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Adaptive Interference Suppression Algorithm for Analog Beamforming
Abdullah Yousif Asaad

Department of Electrical Engineering

Chalmers University of Technology

Abstract

Intergrated Access and Backhaul (IAB) in 5G makes deployment of base stations
cheaper, but this is at the expense of more interference caused by undesired sig-
nals. Moreover, if the undesired signal is strong enough or is wideband, the receiver
fails to establish any sort of reliable communication with the transmitter and thus,
suppressing interference becomes a crucial requirement for IAB. In this thesis, in-
terference suppression is achieved by implementing the Applebaum algorithm in an
IAB scenario for mm-wave frequency bands. The scenario includes a link budget
that tracks transmission from one base station to another with no jamming signals
initially present and then moves on to record what happens when single and multi-
ple jammers are introduced. It is assumed that the Angle of Arrival (AoA) for the
jammers are known and that the algorithm uses the covariance matrix of the noise at
antenna elements to find the optimal weights required for each scenario. In the case
of no jammers, the noise component at different antenna elements are uncorrelated
so, the covariance matix of the noise is a diagonal matrix which ensures maximum
Signal to Noise Ratio (SNR) of the antenna array. However, when single and multi-
ple jammers are introduced, the noise component of different antenna elements are
correlated and the covariance matrix of the noise is a symmetrical matrix, which
reduces system performance by causing a decrease in the total SNR of the antenna
array. The optimal weights produced by the algorithm improves system performance
by producing deep nulls at the location of the jammer. For multiple jammers, the
algorithm is more limited and as a result, system performance is compromised.

Keywords: IAB, interference suppression, angle of arrival, covariance matrix, mul-
tiple jammers, radiation pattern, nulls, system performance.
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1

Introduction

Mobile networks in today’s world use frequencies below 6 GHz. The industry, how-
ever, suggests that mobile networks could find use in many more applications by
using millimeter-Wave (mm-Wave) frequencies, such as 28 GHz [1]. The proper
utilization of higher frequency bands for mobile access would allow for more band-
width. More bandwidth could dismiss the need for fiber-based backhaul, by enabling
integrated access and backhaul to share the same frequency band. As a result, this
would save costs and time needed to deploy fiber to many small cell base stations
[2]. With integrated access and backhaul (IAB) techniques, there would be more
flexibility in spectrum allocation; but, this would be at the expense of more inter-
ference [3] and thus, a greater need for interference rejection methods. Also, higher
frequencies cause greater path loss, this, in turn, limits the minimum transmission
power from transmitters. Fortunately, the constraints that come with deploying
high frequencies and IAB can be mitigated by using adaptive antenna phase arrays.
Through proper beamforming, adaptive antenna phase arrays can cancel interfering
signals, while also reducing the high path loss associated with higher frequencies.
Due to their versatile nature, antenna arrays produce various beam patterns, which
allows for freedom in adjusting the transmission power and direction [4]. The de-
grees of freedom that benefit antenna arrays are due to weighting the phase and
amplitude of different channels across the antenna array. This freedom ensures a
radiation pattern with sidelobes adjusted to form nulls in the direction of interferers,
while the mainlobe remains unchanged.

1.1 Problem Description

The emergence of new technology has much potential use in new applications but,
such potential can not be fulfilled without the reemergence of old existing problems;
one such problem is the near-far problem [5]. The near-far problem is as old as com-
munication itself. It entails that the receiver is rather limited in detecting a weak
signal when a strong signal is simultaneously received. The strong signal blocks the
weak signal, causing unacceptable interference at the receiver end.

In an TAB node, access and backhaul share the same spectrum. This leads to the
possibility of interference from undesired signals, also known as jammers. Thus, to
suppress jamming signals, interference rejection methods must be deployed. This
would include adjusting the antenna radiation pattern so that nulls manifest in the
direction where the jammers are found.

Nulling in a certain direction prevents interference only if the jamming signals re-
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main in that direction. However, in a time-varying environment, jammers can come
from any direction at any time. This could be due to a sudden change in the utilized
spectrum or an intentional jammer. Thus, an antenna array will need to continu-
ously adapt its weights to be able to cancel the jammer. This adaptive property is
not without its challenges especially if the signal processing capability is limited as
is the case in analog arrays [7]. Figure 1.1 shows a beam pattern with a mainlobe
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set at 90 degrees. The pattern consists of 7 nulls scattered from 0 to 180 degrees.
However, the null found at 129 degrees has been produced to minimize the effect
of any jamming signal arriving at 129 degrees. Figure 1.1(b) represents the differ-
ent jammers and the corresponding angles of arrival that can be expected from a
time-varying environment. Thus, the antenna array will need to adjust its beam
pattern accordingly to accommodate for jammers having different angles of arrival.
While adjusting, the antenna array needs to maintain the beam pattern such that
the mainlobe is unchanged in shape and direction.

Precoding in digital massive MIMO encodes antenna signals to form complex ra-
diation patterns both spatially and in the time domain [8]. These radiation beam
patterns however are not clearly defined, and consequently, the adaptive property
described can not be applied in the same way.
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1.2 Related Works

Adaptive arrays are used extensively in both radar and communication applications,
whether it is to null interfering sources or reduce radar clutter [6, 7]. The factors
that govern the effectiveness of an adaptive array include the number of array el-
ements, the antenna aperture diameter, the location of the interfering sources and
finally the algorithm or precoding algorithm utilized in the adaptive array. The
Applebaum algorithm is one of the oldest of such algorithms. As such, its center
principle from which adaptation is achieved has often been used as a reference point
to similar algorithms that came later on. The algorithms do however vary in effec-
tiveness depending on the scenario, application, and type of array used [7].
Adaptive antenna arrays vary in architecture. They usually include low noise am-
plifiers, analog filters, a radio frequency stage, an intermediate frequency stage,
down-converters and finally an analog to digital converter and a digital signal pro-
cessor. Based on the particular architecture, antenna arrays can be classified as
either analog or digital arrays [7]. Precoders like zero forcing or minimum mean
squared error are of efficient use in digital arrays, but due to inexpensive phase
shifters, it is often preferable to use analog or hybrid beamforming when possible,
to which old radar algorithms like the Applebaum algorithm or the Sample Matrix
Inversion (SMI) algorithm seem to yield efficient results [8].

1.3 Scope of Thesis

The purpose of this thesis is to use the current simulation platform provided by
Huawei research center to implement the Applebaum algorithm. By going through
Applebaum’s paper [9] in a step by step manner, this thesis aims to grasp and
covey an adequate understanding regarding the functionality of the algorithm. The
covariance matrix is an important mathematical tool that can be used in antenna
arrays to capture the nature of the noise environment produced by different jam-
mers. The Applebaum algorithm uses the covariance matrix to derive a control law
for adaptation to jammers. How well this control law works is judged by system
performance metrics like the Signal to Noise Ratio (SNR), Signal to Interference and
Noise Ratio (SINR) and the SINR improvement. Simulations for different jamming
signal strengths, Angle of Arrival (AoA) and radiation patterns are run to properly
conclude the effectiveness and the limitations of the algorithm.
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Theory

2.1 5G: New Radio

In today’s world, cellular access can be granted to almost anyone at any time. A
networked society driven by 5G new radio (NR) aims to also extend this possibil-
ity to things [17]. This would then cause huge growth in the number of connected
devices and the corresponding traffic would be of overwhelmingly high proportion.
To address these circumstances, 5G enables new functionality and provides more
spectrum [16]. This involves using mm-wave frequency bands, that are currently
unemployed. 5G: NR aims to cover frequencies from 1 GHz to 100 GHz; as a
consequence, the architecture for antenna arrays will differ in order to properly ac-
commodate this frequency range [16]. The technical specifications required to enable
5G NR are solely in the hands of the 3rd Generation Partnership Project (3GPP),
a project which started in 1998 and is now responsible for collaborations between
various regional and national standard development organizations [16]. 3GPP spec-
ifications consist of different releases, where each release includes a complete set
of specifications. Furthermore, 3GPP aims to initiate global standards for 5G by
finalizing the specifications needed for new spectrum between 6-100 GHz (5G: NR),
while also including current existing spectrum from 1 to 6 GHz (LTE evolution) [16].
The International Telecommunications Union- Radio (ITU-R) are then responsible
to turn the specification provided by 3GPP into global standards, while also pro-
viding feedback and recommendations regarding the specifications and the potential
technologies associated [16].

