagating inside the material, while the imaginary part ε′′r
is usually represented as a loss tangent (tan δ) in the datasheet, and it controls the rate
of attenuation of the wave propagating inside the material. The higher insertion loss
in the measured results indicates that the imaginary part has increased during circuit
fabrication; and as we will see later, the real part has also changed.

The third observation is also regarding the insertion loss of the circuits, both simulated
and measured. The insertion loss increases normally as frequency increases due to
substrate dielectric losses and slotline radiation losses, but it is abnormal to sharply drop
around 20.5 GHz. The reason behind this drop is the overlap between the microstrip stub
and the slotline stubs. In fact, the microstrip stub acts like a small patch antenna that
radiates energy and resonates around 45 GHz, which is outside the band of operation.
However, when the microstrip stub is mated with a slotline stub below it, it will act
as a small patch antenna with a defected ground plane, which results in decreasing the
resonant frequency of the antenna down to 20.5 GHz. Although, in this case, the antenna
is not perfectly matched at the resonant frequency, the stub still radiates a decent amount
of energy causing the dip in the insertion loss. This problem can be solved by reducing the
overlap between microstrip and slotline stubs, which was achieved by reducing the size of
the microstrip stubs as shown in Figure 2.19. The simulated and measured S-parameters
of the modified transitions, with reduced microstrip stubs, indicate that the insertion loss
dip is eliminated, and a flatter curve is obtained, however, this comes at the expense of a
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Figure 2.19: Modified (a) Type-1 and (b) Type-2 transitions with reduced microstrip stubs, and
(c) and (d) are their corresponding S-parameters.

slightly worse matching at lower frequencies.

2.6.4 Ultra-Wideband In-Phase and 180◦ Out-of-Phase Power
Dividers

Based on microstrip-to-slotline transitions, a novel topology to implement both in-phase
and 180◦ out-of-phase power dividers with an ultra-wideband matching was demonstrated
in [429]. Both types of power dividers are depicted in Figure 2.20 along with the electric
fields distributions at different stages of each power divider. The power dividers have
similar layouts with three microstrip-to-slotline transitions: the input power is injected
in the middle transition, which is responsible for dividing the power equally between the
right and left paths of the slotline, while the output powers are extracted from the two
lateral transitions, which are responsible for phase inversion or non-inversion. Note that,
full-size microstrip stubs were used in the original publication although the dip in the
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Figure 2.20: Ultra-wideband (a) in-phase and (b) 180◦ out-of-phase power dividers based on
microstrip-to-slotline transitions, and (c) and (d) are exaggerated views of both power dividers
showing the electric fields distribution at different stages of each power divider, respectively.
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Figure 2.21: Equivalent circuit of the microstrip-to-slotline power dividers in Figure 2.20.

insertion loss was significant, however, here we continue to use full-size stubs because
primary simulations did not show a significant insertion loss dip, in this case, and we did
not think it was necessary to use half-size stubs.

To obtain in-phase power division, the output microstrip lines of the two lateral
transitions should be oriented in the same direction with respect to one another, regardless
of their orientation with respect to the input microstrip line. This can be verified by
inspecting the electric fields distribution in Figure 2.20(c), where it can be seen that the
two output electric fields oscillate in the same direction, although they are inverted with
respect to the input electric field, but, anyhow, the two output signals will be in-phase.
Also, to obtain 180◦ out-of-phase power division, the output microstrip line of one lateral
transition should be oriented in the same direction of the input microstrip line, while the
output microstrip line of the second lateral transition should be oriented in the opposite
direction of the input microstrip line. Or, in simpler words, the two output microstrip
lines need to be oriented in different directions with respect to one another. This can
be verified by looking at the electric fields distribution in Figure 2.20(d), where it can
be seen that the two output electric fields are inverted with respect to each other, and,
consequently, the two output signals will be 180◦ out-of-phase.

Figure 2.21 illustrates the equivalent circuit of the proposed power dividers, where θl
denotes the electrical length of half of the slotline. The input impedance of the equivalent
circuit will not be developed here, as it does not provide any useful information about
the choice of the slotline impedance, rather we will adopt an empirical approach to
determine the slotline impedance based on the parametric analysis of the microstrip-
to-slotline transition. However, before we initiate the manual tuning procedure, it would
be helpful to use the following theoretical analogy in order to have an initial guess of the
value of the impedance. In fact, the structure of the proposed power dividers is similar to
a T-junction power divider, where the characteristic impedance of the two output ports
should be twice the impedance of the input port (Zo = 2Zi), that is, if the impedance of
the input port is 50 Ω then the impedance of the output ports needs to be 100 Ω. In this
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case, we can let the impedance of the slotline and the output microstrip lines be equal to
100 Ω, however, this is not suitable for us because the power dividers will be connected to
other circuits in the system that have a 50 Ω input port impedance. Alternatively, all port
impedances of the T-junction can be set to 50 Ω and a quarter-wavelength transformer can
be used to transform the output ports impedances to 100 Ω at the junction. Similarly,
for the proposed power dividers, all the microstrip line impedances will be 50 Ω while
the two halves of the slotline will be treated as quarter-wavelength transformers at the
central frequency (20 GHz) and their impedances should be equal to 50

√
2 Ω or 70.71 Ω.

Nonetheless, this analogy does not take into consideration the effect of the radial stubs
on the impedance of the power dividers and that the minimum realizable slotline width is
100 µm which yields a slotline impedance of 120 Ω at 20 GHz. In any case, the microstrip
lines can be tapered starting from a high impedance at the intersection with the slotline
to reach 50 Ω at the output port, which might increase the size of the circuit depending
on the size of the taper.

Initially, we let all microstrip impedances to be 50 Ω without using any tapers, also
we let Ws = 100 µm and Ls ≈ λs/2 (or quarter-wavelength per half slotline length), and
finally, we let the stubs’ parameters be equal to the optimized values of the microstrip-
to-slotline transition that are mentioned in Figure 2.18. The initial simulation results
were satisfying and proved that the proposed power dividers can be matched over an
extremely wide bandwidth, although the slotline and the output microstrip lines were
not properly matched and no microstrip line tapers were implemented at the outputs.
Note that, in the original publication [429] the authors used 75 Ω microstrip lines at
the outputs to compensate for the mismatch between the slotline and the output ports
impedances, however, in our work, we were able to implement the same topology with
an ultra-wideband matching by using 50 Ω microstrip lines at all ports. Nonetheless, the
obtained bandwidth was slightly less than the bandwidth obtained in the original work.
After that, the power dividers were manually tuned and then were optimized in CST to
obtain the maximum bandwidth possible.

The optimized parameters can be found in the captions of Figure 2.22 which shows the
simulated and the measured S-parameters of both types of power dividers, respectively.
The actual size of the transitions is also 12 mm × 4 mm, however, they were built on a
40 mm × 40 mm board for mechanical convenience. It can be observed that both types
of power dividers are matched at the input port from 3.2 GHz up to 42.3 GHz and that
the insertion loss starts with an approximate value of 3 dB at the lower band edge and
reaches more than 8 dB at the upper band edge in simulation, and more than 10 dB in
measurements, of which 3 dB are primarily caused by the power division. Also, both power
dividers have poor matching and isolation between their output ports, which is normal
due to the fact that a three-port device cannot be lossless, reciprocal, and simultaneously
matched at all ports. And, finally, the measured amplitude and phase imbalances between
the output ports are ±1 dB and ±7◦ respectively, at least up to 40 GHz. It can be noticed
that the measured imbalances fluctuate more irregularly as compared to the simulated
ones, especially the phase imbalances. This can be attributed to fabrication inaccuracies,
in particular, the change in the value of the dielectric constant of the substrate (both the
real part and the imaginary part), where this change does not seem uniform at different
locations in the board.

The extremely wideband performance of those power dividers might be attractive
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Figure 2.22: Simulated and measured S-parameters of the in-phase and 180◦ out-of-phase power
dividers respectively: (a) and (b) are the input matching and insertion loss, (c) and (d) are the
output matching and isolation, and (e) and (f) are the amplitude imbalances (AI) and phase
imbalances (PI) between the output ports. {Wm = 0.4 mm, Ws = 0.24 mm, Ls = 8 mm,
Rm = 1.5 mm, Rs = 1.7 mm, θm = 165◦, and θs = 150◦}

for many applications, and not just for in-band full-duplex systems. But some of these
applications might require isolation and matching at the outputs of the power dividers,
which is the case for monostatic in-band full-duplex systems. In the light of this, we
present, in the next section, wideband power dividers with enhanced output isolation and
matching.
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2.6.5 Power Dividers with Enhanced Isolation

Replace

Type I transition Type II transition
Wilkinson Power Divider

Replace

Replace

Figure 2.23: Evolution of the enhanced power dividers.

In order to have matching and isolation at the output ports of the previous power dividers,
we need to make them lossy by introducing one or more resistive elements. So, if we
compare them to a Wilkinson power divider, which has a resistor placed between the
quarter-wavelength transmission lines, then we need to introduce a resistor between the
two halves of the slotline, which is technically not feasible. Hence, we need a different
approach to introduce the resistive elements. If we take a deeper look at the anatomy
of the proposed power dividers, Figure 2.23, we can see that the middle transition is
responsible for the wideband power division, while the lateral transitions are responsible
for the wideband phase shifting. We need to introduce the resistive elements in the part
that is responsible for the power division, but as mentioned earlier, it is not feasible.
Thus, we can replace the middle transition with a Wilkinson power divider, which is
characterized by the matching and isolation at its output ports. But the Wilkinson power
divider, which is totally made of microstrip lines, cannot be directly connected to the
slotlines of the lateral transitions. So, as a result, the lateral transitions can be replaced
by two double transitions of Type-1 or Type-2, which are microstrip-compatible at all
ports. Although Figure 2.23 only depicts the 180◦ out-of-phase power divider, however,
the same approach can be applied also to the in-phase power divider. In fact, to obtain
an in-phase power divider, two Type-1 or two Type-2 transitions need to be connected
to the Wilkinson power divider, while, on the other hand, to implement a 180◦ out-of-
phase power divider, one Type-1 and one Type-2 transitions need to be connected to
the Wilkinson power divider. Both types of transitions were designed and optimized in
a previous section, and they operate over an ultra-wide bandwidth. Now, all what we
need to do is to implement an ultra-wideband Wilkinson power which can operate in the
same frequency range of the transitions, and the best way to do this is to implement a
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Figure 2.24: (a) picture of the fabricated 6-section Wilkinson power divider, and (b) and (c) are
its simulated and measured S-parameters.{Z1 = 54 Ω, Z2 = 59.1 Ω, Z3 = 66.4 Ω, Z4 = 75.3 Ω,
Z5 = 84.6 Ω, Z6 = 92.6 Ω, R1 = 675 Ω, R2 = 500 Ω, R3 = 315 Ω, R4 = 200 Ω, R5 = 120 Ω, and
R6 = 120 Ω}

multi-section Wilkinson power divider.

A multi-section Wilkinson power divider (Figure 2.24) is composed of multiple couples
of quarter-wavelength microstrip lines with gradually decreasing impedance steps from
100 Ω at the input microstrip line, and down to 50 Ω at the output microstrip lines. The
gradual impedance steps ensure a smooth propagation of waves in the power divider over a
wide bandwidth. Each couple of quarter-wavelength microstrip lines are then terminated
with an isolation resistor with a specific value, the presence of the resistors in the circuit
makes it lossy, and hence it can be matched and isolated at the output ports. Normally,
no power should pass through the resistors as both microstrip lines carry the same voltage.
So, theoretically, no power is actually lost in the resistors. Also, the bandwidth of the
power divider is determined by the number of the quarter-wavelength sections, that is, if
we want to increase the bandwidth of the power divider, we need to increase the number of
sections, thus leading to an increase in the size of the power divider. Also, after a certain
number of sections, the increase in the bandwidth becomes almost negligible, hence we
need to wisely choose the minimum number of sections that can fit in our bandwidth.
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(a) (b)

Figure 2.25: Pictures of the fabricated (a) in-phase and (d) 180◦ out-of-phase power dividers,
respectively.

Although, in our work, we are not constrained by any size specifications, and we prioritize
bandwidth and isolation over size.

The design method of a multi-section Wilkinson power divider was studied by Cohn
[235]. By following the guidelines laid in his paper, it turns out that at least a 6-
section Wilkinson power divider is needed to cover the decade frequency range from
4 to 40 GHz. Based on this, we have calculated the impedance of each section and
its corresponding resistor value; the calculated values can be found in the captions of
Figure 2.24. As a first step, this calculated set of values is entered into an Advanced
Design Systems (ADS) schematic to optimize and tune the structure, stressing mostly
on the isolation between output ports. After that, a 3D simulation is performed in CST
to confirm the results obtained in ADS, and then, full-wave optimization is performed
to ensure maximum bandwidth and isolation. The actual size of the power divider is
8.6 mm×1.8 mm but it was built on a 30 mm×30 mm board for mechanical convenience.
The measured S-parameters of the 6-section Wilkinson power divider indicate that the
matching bandwidth, at the input port, is between 2 and 45 GHz, although we observe
a worse matching compared to simulated results, especially at high frequencies where the
mismatch comes, mainly, from the connectors and cables used in measurements. Also,
we observe higher insertion loss in measurements due to the change in the imaginary
part of the dielectric constant of the used substrate. Moreover, at the moment, there are
no measurements available of the output ports matching and isolation due to technical
issues and due to an extra delay in the delivery of the high-frequency resistors. However,
simulated results indicate that good matching and at least 20 dB of isolation between the
output ports can be obtained from 5 to 37 GHz, and at least 15 dB of isolation can be
obtained between 4 and 44 GHz.
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Figure 2.26: Simulated and measured S-parameters of the enhanced in-phase and 180◦ out-of-
phase power dividers, respectively: (a) and (b) are the input matching and insertion losses, (c)
and (d) are the output matching and isolation, and (e) and (f) are the amplitude imbalances
(AI) and phase imbalances (PI) between the output ports.

