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Imperial College London Abstract

Abstract

Future antenna array systems are expected to deliver extremely high data rates
whilst combating challenges of exponential increase in user density, high interfer-
ence levels and multipath dispersion effects. Towards this end, this thesis presents
novel algorithms to enhance the “degrees of freedom” (DoF) of a multiple-input
multiple-output (MIMO) antenna array system. Furthermore, arrays that possess
time-varying array geometry, termed as “flexible” arrays, are investigated for the
purpose of defence and internet of things (IoT) applications, such as unmanned
aerial vehicle (UAV) clusters and multi-platform arrays.

The parametric channel model, which provides a tractable mathematical model
for wireless channels, lays the foundation for all the algorithms in this thesis. Based
on this model, three systems are proposed, that extend the DoF progressively.
Firstly, the spatial-only system is explored, in terms of the relationships between
the array geometry and various array performance criteria, such as the thresholds
of detection and resolution and the capacity loss. Secondly, the spatial-only system
is extended to a spatiotemporal array system, to extend the DoF beyond the spatial
domain, by employing a novel transmitter, a multi-parameter channel estimator
and a spatiotemporal beamformer that suppresses interference in space and time
jointly. Thirdly, the spatiotemporal system is extended to a spatiotemporal-virtual
system, by extracting and exploiting the Tx array geometry.

Finally, the concept of “flexible” array signal processing is introduced for sensor
arrays with time-varying sensor positions, such as UAV clusters and towed arrays.
Based on three underpinning models, namely, a parametric channel model, a phys-
ical mobility model of the flexible array and a mobility model of the targets, an
arrayed-state space model is constructed that is utilised in conjunction with an
extended Kalman filter, to continually track the sensor positions and target para-
meters. All the algorithms presented in this thesis are evaluated using computer

simulation studies.
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Chapter 1

Introduction

Array signal processing plays a key role in a wide variety of domains, such as wire-
less communication technologies, target localisation and tracking using airborne
and ground radar, remote sensing, clusters of autonomous vehicles on land, air and
underwater and internet of things (IoT) applications such as wearables and smart
homes, to name a few. The history of array signal processing may be traced back
to the mid-19*" century when widely-separated telescopes were proposed for high-
resolution astronomical imaging. However, a majority of the technical advances in
array signal processing have occurred in the last 30 years and may be attributed
to the development of high speed inexpensive processors, advancement of inte-
grated chip design and the availability of high rate analogue-to-digital (A/D) and
digital-to-analogue (D/A) convertors. This was accompanied by the development
of various algorithms and mathematical tools that enabled sensor array signal
processing. Defence applications such as radar and sonar were the driving forces
behind predominant advances in array signal processing. Defence and security
segments, all over the world, have a keen interest in antenna array solutions such
as multi-sensor surveillance systems to locate and track multiple targets with high
resolution and jamming and anti-jamming systems. However, in the past decade,

with shrinking sizes of antenna elements and low power and inexpensive electron-
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ics, antenna arrays have started to play a major role in multi-input, multi-output
(MIMO) wireless communications. Current wireless communication technologies,
namely 3G and 4G, employ antenna arrays that give them the potential ability
to enhance directivity, gain, signal-to-noise ratio (SNR), coverage, redundancy, in-
terference cancellation, clutter suppression and provide heightened capabilities of
detection, resolution and capacity. With the possibility of exploiting millimetre
(mm-wave) bands, where the antenna element shrinks drastically, larger antenna
arrays become plausible on the mobile handset. Thus, looking to the future, array
signal processing is expected to be in the vanguard of future communication and

defence technologies.

1.1 Fundamentals of Array Signal Processing

An antenna/sensor array may be defined as a collection of antennas/sensors dis-
tributed in 3-dimensional space operating together as a unit. Antenna array signal
processing refers to the exploitation of the data obtained across all these sensors
to perform three crucial tasks, namely source/target detection, channel estimation
and reception or beamforming. Towards modelling and addressing these problems,
the concept of the array manifold vector (array impulse response vector) is critical.

Consider an N-element antenna array with sensor locations r given by

r é [£1a£2a s 7£N}T — [T r.r } - RNXS, (]_]_)

_;)37_y7_z

operating in the presence of one source lying in the far field of the array. The
assumption of far field implies that the radius of propagation is large enough
to assume that the propagating wavefronts are plane wave rather than spherical
waveforms. Figure 1.1 illustrates the plane wave propagation model of the source.

The far field distance p may be defined in terms of the Fraunhofer distance as
D2

P> (1.2)
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Figure 1.1: Illustration of the plane wave propagation model.

where D denotes the antenna array aperture given by

D = max||r; — ;. (1.3)

and A denotes the wavelength of the signal utilised for propagation. With this
assumption, the time delay 7; between a wavefront impinging on antenna ¢ and

the origin is a simple function of the direction of arrival (DOA) (6, ¢) of the source

and the location of the 7-th antenna as follows

rTu(0,¢)

C

T; =

, (1.4)

where ¢ is the speed of propagation in the medium and u(f, ¢) denotes the unit

norm propagation vector given by
u (0, ¢) = [cos b cos ¢, sin O cos ¢, sin ¢]T. (1.5)

Thus, as the plane wave signal from a source propagates across various elements

of the antenna array, the signal undergoes a phase shift corresponding to the time
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delay given by Eq. 1.4. Extending this concept to all the elements in the antenna
array, post down converting the signal to baseband, we may write the array impulse

response vector S(6, ¢), termed as the array manifold vector, as follows

TTU frTu TTU T
500.6) = |exp (—i2nR L) exp (—j2rn ) L enp (—2n B2 )|
o e

where F,. denotes the carrier frequency. Note that, in the far field, the array
manifold vector is not a function of the source range, i.e. the absolute distance
of the source from the origin. Thus, the array manifold vector provides crucial
information about the targets and the role of the array geometry in the system.