2.1.1 Integrated Access and Backhaul

An access link enables Base Stations (BS) to provide mobile users with their re-
quired data, while a backhaul link enables base stations to send communication
data, through nodes, to the central network. In current generation wireless net-
works, backhaul is often found to be fiber-based and also fixed in its spectrum
allocation; however, since 5G consists of many Self Backhaul Small Cells (SBSc),
deploying fiber to each cell would be costly, time-consuming and inefficient [2, 18].
Because 5G utilizes higher frequencies, it benefits from more spectrum and directive
beamforming. These properties found in 5G allow for the possibility of using fixed
wireless backhaul links for SBSc instead of fiber-based backhaul links [18]. Fixed
wireless backhaul is however insufficient, in so far that traffic demands can not be
met. For instance, if traffic demand increases in one part of an SBSc cell, the fixed
bandwidth in access and backhaul can not be used to compensate for this increase in

5



2. Theory

demand. Furthermore, an integrated access and backhaul approach (i.e sharing the
same spectrum), becomes very beneficial, as it not only enables flexible and dense
deployment of SBSc stations but also does so without densifying the transport net-
work proportionally [2, 3]. Figure 2.1 shows the links for an IAB node. From Figure
2.1, the parent node (P), child node (C), and the mobile user have a total of 6 links
to the TAB node (A). IAB supports Time-Division-Multiplexing (TDM) as well as
Frequency-Division-Multiplexing (FDM). When TDM is used a total of 16 cases is

supported [3].

Parent Node

IAB Node

Downlink Parent

Uplink Parent

Downlink Access
(Child)

Figure 2.1: Links in IAB [3]
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One drawback of IAB is that since access and backhaul share the same spectrum,
there is a likelihood of interference between the child, parent and access links. Thus,
IAB requires sufficient interference rejection methods to suppress interference.

2.2 Multiantenna Techniques

Multiantenna techniques have been used in both current and previous generations
of wireless systems, but in 5G, their role is more fundamental to the system design
[16]. A wireless channel causes a variety of detrimental effects to a transmitting
signal, these include path loss, long-term fading, short term fading, co-channel in-
terference, adjacent channel interference, intersymbol interference, and increase in
receiver noise [19]. Multiantenna techniques are used to minimize these effects.
These multiantenna techniques include beamforming, precoding, and interference
suppression that coherently combine multiple antenna elements in either the trans-
mitter, receiver or in some cases both to achieve different gains [16].

The most simple multiantenna technique is beamforming. By using an array of
elements, beamforming focuses radio energy in a particular direction. By applying
time delays to the antenna elements, the signals of different antenna elements add
constructively in a certain direction, increasing the overall gain, known as the array
gain [16]. This technique is indeed useful when it comes to a Line of Sight (LoS)
channel, but when signal reflections cause a multipath propagation channel then
the rays have different angles of arrival as well as various phases and amplitudes
and so forming a single beam is no longer ideal [16]. For such cases, the optimal
becomes to combine the antenna elements in such a way that the desired signals
can be aligned and constructively added at the receiver side [16]. This technique is
known as precoding and requires a DSP for each antenna element (digital array).
Unlike beamforming, precoding can also include a diversity gain by reducing the ef-
fect of fading through the combination of different antenna elements that experience
different fading [16]. The techniques used to mitigate interferers while transmitting
to a user differ depending on the kind of channel. Generally, non-LoS channels use
the channel transfer function to produce nulls in the direction of interferers, while
LoS scenarios that perform nulling in the analog domain use the covariance matrix
or gradient-based methods to null jammers [25].

Because 5G deals with low and high frequency, the multiantenna techniques em-
ployed vary from previous technologies. New techniques have been introduced for
frequencies above 24 GHz, named as FR2 [20]. At higher frequencies more antenna
elements can be fit into a smaller surface area, so the beamforming becomes more
directive. Unlike previous generations, beamforming at higher frequencies is possible
for control and broadcast signals as well as data transmission [16]. To properly reap
the benefits of multiantenna techniques, the antenna system designer needs to take
into account the hardware implementation required to successfully combine multiple
antennas. This includes the architecture of the antenna array.
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2.2.1 Precoding with Digital Arrays

Digital arrays include RF chains, with data converters for each antenna element
as Figure 2.2 shows. This allows for a lot of flexibility when combining antenna
elements and thus, more degrees of freedom in signal processing [16]. Multiantenna
techniques are then more easily implemented and even reach their full potential.
Thus, through having sophisticated receivers and precoders, the required signal pro-
cessing for interference suppression is easily managed [16].

DAC RF chain —<
DAC RF chain —<
Baseband signal
Processing
DAC RF chain
DAC RF chain _<

Figure 2.2: Digital Array Architecture [16]

Although nonlinear processing techniques like dirty paper coding can be optimal,
they often entail more complexity in the transmitter and receivers end [21, 22].
Hench, the receivers and precoders more widely in use prefer linear processing tech-
niques to reduce complexity in detection and precoding [21]. These techniques in-
clude Zero-Forcing (ZF), Minimum Mean Squared Error (MMSE) and Maximum
Ratio Combing (MRC) for downlink or Maximum Ratio Transmission (MRT) for
uplink. These techniques use the channel transfer function (H') between users and a
BS antenna array with K number of antennas. The channels are generally modeled
by large scale fading and small scale fading [21].

According to [21, 23, 24|, a typical multi-user MIMO system with K antennas at
the BS has an uplink transmission, which entails transmission from the user to the
BS, as follows:

N
Y = /pu Y hus,+m
n=1

=puHs+mn,
where s = [s1, $9..., s,]Tand n € CE*! where, n ~ CN (0, Ig).

(2.1)

Furthermore, N in (2.1) is the number of users, p, denotes the average SNR, s,
refers to the signal transmitted from the nth user, while h,, is the channel response
for the nth user. The additive noise vector is represented as m, with the assumption
of zero mean and unit variance. The bold upper case letters of (2.1) represents
a matrix, while the lower bold case letters represent vectors; non bold lower case
letters denote scalars. The received signal y™ tends to g%,

8
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= Ay = /p,A"Hs + A''n, (2.2)

as it enters through K antennas; thus, y" has K dimensions. As shown in (2.2),
y" is then multiplied by a linear detection matrix A € C5*¥ and thus separated
into N streams for N users, where each stream is decoded separately. The received

signal after combining for the nth user §* can be written as:

= /paal hy s, + \/pa Z alh, s, —|—a n. (2.3)
—_—— Ny
desired signal 7n noise

interuser interference

It is easy to see from (2.3), that the SINR for the nth user is given as:

Pu ath’2

Pu 'r]:C;én |a7€[hn’|2 + ||an||2

SINR,, = (2.4)

The different linear processing techniques tweak different parameters of (2.4) in
order to maximize the SINR. The MRC receiver for instance aims to maximize the
desired signal with respect to the noise (SNR).

mre power (desired signal )

a,’® = argmax

" a, eCkx1 power ( noise )
(2.5)
= argmax =
e
using the Cauchy-Schwartz inequality,
)
n| o _ Pull@n]” [P
= = pullha]” (2.6)

2 —
|| la. |’

This equality holds when a,, = const x h,,. Thus, substituting a,, = const x h,,, the
SINR, with increasing SNR tends to:

Pu Hh H4
Du ,7&” ‘hHh
s

SINR™® =

(2.7)

5, as Py — 00.

