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τ‖ Transmission coefficient for parallel polarization

τ⊥ Transmission coefficient for perpendicular polarization

φRx
l Azimuth angle of arrival at Rx antenna for path l

φTx
l Azimuth angle of departure at Tx antenna for path l
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1. Introduction

Marconi’s demonstration of the first radio transmission in 1895 was the

first major breakthrough in wireless communications. It took almost a

century after Marconi before cellular communications gained prevalence.

Since the 1980s, every decade has seen a significant advancement in cellu-

lar technologies. The first generation of cellular communication was based

on analog signals, supporting only voice transmission. This was advanced

in the second generation (2G) systems, deployed in the 1990s, which mo-

ved from analog to digital transmission, but still targeted only telephony.

Advancements to the 2G systems followed by the third and fourth genera-

tion (3G and 4G) systems saw a dramatic increase in usage as data/ packet

transmission gained popularity in addition to voice transmission [1]. The

advent of smart phones and touch devices also contributed to this incre-

ase in data consumption, as it became easier and easier to access content

on the go, as seen from the rise in subscription of mobile broadband servi-

ces [2]. Mobile data traffic projections indicate that mobile video traffic is

expected to have a larger share of the overall traffic at about 71 ExaBytes

a month, comprising about 75% of the total traffic in 2022, as compared to

50% in 2016 [3]. This indicates that novel technological solutions are re-

quired to cater to the ever increasing demand for data rates by consumers.

The Third Generation Partnership Project (3GPP) has been active in ad-

vancing the standards for cellular communications, incorporating various

advancements. The early part of the second millennium saw the advent of

multiple-input multiple-output (MIMO) [4], which enabled the use of spa-

tial multiplexing in enhancing the throughput to the end users, by exploi-

ting spatial degrees of freedom [5]. Moreover, the Long Term Evolution

- Advanced (LTE-Advanced) standard in 3GPP Release 10 [6] introduced

new features such as Carrier Aggregation (CA), advanced MIMO techni-
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ques, heterogeneous networks and the use of relays. Subsequent versions

added enhancements to the existing techniques, like Coordinated Multi-

Point (CoMP) to improve the data rates.

Currently, cellular transmission occurs at radio frequencies below 6 GHz

which are already overcrowded, making spectrum a scarce resource. The

increasing demand for faster data rates, reduced latency, etc. has moti-

vated research on various areas for the fifth generation (5G) wireless sy-

stems. This can be achieved by improving the spectral efficiency of the

current systems, releasing more spectrum in the millimeter-wave (mm-

Wave) bands and improvements in signalling techniques like modulation

schemes. Some of the technologies which can provide this improvement

in capacity are massive MIMO [7, 8], mmWave communications [9] and

in-band full-duplex (IBFD) transmission [10, 11]. In this thesis, we focus

on IBFD transmission and the scientific advancements which can pave

the way for its commercial deployment.

1.1 Full-duplex radios

Current wireless systems operate in full-duplex mode, i.e., uplink and do-

wnlink occur simultaneously, using different frequency or time resources.

This is realized by Frequency-division duplexing (FDD) or Time-division

duplexing (TDD), depending on the manner in which the resources are

allocated. In FDD systems, different frequency bands are allocated for

uplink and downlink transmission between the base station and the user,

while in the case of TDD systems, different time slots are used for accom-

modating uplink and downlink in the same frequency band. Thus, effecti-

vely only uplink or downlink occurs at a given frequency and time slot.

This is primarily due to the fact that if the same frequency and time slot

are used for both uplink and downlink, it results in interference, known

as self-interference (SI) or loop-back interference, thus preventing the re-

ceiver from receiving the desired signal. For example, consider a femto

cell base station with 21 dBm transmit power and receiver noise floor of

100 dBm, operating in IBFD mode [11]. If the base station is to receive

signals from a user when it is transmitting at the same frequency and

time, the SI due to its own transmission is close to 121 dB more powerful

than the noise floor, essentially depending on the isolation between the

transmit (Tx) and receive (Rx) antennas. This strong SI has to be mitiga-

ted in order to receive the desired signal.
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As late as the end of the first decade of the 20th century, this seemingly

insurmountable limitation was challenged. Different research groups star-

ted developing solutions to mitigate the SI, as it would render possible si-

multaneous transmission and reception at the same frequency and time,

i.e., IBFD transmission [11–45]. This can double the spectral efficiency,

thereby nearly doubling the throughput as well as reducing the latency.

Different solutions have been proposed to mitigate the SI, which can be

categorized into three main areas 1) antenna isolation 2) analog/Radio

Frequency (RF) cancellation and 3) digital baseband cancellation. Since

the SI is orders of magnitude larger than the noise floor, complete miti-

gation of the SI requires the different cancellation solutions cascaded one

after the other.

IBFD transmission can be classified into two main categories,

1. Bi-directional IBFD, where the transmitter and receiver communicate

with each other simultaneously, as compared to conventional full-duplex

systems where different frequency or time slots are used for uplink and

downlink, as shown in Fig. 1.1. This can denote for example, commu-

nication between a source (base station or access point) and a mobile

device (destination), which are both capable of IBFD transmission. It

can also denote communication between two IBFD capable mobile devi-

ces.

2. IBFD relaying, where the source to relay, and relay to mobile device

communications occur simultaneously. Here, the relay operates in the

full-duplex mode, where both the source-relay and relay-destination links

of up- or down- link operate in the same frequency and time slot as com-

pared to a half-duplex relay, where different frequency or time slots are

required, as shown in Fig. 1.2 for the downlink.

One of the main characteristics of mobile data traffic is the asymme-

try between uplink and downlink traffic. The uplink traffic constitutes

10%-20% of overall mobile traffic while downlink constitutes 80%-90% [2].

Due to this asymmetry in traffic, bi-directional full-duplex may not pro-

vide significant benefit, as although spectral efficiency is improved, the

available spectrum is not utilized fully, as compared to other techniques

like spatial multiplexing [4]. In case of IBFD relaying, the relay receives

the signal from the source and forwards it at the same frequency with a

21



Introduction

D

Self-interference

S

Self-interference

DS

Frequency 2/
Time slot 2 Frequency 1/

Time slot 1

Frequency 1/ 
Time slot 1DS

Frequency 1/
Time slot 1

S – Source
D – Destination

Bi-directional in-band full-duplexConventional full-duplex
(a) (b)

Figure 1.1. Illustration of (a) conventional full-duplex and (b) in-band full-duplex com-
munications.
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Figure 1.2. Illustration of (a) half-duplex and (b) in-band full-duplex relaying for the do-
wnlink scenario.

small processing delay, thus reducing the latency. This is not impacted by

the traffic flow as during both uplink and downlink, the relay receives the

signal and re-transmits the same to the base station or mobile device. Mo-

reover, relays have been a part of the 3GPP standards for LTE-Advanced

since Release 10 [6], with provision for in-band relays also included in

subsequent releases. One of the main challenges for commercial deploy-

ment is to overcome the cost of implementing the cancellation solutions so

that the benefits outweigh them. Thus, relays are expected to be the first

devices with IBFD.

1.2 Scope of the thesis

The antennas are devices which act as an interface between the radio sy-

stem and the environment. In the receive mode, an antenna collects the

radio signal arriving from many directions, depending on its radiation
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pattern. In case of IBFD transmission, the desired receive signal arri-

ves at the receiver due to multipath propagation from the source, while,

the SI occurs due to the signal transmitted by the antenna which is co-

located with the receiver. In some cases, the same antenna can also be

used for both transmission and reception [15, 46], but this requires ci-

rculators, which are expensive, and also do not isolate the Tx and Rx

chains completely. When separate antennas are used for the transmit-

ter and receiver, they can be located in a specific configuration to reduce

the SI, e.g. [14, 19, 47] or by exploiting directional diversity [22]. When

the Tx and Rx antennas are co-located, the Tx signal is electromagneti-

cally coupled to the Rx antenna as the antennas are in the near-field of

each other. Additionally, multiple delayed copies of the Tx signal arrive

at the receiver due to multipath propagation in the surrounding environ-

ment. Thus, both the direct electromagnetic (EM) coupling between the

antennas and the multipath propagation between the co-located Tx and

Rx antennas contribute to SI. SI mitigation in the antenna domain pri-

marily involves improving the antenna isolation, thus reducing the effect

of the SI due to direct coupling between the antennas. Furthermore, the

multipath SI needs to be characterized to develop efficient cancellation

solutions for deployment of IBFD devices. The main focus of this thesis

is 1) to develop novel solutions to improve isolation between separate Tx

and Rx antennas, to mitigate the SI due to direct coupling, and 2) to model

the multipath SI in different deployment environments of IBFD relays, so

that robust analog and digital cancellation solutions can be designed to

suppress the SI sufficiently.

1.3 Objectives of the thesis

The main objectives of the thesis are

1. To develop port-to-port isolation improvement techniques between clo-

sely spaced antennas for bi-directional IBFD transmission.

2. To improve the port-to-port isolation between compact back-to-back an-

tennas for IBFD relaying.

3. To perform over-the-air radio propagation measurements in different

relay deployment environments for characterizing the SI channel, and,
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to develop a channel model based on the measurements, which can be

used for analyzing the performance of different analog and digital can-

cellation techniques.

4. To analyze the benefit of IBFD relays over half-duplex relays in im-

proving coverage with realistic direct coupling, multipath SI levels and

practical antenna configurations.

1.4 Contributions of the thesis

The thesis is a summary of eight publications. The main contributions of

the publications are summarized as follows.

• Publications [I],[II] and [III] propose novel decoupling circuit designs for

improving the wideband port-to-port isolation between closely spaced

antennas using a combination of resistive and reactive elements. These

decoupled antennas can be used for bi-directional IBFD transmission.

• Publication [IV] demonstrates use of the so-called neutralization techni-

que between two closely spaced antenna feeds, improving the port-to-

port isolation between back-to-back antennas for compact IBFD relays.

Publication [V] proposes a new lumped reactive element-based decou-

pling circuit configuration which can improve the port-to-port isolation

of weakly-coupled compact back-to-back antennas suitable for IBFD re-

laying.

• The SI channel in indoor environments is characterized in the delay

domain in Publication [VI]. A tapped-delay model of the measured SI

channel is provided, which can be used for emulating the SI.

• Publication [VII] provides a site-specific geometry-based SI channel mo-

del capable of generating double-directional polarimetric MIMO SI chan-

nel characteristics for compact IBFD relays in outdoor scenarios. The

channel model can be used to simulate the SI in possible deployment

scenarios for link level simulations.

• Coverage analysis for outdoor deployment of IBFD relays is studied in
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Publication [VIII] for below 1 GHz IEEE 802.11ah systems. Realistic

relay antennas and multipath SI are considered to analyze the benefit

of using an IBFD relay instead of a similar relay operating in the half-

duplex mode.