Based on the array manifold vector and the properties of the system environ-

ment, array signal processing techniques attempt to address the following tasks

e The detection problem: This problem is concerned with determining the
number of incident signals on the array or number of targets/users in the
environment of the array under consideration. There exist many approaches
towards addressing this problem such as the Akaike Information Criterion
(AIC) in [!1] and Minimum Description Length (MDL) in [2].

e The estimation problem: This problem is concerned with the estimation
of the parameters associated with the source or target such as time delay,
DOA and Doppler frequency. A majority of the current literature focuses
on direction finding algorithms such as the MUIltiple SIgnal Classification
(MUSIC) algorithm [3] and Estimation of Signal Parameters via Rotational
Invariance Technique (ESPRIT) [1].

e The beamforming problem: This problem revolves around design of appro-
priate weights at the Rx and/or Tx to deliver high gains towards the desired
user and thus acquire the desired signal whilst suppressing the interference
in all possible domains [5]. This enables the Rx or Tx array to steer the

beam adaptively based on the outcome of the estimation problem.
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The three aforementioned problems form the crux of the research in array
signal processing. Some applications may focus solely on the detection and esti-
mation problems such as radar applications. The third step is more relevant to
wireless communication receivers where interference cancellation and combating
path loss are critical to establish a reliable radio link. The challenge of array sig-
nal processing is to perform these aforementioned tasks in challenging and hostile
environments that pose severe fading, high pathloss, high interference and high

clutter.

1.2 Challenges for Array Signal Processing

Array signal processing has been and is expected to be crucial for the advancement
of a wide variety of applications. However, techniques in array signal processing are
required to continuously evolve to meet the proliferating demands placed on array
applications such as snowballing user density, swelling capacity requirements and
heightened interference suppression. Moreover, with the possibility of integrating
sensors on a wide variety of platforms, with data links to collect the sensor data,
many unconventional array systems start to arise, such as arrays with time-varying
array geometries considered in this thesis. Thus, array signal processing remains
a “hot-bed” of research spanning across various disciplines. In the present work,
the focus is on two broad areas of antenna array applications, namely, antenna
arrays for mobile wireless communications and “flexible” arrays such as arrayed
vehicular clusters. Solutions to address some crucial problems with respect to
these applications are provided. An overview of the challenges being addressed is
as follows
1. Requirement of the parametric channel model
Modelling the wireless channel where the array systems operate is key to

the design of suitable array signal processing algorithms. In the context of
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wireless communication systems, there has been extensive literature on the
subject, with channel matrices that model the frequency selective wireless
channel. However, a majority of these approaches are “non-parametric” since
they characterise the channel either independent of channel parameters or
utilise the statistical models of these channel parameters in place of their
instantaneous values and often assume that independent parallel identical
channels between different Tx and Rx array elements exist [(]. Subsequently,
for future 5G wireless communications and beyond, these models are ren-
dered unsuitable, since the channel estimation is extremely intractable with
a huge number of unknowns and the underlying assumption of uncorrelated
channels between Tx and Rx antennas starts to break down. Hence, there
is a requirement of devising new channel models that are representative of
the channel, as well as simplify the estimation procedure with more tractable
parameters. This class of models known as “parametric models” is presented
in this thesis and forms the backbone of the design of the various systems
proposed throughout this thesis.
2. Importance of antenna array geometry

In the literature, a majority of the channel models for Tx and/or Rx array
systems either ignore the array geometry or fall short of fully exploiting it
towards the objective of the system. The array geometry starts to play a
crucial role in scenarios where targets or users occur in clusters or where
targets/users are spatially very close to one another. Such a scenario is
extremely relevant to future urban communication scenarios where a number
of users are expected to operate within a small region. Therefore, one of
the crucial contributions in this thesis is to study the importance of array
geometry towards the signal processing abilities of arrays for spatially close
users and determine performance metrics that can be employed to select an

appropriate array geometry as per the application at hand.
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3. Increasing degrees of freedom
With spiralling data rates, user density and quality of service requirements,
current array signal processing systems are required to possess a large number
of dimensions, or alternatively deliver very high degrees of freedom. To
such a degree, solutions that extend the degrees of freedom, especially for
wireless communications, form one of the key contributions of this thesis.
A straightforward and popular approach to increase the degrees of freedom
is to employ “massive” systems that possess a large number of antennas.
However, in this thesis, alternative means to enhance the degrees of freedom
without increasing the number of antennas are explored. Firstly, techniques
to extend the spatial-only MIMO system to a spatiotemporal MIMO system,
that dictates a unique temporal structure at the Tx and exploits space and
time jointly at the Rx to suppress interference, are presented. The degrees
of freedom are then further extended by employing a spatiotemporal-virtual
system that exploits the Tx array geometry additionally. Hence, increasing
the degrees of freedom constitutes one of the core objectives addressed in
this thesis.
4. Flexible array signal processing

Apart from arrays that possess time-invariant array geometry, certain appli-
cations utilise arrays composed of sensors with time-variant positions, termed
as “flexible” arrays. Some examples of such applications are towed arrays,
clusters of unmanned aerial vehicles (UAVs), clusters of satellites and clus-
ters of underwater vehicles. With the growth of internet of things, flexible
arrays are also expected to play a key role in wireless communications, where
a number of mobile sensor arrays will be expected to operate alongside mo-
bile targets or users. Flexible array signal processing refers to the detection,
estimation and reception of signals received on flexible arrays. Such an ar-

ray may experience both arbitrary and known motion (due to uncertainties
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in the independent propulsion of each sensor) and arbitrary and unknown
motion (due to external perturbations). In this scenario, typical array signal
processing algorithms fail since they are built on the premise of a constant
and known array geometry. Consequently, array signal processing algorithms
need to be adapted to incorporate the time-varying array geometry and pro-
vide an ability to track this variation with time. This forms another major

contribution of this thesis.

1.3 Thesis Scope and Organisation

The primary focus of this thesis is to study techniques to extend the degrees of
freedom in antenna arrays, that possess time-invariant and time-varying array
geometry (also known as “flexible” arrays). Algorithms and receiver designs for
antenna arrays are proposed in the context of future wireless communications to
address various challenges such as heightened user density, higher spatial discrimi-
nation amongst users/targets, higher interference suppression and higher data rate
requirements. “Flexible” arrays are studied for applications such as UAV clusters
and towed arrays, where an arrayed-state space model tracks the array geometry
whilst estimating the target or source channel parameters. The performance of the
algorithms presented in each chapter are investigated using computer simulation
studies.

The rest of this thesis is organised into five chapters as shown in Fig. 1.2. As
illustrated in Fig. 1.2, Chapters 2 to 4 are related to time-invariant arrays, with
a focus on future communication systems, while Chapter 5 is related to time-
varying arrays employed in applications such as towed arrays and UAV clusters.
In Chapter 2, the concept of the array manifold for antenna arrays is introduced.
Using the array manifold, a parametric channel model is introduced for a MIMO

system that encompasses the antenna array geometries at the Tx and Rx and
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Figure 1.2: Mlustration of thesis structure.

the source/target parameters. Equipped with this channel model and tools from
differential geometry, the array manifold is utilised to study the impact of array
geometry on the abilities of detection, estimation and capacity of the Rx array for
two users spatially very close to each other.