Instead of maximizing the SNR, the ZF technique aims to eliminate the interuser
interference. This is achieved by having a ZF receiver matrix which satisfies:

h, #0
zf,n
{ ainh =0, Vn' #n. (28)

The ZF forcing matrix (afﬁn) capable of satisfying (2.8), is the psudo-inverse of the
channel matrix given as: (H?H) " H" [21]. Thus, the received signal becomes:

() e ()

9
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and the SINR for the nth user becomes:

[CR

SINR,;,, = (2.10)

nn

The MMSE minimizes the estimated signal error with respect to the transmitted
signal as follows:

A™ = argmin E {HAHy“l — SHQ} = arg min i\’: E {‘afy“l — sn‘Q} . (2.11)

AcCKxN AeCKxN —
Thus, the MMSE technique finds the a,, that minimizes (2.11), where a,, is the
nth column of A. By noting that the covariance cov (v, v;) £ E {vlvg}, the n:th
mmse)

column of the MMSE reciever matrix (a, is:

2
mmse __ : H_ ul
a, —argmmE{‘any —Sn‘ }

a,CKx1
— cov <yu17yu1>—1 cov (sn, ym) (2.12)
= \/Pu (puHHH + IK)_1 h,.
Thus, the resulting SINR for MMSE becomes:
N —1
SINRX™s — p hH (pu ; h;h!" + IK) B (2.13)

When the BS antenna array is transmitting and the users are receiving, the com-
munication is denoted as downlink. As a result, the SINR equation shall differ from
(2.1). However, the techniques covered for the antenna array receiver (uplink) are
also similar to the precoders (downlink) for the antenna array transmitter. The for-

mulas attaining to these precoders are shown below by a precoding matrix denoted
as P,

H*, for MRT
p=| H (H'H) ', for7F (2.14)
H' (H'H* + XIy)"',  for MMSE,
where pgq denotes the average SNR for downlink. The different linear processing tech-

niques all have certain advantages and disadvantages, Table 2.2 below summarises
them:

10
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Table 2.2: Properties of different digital precoders

Scheme MRT/MRC ZF MMSE
. Trades interference
Achieves high Can easily tweak suppression
array gain the SINR, against signal
Advantages Y 8 works well & &
even at i1 interference power efficiency,
low SNR. neri outperfoms ZF
scenerios. and MRT
.Ignores mteruser Noise in reciever is | Higher complexity,
interference . .
. drastically higher | lower performance
. term which =
Disadvantages | ,. . due to the capability
limits performance . .
. ) . psudo-inverse when SNR is
in scenerios with matrix low
high interference. ’ '

The techniques explored so far were derived under the assumption of perfect Channel
State Information (CSI). CSI describes the channel state. In general, CSI can be
more or less known by the transmitter or the receiver. The acronym CSIT denotes
the CSI at the transmitter while CSIR represents CSI at the receiver. Thus, perfect
CSIR or CSIT entails that the receiver or transmitter has complete knowledge of
the channels state. However, in practical systems, the CSIR or CSIT is not perfect
[21]. There are a number of different algorithms used to estimate the CSI using pilot
signals. In the case of precoding, CSIT is required. Furthermore, depending on the
CSIT available, the utility of using one precoder over the other may vary [23, 24].

2.2.2 Precoding with Analog Arrays

Analog arrays differ from digital arrays in architecture. While digital arrays include
an RF chain and data converters for each antenna element, analog arrays have a
common RF chain and a converter. In addition, analog arrays use phase shifters
and gain control for beamforming and amplitude tapering [16].

Baseband signal Processing _I DAC I_I RF chain I_

QW VW

ANAN ANAN

Figure 2.3: Analog array architecture [16]
Figure 2.3 shows the architecture at the transmitter side for an analog array [16].

Analog arrays lack the signal processing capabilities of a digital array, and as a con-
sequence, they are usually limited to analog beamforming. Furthermore, because

11



2. Theory

analog arrays are unable to adapt to the frequency selectivity of the channel, they
are better suited for environments with less scattering and a higher likelihood for
LOS. Fortunately, the probability for LOS is high for mm-wave small base stations
(SBSC) deployed in 5G [16]. Due to its directional nature, analog beamforming
is very susceptible to interfering signals. Analog arrays overcome this constraint
by beamforming in an adaptive manner. Adaptive beamforming or adaptive arrays
have been around and studied since the 1950s and have been used in many applica-
tions, especially radar [7, 25]. Adaptive beamforming comprises different algorithms
capable of tweaking the amplitude and phase of each antenna element. The tweaks
then adjust the antenna radiation pattern to have nulls in the direction of interfering
signals; thus, maintaining the gains in the direction of the desired signal while simul-
taneously maximizing attenuation in the direction of the interfering signal [7, 25].
In an adaptive analog array with K elements, the weighted signals at each element
are summed. The element weights are complex numbers, which are then tweaked
to achieve a desired radiation pattern accordingly. Thus an array with K elements
have K degrees of freedom, wherein K-1 degrees of freedom can be used for creating
nulls. In [7] it is shown that the signal output y of an adaptive array can be written
as:

y =w's =s"w, (2.15)

where w represents a weighting vector while s denotes a complex signal input vector
and T refers to transpose. By taking the expected value, the output power tends to

E{MZ} = E{WTS* s” } =w’'E {S*ST} w=w'E {SSH} w = w! Rw. (2.16)

Here, R represents the covariance matrix of the input signal. The covariance matix
is a very important matrix in some adaptive arrays. The covariance matrix contains
important contributions of the user signal, jamming signal and receiver noise, all
from which an algorithm can be produced [7]. However, not all the algorithms use
the covariance matrix to suppress interfering signals. The algorithms employed in
adaptive beamforming usually belong to one of three classes of algorithms. The
first class uses a method of steepest descent and belongs to the Least Mean Squared
(LMS) family. This family of algorithms is regarded as gradient-based algorithms,
as they employ a noisy estimate of the required gradient vector [25]. The second
class is hinted above and comprises a family of matrix inversion algorithms that
manipulate the covariance matrix or correlation matrix of a desired input signal,
jamming input signal or the noise component of the antenna elements at the antenna
array [25]. Finally, the third class of algorithm consists of algorithms that use
the stochastic approximation of the Guass-Newton method and is known as the
Recursive Least Squares (RLS) family [25]. Table 2.3 below summarizes some of
the popular algorithms used for adaptive beamforming. These algorithms have the
following properties [25].
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Algorithm LMS SMI Applebaum
Minimizes th . .
HIHIIZES LAe Estimates array Estimates array
meah square vector weights vector weights
Working Principle | error with the . & . 1
using a using a covarience
use of reference . . .
correlation matrix matrix

signal

Low complexity,

Advantages better stability Fast covergence rate | Easy to implement
A priori
A priori knowl knowl
Slow convergence, priori knowledge nowledge
. . of the of the
Disadvantages require reference . .
. arrival angle, arrival angle,
signal. . . :
higher complexity more succesptible
to errors.

Table 2.3: Properties of different adaptive array algorithms

2.3 Antenna arrays

Unlike an ordinary antenna, antenna arrays are able to shape and steer their beam
patterns in various directions by tweaking the phase excitation of the array ele-
ments [11]. This property of arrays makes them very useful for various applications,
whether for commercial, personal or military use [12].

The Yagi-Uda array was one of the very first antenna arrays used in 1926 [11]. It was
configured to have only one driver element connected to a transmitter or receiver,
while the other elements were parasitic and contributed to the overall radiation pat-
tern by the incident radiation pattern emerging from the driver element [11]. More
such antennas emerged during world war 2, but it was not until the 1950s, with the
invention of the ferrite phase shifter that electronic scanning became possible and
thus, the arrival of phased antenna arrays [11].

In antenna arrays, the total radiated field pattern depends not only on the individual
element field patterns but also on the displacement between these elements, the
relative phase and amplitude of each element, and the geometrical configuration of
the overall array [12]. Thus, antenna arrays have many degrees of freedom and can
often be steered and shaped in accordance to a desired field pattern.

2.3.1 Antenna Radiation patterns

Figure 2.4 below shows the geometry for a 2 element array. The first antenna element
is located to the left of the origin, whilst the second antenna element is to the right
of the origin. The two elements are separated at a distance d. The angle ¢ , is
the angle of arrival for rays emerging from the far field and the distance X is the
extra distance a ray travels to reach element 1 relative to element 2. Through basic
trigonometry X = d cos ¢.
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-

d/2 Origin d/2

Figure 2.4: Geometry for Two Element Array [12]

This translates to a phase difference of

2T

dPhase = ( A )(d COS ¢)7 (217)

where A is the wavelength of the emerging ray. Accounting for an initial phase «,
(2.17) tends to (2m/\) d cos ¢+ . By using identical isotropic elements, the electric
field of element 1 and element 2 can be set to Fy. From Figure 2.4 it is easy to
observe that element 1 and 2 lag or lead by % with respect to the origin, where ®
denotes the phase difference (27/)\) d cos ¢ + a. Thus, the total electric field can be
derived as follows:

(e]% —1—6_]%)

Etotal - E(]GJ% + E()ei]% = 2E0 = 2E0 COS(§>. (218)

Thus, (2.18) shows that the electric field Ey is multiplied by a factor 2 cos % This
factor is known as the Array Factor (AF).
In general, if the elements in the array are identical, the electric field pattern of any
antenna array can be found by (2.19) [12].

E, = Ey x AF, (2.19)

where F; and Ej stand for the total electric field and the electric field from a single
identical element. The AF expresses the nature of the antenna array. For antenna
arrays, the AF is unique and represents the properties of an array, such as the arrays
geometry, relative spacing and relative phase of the elements [12].