1.5 Organization of the thesis

The contributions of the thesis are organized in three parts. Chapter 2

describes the antenna isolation improvement techniques, and designs which

are suitable for IBFD radios. The contributions are classified into two

categories based on applications, namely decoupling techniques for bi-

directional IBFD, summarizing Publications [I],[II] and [III], and decou-

pling of back-to-back antennas for IBFD relays summarizing Publications

[IV] and [V]. Chapter 3 summarizes the contributions on SI channel cha-

racterization in indoor environments [VI] and proposes an SI channel mo-

del for outdoor street-canyon scenarios [VII], which can be used for link

level simulations. Finally, the third part in Chapter 4 summarizes Pu-

blication [VIII], analyzing the performance gains of compact IBFD relays

for coverage extension over half-duplex relays. Chapter 5 provides a brief

overview of the eight publications and Chapter 6 summarizes the main

findings of the thesis and the future outlook.
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2. Antenna decoupling for in-band
full-duplex systems

Antenna design for IBFD has a significant impact on the SI mitigation as

the SI levels have to be reduced significantly to prevent saturation of the

analog-to-digital converter (ADC) at the receiver. In this chapter, Section

2.1 briefly describes relevant metrics used to analyze multi-element an-

tenna characteristics. Section 2.2.1 describes the proposed techniques

for improving port-to-port isolation between closely spaced Tx-Rx anten-

nas for bi-directional IBFD, while Section 2.2.2 discusses the methods for

port-to-port isolation improvement of back-to-back antennas suitable for

IBFD relaying.

2.1 Multi-element antenna characteristics

In this section, first some metrics used to analyze the performance of

multi-element antennas are described, followed by description of different

methods for decoupling antennas. Finally, the even and odd mode analy-

sis of symmetric two element circuits is described, which can be used to

analyze the performance of symmetric two port networks.

2.1.1 Input impedance and isolation

Input impedance

The input impedance of an antenna is defined as the ratio of the voltage

to current, or the electric to magnetic fields at the antenna terminals [48].

If there is a mismatch between the antenna’s input impedance and the sy-

stem impedance, a portion of the input power is reflected. Thus, the entire

input power is not accepted by the antenna. At radio frequencies, it is dif-

ficult to measure the voltages or currents directly. Hence the Scattering

or S-parameters are used to characterize the reflected and transmitted
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travelling waves [49], which can be transformed to other parameters such

as admittance or Y -parameters, impedance or Z-parameters, or ABCD-

parameters using simple mathematical expressions [50]. The input re-

flection coefficient denotes the reflected voltage from the antenna port.

For the i-th antenna in a multi-antenna system, the reflection coefficient

Sii is related to the input impedance as

Sii =
Zii − Z0

Zii + Z0
, (2.1)

where Zii and Z0 correspond to the input impedance of the i-th antenna

and the characteristic impedance of the system respectively.

Isolation

In multi-antenna systems, the antenna elements are typically in the near-

field of each other. Due to this, a portion of the power fed to one antenna

couples to the other antennas, and is not radiated. Moreover, due to the

presence of an additional antenna, the radiation pattern and input impe-

dance will be altered as compared to the single antenna case. The mutual

coupling between two antennas is the coupled power from the j-th to the i-

th antenna, |Sij |2 [51]. The antenna isolation is typically described in the

decibel scale as Isolation = −20 log10(|Sij |). The mutual coupling describes

the electromagnetic coupling between the antennas. When the isolation

between antenna feeds is improved using different techniques, this can

result in improvement of the port-to-port isolation between the antenna

feeds, while the antennas are still electromagnetically coupled.

2.1.2 Efficiency

Radiation efficiency

The radiation efficiency of an antenna element is defined as the ratio of

the power radiated by the antenna to the power accepted by the antenna

at its port. The radiation efficiency of a single antenna element can be

expressed as

ηrad =
Pradiated

Paccepted
=

Rrad

Rrad +RL
, (2.2)

where the radiated power Pradiated is the power delivered to the radiation

resistance Rrad, and RL denotes the resistive losses. The resistive losses

comprises of the ohmic loss in the antenna structure, dielectric losses, and

power dissipated as heat in any components used for input matching [48].
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Total efficiency

The total efficiency of an antenna element is the ratio of the radiated

power to the power delivered to the antenna port. Thus, in addition to

antenna losses, the total efficiency includes input matching losses as well

as losses due to coupling to other antenna elements. The total efficiency

of the j-th antenna in a multi-antenna system with N antennas is

ηtotal = ηrad − |Sjj |2 −
N∑

i=1,i �=j

|Sij |2. (2.3)

From (2.3), the total efficiency in a multi-antenna system is reduced due

to coupling between different antenna elements. Thus, increasing the iso-

lation between antennas using various techniques can improve the total

efficiency.

2.1.3 Antenna decoupling methods

In multi-antenna systems, the mutual coupling Sij between two antenna

elements corresponds to the EM coupling between them. Especially in

case of compact devices, the closely-spaced antennas result in large mu-

tual coupling, thereby decreasing the total efficiency. While a decrease in

total efficiency due to coupling can often be tolerated in practice, the SI

caused by the coupling cannot be tolerated in case of IBFD systems. Thus

we need techniques to improve the isolation between antenna elements.

The antenna isolation improvement techniques can be divided into two

categories, i.e.,

1. Modifying the antenna structure to decrease the EM coupling between

the antennas.

The antenna isolation can be improved using different methods such

as altering the structure of ground planes [52], using high-impedance

surfaces [53, 54], or resonant wavetraps [55, 56]. These methods can be

used for decoupling multiple antennas simultaneously. The main chal-

lenge in using these techniques is that the surface area required for the

isolation improvement structures can be quite large.

2. Designing an additional circuit that a) provides an alternate signal

path compensating for the mutual coupling or b) modifying the mutual

admittance to be close to zero.

In this case, although the antennas are electromagnetically coupled,

there is an improvement in the port-to-port isolation, i.e., between the
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feed terminals of the two antenna elements.

Different techniques have been proposed in the literature to decou-

ple closely spaced antennas for MIMO or diversity systems. Generally,

the mutual coupling between closely spaced antennas is quite high and

hence, designing a decoupling solution can affect the input matching.

Many techniques concentrate on improving the isolation as well as the

input matching simultaneously or improving the input matching after

achieving improved isolation. Moreover, although the antenna may ini-

tially have good input matching over a wide bandwidth, the bandwidth

with large isolation can be limited.

In the neutralization technique [57], a transmission line is suspen-

ded between certain locations on the antennas to improve the isolation.

Thus, although the antennas are still coupled electromagnetically, the

neutralization line offers a cancellation path between the two anten-

nas, improving the isolation. The eigenmode decomposition of multiport

S-parameters has been used in [58–62] to improve the isolation and ma-

tching simultaneously. In [63], Coupled resonators have been used in

between the antenna feeds to improve the isolation. Different lumped

or distributed components can be inserted in between the antenna feeds

to compensate the mutual coupling between the antennas [64–73]. Ot-

her techniques include and characteristic mode theory [74], and using

field cancellation elements [75]. However, none of these methods provide

enough wideband isolation for bi-directional IBFD, e.g. 30 dB isolation

over at least 2% bandwidth. Here, wideband antenna isolation is defi-

ned as antenna isolation across at least 2% relative bandwidth when the

antenna the antenna input matching is better than −10dB. Moreover,

these methods do not focus on achieving large isolation suitable IBFD

relaying, increasing the port-to-port isolation between weakly-coupled

antennas, e.g., from about 30 dB to 50 dB at 900 MHz.

2.1.4 Even and odd mode analysis of symmetric two port
networks

In the case of symmetric two-port networks, the excitation can be split

into two components, namely, even and odd mode excitation. The circuit

is split into two identical halves, with respect to its symmetry plane, sim-

plifying the analysis of the circuit. Fig. 2.1 shows the even and odd mode

excitations for the symmetric two-port network. a and b refer to the inci-
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Figure 2.1. Two-port network schematic indicating (a) even mode and (b) odd mode exci-
tations [76].

dent and reflected travelling waves; the subscripts e and o indicate even

and odd mode respectively. From the voltages in Fig. 2.1, the symmetry

plane for the even mode is an open-circuit, while it is a short-circuit for the

odd mode. The network parameters can then be obtained as a linear com-

bination of the even and odd mode excitations. Thus, the S-parameters of

the network is [76]

S11 =
1

2
(S11e + S11o) and S21 =

1

2
(S11e − S11o) , (2.4)

where, the even and odd mode S-parameters can be calculated from the

incident and reflected travelling waves as

S11e =
be
ae

and S11o =
bo
ao

. (2.5)

In this chapter, we summarize the proposed methods in Publications

[I]-[V] using decoupling circuits to improve the port-to-port isolation for

enabling IBFD transmission and relaying, highlighting the design guide-

lines, measurements and conclusions.

2.2 Contributions of the thesis

2.2.1 Decoupling techniques for bi-directional in-band
full-duplex antennas

Using parallel resistive and reactive elements between antenna feeds

In [I], a novel decoupling circuit configuration is proposed to improve the

wideband port-to-port isolation, using a combination of resistive and re-

active elements. A symmetric two-element antenna array can be modelled
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Figure 2.2. (a) Representation of a two-port network using Y -parameters and (b) two-
port network with a shunt element YP connected between the antenna feeds
[I],[II].

as a reciprocal two-port network using admittance parameters as shown

in Fig. 2.2(a). The mutual-admittance Y21 is complex, and hence compri-

ses of a real and imaginary part. In general, the real part is non-zero and

can be either positive or negative depending on arg{Y21}. For a passive

two-port network, the real part of the input admittance is always positive,

while the mutual-admittance can have a negative real part due to possi-

ble phase inversion of the current flow in the other port. From Fig. 2.2(a),

the admittance between the two antenna ports is −Y21. If the real part

of the mutual admittance is negative, i.e., �{−Y21} > 0, a negative resis-

tance value is required to compensate for the real part of the admittance

between the antenna ports. Only when the real part �{Y21} is positive

in the desired frequency band, the real part of the admittance between

the two antenna ports is −�{Y21}, which can be cancelled using a positive

resistive value, as shown in Fig. 2.2(b). YP refers to the admittance of the

parallel element connected between the antenna feeds.