This is followed by Chapter 3, where the antenna array system is extended to
a spatiotemporal antenna array system. Based on the parametric channel model
introduced in Chapter 2 and a novel design of the transmitted signal, a spatiotem-
poral channel estimator and beamformer suitable for future 5G wireless commu-
nications is presented. It will be shown that the proposed spatiotemporal receiver

utilises a fewer number of antennas to obtain a gain identical to that of a massive
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array. A representative example where the proposed spatiotemporal beamformer
consisting of only nine Rx antenna elements is illustrated to outperform a spatial-
only massive MIMO receiver consisting of 80 antenna elements.

In Chapter 4, the spatiotemporal system presented in Chapter 3, is enhanced to
a spatiotemporal-virtual array system that extends the degrees of freedom further
by extracting the information about the Tx array geometry. It will be illustrated
that the proposed receiver outperforms the spatiotemporal receiver in terms of the
degrees of freedom and eliminates the performance dependence on the Tx array
geometry. Thus, as indicated in Fig. 1.2, the systems presented in Chapters 2 to
4 increase the degrees of freedom of the communication system progressively.

Following this, in Chapter 5, a special class of applications that utilises “flexi-
ble” arrays with time-varying array geometry is studied. T'wo specific applications,
namely, UAV clusters and towed arrays are considered. An arrayed-state space
model that incorporates the flexible arrayed-parametric model, mobility model of
the flexible array and mobility model of the targets, is utilised in conjunction with
an extended arrayed-Kalman filter to track the target parameters and time-varying
array sensor positions.

Finally, in Chapter 6, a brief summary and a discussion of the conclusions
drawn from the simulations are presented. The chapter is concluded with an

outline of the possible directions for future further work.
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Chapter 2

Parametric Channel Model and

the Role of Array Geometry

In this chapter, a “parametric” channel model that models the channel in terms
of parameters such as the DOA, fading coefficients, propagation delays, Doppler
frequencies of different users or targets and the array geometry is presented. This
model is more tractable than “non-parametric” channel models, making it more
suitable for future massive array communication systems. Based on this paramet-
ric channel model, three array performance criteria to measure the antenna array’s
ability to distinguish spatially close users, namely, the detection threshold, reso-
lution threshold and a novel concept termed as “capacity loss” are presented. A
set of five array geometries are compared on the basis of these array performance
criteria to illustrate the important role of selection of array geometry as per the
objective of the system at hand. It is important to point out that, inline with
the stringent requirements of future communication systems, a worst-case envi-
ronment is considered for comparison rather than the more popular approach of

average statistical performance.
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2.1 Overview

Antenna or sensor arrays play a crucial role in a variety of applications ranging
from communications, radar to geolocation systems. In order to design appropri-
ate transmitter and receiver algorithms for antenna arrays, appropriately modelling
the MIMO channel is crucial. There exists abundant literature that provide mathe-
matical models for a MIMO channel, given by the matrix H € CN*Y | between an N
element Tx array and an NV element Rx array. However, there are two major draw-
backs with a majority of the approaches in the literature. The first shortcoming
is that most of these approaches rely on “non-parametric” channel models such as
the Kronecker-based model, Weichselbeger’s model, Sayeed’s model and Muller’s
models [7]. For instance, in [8, 9], using non-parametric models, the channel ca-
pacity in various environments, such as channels with high interference, indoor
line-of-sight (LOS) and channels with high antenna correlation, are analysed. In
[10], using a non-parametric channel model for an indoor environment, the effect of
multipath propagation on the channel capacity is studied. An analysis of the chan-
nel capacity and analytical expressions of the spectral efficiency for an arbitrary
input covariance matrix, in the presence of antenna correlation and interference,
is presented in [I1]. In [12], based on the Kronecker channel model, approximate
spatial correlation models for specific array configurations for a clustered MIMO
channel are proposed. Such “non-parametric” models characterise the channel ei-
ther independent of the target/user channel parameters or utilise the statistical
models of these channel parameters in place of their instantaneous values. This
implies that channel estimation would require to estimate NN “independent” un-
knowns of the channel matrix and the system would possess min (N , N) degrees
of freedom. The primary assumption under all these models is the existence of in-
dependent parallel identical channels between different Tx and Rx array elements.

However, for large antenna array systems that are expected to play a crucial role
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in future communication systems, measurement and modelling campaigns show
that the underlying non-parametric models become quite unsuitable and erro-
neous since the channel does not present rich scattering [13]. Moreover, with the
trend of employing massive arrays, the matrix H would grow in size resulting in an
extremely high number of unknowns. Hence, it is more meaningful to model the
channel accurately in terms of tractable parameters such as the DOA, direction of
departure (DOD), fading coefficients, propagation delays, Doppler frequencies of
different users or targets and the array geometry. With such models, the number
of unknowns required to reconstruct the channel matrix H is independent of the
number of antennas. Such models are known as “parametric models” and will
constitute the backbone of this thesis.

In the literature, there have also been some approaches that utilised paramet-
ric models to study the impact of interference on the antenna array system. In
[14], using 2D ray models, the channel is parametrically modelled and the effect
of antenna spacing on the channel capacity is studied, albeit for a simple 2 x 2
MIMO system. In [15], the effect of spatial correlation on the channel capacity
is studied. However, the influence of the array geometry has been ignored in the
aforementioned research and this constitutes the second major shortcoming. That
is, a majority of the models either ignore the array geometry and do not factor this
into the channel model, or fail to fully exploit it towards the objective of the system.
The impact of this is especially pertinent in scenarios where targets or users occur
in clusters or where targets/users are spatially very close to one another. There
have been some works that attempt to optimise the array geometry to achieve a
desired performance criterion such as maintaining a uniform parameter estima-
tion performance across the whole field-of-view [16], resolving ambiguities [17],
providing increased coverage [15], reducing sidelobe level [19], improving direction
finding capabilities [20] and designing linear arrays (non-uniform or uniform) and

planar arrays with predefined detection and resolution thresholds [21]. Another
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crucial criterion is delivering maximum channel capacity and the impact of array
geometry on this end goal has garnered attention in the recent years. For instance,
in [22], the impact of four uniform array geometries on the ergodic capacity in a
microcellular urban environment is studied, albeit in the absence of interference.
In [23, 24], an analysis of the achievable capacity for two different sets of array
geometries is estimated assuming the users are located uniformly within a sphere
and a circle of known radius, respectively. However, this scenario is representative
of the average capacity, rather than the worst-case capacity that is obtained when
the users are spatially very close to each other, as expected in future dense urban
environments. Thus, in this chapter, the crucial role of array geometry, in con-
junction with a parametric channel model, is studied in the context of the ability
of an array system to perform crucial array signal processing tasks in the presence
of “spatially close users/targets”. Specifically with respect to capacity, instead of
the common notion of average capacity, a novel concept of “capacity loss” is in-
troduced to study the impact of the array geometry on the channel capacity with
the worst-case scenario of spatially close users.