For instance, when the elements of an array are identical isotropic point sources
with relative power of 1 dB, different AF will influence the resultant radiation pat-
tern. By changing the relative phase and spacing of the elements, the AF of the
array changes and as a result, different radiation patterns emerge. Figure 2.5 shows
these phenomena; thus, the resultant radiation pattern of the array varies when
the phase o remains the same but the spacing between the elements are changed.
Consequently, Figure 2.5(a) has its mainlobe at 90 and 270 degrees and form nulls
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Figure 2.5: Radiation pattern for two element array

at 0 and 180 degrees, while Figure 2.5(b) form nulls 60, 120, 240, 300 and has its
mainlobe at 0 and 180 degrees. On the other hand, Figure 2.6 shows what happens
when the spacing is kept constant and the phase a varies. It can be observed that
the resulting radiation patterns of Figure 2.6(a) and 2.6(b) are opposite.
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Figure 2.6: Radiation pattern for two element array

2.3.2 Uniform Linear array

The geometry of linear arrays consists of K antenna elements, each with different
phase shifts, placed along a line [12]. When those phase leads are progressive, the
array is known as a uniform linear array [12]. In such arrays the array factor AF is
given by:

=

AF = Zeg (k=1)((2md/X) cos(¢)+x) Z J(k—1)(® (220)

k=1 k=1

By further mathematical manipulation and expansion, (2.20) can be normalized and
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written as:

(AF)n = —g5 (2.21)

where the subscript n denotes normalization. Setting (2.21) to zero, the nulls of
the antenna can be found and furthermore, the resulting radiation pattern. It then
becomes possible to direct the beam pattern for any uniform linear array by tweaking
parameters inherent in ®. In some applications there is a need to focus the radiated
energy in a certain direction. This can be achieved by choosing a single element
that has a maxima in a certain direction and setting the array factor such that the
same maxima is obtained in the same direction as the radiating element [12].

o

> €—> —>

d d d

Figure 2.7: Geometry for a uniform linear array [13]

Figure 2.7 shows a far field incident array arriving at an angle 6 to the normal of
a uniform linear array. Here a vector b is used to compensate for the lag of dsin 6,
such that the received signal can be combined coherently:

b= . : (2.22)

o—i(K—1)8

where K —1 are the number of phase shifts which are multiples of 5 = (27d/))(sin 6)
that are applied progressively to each element in the array.
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2.3.2.1 Uniform Linear arrray: Wideband

When the b vector is applied to a wideband signal, a beam squint occurs. A beam
squint causes a change in the beam direction as a function of frequency and because
a wideband signal consists of a range of frequencies, the b vector will cause a phase
error to occur when applied to wideband signals [14, 15]. This phase error, denoted
as ey, is calculated in (2.23), by subtracting the phase shift applied to the center
frequency (fo), from the phase shift applied at the band edge frequency (f) for a
particular element k, where 6y, 6 correspond to angles for f, f respectively.

2 2 2
e = 2 dhsin(0) — 2Lk sin(09) = (2L k) (sin(0) — f;sin(ﬁo)). (2.23)
c c c
Thus, e, in (2.23) becomes 0 when sin(f) = %Sin(ﬁo). Thus wideband signals
introduces an offset distance of: Adsin(6,frset) = sin(6y) — % sin(fy) = sin(fp)(1 —
)
7).

Adsinbypfset

N

dsin 0

®

Figure 2.8: Pointing offsett for a wideband signal

Figure 2.8 shows that the offset distance Adsin(6,fyse) consists of a pointing error
A6 which through basic trigonometry can be found as:

Ad sin(@offset)

Y
where, tan(Af) = A6

cos(fy) =

Ad sin(@offset
cos(fy)

= tan(A0)

(2.24)

Y

thus, Af =
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2.4 The Applebaum Algorithm

The Applebaum algorithm is often regarded as a Parent algorithm for interference
suppression. Applebuam introduced his algorithm in 1976 and since then it has
been reprinted and studied due to the reoccurring interest in the field of interference
suppression [9]. The Applebaum algorithm was produced for uniform linear arrays
and achieves interference suppression in the analog domain by maximizing the SNR
of an antenna array [25, 9]. In [9] Applebaum expounds on how this criteria (SNR)
can be used to derive a control law Mw = us*, where M is the covariance matrix
of the noise components at the antenna elements and w is the weight vector for the
current noise environment. p is an arbitrary constant and s* is the desired signal
assumed to be present in K channels in proportion to known complex numbers.
This control law adapts new weights for new noise environments. The derivation for
the control law can be understood by analyzing the same antenna array from two
different perspectives, with and without a transformation matrix A.

sy Sy QS (04,5 [02.])] aS.
ny Ny i, I’l T I’k
l Jv """" Jv Matrix Transformation
-------- A
w w w . 7 oy
. 5 £ 8] 8y QS
i o) 1,
Wy W W,
Vs
Us
Un,
Un
(a) Array without transformation (b) Array with transformation

Figure 2.9: Block diagram for the Applebaum Algorithm [9]

Figure 2.9 represents a linear uniform antenna array with K elements depicted
through two equivalent block diagrams. Here asy represents the desired signal en-
tering the kth element of the array, where « is the time and amplitute variation
of the signal. n, represents the receivers background thermal noise and the spatial
distribution of all noise sources (jammers) seen by the kth antenna element. Figure
2.9 (b) includes a transformation matrix A which will later be shown to maximize
the SNR. (|vs|?/E{|v.|*}) by deccorelating the antenna elements noise powers at the
array output. The noise power at the output of the kth antenna element is denoted
as U, while v, and v, denotes the correlation between the noise power at the kth
and [th element of the array,
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vie = E{(npm)},
The combined noise v,, is minimum when the noise at each element is uncorrelated
with noise at the other elements; furthermore, when uncorrelated, the receiver noise
consists of only background thermal noise. If an interfering signal emerges, the noise
becomes correlated and the combined noise power (v,,) increases, which leads to a
decrease in SNR.
Here, s; is determined based on the direction of the desired incoming signal. For
uniform linear arrays, with equally spaced elements s, is given as:

(2.25)

sp = e@FR ) sinf, (2.26)
Referring to Figure 2.9 (a), the outputs tend to

K
Vg = X Z WSk
k=1

K (2.27)
Uy = Z WM.
k=1
The outputs can also be written in matrix notation as:
vy = aw?s
(2.28)

v, = win,

where w, n, and s are following vectors respectively: [wy, wy .. wg]T | [n1,no ..ng]T
s [51, S92 ...SK]T.
The output noise power (F,) is the expected value of the output squared

B = E{jeal} =& {[u"n|'}
S (GRON G )

-2 futnn)

since, the noise is a random variable, the expectation operator does not effect the
weights w.
P, = wH]E{n*nT} w
= w' Mw (2.30)
where Mkl =K {’I’I,*TLT} = [Vkl] .
The covariance matrix (M) of the noise components at the antenna elements repre-
sents how the noise of the different elements in the array correlate with each other.
For instance, when there is no correlation between the antenna elements, the co-

varience matrix will yield a diagonal matrix as non-diagonal entries shall simply be
zero. Since vy = v};, and P, >= 0 for all w, the covariance matrix is by nature a
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semi definite hermitian matrix. Thus, because of the nature of the covariance ma-
trix there exists a transformation matrix A capable of diagonalizing the covariance
matrix and equalizing the noise power for each element.

With the inclusion of matrix transformation A illustrated in Figure 2.9(b), v,, can

be written as: -
Uy, =W N

=w'An,

where the hat symbol signifies that the parameters have already passed through the
matrix transform A. Similarly, P, becomes

(2.31)

= E{o" A "} (2.32)
n

There is now an implicit effect caused by the transformation matrix A. This implicit
effect decorrelates the noise elements and equalizes their powers. Thus,

E{a A’} = I, (2.33)
which is an identity matrix. P, then becomes

P, = @' = ||w||>. (2.34)

Since the two block diagrams are equivalent, v,, = W' An derived in (2.31) is equiv-
alent to v, = win (2.28) it follows that w = AT® and that (2.30) can then be
written as:

P, = w'Mw (2.35)
= T A*M AW, '
Equating with (2.32), it is easy to observe that
A*MAT = Iy 2 36
M= (A"A%) " (2.36)

Thus, (2.36) now shows explicitly that the transformation matrix A deccorelates and
equalizes the covariance matrix M. Yet it is not obvious that this indeed maximizes
the SNR.