As mentioned before, the enhanced in-phase power divider can be obtained by
connecting the 6-section Wilkinson power divider to either two Type-1 or two Type-2
microstrip-to-slotline transitions, while the enhanced 180◦ out-of-phase power divider can
be obtained by connecting the 6-section Wilkinson power divider to one Type-1 and one
Type-2 transitions. Both types of power dividers are depicted in Figure 2.25. Transitions
with reduced microstrip lines were used in this design to avoid any abnormal drop in the
insertion loss of the circuits. Of course, there is no need to generate an in-phase power
divider using this topology, instead, the 6-section Wilkinson power divider can be used
directly as it exhibits lower losses and smaller size. However, if an application requires
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using both in-phase and out-of-phase power dividers with similar performances, that is, if
the application requires the same insertion loss in different branches of the system, then
using the enhanced in-phase power divider with the enhanced balun may become vital.

The enhanced power dividers were also built on the same RO4003C substrate and they
both occupy an area of 40 mm × 45 mm. The simulated and measured S-parameters of
both power dividers can be found in Figure 2.26. Both power dividers are well matched
between 4 and 40 GHz, except for a small mismatch around 36 GHz for the out-of-
phase power divider. Also, because of some technical issues, the output matching and
isolation were not correctly measured, but in simulation, they exhibit the same isolation
performance as the Wilkinson power divider over the targeted frequency band. Finally,
the maximum amplitude difference between the two output ports is ±1.2 dB and the
maximum phase difference is ±10◦. It seems that when the geometry of the power divider
contains more bends in the microstrip lines, the phase and amplitude imbalances between
the output ports become more severe.

2.7 Wideband Antennas

We define a wideband antenna as an antenna that has constant characteristics over a wide
bandwidth; characteristics such as matching, gain, radiation pattern, beamwidth, and/or
polarization. For our work, we are looking for a directive antenna with relatively high gain
(> 5 dBi) and that is relatively compact, preferably planar, and that is easy to design
and implement using the available technology. In general, antennas can be classified
as traveling wave antennas and standing wave antennas. Traveling wave antennas, also
called non-resonant antennas, use a traveling wave on a guiding structure as the main
radiating mechanism, where the current that generates the radio waves travels through
the antenna in one direction and the vast majority of the radiated power propagates also
in that direction. This is in contrast to a standing wave (or resonant) antenna, such
as monopoles or dipoles, in which the antenna acts as a resonator, with radio currents
traveling in both directions, bouncing back and forth between the ends of the antenna,
and thus forming a standing wave pattern along the antenna. The main advantage of
traveling wave antennas is that since they are non-resonant, they often have a wider
bandwidth than resonant antennas.

One family of traveling wave antennas is the frequency independent antennas described
by Rumsey [447], which is a group of antennas that can maintain constant characteristics,
theoretically, over an infinite bandwidth if their geometry is a function of angles, and if
they are not constrained by size. This means that the characteristics of such antennas
are invariant even if their sizes were scaled up or down. This family of antennas includes
equiangular (or logarithmic) spiral antennas, log-periodic antennas, and sinuous antennas,
which are balanced antennas that require a balanced feeding. The total size of the antenna
determines the lowest frequency radiated by that antenna, and the minimum separation
between the feed points determines the highest frequency. So, in practice, the actual
realizable bandwidth depends on manufacturing constraints. Also, such antennas are
characterized by their bidirectional radiation pattern, which might be suitable, mainly, for
relaying applications, but for most applications, the back radiation needs to be suppressed
by either adding an absorbent cavity or a reflective cavity at the back of the antenna,
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(a) (b) (c)

Figure 2.27: Four-arms (a) equiangular (logarithmic) spiral antenna, (b) sinuous antenna, and
(c) log-periodic antenna.

which increases the size of the antenna and limits its bandwidth, and in some cases, it
might also reduce the gain of the antenna.

In another work, Mushiake [448] argued that not only antennas defined by angles can
be frequency independent, but also self-complementary antennas can have a frequency
independent behavior regardless of the shape of the antenna, at least in terms of input
impedance which is always equal to 60π Ω or approximately 188 Ω. Also, he argued and
proved experimentally that the log-periodic structure is not frequency independent by
nature, but it can be, if it was made self-complementary. Self-complementary antennas can
be symmetric with respect to their centers or with respect to an axis. Center-symmetric
antennas are necessarily balanced and have a bidirectional radiation pattern, while axially-
symmetric antennas are not balanced, and they have a quasi-omnidirectional radiation
pattern. In either case, a matching network is needed to match the antenna’s high input
impedance to a 50 Ω feed line.

More recently, several works showed that self-similar antennas can exhibit a frequency

(a) (b) (c)

Figure 2.28: (a) self-complementary two arm Archimedean spiral antenna, (b) rectangular self-
complementary antenna, and (c) axially symmetric self-complementary antenna.
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(a)

(b)

(c)

Figure 2.29: (a) Von Koch snowflake, (b) Sierpiński gasket, and (c) Sierpiński carpet.

independent behavior [449–451], mainly, because their geometry is invariant by size
scaling. These antennas are designed using fractal geometries such as the Von Koch
snowflake, the Sierpiński gasket, the Sierpiński carpet, the Minkowski island, etc. Such
geometries are constructed by taking a conventional Euclidean shape and recursively
repeating it in a certain pattern, and the shape of the final structure will look like as a
part of itself; just like the Russian Matryoshka doll, in which the bigger doll contains a
smaller replica. The other main advantage of fractal antennas is that their perimeter can
be, theoretically, infinite by occupying a finite area, as opposed to Euclidean shapes that
have their perimeters finite and directly proportional to the occupied area. This property
permits antenna miniaturization. Fractal antennas can be constructed as monopoles
suspended over a ground plane or monopoles with a defected ground plane, and, also,
they can be constructed as balanced pairs similar to a bowtie antenna. In any case, their
radiation pattern is omnidirectional.

In addition to the above, super wideband monopole antennas [452–454] (Figure 2.30)
can provide an extremely wideband matching with a quasi-omnidirectional radiation
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(a) (b) (c)

Figure 2.30: (a) suspended rain drop monopole antenna, (b) circumscribed fractal hexagrams
monopole with semicircular ground plane, and (c) coplanar waveguide fed bowl-shaped monopole
with a defected uniplanar ground plane.

pattern, although they do not follow any of the previously mentioned criteria of frequency
independent antennas. They are usually implemented using two configurations: the
monopole can be suspended above a ground plane, in this case the antenna will have a
high profile and will need a mechanical support, or they can be implemented by taking a
patch antenna and then reducing the size of its ground plane by a certain percentage.
The monopole can be of any shape which can be manipulated for more bandwidth.
Such antennas are mainly based on empirical approaches and, in most cases, there is no
theoretical approach nor equations to support the obtained results or the design process.

(a) (b) (c) (d)

Figure 2.31: (a) Fermi-Dirac tapered slot antenna, (b) linearly tapered slot antenna, (c) constant
width tapered slot antenna, and (d) exponentially tapered slot antenna or Vivaldi antenna.
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Tapered slot antennas (Figure 2.31) are another family of traveling-wave antennas
that does not follow any of the above-mentioned criteria, yet it can provide a frequency
independent performance. Basically, these antennas are made of a slotline that is
gradually tapered from a narrow width at the input to a wider width at the output,
to match the wave impedance at the input to the air impedance at the output, this
gives the antenna a directional end-fire radiation pattern with high gain. Several types of
tapers can be used with different dimensions to obtain more gain, more bandwidth, smaller
beamwidth, reduced side lobes, or more compactness. Conventionally, these antennas were
fed by a coaxial cable, which affected the balance of currents on the edges of the slotline,
which in turn affects the efficiency of the antenna. Later, microstrip-to-slotline transitions,
coplanar waveguide-to-slotline transitions, and microstrip-coplanar stripline transitions
were used to feed the antennas, this allows the direct fabrication and integration of the
feed lines with the antennas in a coplanar or a uniplanar manner, which is a feature that
is highly desirable for integrated antenna arrays.

Apparently, of all of the above-mentioned antennas, the best type of antennas that
suits our specifications are the tapered slot antennas, mainly, because they are wideband,
simple to design and implement, they are directive with a high gain, and also because
these antennas can be fed by a microstrip-to-slotline transition, which we already have
designed and optimized, and it operates over an ultra-wide bandwidth. We choose the
exponentially tapered slot antenna, or the Vivaldi antenna, as the radiating element in
our systems because, for a certain size, it can provide the widest bandwidth as compared
to all other tapers, although it might have higher side lobes, wider beamwidth, or lower
gain than the others. However, in this work, we are not concerned with implementing a
super antenna with super characteristics, rather we only focus on showing that in-band
full-duplex technology can be implemented over an ultra-wide bandwidth, regardless of
the characteristics of the antenna. Later, the designer can work on enhancing specific
characteristics of the system depending on his application requirements. In the light of
this, in the next section we present a brief description of the design methodology of the
Vivaldi antenna and its obtained performance.

2.7.1 The Vivaldi Antenna

The Vivaldi antenna is an exponentially tapered slot antenna that was proposed by
Gibson [463], and it is characterized by its wideband matching, constant beamwidth,
high gain, low side lobes, and a symmetric end-fire beam in the planes that are parallel
and orthogonal to the antenna. The first prototype presented by Gibson achieved
approximately 10 dBi gain and -20 dB side lobe level over an instantaneous frequency
bandwidth extending from below 2 GHz to above 40 GHz. The Vivaldi antenna can
theoretically achieve infinite bandwidth, but, in practice, the achievable bandwidth is
limited by fabrication limitations and the availability of a wideband feeding structure.
The Vivaldi antenna is depicted in Figure 2.32 and it consists of exponentially tapered
slotline that is fed by microstrip-to-slotline transition, although it can be fed by other types
of transitions. The dimensions of the slotline determines the bandwidth of operation of
the antenna as well as the radiation characteristics. For instance, the minimum slotline
width Ws determines the highest frequency that can be radiated by the antenna, while
the maximum slotline width Wv, at the top of the antenna, and the length of the slotline
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Ref. Antenna
Frequency

Range [GHz]
Matching

Bandwidth
Radiation Size [mm3]

[455] Equiangular spiral antenna 7.5 – 45 143%
Unidirectional broadside

using back-reflector
20× 20× 22

[456] Log-periodic dipole array 0.76 – 18 184% Directional end-fire 168× 132× 1.5

[457] Self-complementary spiral antenna 2 – 18 160%
Unidirectional broadside

using back-reflector
50× 50× 17.5

[458]
Self-complementary

quasi-elliptical monopole
1.25 – 50 190% Omnidirectional 31× 26× 1.6

[459]
Von Koch fractal monopole with

defected ground plane
3.1 – 12.7 122% Omnidirectional 31× 28× 1.6

[460]
CPW-fed circle inscribed

hexagonal fractal monopole
2.75 – 50 179% Omnidirectional 28× 27× 1.6

[461]
Circumscribed hexagrams monopole

with defected ground plane
4.6 – 50 166% Omnidirectional 19.7× 19× 1.6

[462]
Leaf-shaped monopole

suspended over substrate
1.3 – 29.7 183% Omnidirectional 80× 80× 68.34

[463] Vivaldi antenna 2 – 40 181% Directional end-fire –

Table 2.7: Examples of wideband Antennas.

determine the lowest frequency. Moreover, as the length of the slotline increases, the gain
of the antenna increases, and the beam becomes narrower.

The two exponential tapers of the Vivaldi antenna can be expressed by the following
equations:

y = Aeαx +B and y = −Aeαx −B (2.10)

where x is the position across the length of the antenna and y is the position across the
width of the antenna. Also, we have:

A =
y2 − y1

eαx2 − eαx1
and B =

y1e
αx2 − y2eαx1
eαx2 − eαx1

(2.11)

with x1 = 0, x2 = Lv, y1 = Ws/2, y2 = Wv/2, and α is the exponential growth rate
of the taper. The designer has the freedom to set the value of the growth rate, in [464]
it is stated that a higher growth rate gives a higher matching bandwidth, however, our
simulations contradict this statement. In fact, our simulations showed that the growth
rate has an optimum value for which the obtained bandwidth is maximum, and any value
above or below the optimum value reduces the bandwidth. The growth rate in Gibson’s
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(a) (b)

Figure 2.32: (a) illustrative drawing of the designed Vivaldi antenna and (b) a picture of the
fabricated antenna. {W = 40 mm, L = 70 mm, Ws = 0.1 mm, Wv = 20 mm, Lv = 60 mm,
and α = 0.05}

work was set to 0.052, and our simulations showed that this value is the optimum value for
maximum bandwidth. Also note that the value of the growth rate affects the beamwidth.