If the antennas are considered to be perfectly matched at the design

frequency, i.e. |S11| = |S22| = 0, and reciprocal, i.e. S21 = S12, the mutual

admittance is [I]

Y21 = Y0
−2S21

1− S21
2 , (2.6)

which can be approximated as

Y21 ≈ −2Y0S21. (2.7)

The necessary condition for cancelling the real part of the mutual admit-

tance is, |arg{Y21}| ≤ 90◦. This can be rewritten using (2.7) as, 90◦ ≤
arg{S21} ≤ 270◦, so that the isolation can be improved using a practically

realizable configuration of resistive and reactive components for YP. In

order to realize the above condition, transmission lines of specific phase

shift are added at the feeds of the antennas to realize the desired phase of

S21 or Y21 as illustrated in Fig. 2.3; S21 and Y21 are defined at the reference
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Figure 2.3. Schematic of proposed decoupling circuit configuration using a combination
of resistive and reactive element between the antenna feeds [II].

plane ΠT in Fig. 2.3.

Finally, the mutual admittance can be cancelled using a combination of

resistive and reactive elements connected between the antennas, whose

values are

R =
1

�(Y21) and X =
1

�(Y21) . (2.8)

The main advantage in this method is cancelling the resistive part of

the mutual coupling along with the reactive part, improving the isolation

over a wider band as compared to using only reactive elements between

antenna feeds [64]. On the other hand, this adds losses to the system,

which affects the efficiency. Moreover, if the antennas are strongly cou-

pled, adding the decoupling circuit will affect the input matching, which

has to be compensated using matching circuits.

The losses due to the resistive element in the proposed resistive and

reactive decoupling circuits and its impact on the efficiency is analyzed

in [II], followed by validation of the proposed decoupling method using

experiments. The losses in the resistive element is inversely proportional

to the original isolation between the antennas estimated as [II]

Lres−loss =
�{YP∗} |(Y22+Y0+Y21)|2|I1|2

|Δ|2

�
{

(Y22+YP+Y0)I1
Δ I1

∗
} , (2.9)

where

Δ = (Y11 + Y21)(Y22 + Y21 + Y0)− (Y21 − YP)
2. (2.10)

Eq. (2.9) is simplified as [II]

Lres−loss ≈
∣∣∣∣ �{Y21∗}
(Y0 + Y21)∗

∣∣∣∣ . (2.11)

Assuming that 1) the two antennas are perfectly matched before the addi-

tion of the decoupling circuit i.e. Y11 = Y22 = Y0, 2) the mutual admittance
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Y21 is purely real at the centre frequency, and 3) Y21 = YP, (2.11) is rewrit-

ten as

Lres−loss ≈
∣∣∣∣2�{−S21

∗}
(1− 2S21

∗)

∣∣∣∣ . (2.12)

The total efficiency of the antenna system excluding the losses in the

antenna structure is calculated as [II]

η = 1− |Sm
11|2 − |Sm

21|2 − Lres−loss, (2.13)

where Sm
11 and Sm

21 denote the reflection coefficient and coupling between

the antenna ports respectively, when the antenna inputs are matched at

the resonant frequency after adding the parallel element YP. Eq. (2.13)

does not consider the losses in the antenna itself. Based on Eq. (2.9), the

loss factor is calculated for three cases with different phase of S21 before

the addition of the decoupling circuit, namely arg{S21} = −120◦, 135◦ and

180◦ as shown in Fig. 2.4. The figure shows variation of the loss factor

Lres−loss corresponding to increasing original isolation. Since the mutual

admittance is purely resistive when arg{S21} = 180◦, a smaller resistance,

which corresponds to larger admittance is required to cancel the mutual

admittance as compared to when arg{S21} = −120◦ and 135◦. When the

isolation between two antennas is small, the losses due to the addition of

a resistive element for antenna decoupling is smaller than the reduction

in total efficiency due to low isolation before the addition of the decoupling

circuit. This is evident from Fig. 2.4, where for arg{S21} = 180◦, when the

original isolation is less than 3.2 dB, the losses in the resistive element are

smaller compared to the power coupled to the second antenna port before

the addition of the decoupling circuit. Thus, the total efficiency can be

improved even by using resistive elements in these cases, as much more

power is otherwise lost in the coupled antenna port. However, in case of

already larger original isolation, there will be a small decrease in total

efficiency due to additional resistive losses.

The proposed decoupling method was validated with measurements by

designing two closely spaced monopole antennas at 2.4 GHz on a 0.8 mm

thick FR-4 substrate. Three different prototypes were designed with dif-

ferent transmission line lengths connected to the antenna feeds such that

arg{S21} = 180◦,−120◦ and 135◦, corresponding to Prototypes 1,2 and 3

respectively. Since the transmission lines connected at the antenna feeds

are located close to each other, the impact of the coupling between them

needs to be considered while designing the decoupling circuit. Hence, elec-

tromagnetic simulations are performed using Ansys HFSS to achieve the
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nal isolation before decoupling [II].
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Figure 2.5. Photo of all manufactured prototypes (a) Reference (b) Prototype 1 (c) Pro-
totype 2 and (d) Prototype 3 [II].

desired phase shift before connecting the lumped elements. The prototype

images are shown in Fig. 2.5, including the reference prototype which does

not have any decoupling circuit.

Fig. 2.6 shows the simulated and measured isolation and input mat-

ching of the three prototypes respectively. The measured isolation for the

three prototypes are similar to the simulated results. The corresponding

input matching and isolation bandwidths are compared in Table 2.1. In

the best case, 35 dB isolation across 55 MHz bandwidth at 2.45 GHz has

been achieved for Prototype 2, i.e. Fig. 2.5(c). This corresponds to 32.5 dB

isolation improvement in the selected frequency band, which is substan-

tial for closely spaced antennas. While improving the isolation, due to

very strong original mutual admittance, the input matching is affected

adversely with the parallel element, YP, comprising of resistive and re-

active elements. This affects the isolation bandwidth of Prototype 3 most,

leading to the lowest bandwidth corresponding to 20 dB isolation level.

Thus, setting �{Y21} > 0 for the frequency band of interest and using a
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Figure 2.6. Measured and simulated port-to-port isolation for the three prototypes (a)
Prototype 1, (b) Prototype 2 and (c) Prototype 3. The solid and dashed curve
indicates the measured and simulated isolation of the prototypes respectively
[II].

combination of resistive and reactive elements realizes greater isolation

bandwidth [II] as compared to using single reactive elements between the

antenna feeds [64].

The total efficiency of the measured prototypes based on Eq. (2.13) is

shown in Fig. 2.7. It includes the matching and coupling losses from the

measured S-parameters. The resistive loss calculated using (2.12) is deri-

ved from full-wave simulation of the decoupling circuit and circuit models

of lumped-components provided by the manufacturer. The efficiency of all

the three prototypes is between −2.4dB to −2.8dB at 2.4 GHz. This corre-

sponds to an improvement of approximately 1.3 dB to 1.7 dB over the re-

Table 2.1. Input matching and isolation bandwidths of the three prototypes as well as
the reference design around 2.4 GHz [II].

Matching BW (MHz) Isolation BW (MHz)

Level −10dB 15 dB 20 dB

Sim. Meas. Sim. Meas. Sim. Meas.

Reference 475 375 0 0 0 0

1 290 330 330 370 130 165

2 270 330 425 455 175 190

3 220 215 515 500 110 140
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Figure 2.7. Calculated total efficiency for the three prototypes (excluding the losses of
the antenna structure) derived from measured S-parameters along with full-
wave simulation of the decoupling circuit and circuit models of lumped-
components provided by the manufacturer [II].

ference prototype. The measurements validate that total efficiency can be

improved using a combination of resistive and reactive elements between

antenna feeds when the original isolation is very small. The demonstra-

tion of the decoupling circuit configuration with larger original antenna

isolation and its impact on the efficiency is left for future work.

T-shaped decoupling circuit using resistive and reactive elements between
antenna feeds

In [III], the concept of using a combination of resistive and reactive ele-

ments is extended to use a more complex design comprising of a T-shaped

circuit configuration. Fig. 2.8 shows the schematic of the proposed decou-

pling circuit configuration. The circuit comprises of six lumped compo-

nents in a T-shaped configuration for decoupling two closely spaced an-

tennas. Finally, an L-section circuit is connected at the inputs to retune

the input matching after connecting the decoupling circuit.

The length of the transmission lines at the feeds affect the phase of

the mutual coupling S21 and correspondingly, Y21 in a similar manner as

[I,II]. The real and imaginary parts of Y21 determine the initial value of

the resistive and reactive elements respectively. The decoupling circuit is

connected at the input of the transmission lines, improving the isolation

without considering the impact on the input matching. The T-shaped de-

coupling network affects both the even and odd mode admittances [76],

as compared to connecting a parallel element between the antenna feeds,

which affects only the odd mode admittance. This results in improved wi-

deband isolation. The proposed decoupling configuration is validated be-

tween two closely spaced monopoles in a similar manner as [II]. Fig. 2.9
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Figure 2.9. Schematic and image of measured prototypes (a) reference monopole array
without decoupling, (b) monopole array with proposed decoupling circuit [III].

shows the schematic and image of the reference prototype without any de-

coupling circuit, and the prototype with decoupling and matching circuits.

The measured and simulated input matching and isolation of the desig-

ned prototype is compared in Fig. 2.10, achieving 30 dB isolation across

100 MHz bandwidth, with a marginal decrease in efficiency. The achie-

ved isolation bandwidth is larger than [II], at the cost of increased circuit

complexity. The proposed decoupling circuits in [I]-[III] improve the wide-

band isolation between closely spaced antennas, for example, in terminal

devices, and can be used for bi-directional IBFD along with other SI can-

cellation methods.
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Figure 2.10. Measured S-parameters of the monopole circuit configuration with the de-
coupling circuit [III].

2.2.2 Decoupling of back-to-back antennas for in-band
full-duplex relays

The Tx and Rx antennas of conventional on-frequency repeaters [77] are

usually separated by some distance, for example, when used for outdoor

to indoor coverage extension. In these cases, the antenna isolation is suffi-

ciently large. In compact IBFD relays, the Tx and Rx antennas are separa-

ted by a small distance, such that they are in the near fields of each other,

e.g. compact back-to-back antennas in [78]. This results in worse isolation

between the Tx and Rx antennas of the compact relay, which needs to be

mitigated. The isolation between Tx and Rx antennas of a compact relay is

still much larger than that of compact antennas discussed in Section 2.2.1,

and improving the isolation between them relaxes the requirements for

the additional active cancellation solutions, e.g. [46]. Moreover, relays are

infrastructure devices and hence have less constraints in space and power

consumption compared to terminal devices. In this section, two different

methods of decoupling compact back-to-back antennas for IBFD relaying

are highlighted.

Neutralization technique

The neutralization technique introduced in [57,79] for compact antennas

couples part of the signal from one antenna to the second antenna using a

suspended transmission line that changes the phase of the coupled signal

and feeds it to the second antenna. This provides a cancellation signal

path between the antennas to compensate the mutual coupling, thus im-

proving the port-to-port isolation. The use of a suspended transmission

line between the antennas is only feasible if they are on the same ground
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Figure 2.11. Schematic of the back-to-back antenna configuration used for measure-
ments [IV].

plane, such that the two antennas can be connected through the neutrali-

zation line. This is not directly feasible in the case of back-to-back anten-

nas, where the Tx and Rx antennas are on different ground planes. Hence,

in [IV], a modified neutralization technique is proposed for back-to-back

antennas.