However, with the inclusion of A, v, tends to:

vy = oW’

2.37
= aQi)TAs, ( )

by taking the absolute square, and using the Cauchy-Schwarts inequality, the max-
imum signal power is:

2 A2t
vs|” < la?[Jw]| [Is]I7, (2.38)
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where,
4 = &5
i) = o' .
Since P, = ||®@]|?, The SNR is:
|Us|2 211 2112
p o = I8l (2.40)

Thus, in order to maximize the SNR, the optimal weights @ should change v, and
P, such that the equality of (2.40) holds and this occurs when @ = p8* | thus
substituting @ = p8* into (2.37) and (2.34) yields:

v, = apss = au||8|)?

2.41

P = [nl|8IP. (241)
and thus the resultant SNR becomes:
2

|U5| _ 21 al12 249

5 = a8l (2.42)

Which according to (2.40), is the maximum SNR. Thus, indeed proving that the
optimal weight @ = u8* . Recalling that w = AT and 6 = As

T A T A%
Wopt = A" Wopt = A™ U8

2.4
Weopt = I[LATA*S*, ( 3)
which yields weps = M ~'s*. This can then be re-written as:
Mw = ps*, (2.44)

which is the control law that updates the weight in order to maximize the SNR.
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Implementation Method

3.1 Simulator

The simulation for this thesis was carried out using a toolbox known as Virmlab
which was executed through Matlab. Virmlab is an antenna package that consists
of hundreds of objects and functions that are used to simulate various radiation pat-
terns. Virmlab was created by Ulf Carlberg and is a toolbox used frequently at the
Gothenburg research center. Due to Virmlab’s capability to tweak various antenna
parameters and represent corresponding radiation patterns through different plots,
it is a suitable candidate to investigate the effectiveness of different beamforming
algorithms. Some examples showing the functionality of Virmlab follows.

Figure 3.1 is a 3D representation of the radiated pattern emerging from a 8 x 1
uniform linear array. The radiation pattern has a main lobe and multiple sidelobes.
Having antenna elements along the z-axis, an endfire radiation pattern is produced.
From Figure 3.1, it is observed that the radiation pattern is more directive in the
mainlobe and less in the sidelobes; although the 3D representation is also a heat
map, it is insufficient in quantifying the gain distribution.

Figure 3.1: 3D plot for broadside array
In order to better quantify the gain distribution, a UV plot is used.
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Figure 3.2: UV plot for broadside array pattern

By applying a conformal mapping and making the transformation U = sin(#) cos(¢)
and V' = sin(6) sin(¢), a UV plot is obtained. Figure 3.2(a) is the UV plot for Figure
3.1. It captures Figure 3.1 from a sort of birdlike view, as can be observed in Figure
3.2(b). In essence, the UV plot captures the gain of the radiated pattern in dBi.

Figure 3.3 shows the phasecut plot of Figure 3.1. The phasecut plot zooms in to
any angle of the UV plot; thus, it conveys the gain distribution of the UV plot in a
more specific manner. Since the phasecut plot captures sidelobes more accurately,
it becomes particularly useful when analyzing nulls. Thus, the phasecut plot is used
as a sort of interface between the algorithm and its nulling capability.

¢-angle = 0 deg

20 1

Gain [dB]
2

135 90 45 0 45 90 135
gldeg]

Figure 3.3: Phasecut plot of broadside array pattern
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3.2 Simulation scenario

The scenario starts in a quiescent environment, where the only source of noise at
the antenna element outputs (P,) is thermal background noise, which is uncorre-
lated. Figure 3.4 shows the scenario of a linear uniform array transmitting a desired
(blue) signal from base station (BS1) to another uniform linear array located at
(BS2); while an undesired (red) jamming signal causes unwanted interference. This
interference then becomes a new source of noise for the array at BS2.

\

Jammer

0 10 20 30 2 40 50 60

Figure 3.4: A simulated IAB Scenario

The scenario takes place in an xyz coordinate system measured in meters, where
BS1 is located at (25, 45, 17) and BS2 at (75, 70, 25). The base stations are placed
on top of buildings. The jamming (red) signal is placed arbitrarily; however, it is
assumed that the (AoA) and power for the jamming signal is known. This pre-
knowledge of whereabouts the jamming signal is coming from can be discovered by
using sophisticated algorithms such as the MUSIC algorithm [28]. For the purpose
of this thesis, it is assumed that the AoA and jamming power is always known.
Although the receiver at the base station knows the direction of the interfering
signal; the weights required to suppress the interfering signals are unknown. Thus,
by implementing the Applebaum algorithm at the receiver’s end, the new weights
required to suppress the interference are determined. Figure 3.5(a) shows how the
algorithm finds new weights that are needed to suppress an incoming jammer. These
new weights comprise of two different set of weights that produce a main array
Radiation Pattern Envelope (RPE) and for a cancelling array RPE as shown in
Figure 3.5(b).
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Desired Signal

Sy

0

x
@
RS

é/

Jamming Signal
Wi+4
‘ Adaptive Algorithm |(7

(a) Scenerio for adaptive algorithm
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RPE Array RPE
Resultant RPE

(b) Inside adaptive algorithm

Figure 3.5: Weights applied by the adaptive algorithm

Figure 3.5(b) consists of two different kinds of channels at the subtraction point.
The first channel produces a main array RPE, while the second channel produces
a cancelling array RPE. The initial weights required to produce the RPE for the
main array are known. Through the Applebaum algorithm, new weights estimate a
resultant RPE that produces a null at the jammers location. This is better illustrated
in Figure 3.6. Figure 3.6 shows an example of applying the Applebaum algorithm
on an array which has an RPE that is beamformed at § = 0 degrees. The initial
weights produces this beamformed RPE, which is the main array RPE. Thus, Figure
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3.6(a) shows that the jammer’s power is initially enhanced by the sidelobe located
at approximately 40 degrees.

40

Main Arcay RPE 40 Main Array RPE
Jammer = = = Canceling Array RPE

Gain[dBi]
© S
%
Gain[dBi]
5 5]
%

80 60 40 20 20 40 60 80

1
0 80 60 40 20 O 20 40 60 &
8 [degrees] (b ) O [degrees]

Resultant pattern

Resultante RPE

Gain[dBi]

-80 -60 -40 =20 0 20 40 60 80

( C ) 0 [degrees)

Figure 3.6: Radiation Pattern nulling process

Figure 3.6(b) shows that the cancelling array produces a scaled RPE to estimate the
sidelobe location of the jammer. This scaled RPE has a mainlobe which overlaps
the sidelobe where the jammer resides. Finally, Figure 3.6(c) shows the resultant
RPE produced when the initial weights and cancelling weights are linearly super-
imposed. The resultant RPE is equivalent to subtracting the main arrays RPE and
the cancelling arrays RPE. Thus, due to the null produced, the interference caused
by the jamming signal is greatly reduced.

The transmission from BS1 to BS2 is Line of Sight (LoS) and as such, the desired sig-
nal follows the Friss transmission equation, where the received power is determined

by:
P VGG,
Pt ( 47TT ) ) (3 )

where P, and P, stand for the received and transmitted power, G; and G, are
the gains of the transmitter and receiver, A is the carrier frequency and r denotes
the distance between the transmitter and receiver. Following (3.1) the Equivelent
Isotropic Radiated Power (EIRP) is given as:

After alignment, the signal enters through K antenna elements of BS2, where, each
antenna element consists of an antenna, a Low Noise Amplifier (LNA) and a phase
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Figure 3.7: Receiver block diagram for SNR calculation

shifter. The signal power (P;) and the noise power (P,) is then calculated in 3 stages
as shown in Figure 3.7. The upper branch shows the calculation for P, and the lower
branch for P,. The stages are circled. At stage 1 the received signal power P, is
received following (3.1). Since stage one refers to the very first antenna element, it
shall be denoted as P,;. At stage 2, P, is multiplied by the LNA gain G,, but,
since we are still referring to the the very first element, the LNA gain shall in this
case be G,q,, yielding an output power at the LNA as: P, = P.; X G,q1. Finally
at stage 3, P,, is summed up coherently for K antenna elements; thus, the resultant
signal power Py is: P, = K x P,,. P, can then alternatively be written in dBs as:

P,%B = 101og,(P,). (3.3)

For the noise calculation it is assumed that the noise power contribution for all
antenna elements are identical:
At stage 1, there is only thermal background noise that is denoted as P,, and given
as:

P,, = kT,B. (3.4)

Here k is the Boltzmann constant, 7T the ambient temperature 290 Kelvins and B
the bandwidth. At stage 2, the phase shifter and LNA introduces a gain G,, and a
noise figure f; thus the noise power at stage 2 tends to:

P, = G,ofkTyB. (3.5)

At stage 3, the resultant noise power P, is summed up for K antenna elements:
P, = K x P,. Alternatively in dBs:
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P8 = 101og;,(P,). (3.6)
The SNR and the SINR can then be calculated as:
P
SNR = FS,
P " (3.7)
INR= —"°%
SINR P D

respectively, where P stands for the power of the jammer which causes interference.