Finally, the length of the slotline taper should be greater than a guided wavelength at
the minimum operating frequency, and that the maximum slotline width should be greater
or equal to the guided wavelength at the center frequency, and at the same time it should
be less than or equal to half the guided wavelength at the lowest frequency. The dimensions
of the fabricated antenna were chosen to fit in the bandwidth of the feeding microstrip-to-
slotline transition, which operates from 4 GHz to 45 GHz. For this reason, the maximum
slot width was set to a half wavelength at 4 GHz (Wv ≈ 20 mm), and the length of the
slotline taper was set to one and half wavelength at 4 GHz (Lv ≈ 60 mm). Although it
is sufficient to set the slotline length to one wavelength at the lowest frequency, here we
used an extra half wavelength to get a better matching value at the lower frequencies,
this also means that the radiated beamwidth will be narrower.

The simulated and measured return loss and gain of the fabricated Vivaldi antenna
are depicted in Figure 2.33, as well as radiation pattern plots at 15 GHz. As expected,
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Figure 2.33: Simulated and measured (a) matching and (b) gain of the Vivaldi antenna. And
radiation pattern plots at (c) 10 GHz and (d) 15 GHz, respectively.

the antenna has a matching bandwidth that is slightly wider than that of the microstrip-
to-slotline transition (4 – 47 GHz), where the minimum gain in this bandwidth is 5 dBi
and the average gain is about 11.15 dBi. Note that, in order to measure the gain of the
antenna over this ultra-wide bandwidth we needed to use three reference antennas: the
first covers the frequency range from 2 to 18 GHz, the second one from 18 to 33 GHz,
and the third one from 33 to 50 GHz. The three measured gains using the three different
reference antennas are plotted in different colors (red, blue, and green). There is a good
agreement between the simulated and measured gains of the antenna, although we can
notice a slightly higher gain in measurements at lower frequencies, and a slightly lower
gain at higher frequencies. Also, the radiation pattern plots at 10 and 15 GHz show that
the radiated beam is highly directive, and that the beamwidth in the xz-plane is less than
40◦ and less than 50◦ in the yz-plane. Moreover, the level of side lobes is -10 dB below
the level of the main lobe.

2.8 Conclusion

At the end of chapter 1 and at the beginning of this chapter, we have stated that the
best self-interference cancellation technique to implement a wideband in-band full-duplex
system, with a directive radiation pattern, is the near-field cancellation technique, which
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requires at least four wideband antennas and two wideband 180◦ out-of-phase power
dividers. Following these requirements, we have shown that there are two main approaches
to implement a wideband 180◦ out-of-phase power divider: either by cascading a wideband
in-phase power divider with a wideband phase shifter or a wideband phase inverter, or
by using wideband hybrids, which might, also, contain phase shifters or phase inverters.
So, based on this, we have demonstrated a broad review of the reported wideband in-
phase power dividers, phase shifters, and phase inverters. In fact, it turns out that the
T-junction power divider and the multi-section Wilkinson power divider are the two best
devices to implement a wideband in-phase power divider. The T-junction is more compact
and simpler to design but lacks isolation and matching at the outputs, while the multi-
section Wilkinson power divider can provide isolation and matching at the outputs, but
it is more complex to implement and occupies a larger area. Also, it turns out that phase
inverters can provide more bandwidth than phase shifters, and they are more suitable for
high-frequency applications.

After that, we presented the different implementations of wideband 180◦ out-of-phase
power dividers based on each approach, and it turns out that there are three devices
that can operate as a 180◦ out-of-phase power divider over a decade of bandwidth. The
first device is the 180◦ tapered-line coupler which occupies a relatively large area but can
provide a good amount of isolation and can be implemented using striplines. The second
device is formed by cascading a multi-section Wilkinson power divider with a double
balanced-unbalanced transition, which can be more compact than the 180◦ hybrid and
provide a good isolation level and matching at the output ports but can be more complex
to design and implement. And the third device is the balanced-unbalanced T-junction,
which is the simplest and the most compact device, but lacks isolation and matching at
the outputs. Nonetheless, as bistatic full-duplex systems do not require isolation between
the outputs of the out-of-phase power dividers, we decided to use a balanced-unbalanced
T-junction for our application.

In particular, we chose the microstrip-to-slotline T-junction to implement our
wideband 180◦ out-of-phase power divider, which has proved to operate over an extremely
wide bandwidth with an extremely compact size, and it does not require any complex
fabrication techniques such as vias or wire bonds. For this reason, we demonstrated
the theoretical background of microstrip-to-slotline transitions followed by a parametric
study, to show how each parameter of the transitions affects their performance. Next,
we presented two types of double transitions, one can perform phase inversion while the
second cannot. Both transitions were fabricated on RO4003C substrate and they occupy
an area of 12 × 4 mm2. Their measured S-parameters show a good matching over the 4
– 45 GHz band, but we noticed an unusual insertion loss dip at the middle of the band,
which was caused by the overlap between the microstrip stub and the slotline stub. To
eliminate this dip, we proposed to use a microstrip stub with reduced size to reduce the
overlap with the slotline stub.

We also demonstrated the wideband power dividers based on the microstrip-slotline
T-junction, which use three microstrip-to-slotline transitions to perform wideband power
division and wideband phase inversion. The power dividers were fabricated on the same
RO4003C substrate and they also occupy an area of 12 × 4 mm2. Their measured S-
parameters indicate that they can operate from 3.2 to 42.3 GHz with ±1 dB and ±7◦

of amplitude and phase imbalances, respectively. Of course, such power dividers lack
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isolation and matching at the output ports, so we proposed better power dividers with
enhanced output matching and isolation. The enhanced power dividers are composed of
a multi-section Wilkinson power divider and two double microstrip-to-slotline transitions,
and they occupy a total area of 40 × 45 mm2. Their measured S-parameters show that
they have good matching between 4 and 40 GHz with ±1.2 dB and ±10◦ of amplitude
and phase imbalances, respectively, and simulations indicate that more than 15 dB of
isolation can be obtained in the band of operation.

Finally, we presented a review of wideband antennas, and then we chose the Vivaldi
antenna as the radiating element in our system due to its directive end-fire radiation
pattern, wideband performance, high gain, simplicity of design and implementation,
and due to the fact that it is fed by a microstrip-to-slotline transition, which we have
already designed, optimized, and implemented. After that, we demonstrated the design
methodology of the Vivaldi antenna and its parameters, and then, we showed the S-
parameters of the fabricated antenna, which occupies an area of 70 × 40 mm2 and can
operate with a 11.15 dBi average gain from 4 to 47 GHz.
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3.1 Introduction

After presenting the theoretical context of wideband full-duplex systems in Chapter 1 and
designing and implementing some wideband devices in Chapter 2, we finally arrive at the
stage where we will combine our knowledge and designs to implement the final full-duplex
systems. Those systems will be based on the near-field cancellation technique which
manages to achieve self-interference by canceling the transmitted electric fields in the near-
field region, where the receive antennas are placed, while allowing the transmitted electric
fields to recombine in the far-field region which preserves the radiation characteristics of
the system. In fact, this chapter presents three different implementations of the ultra-
wideband full-duplex antenna systems which are all based on the near-field cancellation
technique but with slightly different configurations and characteristics:

1. The first system is a printed circuit board (PCB) system based on the antennas
and baluns that were presented in the previous chapter. Also, for this system, a
special 3D-printed support is specifically designed to hold and maintain the antennas
together. This system is found to be mechanically fragile due to the low substrate
thickness and suffers from a radiation problem where two grating lobes are noticed
in its radiation pattern alongside the main lobe.

2. The second system configuration is similar to the first one but uses 3D-printed
metalized Vivaldi antennas which operate over a narrower bandwidth but are
more solid and more durable than the PCB antennas. The 3D-printed antennas
are provided with coax-to-slot transitions as a way of feeding which replaces the
microstrip-to-slotline transition in the planar antennas. And then the radiation of
the system is improved by partially reducing the size of the antennas which helps
in reducing the grating lobes level.

3. The third system is formed of a dual-polarized Vivaldi array that is made from
Aluminium-machined antennas. The proposed antenna system can transmit and
receive simultaneously two orthogonal polarizations while operating in full-duplex
mode. The dual-polarized antennas are equipped with novel feeding networks: the
first one is simpler and less demanding but causes some imbalances in the radiation
pattern of the antenna, while the second feeding is more complex and have more
requirements but can restore the balance to the radiation patterns. Both feedings
will be presented and compared with one another and with the conventional feeding
techniques.

In the following sections, we will explain how each system was designed, built, and
measured, what the obtained results are, what the drawbacks of the presented systems
are, and what solutions we proposed to overcome these problems. But before going into
all of that, it is necessary to present, mathematically, a description of the principle of
operation of the near-field cancellation technique.
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3.2 Near-Field Cancellation: Principle of Operation
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Figure 3.1: A schematic of the system showing antenna placement and numbering, flow of power
waves, and the original electric fields radiated by each single antenna before connecting them to
the baluns.

The electrical and physical behavior of the near-field cancellation technique were
discussed, in detail, in Chapter 1, but in this section, we try to validate and describe
its principle of operation by a mathematical approach. This approach applies to all the
systems that are presented in this chapter. So we begin by recalling the basic system
configuration required by the near-field cancellation technique, which is depicted again in
Figure 3.1. The system is composed of four antennas which are placed on the perimeter of
a circle of a fixed radius and are sequentially rotated by 90◦ from one another, thus forming
two diametrically opposite pairs of antennas, where each pair is orthogonal to the other.
One pair is used to transmit while the other is used to receive. Then each pair of antennas
is fed signals of equal amplitudes and 180◦ out of phase by using baluns. Now, to explain
the principle of operation of the proposed system, two approaches are adopted [112]: an
inter-port approach that describes the very low power coupling between the input and
output ports of the Tx and Rx baluns, and a field approach that presents the electric field
behavior in the far-field region where the electric fields combine constructively.

Inter-Port Approach: in order to develop this approach, we find that it is most
suitable to work with power waves, where an denotes the power wave incident at port n

Page 103



3.2. NEAR-FIELD CANCELLATION: PRINCIPLE OF OPERATION

and bn denotes the power wave reflected from that port, and accordingly, the total powers
carried by each wave are equal to |an|2 and |bn|2 respectively. The flow of power waves in
the system is depicted in Figure 3.1 assuming ideal conditions where no mismatch exists
between the system components.

Now, the output power (Po) at the output of the Rx balun can be expressed in terms
of power waves coming from the receive antennas 1 and 3 as follows:

Po = |bo|2 = |a′o + a′′oe
jπ|2 = |b1 + b3e

jπ|2 (3.1)

Also b1 and b3 can be expressed in terms of the power waves incident on the transmit
antennas 2 and 4 as follows:

b1 = S12a2 + S14a4 (3.2)

b3 = S32a2 + S34a4 (3.3)

Similarly, a2 and a4 can be written in terms of the power wave ai incident at the input of
the Tx balun:

a2 = b′i =

√
2

2
ai (3.4)

a4 = b′′i =

√
2

2
aie

jπ (3.5)

By substituting (3.4) and (3.5) in (3.2) and (3.3) we obtain:

b1 =

√
2

2
S12ai +

√
2

2
S14aie

jπ =

√
2

2
ai(S12 + S14e

jπ) (3.6)

b3 =

√
2

2
S32ai +

√
2

2
S34aie

jπ =

√
2

2
ai(S32 + S34e

jπ) (3.7)

Finally, by substituting (3.6) and (3.7) in (3.1) we can obtain the output power (Po) in
terms of the input power (Pi):

Po =

∣∣∣∣∣
√

2

2
ai(S12 + S14e

jπ) +

√
2

2
ai(S32 + S34e

jπ)ejπ

∣∣∣∣∣
2

=
1

2
|ai|2

∣∣S12 + S14e
jπ + S32e

jπ + S34e
j2π
∣∣2

=
1

2
Pi |S12 − S14 − S32 + S34|2 (3.8)

Equation (3.8) implies that if S12 = S14 and S32 = S34, then the power coupled from
the input port of the system to the output port will be equal to zero. This means that
if the Rx antennas are placed along the perpendicular bisector of the Tx antennas, then
infinite isolation is, theoretically, obtained between them. This conclusion holds only if
the antennas are placed and aligned precisely and if the baluns operate ideally, that is
if the two output signals of each balun are of equal amplitudes and 180◦ out-of-phase.
Nonetheless, in practice, there will be slight misplacements of antennas and imbalances
in the amplitude and phase of the baluns’ output signals, thus the isolation between the
input and the output ports of the system is expected to decrease.