In summary, in this chapter, the relationship between the abilities of a multiple
antenna array system and the associated array geometry is studied, using a family
of geometries known as “grid” arrays as the baseline for comparison and analysis.
In specific, the following crucial insights are presented:

e The detection and resolution bounds are expressed as functions of the arc

length of a manifold curve for 2D “grid” antenna arrays.

e The concept of “capacity loss” is introduced and expressed in terms of the

parameters of the array manifold.

e Typical studies assume multiple users to be randomly distributed in space.

However, here a worst-case scenario of spatially close users or targets is
considered. This is more relevant to applications such as communications

for dense networks.
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Note that these studies are relevant to a wide range of applications utilising mul-
tiple antennas.

The remainder of this chapter is organised as follows. In Section 2.2, the
parametric channel model that will be a crucial part of this thesis, is presented.
This is followed by Section 2.3 where the basic parameters of an array manifold
curve embedded in an N-dimensional complex space are presented. Section 2.4 is
concerned with a comparative study of a number of antenna array geometries that
belong to the family of “grid” arrays. In this analysis, detection and resolution
thresholds and “capacity loss” are employed as figures-of-merit to compare array

geometries for different applications. In Section 2.5, the chapter is summarised.

2.2 Parametric Channel Model

In this section, a parametric model describing a MIMO channel that is time-
varying, multipath dispersive and frequency selective over the operating frequency
band is presented. Figure 2.1 illustrates the MIMO channel model for the i-th
source associated with K multipaths. This model is crucial for all the algorithms
presented in the rest of this thesis. Consider a Tx antenna array of N antennas
and a Rx antenna array of N antennas whose Cartesian coordinates are given by
[fx,fy,fz} e RV*3 and [[x,zy,[z] € RY*3, respectively, in metres. The envi-
ronment is assumed to consist of M users and every user is associated with K
multipaths. The parameters ¢ and k are used to represent the index of the source
and multipath, respectively. The planewave spatial receiver array manifold vector
for the k-th multipath of the i-th user is denoted by Si, = S (61, ¢;;.) and denotes
the receiver array response for a plane wave arriving from a DOA! (0;, ¢,;.) and
is given by

SOy bix) = exp (= [14 1y, 7] E(Ois d31)) (2.1)

16 is the azimuth angle measured anticlockwise with respect to the z-axis and ¢ is the eleva-
tion.
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Figure 2.1: Hlustration of the MIMO parametric channel model for the i-th user.

where k(0;x, ¢,;,) denotes the wavenumber vector defined as
A 2T . . T
kO, dir) = by [c0s Bk cOS Py, Sin Oy €OS Py, SIn | (2.2)

with A representing the wavelength of the carrier. Similarly, using (%) to denote all
equivalent parameters associated with the transmit array [rx, Ty rz] the transmit
array manifold vector is denoted by S;, = S (@k,aik), where (Hik, qbik) represents
the DOD from the transmit antenna array. Using these definitions, the N x 1
baseband signal obtained at the receive antenna array at the time instant ¢ can be
modelled as follows

M K

Z Z B exp (j2m Fixt) Sikgf,i@imi (t — 7)) +n(t), (2.3)

i=1 k=1
where 3., Fir and 7;; represent the complex path fading coefficient, the Doppler
shift and multipath delay, respectively. The transmit weight and message associ-
ated with the i-th user are denoted by w,; and m; (t), respectively. The Doppler
shift is given by

Foug,

S 2.4
Ek c ) ( )
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where v;;, stands for the radial velocity of the i-th user’s k-th path and F,. de-
notes the carrier frequency. (The positive value of the radial velocity represents
the same direction as k). Moreover, n(t) is the spatially and temporally white,
zero mean complex additive Gaussian noise with an unknown variance 2. The
model illustrated by Fig. 2.1 and given by Eq. 2.3 embodies the basis of all the
algorithms and systems proposed in this thesis and will be continually referred
to as required. However, in this chapter, a simple case of M static users, each
associated with a single path, operating in a single-input multiple-output (SIMO)

system is considered and thus Eq. 2.3 simplifies to the following

Z B;8m; (t) +n(t), (2.5)

where 3; denotes the path fading coefficient associated with the i-th user (The
subscript k& has been dropped for simplicity). (Note that the scalar term Si@z has

been absorbed within the path fading coefficient.)

2.3 Parameters of the Array Manifold

In this chapter, it is assumed that all the users lie on the xy-plane, i.e. all the
users lie on a f-curve [25]. Thus, the array manifold vector is a function of a
single parameter namely the azimuth angle . The locus of all the array manifold
vectors S(#), V(0) is a curve A embedded in an N-dimensional complex space as

illustrated in Figs. 2.2 and 2.3 and is defined as
A={S(0),v0 € [0°,360°]} . (2.6)

It is clear from Eq. 2.6 that the array manifold is conventionally parameterised in
terms of the azimuth angle §. However, parameterisation in terms of the arc length
s, which is the most basic feature of a curve and a natural parameter representing

the actual physical length of a segment of the manifold curve, is more suitable.
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. . z
origin

Figure 2.2: Illustration of the environment to study detection and resolution
thresholds comprising of two closely spaced users on the array manifold A as-
sociated with manifold vectors S; and Sy with an arc length As between the two
users.