3.3 Applying the Applebaums Algorithm

Recall that (2.36) sets a control law, which adapts antenna element weights so
that the SNR of the antenna array is maximized. However, in some applications
it is better to have more control on the radiation patterns shape and side lobe
levels; furthermore, having the SNR as a governing criteria may limit the use of
the algorithm. Instead, it is possible to sacrifice some SNR in order to have better
control on the signals radiation pattern [9]. This can be achieved by maximizing on a
t vector instead of an s vector, where the t vector is regarded as a generalised signal
that has an optimal compromise between gain and sidelobes. Thus, the control law
used to update the weights becomes:

Myw, = it (3.8)

Since the scenario starts in a quiescent environment, there are no jamming signals
initially present. As a consequence, the noise component of the antenna elements
have equal power and are uncorrelated and thus, the covariance matrix in the qui-
escent environment is simply a diagonal matrix,

M, = . , (3.9)

which is equivalent to P, Ik where, P, is the noise power, Ik an identity matrix of
order K and K, the number of antenna elements. Furthermore, wy is given as:

a1
a/2e_7'ﬁs
CL3€_2255

wy = , (3.10)

1(K_1)Bs

AK€

where the a;s are amplitude weights of real numbers and Sy is determined through:
2md

65 - T Sin(es)' (311)

29



3. Implementation Method

Here, 6, is the AoA for the desired beamformed signal.

Recall, that M is a covariance matrix for the noise components of antenna elements
at the antenna array. Initally M is in a quiescent environment and so M is sim-
ply M, but, when a jammer is introduced, the environment is no longer a quiescent
environment and the noise components of the antenna elements are no longer uncor-
related. Furthermore, M changes to M ,+ M ;, where M ; is the covariance matrix
caused by the jammers effect on the noise components of the antenna elements.
Thus, new weights are required to adapt to the new noise environment,

Mw = M,w,; = Pjw,
w = P,M _1wq.
If the jammer arrives at an angle 6;, then due to the uniform linear nature of the

array, the jamming signal can be represented at the first element channel as J(t)
and at the kth channel as J(t)e~**~1% where 3 is given as:

(3.12)

2nd
Bj = Y sin(6;). (3.13)
Because of this particular representation of the jamming signal within the antenna
array, the covariance between the kth and /th element of a covariance matrix M ;

with K rows and L columns, where K = L, is found to be:

(M1, = E{(J(t)e " D) (J(t)e "= DF)"}

14
By substituting different rows and columns for & and [ in (3.14), the covariance
matrix (M ;) shall end up having identical values across its diagonals. Thus, M is
a Hermitian matrix of order K. Being of such nature, it becomes easy to decompose.

Thus M ; :
M,;=P,H*'UH, (3.15)

where P; represents the average power of the jammer, U is a K x K matrix of ones
and H is:

1 0 00 0
0 eb 0 0 0

0 0 0 0 (3.16)
0 0 0 . 0

0 0 0 0 ®-D5

Thus, by determining 3; and P;, the covariance matrix due to the jammer is easily
obtained. The total covariance matrix is:

M:Mq+Mj

=PIx+ PH'UH (3.17)
and thus, M "
M= i[IK - (L)H*UH]. (3.18)
Pq Pq + KPJ
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Substituting into (3.12) the new weights are:

w=[I} — (7)H*UH]'wq
Fy J];KP (3.19)
= [wg — (W)H*Uﬂwq]

(3.19) then adapts new weights that enables the algorithm to suppress a jammer
provided f3; and P; are known. (3.19) infers that new weights are produced such
that the SNR of the antenna array is maximized with respect to the ¢t vector. It
can thus be thought that (3.19) suppresses implicitly. Implicit in the sense that the
suppression is achieved through new weights, yet how these new weights influence
the radiation pattern remains unknown. Recall though that the last section however
illustrates (Figure 3.6) the explicit aspect of suppression on the radiation pattern
of the antenna array, and how the algorithm creates a null at a jammers location.
This explicit process is derived mathematically by firstly noting that the radiation
pattern obtained in the quiescent environment for the weight vector (w,) is a sinc-
like function which is expressed as:

K
Go(B) = > are! D=5, (3.20)

k=1

where £ is the angle of arrival. (3.20) can also be written alternatively as G,(5) =
b"w, where bT is given as the transpose of b which is:

eB

28
b=| © . (3.21)

| i-1)8 |

Thus, using G,(8) = bTw,, it is now possible to re-write (3.19) in terms of radiation
patterns

P;

W Gq(535)b] (3.22)

w=w,; —
Multiplying (3.22) by bT and setting bTb;" = C(B8 — 3;), where C is given as:

(eiE _;)(x))(sl?r(lg %? ). Thus the final radiation pattern is expressed as:

G(B) = GuB) m G4(8;)C(8 = B)), (3.23)
Main array RPE T/—’ Cancelling RPE
caling

which shows that the final radiation pattern has a main radiation pattern that is
subtracted from a scaled cancelling RPE centered on the jammer.
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3.3.1 Applying the Algorithm for Multiple Jammers

A uniform linear array having K elements, has K degrees of freedom in shaping
the antenna radiation pattern [7]. Thus, K-1 elements can be used for suppressing
interference, while simultaneously maintaining a mainlobe for the desired signal [7].
For multiple jammers, the algorithm is applied in a re-iterative manner, where each
iteration counts as a degree of freedom consumed.

for j= 1: size(multiple_jammers,2)
sidelobe_theta(j)= nulling_angle(j);
B ji(j)=(2*pi*d)/lambda* sind(sidelobe_theta(]));
2 \Bil)=(180/pi)*(B_jj(i)); (1)

ﬁzeros(l,K); \

H(1,1)=1;
ApPly forii=1:K-1
Algorithm N e e o rewm g
H(1,ii+1)= cosd(ii*B_j(j))+ 1i*sind(ii*B_j(j));
end
H= diag(H); (2)
Find new U=ones(K/K);

Weights Hi{j}=H;
Mij= Hj{j}*U*(conj(Hj{j})*pj; /

(3) W{j}= w-((pi/(pa+K*pj))*Hj{j}* U*(conj(Hj{j})) *w);
w=W{j} X
end @

Figure 3.8: The Applebaum algorithm for multiple jammers

Figure 3.8 shows the re-iteration process and its implementation in Matlab. The
steps for implementation are indicated by the circled numbers. From the figure
we observe that for every jammer (j), one degree of freedom from K is consumed.
Thus, K-J yields the number of degrees of freedom that remains, where J is the total
number of jammers. Consequently, the number of jammers must always be less then
the number of elements in the antenna array (J < K).
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3.4 Simulation Parameters

The table below summarises the parameters used for the antenna array at the trans-
mitting end, where the ideal array element has a gain (G, G,.) of 3.47 dBi.

Elevation | Frequency | Element Spacing

Element Type No. Elements (degrees) | (GHz) (meters)

Ideal Array | Uniform N
Element Linear 16 45 27.8 5

Table 3.1: Transmitting antenna array

The distance (r) between the transmitting array at BS1 and the receiving array at
BS2 can be easily calculated to be: \/(25 — 75)2 + (45 — 25)2 4 (17 — 70)2 = 75.56

m. The transmitters power P, is set to 50 mW per antenna element. The receiving
antenna array is also a 16 element array and is assumed to have the same RPE
as the transmitting array. The receiving array has an LNA amplifier gain given as
G,o = 20 dBi. Thus, the receiving antenna array is defined in the table below:

Elevation | Element Spacing | Bandwidth . :
Element | Type (degrees) | (meters) (MH) Noise Figure
Ideal :
Apay | Oniorm | 2 400 4
Linear 2
Element

Table 3.2: Recieving antenna array

The simulation is firstly run for the worst case scenario. The jammers power is
measured in dBc, which is defined as the ratio between the jamming signal and the
desired signal. The jamming signals initial power is set to have approximately the
same power as the desired signal. Thus, the initial power for the jammer is set to 0
dBc and then changed later on.