Field Approach: Assuming that the antennas are not connected to the baluns and
that the antennas are linearly polarized, then each individual antenna element radiates a
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linearly polarized electric field of magnitude E0. The orientation of the individual electric
fields are also shown in Figure 3.1 and they can be expressed as follows:

~E1 = E0e
jπ~y (3.9)

~E2 = E0~x (3.10)

~E3 = E0~y (3.11)

~E4 = E0e
jπ~x (3.12)

Now, if the baluns are connected to the antennas, then the Tx and Rx electric fields can
be described as follows:

~ETx = ~E2 + ~E4e
jπ = 2E0~x (3.13)

~ERx = ~E1 + ~E3e
jπ = 2E0e

jπ~y = −2E0~y (3.14)

Equation (3.13) implies that the electric fields of the two transmit antennas will combine
constructively in the far-field region and equation (3.14) implies the same observation for
the receive antennas. However, this conclusion only holds if each two opposite antennas
are symmetrically rotated with respect to the center of symmetry of the system, i.e. their
feeding lines are oriented in opposite directions, and if the antennas are fed signals that are
180◦ out-of-phase. The antenna rotation (or feeding line opposite orientation) condition
is especially critical, otherwise, electric fields will combine destructively in the far-field,
which creates a far-field null, and thus the system will not be able to transmit or receive
in the direction of this null.

Note that if the system is not symmetric, that is, if the number of transmit and receive
antennas is not the same or if they are fed differently, differences between the transmit and
receive far-field radiation patterns will emerge, thus it is extremely favorable to maintain
high symmetry in the system. For this same reason, the transmit and receive antennas
should be placed at the same distance away from the center of symmetry of the system,
that is, they should be placed on a circle and not an ellipse. The antennas can be tangent
or normal to the circle or could form any angle with the circle in general and can still
achieve the same level of self-interference cancellation, however, this affects the total size
of the system and the orientation of the radiation pattern. In addition to that, significant
grating lobes can be observed in the far-field radiation pattern if the separation between
the opposite antennas is greater than a half-wavelength at a certain frequency.

3.3 PCB System

The first wideband full-duplex system in this chapter uses of the printed antennas and
baluns that were designed in Chapter 2. The system is depicted in Figure 3.2 where
the substrates were omitted for better clarity. To implement near-field cancellation, four
Vivaldi antennas are placed on the perimeter of a circle and sequentially rotated by 90◦

around its center, and then they are connected to the microstrip-to-slotline baluns using
phase-paired cables. In this case, the antennas are tangent to the circle and thus they
form a box-like shape, though they can be placed normal to the circle and form a cross-
like shape as in Figure 3.5(a) and still obtain the same system performance. But for now
we are going to stick with the box configuration because it is more compact. Moreover,
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Tx

Rx

Figure 3.2: An illustration of the proposed wideband in-band full-duplex system with 4-element
Vivaldi array and two microstrip-to-slotline baluns, and in the background a transparent view
of the Vivaldi array showing the position and orientation of the microstrip feed lines.

recall that in order to avoid a null in the far-field region the feeding lines of the opposite
antennas need to be oriented in opposite directions, otherwise the electric fields will fail
to recombine in the far-field region. The orientation of the feeding microstrip lines of the
Vivaldi antennas is shown in the background image in Figure 3.2, where the antennas
were made translucent, also, for better clarity.

3.3.1 System Assembly

As mentioned before, in order to achieve self-interference cancellation and ensure proper
system performance, it is of great importance to preserve a high symmetry when
assembling the system, that is, the antennas should be placed exactly at the same distance
away from the center of symmetry. While it is easy to place the antennas precisely and
symmetrically in a simulation environment, yet, in practice it cannot be guaranteed.
Moreover, it was noticed that the fabricated antennas tend to bend naturally due to the
low thickness of the used substrate (203.2 µm), which also contributes to the asymmetry
of the system. Also, the thickness of the substrate makes them very fragile and prone to
fracturing, mainly, due to the tension exerted by the feeding cables and connectors. To
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(a) (b)

(c)

Figure 3.3: (a) An illustration and (b) a picture of the antenna assembly in the 3D-printed
support and (c) system measurements in the anechoic chamber.

resolve those mechanical issues, a 3D-printed support is designed and fabricated to ensure
precise antenna placement, to reduce antenna bending and to hold it fully erect, and to
absorb mechanical tension from the feeding cables and connectors.

The 3D-printed support is shown in Figure 3.3 with the Vivaldi antennas installed
in it. The support is made of the synthetic plastic polymer Polyvinyl-Chloride (PVC)
with εr ≈ 3, and Polytetrafluoroethylene (PTFE, εr ≈ 2.1) screws are used to fix all the
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printed parts together. The support is designed such that it only grasps the edges of the
antennas and is kept sufficiently below the top of the antenna to ensure that it does not
affect its matching or performance. Before installing the antennas inside the 3D-printed
support, Southwest 2.92 mm connectors are mounted on all devices, and four Keysight
N5448B phase-paired cables (±5 ps skew) are used to connect the antennas to the baluns.
Then, finally, the two-port measurements are made with Rhode&Schwarz ZVA67 vector
network analyzer.

3.3.2 System Performance

The simulated and measured characteristics of the system are depicted in Figure 3.4. Note
that simulations were done taking into account the PTFE screws and the 3D-printed
support, which was modeled using a lossless dielectric material having εr = 3. Also,
simulations take into account the extra separation distance between the antennas as per
the fabricated design in Figure 3.3(b). Moreover, the simulated S-parameters of the
system were obtained by combining, in a 2D-schematic, the simulated S-parameters of
the baluns and the simulated S-parameters of the antennas with the 3D-printed support.
This means that the signals entering the antennas are not ideal, that is they are not
perfectly of equal amplitudes and 180◦ out-of-phase, but rather they are subject to the
phase and amplitude imbalances of the baluns. This also means that the phase-paired
cables and the 2.92 mm connectors were not considered in simulation.

Figure 3.4(a) shows that the assembled in-band full-duplex system has a return loss
better than 10 dB over an ultra-wide frequency band (3.5-49.35 GHz), and Figure 3.4(b)
shows that the measured self-interference cancellation level is higher than 50 dB starting
from 4 GHz and up to 50 GHz. The measured matching seems to be better than the
simulated one, this can be attributed to the higher insertion losses of the fabricated balun
and also to the power losses resulting from the phase-paired cables and the 2.92 mm
connectors, which were not considered in simulations. While these losses reflect positively
on the system’s matching, yet they reflect negatively on the measured gain of the system,
which is depicted in Figure 3.4(e). Also, figures 3.4(c) and 3.4(d) depict sample radiation
pattern cuts at 10 and 15 GHz respectively, where good agreement between simulated and
measured results is observed. The far-field cuts reveal that highly directive main lobes
are present, in the xz-plane, with two significant grating lobes that are 5 dB less than the
peak of the main lobe, however, all other side lobes are at least 15 dB below the peak of
the main lobe.

The grating lobes are present because the separation distance between the two opposite
antennas is higher than a half-wavelength at 10 and 15 GHz, and their level continues
to increase with frequency, as depicted in Figure 3.4(f). Similar results were observed
in other publications on Vivaldi arrays [465]. This phenomenon can be considered as a
major drawback of the system, though it cannot be avoided unless the separation distance
between the antennas is reduced. However, for the presented Vivaldi array, this cannot
be totally feasible because the separation distance is limited by the width of the single
antenna element, which is usually equal or greater than a wavelength at the central
frequency, or equal or smaller than a half-wavelength at the lowest frequency. This means,
for such wideband system, whatever the antenna width is, there will always be a portion
of the bandwidth (the higher frequency range) where the grating lobes are present.
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Figure 3.4: The proposed in-band full-duplex system’s performance: (a) system matching, (b)
self-interference cancellation level, (c) and (d) are the far-field radiation pattern cuts at 10 and
15 GHz respectively, (e) maximum realized gain of the system, and (f) the simulated grating
lobes level below the main lobe level.

3.3.3 Alternative Configuration

In an alternative configuration, the four Vivaldi antennas can be placed as shown in
Figure 3.5(a), where the antennas are still placed on the perimeter of a circle and
sequentially rotated by 90◦ around the center of the array. However, the antennas are
forming a cross-like shape and their edges are adjoined at the center of the array. This
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(a) (b)

Figure 3.5: (a) Vivaldi array of four antennas rotated sequentially by 90◦ around the center of
the array and (b) two Vivaldi antennas integrated on the same board with their feeding balun.

cross-configuration has a near-identical performance to the array presented previously,
but it has a bigger size compared to the previous array. The main advantage of this
configuration is that it allows the integration of the feeding balun on the same board with
the two opposite antennas as in Figure 3.5(b), which eliminates the need for phase-paired
cables and connectors between the balun and the antennas. This in turn might reduce
the phase and amplitude imbalances between the signals entering the antennas, hence
we would expect the level of self-interference cancellation to increase, and also it reduces
the losses from cables and connectors which might enhance the radiation efficiency of the
system.

Two major challenges arise when trying to assemble all the antennas with their
integrated baluns in one system: (1) there will be two boards, each with two antennas
and one balun, and they need to be placed orthogonally to each other at their centers,
thus we need to have some small cuts in each board to hold them together at the correct
position. (2) the two integrated baluns will be at the center of the array and thus they
will bisect each other, which will totally impair their matching. Having small cuts in
the boards is tricky, because although it is possible to make those cuts by the available
technology, but the fragility of the printed boards will be obstructive since the boards are
extremely prone to fracturing and inducing those cuts will aggravate the problem more.
Also, we have conducted several attempts to avoid the bisection of the baluns by moving
them horizontally and vertically away from the center of the array and from one another,
however, unfortunately, we could not restore matching to the system. Apparently, the
baluns are sensitive to objects in their vicinity, and they must be sufficiently far away
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from any other objects to be able to operate properly. Thus for these reasons we were not
able to make this configuration work and we abandoned the idea, although it is highly
advantageous and might deserve more investigation and development in a future work.

3.4 3D-Printed Vivaldi Antennas

The proposed PCB system has proved that in-band full-duplex technology can be
implemented over an ultra-wide bandwidth with a decent amount of self-interference
cancellation at the antenna level. However, the mechanical durability and the solidity of
the system are a major drawback in practice, as the system might suffer a severe damage
from a relatively light force -for example, the tension from the cables- and it requires much
attention and care while working with the fabricated devices. The cause of this problem
is the very low thickness of the substrate used to fabricate those devices, which is needed
to operate in the high frequency range and provide the wideband performance. Thus, as
a first solution, one can increase the thickness of the substrate while sacrificing a portion
of the bandwidth. Nonetheless, the highest substrate thickness, that is commercially
available, is approximately 1.6 mm, which can solidify the fabricated devices more and
strengthen their resistance to external forces, but it does not totally solve the problem
and more thickness is needed. Also, once the substrate thickness is changed, we need to
redesign and re-optimize the microstrip-to-slotline transition, which is the basic building
block in all the fabricated devices, and this will be time consuming. Moreover, even if we
increase the thickness of the substrate, we still need the 3D-printed support to position
and align the antennas, and we desire to get rid of it. Perhaps, the better solution is to
abandon the printed-circuit boards and fabricate the Vivaldi antennas on thick metallic
sheets, which are more solid, more rigid, and more resistant to pressure. And, moreover,
all the antennas can be assembled together as one block without the need for an external
support, maybe by screwing or soldering them together.

3.4.1 Single Antenna Design

In order to build the antennas on a metallic sheet, several manufacturing technologies
could be considered: metal machining, metal molding, metal 3D-printing, or metallizing a
3D-printed dielectric. Before choosing any of these technologies, we need to consider their
advantages and disadvantages, especially in terms of production cost, production time,
and precision. For the initial prototype and lab trials, it is sufficient to use the standard
3D-printing technology to print the antennas as dielectric parts and then metallizing those
parts, however, for commercial and mass production, metal machining or molding might
be better. Whatever the technology is, a new way of feeding the antennas is needed, which
has to take into consideration the effect of the thickness of the metal on the matching of
the system, and it needs to incorporate a coax-to-slot transition, as in Figure 3.6.

In fact, the thickness of the metal in printed-circuit boards is usually neglected when
calculating the impedance of the slotline, mainly, because the thickness is insignificant
(typically ≤ 35 µm). However, this does not mean that the thickness of the metal has no
effect on the slot impedance, especially when the thickness starts to increase significantly.
Based on this, we denote here the slotline which is built on printed-circuit boards as thin
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Figure 3.6: (a) Illustration of the 3D-Printed Vivaldi antenna and (b) a side view of its feeding.

slot, and the one built on thick metallic sheets as thick slot. Note that, for thin slot,
there are three factors that determine its impedance: the slot width, the permittivity,
and the thickness of the substrate. However, on the other side, the thick slot uses no
substrate and is totally surrounded by air, and hence, the only two factors that determine
its impedance are the slot width (Ws) and the metal thickness (T ). Unfortunately, there
are no closed-form equations, in the literature, that describes the variation of the thick
slot impedance as a function of its width and thickness, thus we needed to obtain the
impedance values empirically by full-wave simulations.

The results of the full-wave simulations indicate that the impedance of the thick slot
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Figure 3.7: A curve corresponding to the values of the metal thickness and the slot width that
yields a 50 Ω thick slot.

increases if the slot width (Ws) is increased or if the metal thickness (T ) is decreased.
However, the variation of the impedance is not linear with respect to the variation in the
slot width or thickness and is rather exponential. Also, a slight change in the slot width
has a major impact on its impedance and a great change in the metal thickness has a
minor impact on the impedance. Multiple values of the slot width and thickness can yield
the same impedance, thus before choosing the dimensions of the thick slot, which will
determine its impedance, we need to take into consideration several factors:

� If a coaxial line with 50 Ω is to be used to feed the antenna, then the impedance of
the slot needs to be designed to match the impedance of the coaxial feed.