A back-to-back antenna configuration with one patch antenna on each

ground plane, operating in the 2.6 GHz band is selected for this purpose.

The main lobe of the patch antennas point in opposite directions as shown

in Fig. 2.11. First, to measure practical achievable isolation levels, 3 dB

directional couplers are connected at the antenna inputs as shown in

Fig. 2.12(a). The coupled line is fed through attenuators and phase shif-

ters. As 3 dB couplers are used, attenuators are used to further decrease

the power of the coupled signal for SI cancellation, since otherwise too

much power is coupled to the neutralization line compared to the original

mutual coupling. The phase shift of the neutralization line is manually

tuned using a continuous analog phase shifter.

The second method illustrated in Fig. 2.12(b) uses the orthogonal fee-

ding locations on the patch antenna to sample a small portion of the cur-

rent from the antenna structure, instead of using separate couplers at the

antenna ports. The orthogonal feeds of each patch antenna are connected

through attenuators and phase shifters. The use of the orthogonal feed

eliminates the need of separate couplers and realizes the SI cancellation

path without significantly affecting the input matching of the antennas.

Fig. 2.13 compares the isolation improvement between different feed-

combinations on either side of the back-to-back antenna illustrated in

Fig. 2.11 using separate couplers and current sampling from the ortho-

gonal feeds. The neutralization link is connected between a single feed-

combination at a given time. With the current-sampling technique, in the

best case, narrow band isolation was improved by 33 dB, from 53 dB to

86 dB. From Fig. 2.13(a) and (b), using separate couplers results in lar-
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Figure 2.12. Schematic setup for neutralization technique (a) using separate couplers
and, (b) sampling power from the orthogonal feed [IV].
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Figure 2.13. Measured results with neutralization technique (a) Using separate couplers
and, (b) Sampling power from the orthogonal feed [IV].

ger isolation bandwidth with 60 dB port-to-port isolation across 45 MHz

bandwidth, compared to 11 MHz bandwidth with the current sampling

method. The isolation bandwidth is dependent on the phase slope of the

transmission lines in the neutralization link with respect to frequency. If

the phase slope of the cancellation signal is the same as that of the an-

tenna mutual coupling, with additional phase shift of 180◦, it results in

perfect cancellation of the mutual coupling. The main practical challenge

is to achieve the desired phase slope for the neutralization line as it af-

fects the bandwidth of improved isolation. It was also found that using

different attenuator values, corresponding to different levels of SI cancel-

lation signals, does not significantly affect the wideband isolation whereas

it affects the narrow band isolation [IV].

T-shaped decoupling circuit configuration for isolation improvement
between weakly-coupled antennas

A second technique for decoupling is proposed in [V] for improving the

isolation between already relatively weakly-coupled antennas, i.e. with

an isolation larger than 30 dB. First, transmission lines are connected to

the antenna feeds to make the mutual admittance Y21 purely imaginary at
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Figure 2.14. Schematic of decoupling network for T-network configuration. (a) Circuit
configuration (b) Even mode and (c) Odd mode [V].

the design frequency, thereby allowing for maximum isolation. Then, a T-

shaped decoupling circuit using only lumped reactive elements is inserted

between the transmission lines.

Fig. 2.14(a) shows the proposed decoupling circuit configuration with

two horizontal elements with susceptance BH and a vertical element BV

connected to the ground.

The condition for two perfectly isolated antennas is expressed using

even and odd mode admittances [76] as

Y even
11 = Y odd

11 , (2.14)

while the condition for perfect input matching, i.e. S11 = S22 = 0, is

Y even
11 Y odd

11 = Y0
2, (2.15)

where Y0 is the characteristic admittance. When the antennas are weakly-

coupled, e.g. back-to-back antennas, manipulation of Y21 has only a negli-

gible effect on input impedance matching. Moreover, both Y even
11 and Y odd

11

has to be manipulated to achieve large levels of isolation. Hence, a T-

shaped decoupling circuit was found most suitable for this purpose. The

even and odd mode susceptances of the antenna array with T-shaped net-

work are shown in Figs. 2.14(b) and (c) respectively.

Satisfying (2.14) for perfect isolation, the horizontal element suscep-

tance BH can be expressed as a function of susceptance BV as

jBH = Y21 ± Y21

√
1 + j

BV

Y21
. (2.16)

Solving (2.16) for different inductive or capacitive susceptances, four suit-

able configurations of the T-shaped decoupling circuit were obtained to

improve the isolation between weakly-coupled antennas. The configurati-

ons depend on the phase of Y21 before the addition of the T-shaped network

as shown in Fig. 2.15.
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Figure 2.15. Feasible T- shaped decoupling circuit configurations. (a) and (b) correspond
to the case �{Y21(fc)} < 0, and (c) and (d) correspond to �{Y21(fc)} > 0 [V].

Eq. (2.16) can be rewritten with frequency dependency as

Y21(f) = j
BH(f)

2

2BH(f) +BV(f)
, (2.17)

where f is the radio frequency. The value of the lumped elements corre-

sponding to BH and BV can be selected such that the isolation is improved

over a wide bandwidth. This indicates the potential of achieving wider

isolation bandwidth than using a single resistive or reactive element for

the decoupling circuit.

A back-to-back antenna in the 900 MHz band with dimensions 25× 30×
8 cm is considered for demonstrating the proposed decoupling circuit con-

figuration. The antenna has two ground planes 5 cm apart with a dual-

polarized patch antenna at the centre of each ground plane, such that

their main lobes point in opposite directions [V]. Only one of four possi-

ble feed combinations, corresponding to maximum coupling is selected for

isolation improvement. The corresponding feeds are close to each other

with same polarization, resulting in maximum coupling between them

[V]. The schematic of the decoupling board on a 1.5 mm thick FR-4 sub-

strate is shown in Fig. 2.16(a). The image of the fabricated prototype is

shown in Fig. 2.16(b). The designed decoupling board was connected bet-

ween the antenna feeds as seen from Fig. 2.16(c), showing side view of the
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Figure 2.16. (a) Schematic of the designed decoupling board and images of (b) the fa-
bricated T-shaped decoupling circuit and (c) the decoupling circuit board
connected to the antenna feeds between the two ground planes [V].

back-to-back array, and then measured in the anechoic chamber.

Fig. 2.17 shows the simulated and measured input matching and port-

to-port coupling of the antenna with the decoupling circuit. Narrow band

isolation of 72 dB is achieved using lumped decoupling circuits, impro-

ving the isolation by 35 dB compared to the original isolation. This is

a substantial improvement of isolation between weakly-coupled anten-

nas. Over a wide band, 50 dB port-to-port coupling is achieved across

4 MHz bandwidth and 45 dB isolation across 8 MHz bandwidth centered

at 911 MHz, corresponding to 13 dB and 7 dB improvement over the origi-

nal back-to-back antenna.

Large port-to-port antenna isolation greater than 50 dB reduces the SI

due to direct coupling in IBFD relays significantly, compared to SI in the

decoupled closely spaced antennas discussed in Section 2.2.1. This ea-

ses the requirements of the subsequent cancellation stages, which can be

designed to mitigate the SI further down to the noise level.
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3. Self-interference channel modelling
for in-band full-duplex systems

The multipath SI channel causes additional time-varying SI and is de-

pendent on the deployment scenario. Hence, active analog and digital SI

cancellation solutions should be robust in different deployment environ-

ments. This requires channel models for simulating realistic SI and eva-

luating cancellation solutions. In this chapter, the basic propagation phe-

nomena is described in Section 3.1, followed by description of basic radio

channel characteristics in Section 3.2. Section 3.3 introduces Geometry-

based stochastic channel models (GSCMs) and Section 3.4 describes the

contributions of the thesis in developing SI channel models.

3.1 Propagation mechanisms

In this section, basic propagation mechanisms through which a signal pro-

pagates in a multipath environment, namely reflection and transmission

through smooth surfaces, diffraction, scattering and depolarization are

briefly described.

3.1.1 Reflection and transmission

Whenever an EM wave is incident on a smooth flat surface, a portion of

the wave is transmitted and another portion is reflected back in the in-

cident medium. This reflected component from a surface is called as the

specular component and depends on the area of the surface as compared

to the cross section of the first Fresnel zone [80]. The angle of incidence,

the relative permittivity and conductivity of the dielectric material, and

the polarization of the incident wave determine the Fresnel reflection and

transmission coefficients. The polarization is defined as parallel or per-

pendicular when the electric fields are parallel or perpendicular to the

plane of incidence respectively. The plane of incidence is defined as the
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plane which consists of the direction vector of the incident wave and the

normal/perpendicular vector of the corresponding surface. The reflection

and transmission coefficients for the perpendicular and parallel polariza-

tions are

Γ‖ =
η2 cos θt − η1 cos θi
η2 cos θi + η1 cos θt

, Γ⊥ =
η2 cos θi − η1 cos θt
η2 cos θi + η1 cos θt

, and (3.1)

τ‖ =
2η2 cos θi

η2 cos θt + η1 cos θi
, τ⊥ =

2η2 cos θi
η2 cos θi + η1 cos θt

, (3.2)

where εr is the complex relative permittivity, θi and θt are the angle of

incidence and transmission respectively; Γ‖ and Γ⊥ correspond to paral-

lel and perpendicular polarized reflection coefficients, and τ‖ and τ⊥ the

corresponding transmission coefficients respectively. For non-magnetic

media, where permeability μ1 = μ2 = μ0, the intrinsic impedances are

η1 =
√
μ0/ε0εr1 and η2 =

√
μ0/ε0εr2; εr1 and εr2 are the relative per-

mittivities of medium 1 and 2 respectively, ε0 is the permittivity of va-

cuum [81,82].

3.1.2 Diffraction

Diffraction occurs when the EM wave goes behind an object or a surface.

The concept of diffraction has its basis in the Huygens principle. When

an EM wave propagates, every point on a wavefront acts as a source for a

new secondary wavefront along the direction of propagation. Diffraction

occurs when an incident wave encounters a sharp edge like building roof-

tops, corners in urban environments and hills in rural environments. Due

to the presence of the secondary wavefronts, even though the direct path is

obstructed, the wave propagates to the region behind the obstacle [83,84].