The SNR thresholds required to achieve a certain BER for different modulation
schemes are given below as [27]:

BER = 10 © | BPSK | QPSK | 16QAM | 64QAM
SNR 10.53 | 13.54 | 20.42 26.56
n[bits/symbol] | 1 2 4 6

Table 3.3: SNR for different modulation formats

33



3. Implementation Method

34



4

Results

4.1 Single Jammer

The initial RPE for the transmitting and recieving array has a 3D representation
shown in Figure 4.1:

Figure 4.1: 3D Radiation Pattern for transmitting and recieving array

From Figure 4.1, it is observed that the element gain is isotropic along the y-axis
and thus the main beam is steered along the x-axis. The corresponding UV plot and
phasecut plot are shown in Figure 4.2, which reveals that the mainlobe of the beam
is steered at § = 45 degrees and that the gain of the main lobe is approximately 27.5
dBi. Thus, the EIRP for the transmitting signal is 26.53 dBm. Figure 4.2(b) shows
that the largest sidelobe is located left of the mainlobe at an angle of 32 degrees.
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Directivity [dBi] Original RPE

25
10

20
5

sin{@)sin{e)

v=

1 ' 1,

-180  -135 90 -45 o 45 20 135 180
u = sin(f)cos(¢) Gldeg]

(a) UV (b) Phasecut

Figure 4.2: Transmitting and receiving arrays UV and phascut plot

4.1.1 Quiescent Enviroment

‘ Desired Signal ‘

N\

EIRP = 26.53 dBm ‘
‘ Desired Signal ‘ l>_@17
- P, = —24.75dBm

- & - sNR=27164B

P, = —51.91 dBm

Figure 4.3: Receiver block diagram for quiescent enviroment

Desired signals Angle of Arrival= 45 degrees

With reference to the values given in section 3.4, the signal power, P, = —24.75
dBm and the total noise power of the receiving array is found to be: P, = —51.91
dBm, where each antenna element has a noise power, P, = —63.95 dBm. Thus, in
the quiescent environment the SNR is:

SNR = —24.75 — (—51.91) = 27.16 dB. (4.1)

The covariance matrix in the quiescent environment is shown below as:

4.027 x 1077 0 0 0

0 4.027 x 1077 0 0

[Mq]1:4,1:4 - 0 0 4.027 x 1077 0
0 0 0 4.027 x 1077
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4.1.2 Non-Quiescent Enviroment

Because the sidelobe at 32 degrees is the largest sidelobe, it is then the worst case
scenario. Thus, the jammers AoA is initially set at 32 degrees.

Jammer Signal Power= 0 dBc

‘ Desired Signal ‘ ‘ Jamming Signal ‘
Jammers Angle of Arrival= 32 degrees

~ ~N
EIRP = 26.53 dBm EIRP = 26.53 dBm ‘
‘ Desired Signal ‘ ‘Jamming Signal ‘ D_@'_

o Cz)— SINR = 12.22 dB

P, = —24.75dBm

P, = -51.91dBm

‘ E 8‘: pr =—37.12dBm

Figure 4.4: Receiver block diagram for non-quiescent enviroment

The jamming signals power is set at 0 dBc with respect to the desired signal. That
is to say, the jamming signal has the same EIRP as the desired signal. Thus, P;
tends to -37.12 dBm which causes a SINR of 12.22 dB. A part of the covariance
matrix due to the jammer [M]1.41.4 tends to:

7.585 4 0.000: —0.712 + 7.552: —7.452 —1.417: 2.111 — 7.286¢
—0.712 = 7.552¢  7.586 + 0.000:  —0.712 + 7.552¢ —7.452 — 1.417:
—7.452 +1.417 —0.712 — 7.552¢ 7.585 4 0.000¢  —0.712 4 7.552¢|"

2111 +7.286¢ —7.45241.417¢ —0.712 —7.552:  7.585 + 0.0001

(1077)-
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4.1.3 Applebaum Algorithm Applied

Using the covariance matrices of the last sections, (3.19) estimates new weights

—0.360 — 0.833
—0.335 + 0.738i

0.728 — 0.283i

—0.763 — 0.335i

0.276 + 0.899

0.630 — 0.853i

1157 — 0.057i

0.592 + 1.058i

Wnew =1 1592 — 1.058i

—1.157 + 0.057¢

0.630 + 0.8521

0.276 — 0.899
—0.763 + 0.3357
—0.728 + 0.2831
—0.335 — 0.738:
—0.360 + 0.8331

The resultant radiation pattern produced by the new weights are shown in Figure
4.5:

Directivity [dBi] Resultant RPE

25
10

20
5

1

0.8

0.6

0.4

02

o

v = sin({f)sin{p)

0.2

04

-0.6

0.8

E

-1 0.5 0 0.5 1 -180 -135 -90 45 0 45 20 135 180
u = sin(f)cos(¢) @[deg]

(a) UV plot of resultant RPE (b) Phasecut plot of Resultant RPE

Figure 4.5: Resultant UV and Phasecut plot after applying the algorithm

In contrast to Figure 4.2, it can be seen that the sidelobe at 32 degrees has been
successfully nulled. This can be observed more clearly in the Figure 4.6 below.
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Original and Nulled RPE

30

Criginal RPE
a Mulled RPE

25
Jammer,
32 degrees

20

1651

Gain [dBi]

10T

D i i i nl i ]
-180 -1356 -890 -45 0 45 a0 135 180

@ [deg]

Figure 4.6: Phasecut plot of original and resultant RPE of the receiving array for
jammer placed at 32 degrees

Figure 4.6 shows the RPE before and after using the Applebaum algorithm to a jam-
mer placed at 32 degrees. It is observed that the original RPE has slightly higher
gain in the mainlobe then the nulled RPE. This then becomes one of the disadvan-
tages of using the algorithm. The algorithm is capable of reducing interference, but
it does so at the cost of a slight reduction of the main lobe gain. Figure 4.6 also
shows that the nulled RPE has a very similar shape to the original RPE. It can
thus be said that the algorithm maintains the shape of the RPE, which is one of the
advantages of the algorithm. Figure 4.7 captures the depth of the null produced for
the sidelobe located at 32 degrees. The null depth in this report is defined as the
change in gain before and after the algorithm is applied.
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Original and Nulled RPE

-
Crriginal RPE
X 32
10 Mulled RPE v 15.182

i

0
0}
E‘
=
c =20
‘@
]
-30
40 F
¥ 32
-50 Y -53.8817
45 0 45 a0

@(deq]

Figure 4.7: Phasecut plot of original and resultant RPE of the receiving array for
jammer placed at 32 degrees

The null depth produced at 32 degrees is 15.18 — (—53.88) = 69.06 dBi. This
reduction in gain increases the SINR.

Jamming power(dBc) | SINR_ before(dB) | SINR_ after(dB) | SINR_improvment(dB)
Pj=-40 27.15 26.73 -0.42

Pj=-20 26.01 26.73 0.72

Pj=0 12.22 26.73 14.51

Pj=20 -7.63 26.73 34.36

Pj=40 -27.63 26.53 54.16

Table 4.1: SINR for different jamming powers

Table 4.1 above conveys what happens when the jamming signal power is assumed
to be much lower and higher then the desired signals power. Initially, the jamming
power is reduced to -40 dBc, and the SINR improvement is negative. This shows
that performing suppression under such an unthreatened condition would result in
a loss and not a gain. This is due to the slight reduction in the mainlobe that
was eluded to earlier in Figure 4.6. Thus, this would cause a decrease in the signal
power term of the SNR, while the noise would remain the same, as the jammers
power would be insufficient to affect it.

Table 4.1 also shows what happens as the power of the jammer increases above the
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signal power. The SINR after adaptation decreases when the jammer power is 40
dBec. This is to be expected, since regardless of the nulls depth, it shall still have a
certain amount of gain. In this case, the gain is approximately -53.88 dBi. Thus, a
very powerful jamming signal shall still degrade the system performance even after
adaptation. However, it should be noted that the algorithm is able to withstand
strong jammers. Even at 40 dBc, the SINR is only 0.03 dB less then the required
SNR needed to achieve 64 QAM modulation for a BER of (107%). If the jamming
power increases indefinitely, the improvement in SINR tends to 67.75.

Pl_igloo SINRimprovment = 67.75 < 69.06, (4.2)
which is less then the null depth. Thus (4.2) shows that the algorithm is lower
bounded by the null depth. Furthermore, the higher the null depth, the better the
algorithms performance capability.