� The antennas need to be thick enough to endure external pressure and to not break
easily or bend. So, according to our experience with 3D-printed parts, a thickness
of 5 mm can be sufficient.

� Also, the thickness of the antennas needs to be greater than the outer diameter of
the coaxial feed (T > Do), which will be embedded inside the body of the antenna.

� Manufacturing technology limitations and whether it can provide a narrow slot
width (Ws) for a relatively thick metallic sheet. Keep in mind, that the minimum
slot width determines the highest frequency that can be radiated by the antenna.

Based on the above specifications we have extracted, by simulation, the different slot
widths, and metal thicknesses to obtain a 50 Ω thick slot, and their values are plotted in
the graph of Figure 3.7. We chose the slot width (Ws) to be 1 mm in order to respect the
3D-printing limitations, and the corresponding metal thickness (T ) was found to be 5.6
mm. The chosen slot width limits the highest frequency of operation to around 25 GHz,
yet the obtained bandwidth is still very wide and can cover multi-standard applications.

After that, we needed to choose a coaxial feed line with an outer diameter that is
sufficiently less than the thickness of the metal (Do < T ), and we found several coaxial
cables that can satisfy this requirement. But there is another condition that also needs
to be satisfied for optimum matching. In fact, our simulations revealed that, for better
matching between the coax and the thick slot, the difference between the outer radius and
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Figure 3.8: Simulated and measured (a) return loss and (b) gain of the 3D-printed Vivaldi
Antenna.

the inner radius of the coaxial line need to be exactly equal to the slot width ((Do−Di)/2 =
Ws), otherwise the matching is degraded. Commercially available coaxial lines come in
preset dimensions, and the ones that can almost satisfy our requirements are the 0.141-inch
cables (Do = 3.58 mm); though one can ask for customized coaxial parts with specific
dimensions. Finally, after satisfying the impedance matching conditions between the
coaxial line and the thick slot, a slot stub is needed to transition from coax to thick slot
and to ensure proper matching; just like the microstrip-to-slotline transition, however,
here we use a stub of a circular shape.

The radius of the slot stub (Rs) will determine the lowest frequency of matching, while
the length of the exponential taper and the width of the aperture will determine the lowest
frequency of radiation. The radius of the stub was initially set to 10 mm and it provides
a matching bandwidth down to 2 GHz (according to our simulations). Ideally, we would
like the antenna to radiate properly at 2 GHz, however, this demands to set the length
of the exponential taper to at least one wavelength (λ = 150 mm) and the width of the
aperture to a half wavelength, which means that the size of the antenna will be relatively
big. If fact, we are not limited by any size specifications, nonetheless, the 3D-printer has
a limit on the size of the printed objects, such that big objects, which might exceed the
size limit, need to be printed in several parts and then assembled after. For us, it was
more important to print the antennas as one piece to ensure that they will be sufficiently
robust and solid. Thus, to be consistent with the 3D-printer limitations, we decreased
the length of the exponential taper to one wavelength at 3 GHz (λ = 100 mm).

Figure 3.8 demonstrates the simulated and measured return loss and gain of the 3D-
printed Vivaldi antenna. The simulated matching bandwidth starts from 2.25 GHz and
goes up to 26.4 GHz, but, on the other hand, the measured bandwidth spans the frequency
range from 0.8 to 18.6 GHz. The measured bandwidth is shifted to the left of the frequency
axis with respect to the simulated bandwidth. Several retro-simulations were conducted
in an attempt to find out the cause of the bandwidth shift, taking into consideration
every possible imperfection that might generated during fabrication, but unfortunately,
we could not reach a definitive conclusion about the cause of the bandwidth shift. In fact,
multiple defects in the 3D-printed prototype might be present:

1. The 3D-printing process has its own tolerances, so it is not guaranteed that the
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spacing between the flares of the antenna (the slotline width) have the same value
of the simulated model.

2. After the 3D-printer finishes printing the antenna, it is immersed in a hot liquid
metal bath, for a certain amount of time, to become metallized. The heat exposure
from the metal bath manages to deform the antenna, and the misalignment between
its flares become more significant.

3. Although the 3D-printed antenna is more solid and rigid than the PCB one, but,
after all, if a sufficient force is applied to it, for example if the antenna is squeezed
by hand, the antenna flares can bend or move closer to one another.

The change in the separation between the flares can cause the slot impedance to change,
which means that we would expect some mismatches in measurements, but this does not
explain the shift of the entire bandwidth.

Figure 3.8(b) shows that the simulated gain starts with 5 dBi at 2.25 GHz and
continues to rise throughout the matching bandwidth, and it reaches a peak value of
11.3 dBi at 21.5 GHz, then it drops down to 6.65 dBi at 26.4 GHz. On the other
hand, the measured gain follows a curve similar to the simulated one, however with some
degradation throughout the bandwidth and a significant drop around 18 GHz. The general
degradation in the gain can be attributed to the lossy nature of the metal used in the
fabricated prototype. In fact, in simulation, the antenna was modeled as a perfect electric
conductor (PEC) which has, ideally, infinite conductivity, no losses, and extreme surface
smoothness, in contrary to the metal used in fabrication which has finite conductivity,
more losses, and some surface roughness (we did not receive any information about these
parameters from the manufacturer), which can explain the lower gain in measurements.
Moreover, the gain drop around 18 GHz can be attributed to the frequency limitation of
the anechoic chamber and the equipment used for measurements (the reference antenna,
cables, connectors...), which can operate properly up to around 18 GHz but beyond that
the obtained results are less reliable.

3.4.2 The Full-Duplex System

The full-duplex system proposed in this section has a similar principle of operation to the
PCB system presented previously, and it consists of a four-element 3D-printed Vivaldi
array and two Microstrip-to-slotline baluns. The four Vivaldi antennas were 3D-printed
in one process in a box configuration as shown in Figure 3.9, and the two baluns were
designed to operate in the frequency range from 2 to 20 GHz. At the bottom of the
antenna array a small square metallic base is added to function as a support which holds
the antennas together, and to act as a reflector to reflect the back radiated waves back to
the direction of the main lobe. Finally, four Keysight N5448B phase-paired cables, which
were used previously, are used here to connect the baluns to the antennas.

Figure 3.10 depicts the simulated and measured parameters of the proposed system
where discrepancy between simulations and measurements can be observed. For instance,
the simulated matching bandwidth starts at 3 GHz and ends at 19.5 GHz, and it seems
that the matching level is not very good where some spikes in the curve almost reach -10
dB. On the other hand, the measured matching bandwidth spans the frequency range
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(a) (b)

Figure 3.9: The four-element 3D-printed Vivaldi array: (a) an illustrative drawing and (b) a
picture of the fabricated prototype.

from 4.4 GHz to 28.65 GHz and the matching level seems better than simulation. Maybe
the better matching in measurements can be a related to the losses of the used devices
(baluns, cables, connectors...) which reflect positively on the measured return loss. In
addition to that, Figure 3.10(b) reveals that the simulated self-interference cancellation
level remains under -100 dB throughout the bandwidth, except for some spikes at some
frequencies, while the measured cancellation remains below -40 dB at the low frequency
side and above -80 dB at the high frequency side. Difference between the simulated and
measured cancellation levels are expected because in simulation an ideal balun is used
while in measurements the balun has phase and amplitude imbalances, and also due to
the imperfections in the 3D-printing process, which were discussed previously and which
lead to misalignment between the different elements of the antenna array.

The simulated system gain in Figure 3.10(c) gets higher than 10 dBi starting from 3
GHz and maintains an average value of 12.5 dBi, while the measured gain reaches 5 dBi at
3 GHz and maintains an average value of 9.783 dBi, then it starts dropping again around
18 GHz. This is perhaps caused by the frequency limitations of the equipment used
in measurements which do not provide reliable results around and beyond 18 GHz. Of
course, the gain in measurements was expected to be lower than the simulated one due to
the high losses in the fabricated baluns. Finally, Figure 3.10(d) depicts sample radiation
pattern cuts at 10 GHz, and it seems that there is a good agreement between simulation
and measurement in the xz-plane, in general, where a main lobe and two grating lobes
are observed, while all other side lobes at least 10 dB below the main lobe level. The
presence of the grating lobes is related to the fact that the antenna separation is higher
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Figure 3.10: Simulated and measured metrics of the 3D-printed in-band full-duplex system: (a)
system matching, (b) self-interference cancellation, (c) system gain, and (d) radiation pattern
cuts at 10 GHz.

than a half wavelength at the measured frequency. On the other side, in the yz-plane, the
simulated and measured main lobes are highly similar, but there is a difference in the side
lobes level. It seems that the fabricated antenna has two significant back lobes, which are
10 dB below the main lobe level, but remain much higher than simulation. It is surprising
to have back lobes in measurements especially that the antenna is equipped with a small
square reflector at its base, which should, normally, force the energy to radiate to the
front of the antenna. We assume that some of the currents flowing on the surface of the
antenna manages to reach the reflector, and the reflector in turn radiates those currents
from its edges.

3.4.3 Grating Lobes Reduction

The grating lobes are present in both the PCB and the 3D-printed systems and they
result from the separation distance between the antenna elements which is higher than a
half-wavelength beyond a specific frequency. The level of the grating lobes continues to
increase with frequency, and it starts to approach the level of the main lobe at the higher
frequencies. To eliminate or reduce the grating lobes the separation distance between the
opposite antennas needs to be decreased, however, the separation distance is limited by
the size of the antenna, and in particular the width of the antenna. Reducing the overall
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(a) (b)

Figure 3.11: The modified full-duplex array with reduced size and tilted 3D-printed Vivaldi
antennas: (a) side view and (b) isometric view.

size of the antenna can degrade its matching and gain and can reduce its bandwidth.
So, instead of reducing the size of the entire antenna we can reduce partially the size of
some parts, and the partial size reduction is based on the following rationale: the high
frequency radiation of the antenna is generated by the bottom part of the exponential slot
taper, while the low frequency radiation is generated by the upper part of the exponential
slot taper. Since the grating lobes are more significant at higher frequencies than at
lower frequencies, then by reducing the separation distance between the bottom parts of
the exponential slot tapers of the opposite antennas, while preserving the same distance
between the upper parts of the exponential slot tapers, can help in reducing the level of
the side lobes at higher frequencies without affecting the performance of the full-duplex
system.

To better visualize this idea, let us take a look at Figure 3.11 which depicts how the
size reduction of the single antenna element will be, and how the final full-duplex antenna
array looks like. The width at the top of the antenna is kept the same while the width
at the bottom is reduced, this allows to bring the antennas closer to each other at the
bottom and reduce the separation distance at higher frequencies, while keeping the same
separation at lower frequencies and maintaining the overall geometry of the antenna,
which in turn preserves the matching and gain of the antenna. Bringing the antennas
closer to each other at one end while keeping them fixed at the other end means that the
antennas must be tilted slightly in the full-duplex array, which does not look like a box
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Figure 3.12: Radiation pattern cuts at (a) 10 GHz and (b) 15 GHz of both the original array
design with the four antennas vertically straight and the modified array design with the tilted
antennas.

anymore and it looks like an inverted pyramid, just like horn antennas. The tilt angle was
found to be about 10◦. Finally, note that, a fabricated prototype of the modified array is
not available at the moment and is currently under construction, so we are only going to
present the simulated results in Figure 3.12 assuming that the array is being fed with an
ideal baluns, i.e. there are no losses and phase and amplitude imbalances between their
output ports.

Now, the radiation pattern cuts in Figures 3.12(a) and 3.12(b) confirm the validity
of the proposed approach, where it is observed that the grating lobes were reduced by
5 dB at 10 GHz and by 9 dB at 15 GHz, and in addition to that, side lobes in general
were also reduced. The reduction in grating and side lobes means that more power will
be radiated through the main lobe, which translates into a higher system gain. This is
partially validated by Figure 3.12(c) where the gain of the modified system becomes higher
than that of the original design starting form 8 GHz, although the modified system gain
drops below the original system gain at some frequencies, in particular around 7 GHz, 14
GHz, and 18 GHz. This indicates that the approach is failing around those frequencies.
After inspecting the radiation pattern plots at those frequencies, it was observed that
although the grating lobes were reduced, yet some side lobes, at other angles, managed
to grow bigger in size and consume some of the system’s gain. This means that the
proposed approach is a double-edged sword that can reduce the grating lobes on one
hand, and at the same time, can cause other unwanted side lobes to grow bigger on the
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other hand. But if we consider the frequency range from 8 to 13 GHz, we can say that the
approach works perfectly. Finally, Figure 3.12(d) shows that the level of self-interference
cancellation of the modified system is slightly degraded with respect to the original system
especially as the frequency increases. In fact, this observation is normal, because the level
of cancellation is also affected by the distance of separation between antennas, as this
distance increases the level of cancellation increases and the distance decreases the level
of cancellation also decreases. Since we partially brought the antennas closer to each
other at the bottom side, where the high-frequency radiation takes place, the level of
cancellation is expected to decrease as the frequency increases.