3.1.3 Scattering

Scattering is a phenomenon occurring when the propagating wave en-

counters a rough surface. As the level of roughness increases, the amount

of scattering increases, and the energy from the specular reflected compo-

nent is reduced. The Rayleigh criterion is used to characterize whether a

given surface is rough or not as defined by

Δh =
λ

8 cos θi
, (3.3)

where Δh refers to the deviation in height in the surface, λ the wavelength

and θi refers to the angle of incidence. It also occurs when the size of the
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object or obstacle is comparable to that of the wavelength of the incident

wave. The amount of scattering increases for angle of incidence varying

from the grazing angle to perpendicular incidence [82].

3.1.4 Depolarization

When an EM signal propagates in the environment, it interacts with mul-

tiple objects, which can be arbitrarily oriented. For example, consider a

signal which is vertically polarized with respect to the ground. When it is

incident on an arbitrarily oriented surface which is neither perpendicular

nor parallel with respect to the ground, the parallel and perpendicular

polarized components with respect to the surface are reflected with diffe-

rent reflection coefficients. Thus, the reflected signal can be depolarized,

with a horizontal component with respect to the ground in addition to the

vertical component. Moreover, due to scattering and diffraction, the recei-

ved signal can have a cross-polarized component. The signal level of the

cross-polarized component is usually lower than that of the co-polarized

component but in some cases of mobile reception, both the components

may be of near equal strength [83].

3.2 Radio channel characteristics

3.2.1 Wideband double-directional radio channel

The radio channel between a transmitter and receiver can be expressed

as a sum of multipath components in the time domain as

h(t, τ) =

L∑
l=1

GRx(θRx
l (t), φRx

l (t))αlG
Tx(θTx

l (t), φTx
l (t))δ(τ −τl)e

−j2πνlt, (3.4)

where h(t, τ) is the channel impulse response (CIR) at time t, αl is the

polarimetric path gain of path l, 1 ≤ l ≤ L, GTx and GRx refer to the po-

larimetric antenna gains at the transmitter and receiver respectively; θl
and φl are the polar and azimuth angles of arrival and departure respecti-

vely at the Rx and Tx antennas and τl is the path delay. δ(τ − τl) is the

Dirac delta function defined as

δ(τ − τl) =

⎧⎪⎨
⎪⎩
0 for τ �= τl

∞ for τ = τl

and
∫ ∞

−∞
δ(τ − τl)dτ = 1 (3.5)

.
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As the radio channel is non-stationary due to the movement of the trans-

mitter, receiver, or changes in the multipath environment, a Doppler shift

νl is induced in the received signal. The measurement bandwidth determi-

nes the resolution of the path delays. The incoherent average of the path

powers at each delay bin results in the Power Delay Profile (PDP) [85],

P (τ) = Ex[|h(t, τ)|2], (3.6)

where Ex is the ensemble average over variable x. The radio channel

can also be expressed in the frequency domain as the transfer function

H(f, t), where f is the radio frequency, which is the Fourier transform of

the channel impulse response h(t, τ) over delay τ .

3.2.2 Delay dispersion

When multipath propagation occurs in the environment, multiple delayed

copies of the transmitted signal arrive at the receiver, resulting in delay

dispersion. It is condensely characterized by three parameters namely,

excess delay, mean delay and root mean squared (RMS) delay spread. The

excess delay corresponds to the maximum delay of a multipath component

with respect to the first arriving component, such that they are above a

certain power threshold. This threshold is popularly defined with respect

to the component with maximum signal strength or the noise level. The

mean delay is defined as the first order moment of the PDP as

τ =

∫∞
−∞ P (τ)τdτ∫∞
−∞ P (τ)dτ

. (3.7)

The RMS delay spread is defined as the square root of the second central

moment of the PDP and given by

στ =

√∫∞
−∞ P (τ)τ2dτ∫∞
−∞ P (τ)dτ

− (τ)2. (3.8)

The RMS delay spread is inversely proportional to the coherence band-

width of the channel. The coherence bandwidth indicates that the signal

undergoes similar fading within the specified bandwidth.

3.2.3 Doppler dispersion

Doppler dispersion refers to the shift in the frequency of the transmitted

signal at the receiver due relative motions of the transmitter, receiver and

multipath scatterers. The impact of Doppler shift differs for each multi-

path component and depends on the direction of movement. The Fourier
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transform of the channel impulse response h(τ, t) with respect to time t

results in the spreading function, which is the Doppler variant impulse

response at delay τ , s(ν, τ). The Power Doppler spectra at each delay bin

τ , PB(ν, τ) is derived as the incoherent average of the powers at each fre-

quency bin ν. Similar to delay dispersion, the Doppler dispersion is cha-

racterized by the mean Doppler shift and RMS Doppler spread calculated

in a similar manner as (3.7) and (3.8) respectively [85]. The coherence

time is inversely proportional to the RMS Doppler spread, indicating the

time duration where channel changes becomes noticeable.

3.2.4 Small-scale fading

The received signal comprises of multiple components arriving from diffe-

rent directions as indicated in (3.4). When all these components combine,

the total field strength can increase or decrease depending on whether

the phases combine in a constructive or destructive manner. Thus, there

can be a large fluctuation in the power for small changes in distance or

time, which is referred to as small scale fading. Typically when there

are many paths with similar powers arriving at the receiver, the fading

characteristics follow Rayleigh distribution. If there is a significant multi-

path component which is stronger than the other path powers, the signal

undergoes Ricean fading. It is described by the K-factor, which is the ratio

of the power in the direct component to that of the remaining multipath

components [85].

3.2.5 Spatial correlation

The narrowband spatial correlation is a metric to determine the angular

characteristics of the radio channel which is denoted by the correlation

coefficient. The spatial correlation indicates whether the received signal

at two spatially near positions is similar or varies independently. When

the Rx antenna receives multipaths from a wide range of angles, it results

in a smaller correlation coefficient. The spatial correlation coefficient bet-

ween two antennas located at positions d and d+Δd is defined as

ρ(Δd) =

∑n
i=1(Hi(d)−Hi(d))(Hi(d+Δd)−Hi(d+Δd))√∑n

i=1

(
Hi(d)−H(d)

)2
√∑n

i=1

(
Hi(d+Δd)−H(d+Δd)

)2
,

(3.9)
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where, n refers to the number of narrowband samples of the transfer

function H; {·} refers to the ensemble average. The coherence distance

is defined as the minimum spacing between two antennas in wavelengths

where the spatial correlation coefficient is 0.707. Thus, for the particu-

lar scenario, the antenna elements in an array should be separated by at

least the coherence distance so that the received signals at the elements

fade independently.

3.3 Geometry-based stochastic channel modelling

Geometry-based stochastic channel models (GSCMs) are a framework of

channel models, consisting of a geometric distribution of the scatterers

in the specified scenario [86, 87]. This enables modelling the typical na-

ture of the delay and angular characteristics of the multipath components

stochastically. The channel models are tuned such that the large scale pa-

rameters (LSPs) such as global angular and delay spreads are in line with

experimental observations. Some examples of GSCMs include the WIN-

NER family channel models, i.e. WINNER, International Mobile Telecom-

munications - Advanced (IMT-Advanced) and 3GPP [88–92], and COST

2100 [93] channel models. These models are antenna independent and

can be combined with the antenna radiation patterns to obtain the radio

channel characteristics.

3.4 Contributions of the thesis

In this section, we summarize two contributions characterizing and mo-

delling the SI channel for compact back-to-back IBFD relays.

3.4.1 Delay domain characteristics in indoor environments

In [VI], the SI channel is measured in two indoor environments, a recep-

tion room and a coffee room at Merchant Venturers Building, University

of Bristol, UK. A back-to-back antenna with two dual-polarized patch an-

tennas on either side as shown in Fig. 3.1 was used for the IBFD relay.

The antenna was deployed adjacent to a window, to emulate outdoor-to-

indoor relaying scenario.

The SI channel is characterized in the delay domain across 300 MHz

bandwidth at 2.6 GHz. Since the antenna has two dual-polarized patch
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Antenna feeds
(dual-polarized patches)

Figure 3.1. Image of the antenna, both front and rear sides. Ports 1-4 and 9-12 were
facing the room and windows respectively, representing the Tx and Rx an-
tennas for downlink scenario [VI].
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Figure 3.2. Layout of the measurement sites, (a) Reception and (b) Coffee Rooms. The
blue shaded portion indicates the windows in the room. The crosses indicate
measurement locations. At each location, the SI channels were measured
with multiple relay heights [VI].

antennas on either side, this amounts to 4×4 = 16 feed combinations, cor-

responding to 8 co- and 8 cross- polarized feed combinations. The layout

of the rooms are shown in Fig. 3.2, with measurement locations indicated

with crosses. The SI channels were measured at different heights bet-

ween 170-190 cm. The channel sounder [VI] is capable of measuring only

multiple single-input single-output (SISO) measurements at a time. The-

refore, each feed combination was measured at different time instances.

The PDP in each room, for each Tx-Rx feed combination, is derived as

the ensemble average of the powers of the CIRs, obtained at different an-

tenna heights and locations. The global PDP for each room is then obtai-

ned as the mean of the PDP across all antenna feed combinations. Since

the PDPs of the two rooms were similar, they were incoherently avera-

ged to yield a global PDP of the SI channel. The co- and cross- polarized
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Figure 3.3. (a) Global PDP of the SI channel. Dashed line shows the estimated exponen-
tially decaying diffuse spectrum and the specular components indicated by
crosses, and (b) Global and polarisation-specific PDPs; the co-/cross-polarized
PDPs are from the same/differently polarized antenna ports on either side of
the relay [VI].

PDPs are calculated averaging over the corresponding feed combinations.

Figs. 3.3(a) and (b) show the global PDP with specular peaks and the po-

larization specific PDPs respectively. From Fig. 3.3(a), the direct coupling

between the antenna feeds on either side of the relay box is dominant in

the initial delay bins. Since the antenna is deployed close to a window, the

reflections from the window and window frame cause additional SI. The

other peaks are attributed to higher order reflections from the wall on the

opposite side of the room as indicated in Fig. 3.3(a).

The PDP is modelled as a combination of specular peaks with an expo-

nentially decaying component in the linear scale as

P (τ) = α

{
N∑

n=1

Pnδ(τ − τn) + Pdif exp

(
−τ([ns])

β

)}
, (3.10)

where α denotes the dependence of the SI level on Tx and Rx antenna

polarizations as

α =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

0 dB for global PDP

2.64 dB for co-pol PDP

−5.08 dB for cross-pol PDP

, (3.11)

Pdif = 8.75 × 10−7 is the peak power of the exponentially decaying power

spectrum observed at τ = 0ns and β = 21.5 irrespective of co- or cross-

polarizations. The specular peak powers, Pn, and corresponding delays,

τn are defined in Table 3.1.