The arc length s (#) along the manifold curve A is formally defined [25] as

02 [[E0]0 o

The arc length between two points on the manifold curve at #; and 65 is denoted by
As = s(f3) — s(f1) and is crucial in characterising the performance of the system
[26]. In order to facilitate the analysis of the relationship between the various
“figures-of-merit” described in this chapter and the array geometry, for the rest of
this chapter, we represent the manifold vector of the i-th user as a;, in terms of

the arc length, rather than the azimuthal representation (S (6;)) as follows

a; = a(si). (2.8)

7

Thus, using this, we may define the principal curvature x; (s) at any point s [25]

on the array manifold as
d*a(s)
ds?
B 1
17 0)]

i (5) |

i (0) + 2P (6)
P}
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Figure 2.3: Illustration of the environment utilised to study capacity loss compris-
ing of a desired user S; and a cluster of interferers Ss,...,5). The cluster size
is assumed to be As.. The point O denotes the centre of curvature of the arc on
which the interferer cluster lies with radius equal to x;* (s.).

where
r(0) = r,cosf+r,sind, (2.10)
Or (0) .
r(0) = 50— Le sin¢ + r, cos 0, (2.11)

and IP’T%((,) represents the complement projection operator onto the subspace spanned

by 7 (#). That is,

Plg = In — i (0) (7 (0) 7 (9)) " 7 (0) . (2.12)

In this chapter, two different user environments are considered. For the study
of the detection and resolution thresholds, two users closely spaced on the array
manifold curve are considered as shown in Fig. 2.2. For the study of capacity
loss, a desired user and a cluster of interferers on the array manifold curve are
considered as shown in Fig. 2.3. For the environment described in Fig. 2.3, using
Eq. 2.9, we may find the principal curvature 1 (s.) at the centre of the cluster of
the interfering users, i.e. at point s. given by

(82+SM)'

A —
Se = 5(0.) = 5

(2.13)
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The parameter s. is shown in Fig. 2.3 along with As. = sj; — s9 that denotes the
arc length of the cluster and corresponds to an angular separation A0, = 0, — 05.
Assuming a circular approximation® of the manifold curve in the region of the
cluster, the radius of this segment is the inverse of the principal curvature x;* (s.)
as also shown in Fig. 2.3. In this case, we may express the inner product between

two array manifold vectors a (s;) and a(s;) in the cluster as

H ~ N — 2r72 (s.) sin? U — DAs
o (s al) N = 2 st (U002 ) @

with 2 <1,7 < M.
The above definitions and concepts will be utilised in the next section to analyse
the relationships between the detection and resolution thresholds, capacity loss and

the array geometry.

2.4 Relationships between Array (Geometry and
Array Performance Criteria

Consider a calibrated antenna array system consisting of N antennas operating in
the presence of a desired static source and multiple static co-channel interferers. In
this study, the sources are assumed to operate with a single antenna for simplicity.
The desired source’s worst-case performance scenario is dictated by the interfering
source spatially closest to the desired source and is hence used as the baseline for
comparison. The geometry plays an important role in the system’s performance
and the parameters introduced in Sections 2.2 and 2.3 will be employed in this sec-
tion to provide a theoretical framework for studying and analysing different array
geometries. More specifically, five antenna array geometries belonging to the class
of “grid” arrays are considered for comparison. Figure 2.4 illustrates some repre-

sentative examples of 2D grid arrays that are under consideration in this study.

2For larger As,, corresponding to larger Aé., the circular approximation may not be valid
and the second curvature ks (s.) of the array manifold curve may need to be calculated and used.
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These geometries are 7x7 “filled”-grid (49 antennas), square (24 antennas), circu-
lar (18 antennas), concentric circular (28 antennas) and X-shaped (17 antennas)
as shown in Fig. 2.4. The “filled”-grid array geometry is commonly known as the
“orid” array. However, in this chapter the term “grid” arrays refers to the family

of geometries obeying the following

T, =0and [r,| = |-

r W (2.15)

It is important to point out that all the geometries shown in Fig. 2.4 have been
derived from the underlying “filled”-grid and chosen to have the maximum array
aperture for the specified geometry. Due to the balanced symmetrical format of
grid arrays, the associated array manifolds present unique properties that enables
easier analysis as illustrated in the following sections. As figures-of-merit, the
detection and resolution thresholds as well as a novel concept termed as “capacity

loss” are employed and these are presented below.

2.4.1 Detection and Resolution Thresholds

In this subsection, the impact of the array geometry on the detection and resolution
abilities of the array for two spatially closely spaced sources is investigated [27].
The environment is assumed to consist of one desired user and one interferer with
an arc length separation of As along the array manifold curve as shown in Fig. 2.2.

Based on Chapter 8 of [26] and with reference to Fig. 2.2, it can be shown that
the minimum (SNRx L), for the system to detect these two sources located close
to each other in space (i.e. Af is small) is given by

2

(SNRXL)det = A_g,2

(2.16)

Due to the special structure of grid arrays, the arc length As between user 1

(S (61)) and user 2 (S (f2)) can be written as

As =7 ||r, || Aby 2, (2.17)
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Figure 2.4: Tllustration of the five 2D grid array geometries employed for evaluation
namely (a) “filled”-grid (N = 49), (b) square (N = 24), (c) circle (N = 18), (d)
concentric circle (N = 28) and (e) X-shaped (N = 17).

where A, 5 = 02 — 6,. Thus, Eq. 2.16 simplifies to

1

SNR x L X ———.
(SN Eaew 37 a2,

(2.18)

In a similar manner, the resolution threshold with respect to the two sources in

Fig. 2.2 provides a minimum (SNRx L), for the system to resolve the two sources

[26],
(SNRxL). — 52 — (2.19)
T 7(0m) 1
Ast (I{% (Om) — |1n <m> ‘ - N)

where 0, = (024 601) /2 and 1 (0y,) is evaluated using Eq. 2.10. Equation 2.19

indicates that, unlike detection, (SNRx L) _ depends on the first curvature x; (6,,)

res

and is not independent of the azimuth angles of the two sources.

38 of 143



Imperial College London 2. Parametric Channel Model

1 : ; . . . : . 24 . —
23 | : X-shaped ]
s 0 kX—shaped (N: 17) = \10er16 (N = 18}/ \(\(N_I{’?) /
/M /M 22f .
= A_Circle (N = 18) = .
! o1 Co(rjlceritrlc Square
= \ ! . . puaa| ircle
S Concentric Circle (N = 28) 7 2 » (N = 20) (N = 24)
& Square (N = 24)
é St £ | \% 19}
18 +
-Filled”-Grid (N = 49
4 ' ( ) ml “Filled”
— Grid
= 26 4I0 6‘() 80 l(l)() 12‘0 140 160 180 16 ' = 49)
0 50 100 150
Azimuth Angle (deg) Azimuth Angle (deg)
(a) Evaluation of detection capabilities (b) Evaluation of resolution capabilities

Figure 2.5: (a) Detection threshold (SNR x L), versus varying azimuth angle
(b) Resolution threshold (SNR x L), . versus varying azimuth angle. The angular
separation Af; 5 is maintained at 3°.