3.5 Dual-Polarized Full-Duplex Array

Our previously designed systems can operate with orthogonal linear polarizations (vertical
and horizontal) for the transmit and receive antennas, however, one feature that some
applications might require is simultaneously transmitting and receiving both types of
polarizations, for example, in base transceiver stations that transmits both polarizations
to make sure that the mobile user will receive a reliable signal regardless of his position and
the alignment of the mobile antenna with respect to the base station. Hence, implementing
a wideband dual-polarized full-duplex system might be interesting in this case, and to
achieve that we need wideband dual-polarized antennas. We still want to use near-field
cancellation as our wideband self-interference cancellation technique, so we need four
dual-polarized antennas, and we want to make use of the Vivaldi antenna designs that
we have already developed. Nevertheless, the Vivaldi antenna can only radiate a single
linear polarization (vertical or horizontal) and it needs to be modified in order to radiate
the orthogonal polarization simultaneously. In fact, a dual-polarized Vivaldi antenna can
be obtained by placing two single elements orthogonal to one another as in Figure 3.13,
and the two antenna elements are fed simultaneously by using a power divider. This
conventional way of forming dual-polarized Vivaldi antennas has its own drawbacks, which
are mainly related to its feeding. So, in the following section, we discuss the single dual-
polarized antenna design and the drawbacks associated with it, then we present a novel
way of feeding the antennas to overcome those drawbacks. And after, we present the
full-duplex array that uses four single dual-polarized antennas.

3.5.1 Single Antenna Design

The conventional way of building a dual-polarized Vivaldi antenna is depicted in
Figure 3.13 where two single Vivaldi elements are put together and orthogonally placed
with respect to one another. This means that the coax-to-slotline transitions that are
feeding each antenna must overlap, which results in several drawbacks:

1. In this configuration, four flares need to be grouped near the center of the system,
but the orthogonal flares must not come into contact with each other otherwise
the antenna will not work. Thus to prevent them from touching each other, the
separation between the opposite flares (Ws) must be greater than the thickness of
the flare (T ). However, since the flare thickness is about 5 mm in our case, the
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Figure 3.13: (a) A conventional dual-polarized Vivaldi antenna and (b) top view of the antenna
feeding with and without chamfering the flares.

separation between the flares must be at least 6 mm for example (depending on
fabrication tolerances). A 6 mm slot will have a very high impedance and will not
be matched to the 50 Ω coaxial line, thus the separation between the flares cannot
be increased randomly and without limit. Usually, as a compromise between the
flare separation and the slot impedance, the flares near the center of the system
are chamfered, which reduces their thickness and gives more space to bring them
closer. Ideally, we would like to get the width of the chamfered (Wch) edge as low
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as possible, but this is limited by the ability of the fabrication process to provide a
very low metal thickness and the mechanical fragility of the thin metal.

2. The impedance of the slot, in this case, is not only controlled by its width and
thickness but also by two additional parameters that enters the equation. The first
parameter is the number of the flares that surround the slot, where the slot now
is confined between four flares instead of two, and the second parameter is the
chamfering of the flares (Wch), which might affect the slot impedance slightly but
should not be neglected. So, the four parameters that control the slot impedance
need to be selected carefully to meet the mechanical limitations, which increases the
complexity of the antenna design.

3. To prevent the coaxial lines of the orthogonal antennas from intersecting near
the center of the system, one of them needs to be alleviated above the other.
The alleviated coax can obstruct the waves passing through the slot from the
orthogonal antenna which affects its radiation performance. Moreover, the antennas
are optimally matched if the feeding coax is closer to the matching stub, but since the
alleviated coax is more distant from the stub, then the antenna with the alleviated
coax will suffer from matching degradation. So, in summary, the conventional way
of feeding the dual-polarized Vivaldi antenna generates differences in matching and
radiation between the orthogonal antenna elements.

Based on the above, the first step to build the dual-polarized antenna is to decide the
values for the chamfered edge thickness (Wch) and the separation between the opposite
flares (Ws), which were chosen to be 1 mm and 2.5 mm, respectively, taking into
consideration the mechanical limitations of the fabrication technology. The calculated
slot impedance for the chosen values was found to be around 100 Ω, which means that
a significant mismatch between the slot and the coax will be present, and that will
greatly narrow the bandwidth of operation of the antenna. But since our goal is to
build a wideband dual-polarized antenna, we needed to find another way of feeding it
that can have wideband matching and that can preferably eliminate the matching and
radiation differences between the orthogonal antenna elements, which are consistent with
the conventional way of feeding.

The principle of the new way of feeding, which is depicted in Figure 3.14, is to transfer
the position of the feeding point from the center of the antenna to its sides, which is
achieved by bending the bottom slot to one side of the antenna, such that the slot stub
and the feeding coax are not any more at the center of the antenna. So, by doing this
we eliminate the overlap between the feedings of the two antenna elements, which means
that they will both have similar matching and radiation performances. But the most
prevailing feature of this feeding technique is the additional freedom to choose the width
of the side slot, which can be made to match the impedance of the coaxial line, and hence
the antenna can now be matched over a wide bandwidth.

3.5.2 Single Antenna Implementation and Performance

The mechanical defects which are associated with the 3D-printing process, especially the
misalignment between the antenna flares, motivated us to explore alternative ways to
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(a) (b)

Figure 3.14: The novel feeding technique for the dual-polarized Vivaldi antenna (a) isometric
cut view and (b) side view of a single antenna element feed.

produce more mechanically reliable parts, while trying to preserve the electrical behavior
of the antenna. After weighing the different possibilities, we concluded that building
our antennas from a metallic material using computer numerically controlled (CNC)
machining, which takes a block of metal and carves it into the wanted shape by performing
a series of mechanical processes (cutting, milling, drilling...), is the best alternative for
3D-printing because we assume that metallic antennas will be more precise with the
flares alignment and they will be more immune to deformation resulting from external
mechanical pressure or force. But of course, the process has its own tolerances.

The fabrication of the dual-polarized Vivaldi antenna is not complete at the time of
writing this manuscript, so only simulation results will be presented in this section. It
is good to note that the antennas were modeled in the 3D-simulator as lossy Aluminum
with finite conductivity and high surface smoothness, however, in practice, the surface of
the antenna might be rough, which can slightly affect the surface current distribution on
the antenna flares and consequently their radiation. It can be noticed from Figure 3.15
that the antenna is matched from 3.5 GHz to beyond 20 GHz with an average 10 dB level
of cross-polarization between the orthogonal antennas and 8 dBi level of average gain for
a single polarization. However, the radiation pattern plots point to a major drawback of
this antenna where it can be noticed that the radiation patterns are not symmetric and
more power is being radiated toward the right side of the antenna, in particular toward
the feeding point. The asymmetry in the radiation patterns is less noticeable at lower
frequencies and becomes more significant as we go higher in frequency. This asymmetry
is attributed to the surface current imbalance caused, mainly, by the bend in the slotline,
which means that the flare directly above the feeding point carries currents that are
higher in amplitude and in phase than the currents flowing on the opposite flare. We are
going to address the radiation pattern asymmetry of a single dual-polarized antenna in a
later section, but in the next section we are going to present the full-duplex array using
the current antenna design, but we expect for the array to have more symmetry in its
radiation pattern because of the symmetric placement of the antennas in the array. This
means that we are still expecting to see some anomalies in the array radiation patterns
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Figure 3.15: Simulated (a) S-parameters, (b) gain, (c) and (d) radiation pattern cuts at 10 and
15 GHz respectively of the dual-polarized Vivaldi antenna with the novel feeding technique.

but they will be less significant as compared to the single antenna.

3.5.3 The Full-Duplex Array

The dual-polarized full-duplex array is also based on the near-field cancellation technique,
thus four dual-polarized Vivaldi antennas need to be placed and sequentially rotated by
90◦ with respect to one another around the center of the array as in Figure 3.16, and
each two opposite antennas will be used to transmit or receive. Now, for the array to
operate in full-duplex mode each couple of opposite antennas need to be fed signals of
opposite phases by using a balun, also each single dual-polarized antenna has two ports
that must be fed simultaneously using a power divider, thus, in total, the array needs
at least two baluns and four power dividers to operate as a dual-polarized full-duplex
system. A schematic of the array feeding network is depicted Figure 3.16(c) and it shows
the signal phases at each port of the array. In fact, two types of feeding networks were
considered in simulation: an ideal feeding network based on ideal power dividers and
baluns (no losses and no phase and amplitude imbalances) to show the ideal performance
of the array, and the second network was formed from S-parameter files of commercially
available baluns and power dividers from Marki Microwaves (Balun Model: BAL-0026
[466] and Power Divider Model: PD-0126 [467]). The simulation with commercial devices
can give an initial estimation of the expected matching and self-interference cancellation
levels of the full-duplex array that will be fabricated.
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Figure 3.16: The dual-polarized full-duplex array (a) isometric view, (b) top view showing the
port numbering, and (c) schematic of the array feeding network.

Figure 3.17(a) shows that the matching bandwidth of the array using ideal components
is from 3 to 10.5 GHz, while the matching bandwidth using commercial devices starts
around 2 GHz and goes beyond 20 GHz. The difference in matching between ideal
and commercial devices can be attributed to the losses in the commercial devices which
translates into more power dissipation and less power reflection to the input port, however
this will impact the gain of the array. Moreover, Figure 3.17(b) indicates that the
ideal level of self-interference cancellation can be around 120 dB, but the actual level
of cancellation using commercial devices can be around 40 dB at the low frequency
side and can reach 80 dB at the high frequency side. Moreover, the radiation pattern
plots in figures 3.17(c) and 3.17(d) indicate that the radiation pattern of the array has
become more symmetric, as expected before, but the number and level of grating lobes
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Figure 3.17: Simulated parameters of the dual-polarized full-duplex array (a) matching, (b)
self-interference cancellation, (c) and (d) are its radiation pattern cuts at 10 GHz and 15 GHz,
respectively, and (e) array gain.

are increasing with frequency. The presence of the grating lobes is expected and has
been observed in all the other systems that we demonstrated previously, and they result
from the separation distance between the opposite antennas if it is greater than a half-
wavelength at a certain frequency. The level of the grating lobes increases as the separation
distance increases, while the number of the grating lobes increases when the separation
distance becomes greater than a multiple of half-wavelength. In fact, the size of a single
antenna is 72.5 × 72.5 × 130 mm3 and that makes the minimum separation distance
between the opposite antennas about 10 cm, which is equal to a wavelength at 3 GHz,
and this means that the grating lobes are present at all frequencies in our band, and their
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level and number will increase with frequency. Finally, the array shows a gain better than
10 dBi almost throughout the entire band.

3.5.4 Balanced Dual-Polarized Vivaldi Antenna

The dual-polarized Vivaldi antenna presented in the previous section presented good
wideband performance but with asymmetric radiation patterns, which we think that it is
caused by the current imbalances between the two antenna flares due to the slot bend,
however this is not the only cause. In fact, the presented antenna has only one coaxial feed
for each of the two antenna elements forming it, and the coax is by nature an unbalanced
transmission line where the currents flowing on its inner conductor are not equal to the
currents flowing on its outer conductor. But, since the outer conductor of the coax is
connected to one flare of the antenna element and the inner conductor is connected to the
opposite flare, the currents that will be flowing on the opposite flares will be out-of-balance
which can affect the symmetry of the radiation pattern of the antenna.

(a)

0˚ 180˚

(b)

Figure 3.18: The conventional balanced feeding of the dual-polarized Vivaldi antenna: (a)
isometric cut view and (b) side view of single antenna element feed showing the electric field
distribution near the center of the antenna.

In order to balance the currents on the opposite flares, two coaxial lines can be used
for each antenna element (four in total for the whole antenna) as depicted in Figure 3.18,
and each coax will pass through one of the opposite flares. The outer conductors of each
coax will be touching the flares while their inner conductors will be joined at the center
of the antenna, and after that the coaxs will be fed signals that are 180◦ out-of-phase by
an external balun. If the balun is ideal, then the outer conductors of both coaxs should
carry equal currents with opposite phases, and the same can be said about their inner
conductors. The equal currents on the outer conductors will flow to the flares and will
get radiated, which restores the symmetry of the radiation pattern, while the currents
flowing on the inner conductor will cancel each other at the center of the antenna.

Balancing the Vivaldi antenna can not only make the radiation pattern more
symmetric, but it can also increase the level of cross-polarization between the orthogonal
antenna elements. This is a feature that many applications might desire and in particular
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in-band full-duplex: instead of using both antenna elements to simultaneously transmit or
receive for dual polarization, one antenna element can be used as a transmit antenna while
the orthogonal element can be used as a receive antenna. The high cross-polarization level
between the orthogonal antenna elements translates into high self-interference cancellation
for in-band full-duplex. However, balancing the Vivaldi antenna using the conventional
way of feeding, where the feeding point is at the center of the antenna and one coax
is alleviated above the other, can increase the complexity and difficulty of the antenna
design, in particular matching the slot impedance to the coax impedances. Also it can
lead to differences in matching and radiation between the orthogonal antenna elements,
as discussed before, and it can also restrict the bandwidth.