The fading characteristics of each significant tap are modelled by es-

timating the Ricean K-factors using the moment-based method [94]. In
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Table 3.1. Delay and power of specular components [VI].

n τn (ns) Pn (dB)

1 1.94 −46.1

2 54.96 −62.5

3 201.67 −84.6

Table 3.2. Parameters of the normally distributed Rician K-factors for different taps [VI].

Tap no τ (ns) μ (dB) σ (dB)

1 0 17.97 7.13

2 3.33 11.09 6.69

3 6.66 4.92 7.95

Tap 4 onwards ≥10 2.25 7.5

this work, the significant taps refer to the ones with power 45 dB below

the peak, so that the power is above the measurement noise level, lea-

ding to a model with 61 effective taps. The K-factors were modelled using

normal distribution with parameters μ, σ as given in Table 3.2.

Since the modelled delay domain characteristics cover 300 MHz band-

width, the delay domain characteristics for smaller system bandwidth can

be obtained by combining the powers of the corresponding taps. Based on

the required level of SI cancellation, the number of taps required to cancel

the SI down to the noise level can be estimated from the PDP.

3.4.2 Site-specific GSCM for outdoor scenarios

The measurements in [VI] were extended for outdoor scenarios at street

level in [VII], with MIMO SI channel measurements across the 300 MHz

bandwidth at 2.6 GHz. The measurements were performed at three lo-

cations adjacent to a building window at Merchant Venturers Building,

Park Row, Bristol, UK. The street has three storey buildings on both sides

of the road, forming a street canyon. The antenna was oriented with the

main beams facing out of the window/into the room inside the building.

The polarimetric measured MIMO SI channel was characterized in the

delay, Doppler and spatial domains jointly.

The co- and cross- polarized feed combinations of the antenna are furt-

her classified based on the polarizations as H-H and V-V, and H-V and
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Figure 3.4. (a) Measured PDPs indicating polarisation-specific PDPs obtained from the
ensemble average of the PDPs with the corresponding antenna polarisati-
ons and the global (polarization-averaged) PDP with specular peaks, and (b)
Measured mean Doppler shift and RMS Doppler spreads [VII].
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Figure 3.5. Schematic of measurement site with antenna deployed outside building win-
dow. The specular paths are reflected from the rear wall of the room inside
the building, and vehicles parked facing the antenna on the opposite side of
the road. In addition, the glass window near the antenna location causes
specular reflection arriving in the initial delay bins [VII].

V-H polarizations; H and V refer to horizontal and vertical polarizations

with respect to the ground at the Rx and Tx antennas. The measured

global and polarisation-specific PDPs are shown in Fig. 3.4(a). The main

objects causing the specular reflections are indicated in Fig. 3.5, which

includes the room walls indoors next to the antenna, as well as the buil-

dings/objects on the other side of the road. The global RMS delay spread

is 10.7 ns with mean delay of 6.5 ns indicating that most of the SI power

arrives within the first four delay bins. The Ricean K-factor for the first

two delay bins at 0 ns and 3.33 ns is 5.1 dB and 0.3 dB respectively, due

to the direct coupling. The remaining delay bins exhibit Rayleigh fading,

i.e., K ≤ 0 dB due to several multipaths arriving at the same delay bin.

Fig. 3.4(b) shows the global mean Doppler shift and RMS Doppler spread,

as well as the co- and cross- polarised RMS Doppler spreads at each delay

54



Self-interference channel modelling for in-band full-duplex systems

bin. From observations of the measurement site, the Doppler spreads ob-

served in delay bins between 0 ns and 40 ns delay is primarily attributed

to pedestrian movement, while beyond 40 ns delay, the Doppler spread is

due to both pedestrian and vehicular movement. The RMS Doppler spre-

ads for the co- and cross- polarisations follow a similar pattern. Also, a

wooden door was ∼ 2m away from the antenna site. The door was opened

and closed frequently, with people walking towards and away from the

antenna, resulting in additional Doppler shift around 13.33 ns delay.

Based on the measurements, a two-dimensional (2D) site-specific GSCM

is proposed for modelling the scatterers which cause the multipath SI.

The schematic of the proposed 2D site specific geometry is illustrated in

Fig. 3.6. The model comprises of the following types of objects.

1. Smooth walls modelling the building surfaces along the road, and the

indoor room walls adjacent to the antenna deployment location, causing

specular reflections. The signal can get reflected and penetrate through

materials like glass, thereby causing higher order reflections.

2. Fixed diffuse scatterers in front of the smooth walls, modelling the sur-

face roughness, and objects adjacent to the smooth walls such as doors,

display boards, window panes, etc.

3. Mobile scatterers, modelling vehicles and pedestrians in their corre-

sponding lanes with specified velocity, to model the dynamic characte-

ristics of the SI channel.

Detailed description of the scattering objects are available in [VII]. Once

the geometry is defined, ray-tracing is performed using MATLAB to obtain

the path characteristics between the co-located relay Tx and Rx antenna

excluding the direct path [VII]. The contribution of the direct coupling be-

tween the Tx and Rx antenna can be obtained through measurements in

the anechoic chamber or full-wave EM simulations. The delay, amplitude,

angle of arrival (AoA) and angle of departure (AoD) of each multipath are

defined from the relative locations of the co-located Tx/Rx antennas and

the smooth walls, and, fixed and mobile scatterers.

The specular reflected paths have a path loss exponent nl > 2 with a

breakpoint distance to model the ground reflections [95]. Higher order

reflections upto fifth order are considered. The polarimetric reflection
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Figure 3.6. Schematic of the proposed site-specific geometry for the dynamic wideband
MIMO SI channel model. It comprises smooth walls, diffuse and mobile scat-
terers. The x- and y-coordinates and the scatterer density are representative
and not to scale; WPi and WLi denotes width of the i-th pedestrian and vehicle
lanes including parking lanes respectively. Each mobile and diffuse scatterer
is associated with a corresponding RCS [VII].

coefficients for parallel and perpendicular polarizations (3.1) are used to

calculate the path power for different polarizations from the Tx antenna.

The fixed and mobile diffuse scatterers are modelled as point scatterers

with an associated Radar Cross Section (RCS). The RCS is defined as the

(fictional) area intercepting that amount of power which, when scattered

equally in all directions, produces an echo at the radar equal to that from

the target [96]. Up to second order diffuse paths are considered due to

the low operating radio frequency of 2.6 GHz. Diffuse paths which are

reflected from the smooth walls are not considered. Based on the time in-

stant, the position of the mobile scatterers are displaced according to their

velocity, to model the dynamic nature of the SI channel. The polarimetric

path powers due to the fixed and mobile diffuse scatterers are modelled

using a polarisation matrix, γs defined as

γs =

⎡
⎣ ejξ

s
11 ejξ

s
12√

CPR·XPDH

ejξ
s
21√

XPDV

ejξ
s
22√

CPR

⎤
⎦ , (3.12)

where CPR, XPDV and XPDH refer to the co- and cross- polar power

ratios between the vertical and horizontal polarizations as given by

CPR =
PVV

PHH
, XPDV =

PVV

PHV
, XPDH =

PHH

PVH
. (3.13)

The phase of each element of the polarization matrix is assigned randomly

for each of the scattered paths, i.e., ξsij ∼ U [0, 2π].

The polarimetric path amplitudes are calculated and integrated with

the simulated antenna radiation patterns of the IBFD Tx and Rx anten-
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nas to yield the radio channel transfer function Hij as

Hij =Hij,direct +
L∑
l=1

H l
ij,wall +

Ldiffuse∑
s=1

Hs
ij,diffuse

+

Ldiffuse∑
s1=1

Ldiffuse∑
s2=1,s2 �=s1

Hs1s2
ij,diffuse +

Lmobile∑
sm=1

Hsm
ij,mobile

, (3.14)

where L,Ldiffuse and Lmobile correspond to the number of reflected paths

from smooth walls, and the number of fixed and mobile diffuse scatte-

rers, respectively; Hij,direct denotes the mutual coupling between the Tx

and Rx antennas, which comes either from EM simulations or measure-

ments of the considered IBFD relay. Hij,diffuse and Hij,mobile refer to the

transfer function of the corresponding path due to fixed diffuse and mo-

bile scatterers respectively. Each term in (3.14) is obtained by combining

the radiation patterns of the Tx and Rx antennas with the corresponding

polarimetric complex amplitude of the path. The transfer function of the

l-th path from the smooth wall reflections, H l
ij,wall is

H l
ij,wall =

⎡
⎣ERx

V,i(φ
l
AoA)

ERx
H,i(φ

l
AoA)

⎤
⎦
T

αl
wall

⎡
⎣ETx

V,j(φ
l
AoD)

ETx
H,j(φ

l
AoD)

⎤
⎦× e−j2πdlf/c, (3.15)

where ERx
V,i, E

Rx
H,i, E

Tx
V,j and ETx

H,j correspond to the complex amplitude of

the i-th Rx and j-th Tx antenna in the azimuth plane, i.e., at θ = π/2, for

the vertical and horizontal polarisations respectively; ·T is the transpose

of the matrix, αl
wall is refers to the amplitude of the reflection from the

smooth walls for the l-th path. The channel transfer functions for the

paths due to fixed diffuse and mobile scatterers is obtained in a similar

manner as described in [VII]. The density of the scatterers is modelled

heuristically to fit the studied propagation environment [VII].

Fig. 3.7(a)-(c) shows the measured and simulated PDPs with IBFD re-

lay antenna patterns coming from EM simulations [VII], indicating the

same trend. The measured and simulated mean delay and RMS delay

spread are indicated in Table 3.3. The simulated global delay spread is

only 1.7 ns larger than the measured delay spread. This is smaller than

the delay resolution, i.e., 3.33 ns, indicating the suitability of the proposed

model. The measured and simulated Doppler characteristics are shown in

Fig. 3.7(d), demonstrating the appropriateness of the model in characteri-

zing the dynamic nature of the SI channel. Finally the spatial correlation

coefficients are also validated between Tx and Rx antenna combinations.

Both measurements and simulations show that the antennas are uncor-

related with correlation coefficient less than 0.6.
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Figure 3.7. Comparison of simulated and measured channel PDPs and Doppler shift.
Comparison of PDPs for (a) V-V (b) V-H polarisations of antennas and (c) glo-
bal PDPs (mean over different polarization combinations) along with those
derived from specular reflections only for the respective polarisations. The
simulated PDPs for the H-H and H-V antenna polarizations also follow the
measurements but are not shown for clarity. (d) Simulated and measured
global RMS Doppler spread for each delay bin [VII].

Table 3.3. Comparison of mean delay and RMS delay spread between measurements and
simulations [VII].