Figures 2.5a and 2.5b illustrate the thresholds of detection and resolution pre-
sented in Eqs. 2.18 and 2.19 for the five grid array geometries under consideration.
The elevation angles are maintained at 0° while 6, is varied. The angular sep-
aration between the two users Af; , is maintained at 3°. Since the resolution
threshold is a function of the first curvature, it varies with the azimuth angle as
expected while the detection threshold remains independent of the azimuth angle.
For both the detection and resolution thresholds, the “filled”-grid array followed
by the square array provides the best performance while the circular and the X-
shaped arrays perform the worst. One can observe that the number of antennas
is the crucial factor that determines these thresholds. However, the result shows
that the square array yields acceptable detection and resolution thresholds for a
much lower number of antennas than the “filled”-grid array. This is due to the

| for all grid arrays)

fact that the determining factor is ||r,|| (remember ||| = || £y|

rather than the number of antennas N itself. This implies that by optimising the
placement and inter antenna spacing, for the same number of antennas N, lower

detection and resolution thresholds may be obtained.
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2.4.2 Capacity Loss

In this subsection, a novel concept of “capacity loss” will be defined and the
impact of array geometry on the same will be investigated. Let us recall Eq. 2.5
that models the signal x(t) received at an N element Rx antenna array, operating
in an environment consisting of M static users with one multipath each, where the
i-th user is associated with the Rx manifold vector S;, message m; (t) and path

fading coefficient 3, as follows

z(t) = Z B:S;mi (t) +n(t). (2.20)

Using Eq. 2.20, the covariance matrix R,, € CN*V of the signal z(t) can be

written as

M
Ry, = & {z(t)z" (1)} =) PSS! + oll, (2.21)
=1

where P; denotes the received power of the i-th user. In this case, the channel
capacity C' is formally defined as the maximum of the mutual information Z be-
tween the transmitted desired signal m4 (¢) and the signal received at the output of
the antenna array x (t), assuming perfect knowledge of the desired array manifold
vector S;. That is,

€ =max T {m (1);2(1) 15, (2.22)
It can be shown that the channel capacity given by Eq. 2.22 can be written as

follows (refer to Appendix 2.5)

det (R,.)
det (Rccar - Plﬁlﬁ{{

C = Blog, < )> bits/sec, (2.23)

where B is the channel bandwidth. By defining the matrix A as follows

AZ[Sy, ..., 8y €MD, (2.24)
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Eq. 2.23 can be rewritten as

. N + 02, VP SEAP
et
VPPARS, PAYAP+02I,_,
C =Blo , 2.25
82 02 det (PAAP + 020_4) (2.25)
where P € C(M~Dx(M-1) i5 the matrix of signal power given by
VP, 0, 0
0, P, - 0
P = ’ e (2.26)

0, 0, - P

The difference between the capacity in the presence of co-channel interference,
given by Eq. 2.25, and the capacity in the absence of interference is defined as the
“capacity loss”. This capacity loss denoted by C),s is the negative contribution of

the M — 1 interferers in diminishing the capacity and is given as follows

A
Closs = —logy [ 1 — N1 o2 bits/sec/Hz, (2.27)
where
b = VPAPA"S,, (2.28)
D = PAYAP+ o2I_,. (2.29)

It can be noted that the absence of interference, i.e. P = Q,,_1, implies that the
capacity loss is equal to 0 bits/sec/Hz. More importantly, this term is negligible
when the interferers are spatially far away from the desired user. However, if
the interfering sources are spatially close to the desired user, (as this is expected
with high probability in future high density communications) the capacity loss is
expected to be significant. Hence, a study of the variation in C),s in terms of the
array geometry can present key insights that would be crucial for the design of

future systems.
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In order to establish the relationship between the capacity loss and the antenna
array geometry, the capacity loss defined by Eq. 2.27 is expressed as functions of
arc lengths and the first curvature of the array manifold defined in Section 2.3.
The environment being studied is illustrated by Fig. 2.3 and consists of the desired
user and M — 1 remaining interferers that are in the form of a interferer cluster.
Let us denote them by their corresponding array manifold vectors parameterised
by the arc length rather than the azimuth, i.e. a, and a,, ..., a,,, respectively. The
impinging angle of the desired user is #; while the M — 1 interferers have angles
of Os,...,0, respectively. We assume that the angular separation between the
desired user and the cluster of interferers is small enough to result in a capacity
loss. For the sake of simplicity, we assume that the desired user and all interferers
are received with unity power. That is, P, = P, = ... = Py; = 1. Recalling Eq.

2.27, the matrix I € CM-1D*(M=1) may be expressed as follows

H H
Qg Ay, 8983, ... a9 aps
H H
Adq A da A ... dg a
a3 A2y A3 43, <3 &M 2
D= + UH]IM—I- (230)
H H H
Apdo, Appag, ... Apdpyg

Consequently, ID can be expressed in terms of the array manifold parameters in-

troduced in Section 2.3 as follows

As,
2k7 " (s0) (M —2)

D~ —2x; % (s.) sin? (M ) + N1, 1Y+ 0%y, (2.31)

where M is the following Toeplitz matrix

M £ ' . o . : (2.32)

M-2 M-1, ... 0

Remember that, s. denotes the centre of the interferer cluster (see Fig. 2.3) and
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K1 (sc) is given by Eq. 2.9. In a similar fashion, b in Eq. 2.27 may be written as

H
a1 Ay

H
aj as

IS
Il

e cM-bx1, (2.33)

H
ajl apy

which may be, in turn, expressed in terms of the array manifold parameters as

follows
o e .9 As, 1 1
l_) ~ NlM—l — 2/'{1 (S) sin ASlM—l + mM %_—1(§) s
Opr—2 1
(2.34)
where § is the centre of As = s5 — 51, i.e.
5="21 —5 2 (2.35)

Equation 2.27, in conjunction with Eqs. 2.31 and 2.34, establishes an important
relationship between the capacity loss and the most important parameters of the
array manifold, namely the arc length and the principal curvature which are, in
turn, dictated by the array geometry and the propagation environment. Let us
investigate this crucial design equation for the array geometries in Fig. 2.4.

The propagation environment was assumed to be composed of one desired user
and three interferers. The As. was set so that the angular separation between
the cluster of interfering users is set to 3°, i.e. Af, = 3°. In addition, the As
was set such that the angular separation A#, 5 was varied between 0° and 7°. For
this environment, the resulting capacity loss for the five geometries in Fig. 2.4
is illustrated in Fig. 2.6 with variable Af;, and variable 6;. Table 2.1 gives the
performance ranking of the geometries shown in Fig. 2.4. An interesting result is
that the “Square” array and X-shaped array yield a result very similar to that of the
“Filled”-grid array even though the “Filled”-grid has a higher number of antennas.