To eliminate those problems we propose a new way of balanced feeding based on the
novel feeding technique presented in the previous section, which transfers the position of
the feeding point from the center of the antenna to its sides. The new balanced feeding
way is shown in Figure 3.19 where two side slots are horizontally connected to the center
slot, and each side slot is terminated with a matching stub and is fed by a 50 Ω coaxial
line. Of course, the side slot width is designed to match the slot impedance to the
coax impedance. Finally, the coaxial lines will be then connected to an external balun
to obtain the out-of-phase feeding. Thus in total two baluns are needed to feed each
individual polarization. It is also good to mention that the balanced antenna can be used
also to generate circular polarization instead of dual linear polarizations, but the feeding
network must be modified such that the phases at the four ports of the antenna must be
0◦, 90◦, 180◦, and 270◦ consecutively.

Simulations were also conducted using an ideal balun and a commercial balun (the
same as before) to show the ideal performance of the antenna and to have an estimation
of the performance of the antenna that will be fabricated. Figure 3.20(a) shows that the
matching bandwidth of the balanced antenna using an ideal balun starts at around 4 GHz
and extends to beyond 20 GHz, while the simulated bandwidth using the commercial balun
starts around 3 GHz and goes up to 20 GHz, however, it is noticed that the matching level
of the commercial balun is worse than that of the ideal balun around the center of the band.
Moreover, Figure 3.20(b) shows that the ideal level of cross-polarization is more than 100
dB, while it is more than 20 dB for the commercial balun. This indicates that we have
obtained at least 10 dB more of cross-polarization using the balanced feeding as compared
to the unbalanced one. In addition to that, the radiation pattern plots in Figures 3.20(c)
and 3.20(d) proves the validity of the balanced feeding technique where it can be clearly
observed that the radiation pattern symmetry is restored. Finally, Figure 3.20(e) shows
that the balanced antenna exhibits a gain better than 7.5 dBi per single polarization
starting from 4 GHz, which is almost similar to the gain of the unbalanced antenna, but
here we observe higher gain level near the center of the band starting around 6 GHz. The
higher gain level can be attributed to the symmetry of the radiation pattern, as less power
is being lost in the side lobes and more power is being forced to radiate in the direction
of the main beam.

While the balanced antenna provides a superior performance as compared to the
unbalanced antenna, yet its feeding network is more complex such that a single balun
is needed to feed each polarization independently, and to activate the dual-polarization,
the two baluns need to be fed simultaneously by a power divider which will be connected
to Ports A and B in Figure 3.19(b). So, in total, the balanced antenna needs one power
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Figure 3.19: The novel balanced feeding of the dual-polarized Vivaldi antenna: (a) isometric cut
view, (b) top view of the antenna showing port numbering and the feeding network, and (c) side
view of single antenna element feed showing the electric field distribution at different positions.

divider and two baluns to operate in dual-polarization. Now to implement a dual-polarized
full-duplex array we need four balanced antennas each with its own power divider and
baluns, and this increases the complexity and cost of the system. This is why in the first
place we used the unbalanced antenna instead of the balanced one to build the array,
because the unbalanced antenna is less demanding and has a simpler feeding network.
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Figure 3.20: Simulated (a) matching, (b) cross-polarization level, (c) and (d) radiation pattern
cuts at 10 and 15 GHz respectively, and (e) the gain of the balanced Vivaldi antenna fed by an
ideal balun and a commercial balun.

3.6 Figure of Merit

To assess the merits of the proposed systems a new figure of merit, wideband full-duplex
figure of merit (FoMWFD), is introduced, and it accounts for the achieved self-interference
cancellation level, the gain, the bandwidth, and the normalized size of the system. Firstly,
both the values of the self-interference cancellation and the gain of the system should be
linear and not in dB, however, note that the dB value of the self-interference cancellation
should be positive before converting it to a linear scale. Secondly, concerning the size of
the system, some systems have a two-dimensional geometry, such as systems fabricated
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on printed-circuit boards (PCBs) where the thickness of the substrate is almost negligible,
while other systems possess a three-dimensional geometry, which is the case for our system.
Moreover, some systems have their feeding network directly integrated on the same board
or platform while other systems have their feeding networks built on separate boards and
connected with cables. These differences make it difficult to find a common and fair way
to compare sizes of different systems. Thus, here, we propose a method which is based on
three points: (a) we let the system be inscribed in a sphere of radius R, this radius will be
used in the figure of merit to represent the size of the system, (b) if the feeding network
is integrated with the antennas on the same board then it will be accounted for in the
size calculation, and, otherwise, it will be disregarded, (c) after calculating the radius of
the sphere it will be normalized by the wavelength at the center frequency. Based on all
the above, the figure of merit is expressed as follows:

FoMWFD = log10

(
SIC ×Gain× FBW

R / λc

)
(3.15)

R =
1

2

√
l2 + w2 + h2 (3.16)

SIC: average self-interference cancellation level
Gain: average system gain
FBW : fractional bandwidth
fu: upper frequency
fl: lower frequency
fc: central frequency
λc: wavelength at the central frequency
R: radius of the sphere circumscribing the full-duplex system
l: length of the full-duplex system
w: width of the full-duplex system
h: height of the full-duplex system

The proposed figure of merit is an initial attempt to combine different parameters of
in-band full-duplex antenna configurations or topologies in an expressive way to evaluate
the performances of the proposed systems and compare them to each other. However,
depending on the targeted application, it might be modified to incorporate other metrics
related to the field of application, such as the type of polarization, the number of
polarizations (singular or dual), number of antennas used, antenna efficiency and level
of side lobes, and the performance of the feeding network. Finally, Table 3.1 compares
this work to other in-band full-duplex antenna topologies previously published in the
literature, especially in terms of bandwidth, level of self-interference cancellation, system
gain and size, and the newly introduced figure of merit where it can be noticed that our
fabricated systems achieved the highest score.

�Some parameters’ values were extracted from figures or graphs.
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Reference
Frequency

FBW SIC [dB] Gain [dBi]
l × w × h

R [cm] FoMWFDRange [GHz] [cm× cm× cm]

[181] � 6 - 19 1.04 60 12 38× 13× 19 22.215 4.651

[183] � 4 - 8 0.67 45 25 40× 40× 25.3 30.984 4.531

[151] � 0.5 - 2 1.2 45 5 20× 20× 12.5 15.462 4.77

[150] � 0.8 - 1.7 0.72 40 4 60× 60× 30 45 3.784

This work
(PCB)

4 - 40 1.64 64 7.8 8× 8× 9.4 7.55 5.072

This work
(3D-Printed)

4.45 - 28.65 1.4675 69.2 9.783 8.42× 8.42× 13.56 9 5.4193

Table 3.1: A table comparing the full-duplex antenna systems presented in this work to other
works in the literature.

3.7 Conclusion

This chapter demonstrated the different implementations of wideband in-band full-duplex
systems based on the near-field cancellation technique. The first system was built from
the PCB devices in Chapter 2: four Vivaldi antennas and two microstrip-to-slotline baluns
built on an RO4003C substrate (εr = 3.55, h = 203.2 µm). The antennas were assembled
in a box-like configuration by the help of a 3D-printed support which was designed to
ensure the proper placement and alignment of the antennas, and also to absorb the
external pressure exerted by measurement cables on the fragile antennas. The system
was able to achieve an average self-interference cancellation level of 64 dB over the ultra-
wide frequency range from 4 to 40 GHz while maintaining an average gain of 7.8 dBi. The
main drawbacks of the presented system are the mechanical fragility resulting from the
low thickness of the substrate used, and the emergence of grating lobes in the radiation
pattern at some frequencies where the separation distance between the antennas is higher
than a half-wavelength.

The mechanical fragility of the PCB system was found to be a limiting factor in
practical cases as the antennas were prone to fracturing from a relatively light force,
this led us to shift from PCB antennas to more rigid antennas built from thick metallic
sheets while sacrificing a portion of the ultra-wide bandwidth. The new antennas were 3D-
printed first and then externally metallized, and they were fed by a coax-to-slot transition
which was described in detail. The 3D-printed full-duplex array was printed as one piece
to achieve precise antenna placement and alignment, and it showed more resistance to
external pressure in particular from cables. The array operates from 3 to beyond 20
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GHz with more than 40 dB of self-interference cancellation and an average gain of 8.5
dBi throughout the bandwidth. The 3D-printed system also exhibits grating lobes in its
radiation pattern, thus we proposed a way to reduce their level by partially reducing the
size of the antenna at its bottom, which led to a significant grating lobe reduction at
higher frequencies (9 dB reduction at 15 GHz for example).

After demonstrating the wideband potential of the near-field cancellation technique
to implement wideband full-duplex antenna arrays with good performance, we moved to
add some supplementary features to the arrays, which might interest some applications,
in particular the ability to transmit and receive two polarizations simultaneously while
operating in full-duplex mode. To achieve this, we needed some dual-polarized Vivaldi
antennas that can operate over a wide bandwidth. However, the conventional way
of implementing a dual-polarized Vivaldi antenna has many drawbacks and is not so
wideband. Thus, we proposed a novel technique that moves the feeding point of the
antenna from the center to its sides, which proved to generate wideband matching but
leads to asymmetry in the radiation pattern. The full-duplex array was formed by placing
and sequentially rotating four of the dual-polarized antennas and was fed by commercial
baluns and power dividers. Simulations showed that the array can provide more than 40
dB of cancellation in a bandwidth spanning from 3 GHz to beyond 20 GHz with a gain
better than 10 dBi. After that, we presented a balanced way to feed the antenna, with
four feeding points where each two are connected to an external balun, that managed to
restore the symmetry to the radiation pattern of the antenna. Measurement results for
the novel antennas are not yet available and were not presented because the antennas are
currently under construction.

Finally, the chapter was enclosed by proposing a new figure of merit dedicated to
wideband full-duplex antenna system which takes into account the level of self-interference
cancellation, the gain, the bandwidth, and the size of the system. It was found that
our fabricated systems achieved the highest score for the newly proposed figure of merit
compared to other works in the literature.
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General Conclusion

In-band full-duplex is the technology that allows two radios to transmit and receive
simultaneously at the same frequency by eliminating the self-interference signals which
couple from the transmitter of the radio to its own receiver. Self-interference cancellation
techniques could be implemented at all stages of the radio front-end: antenna, analog,
and digital domains. State-of-the-art self-interference cancellation techniques were
conventionally dedicated for narrowband applications and few works dealt with wideband
full-duplex systems. Some of these works were identified to be potentially suitable for
wideband self-interference cancellation at the antenna level but no technique can achieve
such wideband operation at the analog and digital levels. Thus, in this work, we try to
validate the possibility by implementing ultra-wideband full-duplex antenna systems that
can be used for multi-standard applications.

Finding a technique that maintains an acceptable level of cancellation at the antenna
level throughout the wide bandwidth, without affecting the antenna performance, was
the main focus of Chapter 1, where a broad literature review was conducted in order to
highlight the available techniques in the literature and to nominate the best candidates
for wideband operation. In fact, for monostatic systems, there are few and limited
self-interference cancellation techniques because the transmit and receive links share
a common feeding network, while techniques for bistatic systems are more versatile,
wideband potential, and have more degrees of freedom as the feeding networks for both
links are separate. Thus, in this work, we adopted a bistatic technique called near-field
cancellation which uses at least four antennas and two 180◦ out-of-phase power dividers
(or baluns) to achieve cancellation. The technique creates a transmit near-field null at the
positions of the receive antennas, which contributes to the cancellation procedure, while
preserving the far-field behavior of the system without any nulls.

After choosing the desired cancellation technique, the next step was to design some
wideband baluns and antennas that can be used in the full-duplex system to achieve the
wideband cancellation, and this was the main goal of Chapter 2. So, a thorough literature
review on the different ways to implement a wideband balun was conducted first, which led
us to choose a wideband balun based on microstrip-to-slotline transitions that can be easily
implemented using low-cost PCB technology. The balun consists of three transitions: one
central transition that works as an in-phase power divider and two lateral transitions that
operate as phase inverters. Based on an extensive parametric analysis that we conducted,
we were able to design ultra-wideband microstrip-to-slotline transitions that can operate
from around 4 GHz to beyond 40 GHz (a decade bandwidth). The optimized transitions
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were used to obtain the wideband balun which operated in the same frequency range
with ± 1 dB and ±7◦ of amplitude and phase imbalances, respectively. Also, the same
transitions were used to feed the Vivaldi antennas that we chose as the radiating elements
for our systems after presenting a brief review of the available wideband antennas in the
literature. The designed antenna is matched over the same bandwidth with a 11.15 dBi
average gain and highly directive radiation pattern.