Polarization Mean delay (ns) RMS Delay spread (ns)

Measured Simulated Measured Simulated

V-V 7.09 8.96 12.7 14.5

H-H 5.82 6.59 8.48 11.1

V-H 6.81 7.18 9.55 8.17

H-V 9.42 4.90 14.5 8.29

Global 6.50 7.53 10.7 12.3
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4. Coverage analysis with in-band
full-duplex relaying

4.1 Scenarios and coverage

Technologies like Internet of Things (IoT), machine-to-machine (M2M)

communications, and concepts like smart cities have posed new challen-

ges for the communications infrastructure [97]. Due to overcrowding and

interference in the 2.4 and 5 GHz frequency bands, Wireless Local Area

Networks (WLANs) below 1 GHz provide a possible low-cost solution to

cater to the new devices. The IEEE 802.11ah standard [98] targets these

applications for below 1 GHz WiFi.

Use case-1a in [99] proposes a single access point (AP) serving upto 6000

stations (STA) for smart metering, with two way communication for dif-

ferent environments, see Fig. 4.1. Relays are an effective solution to en-

hance the coverage in these scenarios to cover such a vast area with a

single AP, as WLANs have smaller transmit powers compared to cellular

base stations. In this chapter, the benefits of using compact IBFD relays is

analyzed for enhancing signal coverage in urban scenarios [VIII], where

the relay can be deployed, for example on a lamp post.

4.2 Evaluation metrics

4.2.1 Signal-to-noise ratio

The Signal-to-noise power ratio (SNR) is defined as the ratio of the signal

power Ps to the noise power Pn. The noise power due to thermal noise is

Pn = kTB, where k is the Boltzmann constant, T is the temperature and
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Figure 4.1. Deployment scenario of relays in IEEE 802.11ah network for coverage exten-
sion.

B is the system bandwidth. Thus, the SNR is given by

SNR =
Ps

Pn
. (4.1)

The SNR can also be expressed in terms of the energy-per-bit or energy-

per-symbol [1].

4.2.2 Signal-to-interference ratio

In practical systems, multiple radios operate in a given area, resulting

in concurrent transmission, i.e., radio transmission at the same time and

frequency. Hence, the Signal-to-interference plus noise ratio (SINR) is

used to determine the strength of the desired transmission as

SINR =
Ps

Pn + Pi
, (4.2)

where Pi is the power of the co-channel interference. Usually, this is much

larger than the noise power Pn. Hence, the Signal-to-interference ratio

(SIR) is used to describe interference limited systems, where

SIR =
Ps

Pi
. (4.3)

4.2.3 Capacity and throughput

The instantaneous capacity of a wireless link proposed by Shannon in

1956 [100] is dependent on the SNR as

C = B log2 (1 + SNR), (4.4)

where B is the bandwidth. The coding theorem proves that a code exists

that achieves data rates arbitrarily close to the capacity with arbitrarily

small bit error probability [1].
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Figure 4.2. (a) 3D model of designed back-to-back relay antenna (Top view) and (b) Input
matching and mutual coupling of the relay antenna [VIII].

The throughput is defined as

Throughput = R(1− Pr), (4.5)

where R is the rate for the specific modulation scheme and Pr is the er-

ror rate. In WiFi systems, as multiple devices access the using the same

resources, multiple access techniques like Carrier Sense Multiple Access

(CSMA) are used to avoid concurrent transmission, thus, preventing in-

terference.

4.3 Contributions of the thesis

In [VIII], the end-to-end throughput due to the deployment of an IBFD

relay is analyzed for enhancing the coverage of an IEEE 802.11ah AP

at 920 MHz in outdoor environments. First, a back-to-back antenna with

two ground planes spaced 2.5 cm apart, shown in Fig. 4.2(a) is used for the

relay. The relay antenna has one Planar Inverted-F Antenna (PIFA) on

each ground plane, with resonant wavetraps used to improve the antenna

isolation [55]. The antenna was simulated using Ansys HFSS. Fig. 4.2(a)

shows the top view of the antenna. The simulated input matching and

mutual coupling for the antennas are shown in Fig. 4.2(b). The radiation

patterns of the relay Tx and Rx antennas are shown in Fig. 4.3, with the

antennas radiating in opposite directions.

Then, the COST 2100 channel model [93] is used to generate scatterers

in the outdoor deployment scenario. The COST 2100 channel model is mo-

dified to produce three-dimensional (3D) propagation channel, such that
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Figure 4.3. Simulated 3D radiation pattern of (a) Relay Rx antenna (AP-RS link) (b) Re-
lay Tx antenna (AP-STA link) [VIII].

the relay is placed after the scatterers are generated. The parameters of

the spatial scatterer distribution reported in [101], measured at 300 MHz,

were adopted for our simulation as these are the closest available para-

meters to the design frequency of 920 MHz.

The AP is located at the origin at 20 m height, while the relay is de-

ployed at 10 m elevation. 1500 random STA are located at 1-4 m height in

a 1 sq. km area (corresponding to 6000 stations in 4 sq. km area). The re-

ceived signal strength (RSS) within the coverage area is shown in Fig. 4.4

when only the AP, or relay (RS) is transmitting 10 dBm power. The radia-

tion patterns of the AP is assumed isotropic and those of the RS, shown in

Fig. 4.3 are included in the calculation of the RSS. The RS is oriented such

that the main beam of the relay Rx antenna (for the downlink case) is fa-

cing the AP. When only the RS is transmitting as shown in Fig. 4.4 (b),

the RSS at certain locations between the AP and RS also increases due

to multipath propagation between the RS and STA. Moreover, it is consi-

dered that a Line-of-sight (LoS) link is always available between the AP

and RS. The deployment of the relay is chosen such that the relay is not

located in a region which undergoes shadowing/a deep fade of the AP, to

ensure quality of the AP-RS link. For simulating the SI channel at the re-

lay, a transmitter and receiver are placed close to each other at the relay

location and the SI channel is generated. It consists of multipaths due to

surrounding scatterers of the RS and the direct coupling is obtained from

the EM simulations of the back-to-back antenna shown in Fig. 4.2(a).

Finally, the end-to-end throughput between the AP and STA is calcu-

lated for 1 MHz channels, with 10 dBm transmit power at the AP and

half-duplex and IBFD amplify and forward RS as [VIII]

CHDX
AP−RS−STA = min{CHDX

AP−RS, C
HDX
RS−STA}/2, (4.6)
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Figure 4.4. RSS at stations with 10 dBm transmit power when only (a) AP is transmit-
ting (b) RS is transmitting.

CFDX
AP−RS−STA = min{CFDX

AP−RS, C
FDX
RS−STA}. (4.7)

The overall throughput of the stations covered by a single AP with full-

duplex relay can be estimated as

CAP−RS−STA = max{CAP−STA, CFDX
AP−RS−STA}. (4.8)

It is assumed that STA receive signals either from the RS or AP, depen-

ding on their RSS. When a station is communicating only with the RS,

we assume that the signal from the AP is suppressed by additional sche-

mes so that CHDX
RS−STA = CFDX

RS−STA. Moreover, it is considered that the RS

transmits only to those stations to which the end-to-end link capacity is

larger than that of single hop communication from the AP. It is assumed

that the system is noise limited and concurrent transmissions are avoided

using schemes like CSMA.

The cumulative distribution function (CDF) of the end-to-end throug-

hput is shown in 4.5(a) comparing the performance of a half-duplex and

IBFD relay in improving the coverage. Additional digital SI cancella-

tion of 40 dB and 60 dB [15] to natural antenna isolation is considered

in the analysis. For 100 kbps throughput, the outage is decreased from

3% to 2.1% using a single IBFD relay as compared to a half-duplex relay.

The benefit of using IBFD relays is more pronounced for larger throug-

hput requirements. With 40 dB additional cancellation, the AP-RS link is

the bottleneck due to larger SI, thus decreasing the end-to-end throug-

hput. The CDF curve with 40 dB additional cancellation overlaps the

curve with 60 dB additional cancellation until the AP-RS link bottleneck,

beyond which it overlaps the CDF curve without any relay as the AP-RS

throughput is reduced.
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Figure 4.5. (a) CDF of end-to-end capacity with and without relaying with 1500 stations
in 1 sq.km area (b) Outage probability for data transmission requirement of
1 kB every 15 minutes vs no. of stations in 1 sq.km area [VIII]. The CDF curve
with 40 dB additional cancellation overlaps the curve with 60 dB additional
cancellation until the AP-RS link bottleneck, beyond which it overlaps the
CDF curve without any relay as the AP-RS throughput is reduced.

Assuming that the time resource is fairly allocated to all the STA co-

vered by a single AP [102], a minimum transmission of 1 kByte [103] of

data transmission every 15 minutes is considered in [VIII]. The number

of STA covered by the AP determines the time available for transmission

by a station. With only one-way traffic, Fig. 4.5(b) shows the outage pro-

bability when the AP transmits the required amount of data in the given

time slot for different number of STA in the coverage area. For 1 kByte/15

minutes transmission, an IBFD relay can support an additional 250 and

600 STA in 1 sq. km area with 99% and 98% coverage respectively. Furt-

hermore, the placement of the RS has to be optimized such that the relay

Rx antenna receives a strong signal from the AP as well as covers STA

with low signal strength.

Thus, it is shown in [VIII] with realistic simulations that IBFD relays

can support additional stations in a given area as compared to half-duplex

relays for a given outage threshold. The benefit of using IBFD relays is

even more pronounced when the data rate requirements are higher than

those required for smart metering applications.
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5. Summary of publications

Publication I On the constrains to isolation improvement in multi-

antenna systems

This paper systematically analyzes the achievable isolation between two

closely spaced dipole antennas using a lumped element cancellation net-

work. The improvement in antenna isolation is studied using a combina-

tion of resistive and reactive elements between the antennas and compa-

red with using only reactive elements with phase shifting transmission li-

nes. The results show better wideband isolation improvement than using

only reactive elements together with phase shifting transmission lines,

though at the cost of using a lossy element.

Publication II Impact of using resistive elements for wideband

isolation improvement

This paper proposes a new method to improve the wideband isolation

between closely spaced antennas by connecting a combination of lumped

resistive and reactive elements between the antenna feeds. A simple ana-

lytical expression is provided to compute the impact of resistive elements

on efficiency to analyse the power lost in the resistive element. Three con-

figurations of decoupling circuits are designed and fabricated for two clo-

sely spaced monopoles operating at 2.4 GHz. The decoupling circuit con-

tains transmission lines of different lengths at the antenna inputs such

that the mutual admittance between the antenna elements is 1) resistive,

2) resistive and inductive, or 3) resistive and capacitive. Lumped elements

are then connected between the transmission lines followed by matching

circuit. The paper shows that with configurations 2) and 3) we can im-

prove the wideband isolation compared to 1), as well as compared to using

only lossless reactive elements. The wideband isolation was improved by

17.6 dB across a 200 MHz band at 2.4 GHz, with a final isolation level of

20 dB over that band. Better than 30 dB isolation was achieved across a
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narrower band of 55 MHz. The proposed technique provides wideband iso-

lation improvement for MIMO as well as narrowband performance with

large isolation suitable for IBFD applications. The improved wideband

isolation outweighs the extra losses due to the resistive element leading

to improvement in overall efficiency of the array.