This can be explained by applying the result obtained in Eq. 2.27 for this set of
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Figure 2.7: Capacity loss for the case that the desired user is located at the center
of the interferer cluster, i.e. (s = s.), plotted for Vs; (i.e. Vf;). Cluster As, is set
such as to fix Af,. = 3°.

geometries that illustrates an interplay between three different parameters namely
|7, ll, k1 and N that results in the ranking given in Table 2.1. The relationship
between these parameters dictates the performance ranking.

Now, consider the scenario where the desired user is located at the center of a
cluster of 4 interferers (i.e. M =5) with Af. = 3°. The DOA of the desired user
6, is variable and corresponds to the horizontal axis in Fig. 2.7 which illustrates
the capacity loss for the geometries shown in Fig. 2.4. It can be observed that
the capacity loss is approximately the same for all geometries although the small
difference in capacity loss is dictated by the number of antennas N. Overall, the
results in this subsection, highlight the importance of the “capacity loss” derived
in Eq. 2.27. This expression can be utilised as an optimisation cost function for
future array design algorithms, especially for propagation environments where high

user density needs to be tackled.

2.5 Summary

In this chapter, the parametric channel model was introduced and presented.

Based on this model and equipped with analytical metrics on the array mani-
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Table 2.1: Ranking of the five array geometries based on the capacity loss.
| Array geometry | |r,|| | Manifold length ¢,, | Ranking ||

“Filled”-grid 14 276.35 4th
Square 12.08 238.51 2nd
Circle 9 177.65 3rd

Concentric circles || 9.68 191.04 last
X-shaped 8.22 162.17 best

fold curve, various grid array geometries were studied and compared by employing
relevant performance criteria of an array system as figures-of-merit. The perfor-
mance criteria employed were (i) detection and resolution thresholds and (ii) the
novel concept of “capacity loss” that clearly measures the degradation in capacity
due to interferers spatially very close to the desired user. Five geometries were
examined by picking subsets of antennas from a 7x7 “filled”-grid array and their
performance was evaluated in the context of a multi-source system where users
are located close together in space as expected in future dense communication
networks. The results illustrated that the performance of antenna arrays may be
improved and managed efficiently by an intelligent choice of array geometry as per
the task at hand, when utilised in conjunction with a parametric channel model.
The results also presented key relationships that can be utilised as cost functions
in future works to perform dynamic selection of array geometry based on the goals

of the array system.

Appendix 2.A: Proof of Eq. 2.23

Let us recall the expression for capacity for a desired user given by Eq. 2.22

C
& =max T {m; (1);2()|S,}. (2.36)

mi

For a deterministic channel, the mutual information Z may be written as

Z(z(t);ma(t) =H(z(t) —H(zt)]m (), (2.37)
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where H (.) denotes the entropy. Since the environmental noise is considered
Gaussian and the maximum information is obtained when the transmitted sig-
nals are Gaussian, the array output z(f) is a Gaussian process and its entropy

may be written as

H (z (t)) = log, det (reR,,) , (2.38)

where R,, denotes the covariance matrix associated with z (¢). Similarly, the

conditional entropy may be written as
H(z(t) | mi (t)) = log, det (me (R, — P1S,ST)) (2.39)

where S is the manifold vector associated with the desired user. Thus, Eq. 2.36

may be written as

C = Blog, det (Re.) — . (2.40)
det (R:c:c - P1§1§1 )
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Chapter 3

Spatiotemporal Array Signal

Processing

In this chapter, a novel approach to extend the degrees of freedom of an antenna
array system operating in a wireless communication environment is proposed. The
approach proposed is in contrast to “massive” systems, where the number of an-
tenna elements are increased dramatically, with the downside of severe constraints
on digital beamforming due to power and cost restrictions arising from a multi-
tude of radio frequency (RF) chains. The spatiotemporal beamformer proposed in
this chapter extends the degrees of freedom by exploiting space and time domains
jointly, with the aid of intelligent Tx signal design and an array manifold “exten-
der” at the Rx. The proposed approach outperforms existing approaches in terms
of achieving near-far resistance capabilities, heightened interference mitigation and
consequently resulting in increased degrees of freedom. A representative example
illustrates that the proposed approach, utilised in conjunction with a small array

of 9 antennas, outperforms a traditional massive array of 80 antennas.
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3.1 Overview

In Chapter 2, the important role of the Rx array geometry encompassed within a
parametric channel model was highlighted towards achieving improved detection,
resolution and capacity in an array system. However, current array signal process-
ing systems are becoming increasingly inadequate to cater to future applications
that are required to deliver high degrees of freedom (DoF'). More specifically, in
the domain of wireless communications, with the advent of internet of things and
spiralling data and connectivity requirements, there is an imminent requirement to
explore means to expand the degrees of freedom provided by the communication
system being employed. For instance, consider the upcoming mm-wave commu-
nications technologies, that proposes the utilisation of the millimetre wave band
to augment the already saturated lower frequency bands to address ever-growing
demands on data rates and traffic volumes. At these frequencies, due to smaller
antenna sizes, many more antennas may be integrated at the user-end devices,
bringing advanced antenna array signal processing algorithms to the fore. How-
ever, a major limitation at these frequencies is the increased propagation losses [25].
In addition, the mm-wave channel is known to be frequency selective [29, 30, 31],
while foliage losses and rain attentuation at these frequencies are significant and
can limit the coverage severely. Furthermore, attenuation factors due to obsta-
cles in non-line-of-sight (NLOS) communications are much higher as compared to
their counterparts in the 1-3 GHz communications band. Another critical prob-
lem would be the interference management arising from high user density in small
cell deployments. In such environments, typical power control mechanisms will
be much harder to operate. All the aforementioned issues can be addressed by
enhancing the degrees of freedom delivered by the communication system. An
increase in the DoF maps to a number of interrelated objectives namely

1. ability to resolve and deliver highly pointed beams towards closely spaced
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sources leading to increased interference cancellation and thus heightened
capacity,

2. increased accuracy of channel estimation and

3. ability to cater to an increased number of sources.

The degrees of freedom directly scales with the number of dimensions of the system
as per the definition in [32, 33]. Therefore, extending the dimensions, and hence
the DoF, beyond the Rx spatial array dimensions, forms the motivation of this
chapter to address the challenges in future communication systems.