The final step was to assemble and use the designed antennas and baluns to build
the targeted full-duplex antenna system, this was discussed in detail in Chapter 3. The
four antennas need to be placed such that they are orthogonal and rotated by 90◦ with
respect to one another around the center of the system, taking a box-like shape, and then
each two can be fed by a separate balun and used either to transmit or receive. This
way of positioning the antennas means that the system transmits and receives in different
polarizations. Antenna placement and alignment are critical for the proper operation of
the system. Thus, to ensure a precise antenna placement and alignment, we designed
and fabricated a 3D-printed support to hold the antennas at the exact position. The 3D-
printed support was used to rectify two other problems that resulted from the fragility
of the used substrate: the first problem was that the antennas tend to bend naturally
as a result of the very thin substrate, so the support was designed to hold the antennas
straight and fully erect; while the second problem comes from the tension caused by the
relatively heavy cables and connectors used in measurements, which led to fracturing the
fabricated devices, thus the 3D-printed support was used also to absorb any external forces
that might damage the fabricated devices. The assembled system was matched starting
from below 4 GHz to beyond 40 GHz with an average self-interference cancellation level
of 64 dB and an average gain of 7.8 dBi. The degradation in gain was attributed to
the high losses in the fabricated devices. Moreover, the radiation pattern plots showed
another major drawback of the system which is the presence of two grating lobes beside
the main lobe of radiation, those grating lobes are more significant at high frequencies
and they exist when the separation between the opposite antenna elements is higher than
a half-wavelength at a certain frequency.

To overcome the mechanical fragility of the previous system we decided to sacrifice
a portion of the bandwidth and increase the thickness of the antennas. For this reason
we abandoned the use of printed-circuit boards and decided to make some metallized
3D-printed antennas with sufficient thickness to endure external tension coming from
cables. Designing the antennas from thick metallic sheets was first investigated by full-
wave simulations and a coax-to-slot transition was specifically designed to feed those
antennas, the details of the design process were outlined in Chapter 3. The fabricated
system adopts a similar configuration of the PCB system where the four antennas were
3D-printed together in a box-like manner with a small square patch below them that works
as a base support and a reflector. System matching was found to span the frequency range
from 3 to 28.5 GHz (still close to a decade bandwidth) in measurements with around 62 dB
of average self-interference cancellation and almost 8.5 dB of average system gain. Also,
the radiation pattern plots of the 3D-printed system presented the same grating lobes
behavior of the PCB system, so, in order to mitigate the grating lobe level we proposed
a modified antenna configuration where the antenna size was reduced at the bottom of
the antenna while it was kept the same at its top. This size reduction allows bringing
together the four antennas at their bottom parts while keeping them at the same distance

Page 136



CHAPTER 3. SYSTEM IMPLEMENTATION

at their top parts. Since the high frequency radiation of the Vivaldi antenna takes place
at its bottom part while the low frequency radiation takes place at its top part, then by
bringing the antennas closer to one another at their bottom parts we manage to reduce
the high frequency separation distance, and thus we managed to reduce the grating lobe
levels by a decent amount (5 dB at 10 GHz and 9 dB at 15 GHz) without affecting the low
frequency and the overall performance of the system. The proposed approach of grating
lobe reduction might be mechanically challenging, especially in terms of the maximum size
reduction that we can perform before the bottom part of the antenna becomes relatively
fragile. As a future perspective, alternative techniques can be investigated and developed
to reduce the grating lobe level without jeopardizing the mechanical solidity of the system.

Adding some supplementary features to our wideband full-duplex systems such as
simultaneously transmitting and receiving in the two orthogonal polarizations might be
desired for some applications, so, for this reason, we worked on designing a dual-polarized
Vivaldi antenna. To obtain the dual-polarization, usually, two single Vivaldi elements,
each with its own feeding, are placed orthogonal to one another at the center of the
system. This means that the feedings of the antenna elements will overlap at the center
of the system and will affect and create differences in the matching and the radiation of
the dual-polarized antenna. Thus, to eliminate the complexities and drawbacks of this
overlap, we proposed a new way of feeding the antenna elements, which aims to transfer
the feeding points from the center of the antenna to its sides by bending the central
slot to the side of the antenna elements. The new way of feeding manages to achieve
wideband matching and to overcome the drawbacks of the conventional way, however,
it was noticed that it causes an imbalance between the currents flowing on the opposite
flares of the antenna which in turn leads to asymmetry in its radiation pattern. The
asymmetry in the single antenna radiation pattern is less significant in the dual-polarized
full-duplex array, which was formed by placing four dual-polarized Vivaldi antennas and
sequentially rotating them by 90◦ around the center of the array. The dual-polarized
array can provide, in simulation, a level of cancellation better than 40 dB and gain higher
than 7.5 dBi starting from 4 GHz to beyond 20 GHz. However, due to the relatively big
size of the single antenna, about 72.5× 72.5× 130 mm3, the distance between the centers
of opposite antennas becomes big, about 10 cm, which leads to an increase in the level
and number of the grating lobes. Thus, for future work, it is worth researching some
techniques to reduce the size of the antenna without affecting its performance. At last,
the asymmetry in the radiation pattern of the single antenna was solved by introducing
a balanced way of feeding which uses four feeding points (one feeding point for each
flare) and two external baluns. This way of feeding balances the currents flowing on the
opposite flares of the antenna which restores the symmetry to the radiation pattern but
at the expense of a more complex and costly feeding network.

Finally, to evaluate and compare our wideband full-duplex systems to some other
works in the literature, we proposed a new figure of merit dedicated to wideband full-
duplex antenna system (FOMWFD), which takes into account the system bandwidth, the
achieved self-interference cancellation level, the gain, and the size of the system. Also, we
presented a table that compares our work to other publications and the table showed that
our PCB system obtained the highest score for the proposed figure of merit. The figure
of merit can be further modified to include additional parameters that might interest
other applications. Parameters such as the number of antennas used, complexity of the
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system design, type, and number of polarizations, etc. However, in its current form, the
proposed figure of merit is sufficient to give a general evaluation of any wideband antenna
full-duplex system.

Detailed Contributions

The field of wideband full-duplex systems was not widely explored previously and
remained underdeveloped, and our work can be considered as one exploratory journey
in that field, which builds upon the findings of the previous works and paves the way
for future journeys. The outcomes of our work were discussed, in detail, in the previous
section, so, here, we try to list and summarize our achievements and contributions to that
field of research:

� Our work manages to generate decade bandwidth full-duplex systems with a level
of self-interference cancellation which is ≥ 50 dB at the antenna level using a
combination of cross-polarization and opposite feeding for the Tx and Rx antennas.
The obtained bandwidth, in particular for the PCB system, is remarkable as no
other published worked managed to cover such bandwidth, and in those works,
usually, multiple systems are implemented to cover a wide bandwidth.

� The presented systems can be used for applications other than in-band full-duplex.
For instance, the system, as a whole, can be used to generate dual-polarized waves
by feeding all the antennas simultaneously, and, in this case, the cross-coupling
between the two polarizations will be reduced by at least 50 dB. In addition to that,
the systems can be used to generate circularly-polarized waves by feeding the four
ports of the system with signals that have the same amplitudes but their phase are
0◦, 90◦, 180◦, and 270◦, respectively.

� The near-field cancellation technique, which was used to build all our systems on,
was traditionally implemented using planar antennas (such as patch antennas or
spiral antennas) and was never implemented using non-planar antennas. Thus, our
work can be considered as one of the first implementations of non-planar systems
in that domain whether by using the PCB antennas or the 3D-antennas.

� The microstrip-to-slotline transition can be considered the foundation stone of the
PCB system, as it was used to feed the antennas and to form the baluns. Microstrip-
to-slotline transitions were sufficiently studied in the literature and indeed several
wideband transitions were reported. However, our work is the first to demonstration
of a decade bandwidth transition that can operate starting from the C-band at the
lower frequency edge and up to the Ka-band at the higher frequency edge, whereas
all other works did not manage to surpass the Ku-band.

� Vivaldi arrays, in particular 3D Vivaldi arrays, are usually dedicated for space
applications where a very high directivity is required, but they are usually
narrowband. Our work can be considered the first to introduce a 3D Vivaldi antenna
that can be matched over a very wide-bandwidth. And moreover, we proposed
two novel techniques to feed the dual-polarized Vivaldi antennas which helped in
overcoming the drawbacks of traditional techniques of feeding.
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Appendix A
Microstrip Line and Slotline

Equations

The following definitions apply to all equations in this appendix:
h: is the thickness of the substrate.
εr: is the relative permettivity of the substrate.
εreff : is the effective relative permettivity of the substrate.
Wm: is the width of the microstrip line.
Zm: is the impedance of the microstrip line.
η: is the impedance of free space and is equal to 120π Ω.
λ0: is the free space wavelength.
ZS: is the impedance of the slotline.
Ws: is the width of the slotline.

A.1 Microstrip Line Impedance Equations
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A.2. SLOTLINE IMPEDANCE AND GUIDED WAVELENGTH EQUATIONS

A.2 Slotline Impedance and Guided Wavelength

Equations

1. For 0.0015 ≤ Ws/λ0 ≤ 0.075 and 2.22 ≤ εr ≤ 3.8
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2. For 0.0015 ≤ Ws/λ0 ≤ 0.075 and 3.8 ≤ εr ≤ 9.8
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3. For 0.075 ≤ Ws/λ0 ≤ 1 and 2.22 ≤ εr ≤ 3.8
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]
Page 140



APPENDIX A. MICROSTRIP LINE AND SLOTLINE EQUATIONS
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4. 0.075 ≤ Ws/λ0 ≤ 1 and 3.8 ≤ εr ≤ 9.8
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Publications

National Conferences

� Hijazi, Hadi, Marc Le Roy, Raafat Lababidi, Denis Le Jeune, and Andre Pérennec.
“Diviseur de Puissance Compact Ultra-Large-Bande 3-40 GHz.” In 21èmes Journées
Nationales Microondes, pp. 1-2. 2019.

International Conferences

� Hijazi, Hadi, Marc Le Roy, Raafat Lababidi, Denis Le Jeune, and Andre Pérennec.
“4-40 GHz In-Phase/180° Out-of-Phase Power Dividers with Enhanced Isolation.”
In 2020 14th European Conference on Antennas and Propagation (EuCAP), pp.
1-5. IEEE, 2020.

Unpublished Papers

� “Ultra-Wideband Antenna System for In-Band Full-Duplex Applications”
submitted to IET Microwaves, Antennas, and Propagation Journal. The paper
discusses the PCB full-duplex system presented in Chapter 3.

� “Ultra-Wideband 3D-Printed Vivaldi Array for In-Band Full-Duplex Applications”
submitted to IET Electronics Letters. The paper discusses the 3D-printed full-
duplex system which was presented in Chapter 3.

� One or more other papers describing the dual-polarized antennas and full-duplex
arrays, which were also discussed in Chapter 3, will be produced once the antenna
fabrication and measurements are carried out.
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Titre : Systèmes d’antennes Ultra-Large-Bande pour Applications In-Band Full-Duplex.

Mot clés : Ultra-Large-Bande, In-Band Full-Duplex, annulation de l’auto-interférence, transitions
microruban-ligne fente, antennes Vivaldi.

Résumé : La technologie In-Band Full-
Duplex a pour objectif d’augmenter
l’efficacité spectrale des liaisons sans-
fils en permettant à deux systèmes
de communiquer simultanément dans
la même bande de fréquence. Dans
cette configuration In-Band Full-Duplex,
le principal défi consiste à annuler ou
réduire les signaux d’auto-interférence,
qui se couplent de l’émetteur vers son
propre récepteur. Divers circuits d’annulation
d’auto- interférence peuvent alors être mis
en œuvre : au niveau de l’antenne, de
l’étage analogique et/ou numérique. Les
techniques classiques d’annulation d’auto-
interférence sont majoritairement dédiées
aux systèmes à bande étroite et peu de
travaux ont été menés pour étendre leurs
performances à un fonctionnement en large-

bande et encore moins en Ultra-Large-
Bande. Dans ce travail, nous nous focalisons
sur l’étude des techniques d’annulation
compatibles avec un fonctionnement Ultra-
Large-Bande et sur leurs mises en œuvre.
Les systèmes antennaires proposés sont
basés sur une technique d’annulation en
champ proche qui utilise quatre antennes et
deux baluns. Les avantages des systèmes
développés sont multiples, ils proposent
tous une bande passante extrêmement large
tout en maintenant un niveau d’annulation
d’auto-interférence au moins supérieur
à 55-60 dB sur cette bande avec des
configurations permettant soit d’en augmenter
la solidité mécanique, soit d’obtenir une
double polarisation ou encore avec une
alimentation innovante des antennes.

Title: Wideband Antenna Systems for In-Band Full-Duplex Applications.

Keywords: Ultra-Wideband, In-band Full-Duplex, Self-Interference Cancellation, Microstrip-to-
Slotline Transitions, Vivaldi Antennas.

Abstract: In-band full-duplex technology aims
to mitigate the scarcity of spectral resources
by allowing two radios to communicate
simultaneously in the same frequency band.
The main challenge for full-duplex radios
is to cancel the self-interference signals,
which couple from the transmitter of one
radio to its own receiver, by implementing
various self-interference cancellation circuity
at the antenna, analog, and digital stages
of the radio front-end. Conventional self-
interference cancellation techniques were
dedicated for narrowband systems and

little work has been conducted to extend
their performance for wideband operation.
Thus, in this work, we focus on studying
the wideband potential of the available
cancellation techniques and implementing
wideband full-duplex systems based on those
techniques. The implemented systems are
based on the near-field cancellation technique
which uses four antennas and two baluns.
The systems’ merits vary from extremely wide
bandwidth to higher mechanical solidity and
dual-polarization, but they all can maintain a
decent amount of cancellation.
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