Table 4.2 below summarises the effect of changing the location of a 0 dBc jammer
with respect to the RPE. This change in location will be denoted as the nulling
angle in this report.

Elevation(degrees) 45 45 45 45
Nulling angle(degrees) | -29 -6 8 23
SINR Improvment(dB) | 11.73 | 12.29 | 13.91 | 17.79

Table 4.2: SINR for jammers with different AoA

The mainlobe for this particular radiation pattern is steered at 45 degrees.

Original and Nulled RPE
| 1

X -29 Original RPE
10 Y 4.7369 Nulled RPE
)
0 =
-10
E
=
c -20
‘©
O]
-30
-40
X -29
-50 Y -53.4881
-90 -45 0 45 a0

gldeg]

Figure 4.8: Phasecut plot of original and resultant RPE of the receiving array
steered at 45 degrees with a jammer placed at -29 degrees
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Figure 4.8 shows that the null depth for a jammer placed at -29 degrees tends to:
4.73 — (—53.48) = 58.21. Table 4.2 shows that as the nulling angle increases, a
higher SINR improvement is obtained.

Elevation(degrees) 30 45 60 75
Nulling angle(degrees) | 43 16 -26 -13
SINR Improvement(dB) | 21.27 | 15.58 | 12.31 | 12.19

Table 4.3: SINR for different array steering angles

In contrast to Table 4.2, Table 4.3 presents what happens when steering the main
beam of the array at different elevation angles.

Original and Nulled RPE

Original RPE

Nulled RPE X43

Y 14.5244

’V

10

-10 -
o
=)
< -20
©
®
-30
-40
X43
-50 Y -52.9997
-90 -45 0 45 90

g [deg]

Figure 4.9: Phasecut plot of original and resultant RPE of the receiving array
steered at 30 degrees with a jammer placed at 43 degrees

Figure 4.9 captures a null depth of 14.52 — (—52.99) = 68.52 when the main beam
is steered at 30 degrees for a nulling angle at 43 degrees. Comparing Figure 4.9
to 4.8 and the values determined in Table 4.2 and 4.3, it appears that the closer
the nulling angle is to the mainlobe the higher the null depth and thus a better
improvement in SINR. This is mainly because the sidelobes next to the mainlobe
are usually much higher then the sidelobes far from the mainlobe. Thus, the worst
case scenario is often found to be when jammers are found near the mainlobe. This
does not necessarily mean that it is better to have jammers near the mainlobe, but it
does insinuate that the algorithm reaches its full potential when jammers are found
near the mainlobe.
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4.2 Multiple Jammers

Figure 4.10 and Figure 4.11 show the resulting UV plots obtained after suppression
for random multiple jammers in the environment.

Directivity [dBi] Directivity [dBi]

sin(f)sin{o)

v=

T 05 0 0.5 1 ) 05 ] 05 1
u = sin(#)cos(¢) u = sin(#)cos(e)

(a) (b)

Figure 4.10: (a)2 jammers (b)4 jammers

Directivity [dBi] Directivity [dBi]

sin(f)sin{e)
sin(f)sin{e)

V=
V=

T 05 0 0.5 1 Ta 05 0 05 1
u = sin(#)cos(¢?) u = sin(#)cos ()

(a) (b)

Figure 4.11: (a)8 jammers (b)15 jammers

Further inspection into the figures suggests that although Figure 4.10(a) and Figure
4.11(a) both suppress the sidelobe to the left of the mainlobe. However, the null
produced in Figure 4.11(a) is less than that of Figure 4.10(a). This is also seen
when comparing Figure 4.11(a) to 4.11(b). This is because the algorithm is used in
a re-iterative manner. The algorithm updates new weights for every new jammer.
This is illustrated in Figure 4.12, where 4 jammers are placed on sidelobes located
at [-59, -47, 32, 81] degrees and are suppressed sequentially.
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- Resultant Nulled signal pattern

N NAA
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Figure 4.12: Phasecut plot of resultant RPE for receiving array with 4 jammers

Figure 4.12 shows that the nulls produced become weaker as new jammers arrive.
Originally a steep null is produced at -59 degrees, but as a new jammer is introduced,
a new null must be produced and the old weights are updated accordingly. For every
new jammer, the weights move further and further away from the original weights
required for the very first jammer at -59 degrees and as a consequence, a weaker
null is produced at that particular location. Table 4.4 below shows the effect this
has on the SINR improvement.
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Elevation(degrees) 45 45 45 45
Number of Jammers 2 4 8 15
-76
-59
-47
76 -37
-29
-59 91
59 | A7 | T
. 47 | -47 -29
Nulling angle(degrees) 29 | 32 3 —16
81 16 3
ORRET:
24
32
81
99
SINR_ Before(dB) 11.79 | 11.21 | 9.65 | 7.82
SINR._After(dB) 26.68 | 26.08 | 23.74 | 21.43
SINR.__ Improvment 14.89 | 14.87 | 14.09 | 13.61

Table 4.4: SINR for multiple jammers with P; = 0 dBc

Table 4.4 consists of jammers placed randomly on different sidelobes, to the left and
right of the mainlobe. As the number of jammers increase the SINR improvment
decreases. With 4 jammers, the algorithm is only capable of improving the SINR
to 26.08 dB which is less than the required SNR needed for 64 QAM modulation

format.

How the mainlobe of the RPE changes with the number of jammers is shown in

Figure 4.13.

Nulled RPE

Gain [dBi]

m— 2Jammers

4 Jammers

w8 Jammers

=15 Jammers

6ldeg]

Figure 4.13: Mainlobe for multiple jammers
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It is seen from Figure 4.13 that the mainlobe gain decreases with the number of
jammers, while the mainlobes width increases. A decrease in gain; results in a lower
SINR, and an increase in width shall cause the beam to be less directive. Thus,
the algorithms performance is rather limited when it comes to suppressing multiple
jammers. Not only does the SINR improvment decrease but the beam also loses its

directivity.

4.2.1 Wideband Jammers

Directivity [dBi] Directivity [dBi]
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(a) (b)

Figure 4.14: UV plot for Wideband Jammers

Figure 4.14 shows the resulting UV plots for when jammers are assumed to be
placed next to each other. The resulting UV plots produce wide nulls and this
particular result is especially useful when the jammer is assumed to be wideband
in nature. Since a wideband jamming signal encompasses a wider range of angles,
the algorithm works particularly well to suppress a wideband jammer by producing
nulls for a group of neighbouring sidelobes. If a wideband jamming signal of 800
MHz is transmitted such that is has AoA 6 = 12 degrees with a center frequency of
28 GHz (fp) and a band edge frequency of 28.4 GHz (f), then:

Asin(f) = sin(fy)(1 — "i?)
= sin(12)(1 — ﬁ) =293 x 1077 (4.3)
B 2847 7 ‘
2. 1073
Al = 293 x 1077 =2.99 x 107® rad = 0.17 degrees.
cos(12)

Since the jamming signals AoA is 12 degrees, the jammer will cause distortion for
12 £ 0.17 degrees.
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- Resultant Nulled signal pattern
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Figure 4.15: Phasecut plot for wideband jammer

Figure 4.15 shows the resultant radiation pattern of producing nulls to the neigh-
bouring sidelobes surrounding 12 degrees. The neighbouring sidelobes closest to 12
degrees include the sidelobes located at 1, 8, 16 degrees. Thus, 3 degrees of free-
dom were consumed. It can be observed from the Figure 4.15 that the area which
12 4 0.17 covers has gains that are below -10 dBi.
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Conclusion

Integrating access and backhaul in 5G has its trade-offs. On one hand, it saves
costs and allows for easier deployment of base stations, on the other hand, there
is an increased probability of interference. Applying the Applebaum algorithm in
the context of an IAB scenario not only results in interference suppression but also
addresses the near-far problem by taking into account the power of the jamming
signal.

Simulations were run to test the upper and lower limits of the Applebaum algorithm.
It was found that the algorithm can improve system performance by suppressing
jammers up to 40 dBc while also maintaining the radiation pattern shape of the
receiving antenna array.

By updating the weights in an iterative manner it was shown that the algorithm
could also be used to suppress multiple jammers but, this is to be at the expense of
consuming a degree of freedom for every new jammer. Furthermore, it was revealed
that when suppressing multiple jammers not all the nulls produced are as deep
and as a result, the capability of the algorithm in improving system performance for
multiple jammers is more limited. The algorithm could not accommodate more then
3 jammers without compromising the system performance. However, this turned out
to be enough degrees of freedom needed to suppress a wideband signal of 800 MHz.
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