Publication III T-shaped decoupling network for wideband isola-

tion improvement between two strongly coupled antennas

A compact T-shaped network for decreasing the port-to-port coupling be-

tween two strongly coupled antennas is investigated. The proposed circuit

comprises of a pair of transmission lines followed by the T-shaped lumped

element network connected between the two feeds of the antenna. Finally,

a simple L-section matching circuit is added to each port to re-tune the in-

put impedance matching. The proposed network gives a dual-resonant de-

coupling performance achieving isolation levels of 20 dB across 250 MHz

bandwidth at 2.4 GHz. The length of the transmission line is designed to

introduce a trade-off between the decoupling level and bandwidth. This

T-shaped network does not significantly decrease the antenna radiation

efficiency. The experimental results coincide with the simulations.

Publication IV Impact of neutralization on isolation in co-planar

and back-to-back antennas

In this contribution, the neutralization technique is studied for increa-

sing the isolation between two closely spaced dual-polarized patch anten-

nas and between dual-polarized back-to-back patch antennas at 2.6 GHz.

The port-to-port isolation between closely spaced patch antennas was im-

proved by at least 20 dB. Measurements show that isolation levels of 75 dB

across a 5 MHz band can be achieved between patch antennas on opposite

sides of a back-to-back antenna using off-the-shelf power dividers/combiners

and phase shifters connected between the feeds of the two antennas. When

power is sampled directly from the second port of the dual-polarized an-

tenna instead of using separate couplers, the realized isolation bandwidth

is much smaller. The neutralization technique can be used to improve an-

tenna isolation in back-to-back antennas for enabling IBFD operation but

the operational bandwidth is still limited.

Publication V Lumped-element circuits for isolation improvement

in in-band full-duplex relays

In this article, T-shaped decoupling circuit configurations using lum-

ped reactive elements are proposed for improving the isolation between

arbitrary weakly-coupled antennas. Even-odd mode analysis is used to

66



Summary of publications

determine feasible configurations. The proposed technique is then vali-

dated with measurements for a compact back-to-back relay antenna in

the 900 MHz band, where the isolation is improved from 37 dB to 45 dB

and 50 dB across 8 MHz and 4 MHz bandwidth respectively. The narrow-

band isolation is improved by 35 dB to 72 dB. The decoupled antennas are

promising as IBFD relays, e.g. for IEEE 802.11ah below 1 GHz WLANs.

Publication VI Wideband self-interference channel modelling for

an on-frequency repeater

This paper proposes a tapped-delay line model of the SI channel across

300 MHz bandwidth at 2.6 GHz in two indoor environments with a back-

to-back relay antenna. The power delay profile of the SI channel is model-

led as a single decaying exponential function with specular components

represented by delta functions. The Ricean K-factor of each tap is nor-

mally distributed based on the measurements. The proposed model is

useful for link-level simulations and hardware-in-the-loop emulation.

Publication VII Geometry-based modelling of self-interference chan-

nels for outdoor scenarios

This article characterizes measured MIMO SI channels as a 2D site-

specific GSCM, including smooth walls causing specular reflections, fixed

diffuse scatterers along the smooth walls such as doors, sign boards, win-

dows etc., and mobile scatterers like pedestrians and vehicles. The model

provides delay, angular, Doppler and polarimetric characteristics of the

MIMO SI channels, and is validated by comparing the measured and si-

mulated channels in each domains.

Publication VIII System-Level Performance of In-Band Full-Duplex

Relaying on M2M Systems at 920 MHz

In this contribution, the impact of deploying in-band full-duplex relays

is studied over traditional half-duplex relays in improving the coverage

and throughput at the stations such as smart meters for M2M applicati-

ons. Realistic evaluation of system-level IBFD relaying is performed using

the COST 2100 channel model along with realistic antenna design at the

relay to determine the end-to-end throughput of each station distributed

in a 1 sq.km area. For the downlink scenario, it is shown that such IBFD

relays can increase the number of users for a given throughput over half-

duplex relays. For 100 kbps throughput, a single IBFD relay can decrease

the outage further by 0.9% compared to using a similar relay operating in

half-duplex mode.
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6. Conclusions

In this doctoral thesis, firstly, novel advancements have been made in im-

proving the antenna isolation to mitigate the direct component of SI. Two

antenna decoupling methods have been proposed to improve the isolation

between two closely spaced antennas, suitable for bi-directional IBFD.

[I,II] proposes a new decoupling circuit configuration using a combina-

tion of resistive and reactive elements connected between the antenna

feeds, improving the wideband isolation. The isolation between two clo-

sely spaced monopole antennas is improved from 2.5 dB to 30 dB across

55 MHz bandwidth at 2.4 GHz, corresponding to 2% relative bandwidth. A

T-shaped decoupling circuit has been proposed in [III] using resistive and

reactive elements to further improve the wideband isolation. 30 dB isola-

tion between two closely spaced monopole antennas was achieved through

experiments across 100 MHz bandwidth at 2.4 GHz, corresponding to 4%

relative bandwidth. The achieved isolation bandwidth is larger than alre-

ady proposed methods in literature for closely spaced antennas [II], which

are more effective for bi-directional IBFD with additional analog and di-

gital cancellation solutions.

In order to decouple compact back-to-back antennas for IBFD relaying,

the neutralization technique is applied in [IV] for back-to-back antennas

designed at 2.6 GHz. It is proposed that the orthogonal feed locations

of dual-polarized patch antennas are used for sampling a small amount

of current from the antennas for the neutralization link. Measurements

show that narrow band isolation at 2.6 GHz is improved by 33 dB from

53 dB to 86 dB. 60 dB isolation was achieved between different feed com-

binations across 11 MHz bandwidth at 2.6 GHz. A T-shaped lumped re-

active element decoupling circuit is proposed in [V] to improve the isola-

tion between weakly-coupled antennas for IBFD relays. The lumped ele-

ment circuits are used to improve the isolation from already high levels,
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e.g. 30 dB to 50 dB, in order to reduce the requirements for subsequent SI

cancellation stages. For back-to-back antennas in the 900 MHz band, me-

asurements show that the narrow band isolation was improved by 35 dB

from 37 dB to 72 dB, and 50 dB isolation was achieved over 4 MHz band-

width. It is analytically shown that the T-shaped circuit is capable of

improving the isolation over a wide bandwidth as compared to using a

single resistive or reactive element between the antenna feeds. The im-

proved isolation levels for the direct coupling component of SI relax the

requirements for analog and digital cancellation solutions used for further

mitigating the SI to the noise level, thus, enabling IBFD relaying.

Once the antennas are decoupled such that the SI due to the direct cou-

pling is mitigated, subsequent analog and digital cancellation solutions

can be used to mitigate the SI to the noise level. While the direct com-

ponent of the SI is dominant in most deployment scenarios of IBFD ra-

dios, the time-varying multipath SI is still significantly larger than the

noise level of the receiver, and has to be cancelled using additional analog

or digital cancellation techniques. For this purpose, the delay charac-

teristics of the SI is analyzed across 300 MHz bandwidth at 2.6 GHz for

compact back-to-back IBFD relays, in two deployment scenarios, i.e., a

reception room and a coffee room, for outdoor-to-indoor links [VI]. The

modelled PDP comprises of specular peaks and an exponentially decaying

component. This can be used to determine the number of taps required in

the digital cancellation solution to mitigate the SI. Another relay deploy-

ment scenario for outdoor-to-indoor links is analyzed in [VII] for an urban

street-canyon based on dynamic MIMO SI channel measurements. It is

observed that a significant portion of the SI arrives within 10 ns delay.

Based on the measurements, a site-specific GSCM has been proposed for

modelling the SI in the delay, Doppler, spatial and polarization domains

jointly. These can be used for link simulations, and to design adaptive SI

cancellation solutions.

The antenna decoupling solutions coupled with robust adaptive analog

and digital SI cancellation solutions will enable practical deployment of

IBFD radios. Finally, system-level evaluation of IBFD relaying is per-

formed with realistic antenna design and SI channel to asses the benefit

over traditional half-duplex relays. In [VIII], it is shown that for 100 kbps

throughput, a single IBFD relay can decrease the outage probability of

IEEE802.11ah systems by 0.9%, as compared to a similar half-duplex re-

lay. Moreover, considering one-way traffic, a single IBFD relay can sup-
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port 250 and 600 additional stations in 1 sq. km area with 99% and 98%

coverage respectively, as compared to using a similar half-duplex relay.

6.1 Discussion and future outlook

In this thesis, different decoupling techniques have been proposed to im-

prove the isolation between closely spaced antennas for bi-directional IBFD

and between back-to-back antennas suitable for IBFD relaying. The pro-

posed techniques are novel and achieve significantly large antenna isola-

tion using passive decoupling circuits. For bi-directional IBFD, although

large isolation of 30 dB has been achieved across 4% relative bandwidth

between closely spaced antennas, this still imposes a significant require-

ment on additional cancellation techniques, requiring active analog and

digital cancellation solutions to mitigate the SI to the noise floor. One

of the challenges is cascading of antennas with port-to-port isolation im-

provement techniques with additional active analog cancellation soluti-

ons and to evaluate the total achievable SI cancellation before using di-

gital domain cancellation solutions in practical environments. Moreover,

in practical deployment scenarios, the objects in the near field of the re-

lay antennas cause significant SI [VII], which needs to be mitigated suffi-

ciently before using digital cancellation. Hence, tunable decoupling circuit

configurations can be designed to mitigate the influence of the objects near

the antenna, in addition to reducing the direct coupling between them.

The SI channel has been characterized in three scenarios for outdoor-to-

indoor relaying and modelled for a street-canyon scenario. Further me-

asurements and SI channel characterization in different environments,

e.g., rooftop, large indoor spaces, at different heights can be used to model

the SI so that robust cancellation solutions can be developed for different

deployment scenarios.

The coverage analysis indicates that IBFD relays improve the coverage

compared to half-duplex relays, but further work is required in determi-

ning suitable number of relays in the coverage area and selection of de-

ployment location. Furthermore, the impact of asymmetric uplink and

downlink needs to be investigated as in case of uplink, the RS-STA link is

the bottleneck due to the SI while the AP-RS link is the bottleneck in the

downlink scenario.

Thus, the developed decoupling circuits are strong enablers of IBFD

transceivers and the proposed SI channel model allows us to design and
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evaluate the IBFD transceivers, links and systems. Evaluation of cancel-

lation solutions in practical deployment locations and further efficiency

improvements are strong enablers for commercial deployment of IBFD

radios.
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