Consider a system that is characterized by Ng, dimensions. This implies
that every distinguishable signal can be characterised by a unique manifold vector
S (Q) € CNam*1 where p € C®*1 is the list of () parameters that characterises
the manifold vector. For example, the received signal at an Rx array as given by
Chapter 2, when utilised with no post-processing, constitutes an N-dimensional
system. As stated earlier, in order to expand the DoF of the array system, the
parameter Ng, needs to be increased. This may be achieved by extending the
manifold vector in a number of different ways such as incorporating additional
system or channel parameters, or by simply increasing the number of antennas in
the system. One of the most popular and straightforward approaches is to utilise
hundreds or thousands of antenna array elements known as massive arrays or
massive MIMO [34, 35]. An increase of N antennas increases the degrees of freedom
by N. However, utilising an independent RF chain for each antenna element of a
large array is not sustainable with the given constraints of power, manufacturing
cost and available area. Some methods in literature propose a rollback to the
strategy of hybrid beamforming, i.e. combining analogue and digital beamforming.
This is with the objective of reduced design complexity and power burden arising
from the numerous analogue front-end chains to support the increased number of
antennas. In [36], a hybrid beamformer consisting of analogue subarrays and a

digital beamformer is proposed. However, it exploits the spatial dimension alone
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and employs an expensive iterative DOA estimation procedure requiring more
iterations at a lower SNR. A hybrid beamformer maximising the receiver output
SNR is proposed in [37]. However, the downside with such approaches is the
inferior beamforming performance and accuracy. The research carried out in this
thesis does not focus on such approaches. On the other hand, in this research,
other means to expand the DoF that do not require as many antennas, while
retaining the benefits of digital beamforming, are explored. Towards this, in this
chapter, the spatial array system of Chapter 2 is extended to a spatiotemporal
array system, by exploiting space and time jointly. The two main enablers of such
a system are the intelligent design of the Tx signal and the extension of the spatial
manifold vector to that of a spatiotemporal manifold vector.

This chapter is organised as follows. In Section 3.2, a brief overview of current
spatiotemporal or space-time approaches is presented. This is followed by Section
3.3 where the mathematical models and designs of the transmitter and receiver
blocks are presented. Equipped with these models, the designs of the spatiotempo-
ral channel estimator and weight design blocks are presented in Section 3.4. The
proposed spatiotemporal beamformer is subjected to detailed computer simulation
studies which are presented in Section 3.5. The chapter is concluded in Section

3.6.

3.2 State of the Art: Space-time Array Signal
Processing

There have been some approaches in the literature that attempt to integrate the
spatial and temporal domains to extend the degrees of freedom. In this section,
a brief overview of the current state of the art in spatiotemporal (also known as

space-time in the literature) array signal processing is presented. In general terms,
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spatiotemporal techniques may be defined as approaches that utilise the (N x 1)
signal received across the antenna array in conjunction with /Ny temporal snapshots
to extend the degrees of freedom. The approaches in literature may be broadly
classified as shown in Fig. 3.1. Although the approaches are discussed at the Rx
in this section, all these approaches may be utilised either at the Tx or Rx or both.
There are a few approaches that utilise pilots, i.e. are non-blind, and are not the
focus of this section.

Decoupled space-time single-user approaches process the spatial and temporal
information one after the other (in any order) rather than processing both domains
jointly. The term “single-user” approaches implies that these approaches attempt
to isolate the desired user’s signal treating the other users as interferers, whilst
“multi-user” approaches are interested in decoding and demodulating all users.
The spatial domain in such approaches may employ algorithms such as MUSIC [3],
min-norm MUSIC [38, 39], smoothed MUSIC [10, 41], root-MUSIC [12] or ESPRIT
[1] and the temporal domain may utilise various properties of the structure of the
transmitted message to further isolate the desired signal. For instance, in [13], a
decoupled 2D space-time RAKE receiver and a corresponding blind equalisation
algorithm for a code division multiple access (CDMA) system is proposed. In
[44], a decoupled space-time receiver is proposed where the first stage utilises the
spreading sequence of the desired user to despread the data, whilst the second
stage utilises the most significant eigenvector from the eigendecomposition of the
spatio-frequency correlation matrices.

On the other hand, spatiotemporal approaches exploit spatial and temporal
domains “jointly” by essentially extending the manifold from a /N-dimensional
space to NN, dimensions, where NN; corresponds to the temporal dimensions.
Such approaches may be further classified as single-user or multi-user receivers.
There have been some approaches in literature, as discussed in the survey in [15],

that propose blind multichannel identification or equalisation methods using joint

52 of 143



Imperial College London 3. Spatiotemporal Array Signal Processing
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Figure 3.1: Classification of spatiotemporal array receivers. The spatiotemporal
beamformer proposed in this chapter belongs to the family of single-user STAR
receivers as highlighted by the yellow box.

space-time processing. However, these techniques are predominantly applicable for
approaches employing time division multiple access (TDMA). In [16], a single-user
STAR receiver is proposed based on a parametric model. However, an estimate
of the channel matrix is assumed known and continuously tracked based on DOA
and time of arrival (TOA) estimation in conjunction with the received data. This
has been enhanced to a multi-user receiver in [17, 48], where an iterative channel
identification approach is utilised leading to high complexity that increases with
the number of interferers and number of antennas, making it unsuitable for the
large antenna arrays of future 5G systems. The SpatioTemporal ARray (STAR)
manifold beamformer presented in this chapter integrates space and time in a sin-
gle manifold vector, called the spatiotemporal manifold vector and belongs to the
branch of single-user beamformers highlighted in Fig. 3.1. This considerably em-
powers the receiver to provide narrow spatiotemporal multi-beams and combat the
path loss by focusing the antenna array gain towards a specific path’s directions
of interest at the right time (delay) [19]. Unlike earlier systems, the proposed
beamformer explicitly compensates multiple access interference (MAI) and esti-
mates DOA, delay, radial velocity (Doppler frequency) and complex path gains of
all paths of the desired user. Also, the channel estimation algorithm employed is

blind, unlike systems with pilots such as in [50]. In the next sections, the design
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of the proposed spatiotemporal beamformer, consisting of a channel estimator and
weight design block, is mathematically modelled and evaluated for various channel

environments.

3.3 Design of the Tx and Rx

Consider a MIMO environment where M sources operate in the same frequency
band with the transmitter and receiver arrays employing N and N antennas re-
spectively. For the i-th source, we may split the overall system model into three
entities namely the transmitter model, channel model and receiver model. The
parametric channel model, which is independent of the system being employed,
has already been introduced in Chapter 2. Thus, in this section, the transmitter
and receiver blocks characteristic to the spatiotemporal beamformer system are

presented.

3.3.1 Tx System Design

Each of the M co-channel sources employ a unique pseudo noise (PN)-code of
period N,.. With reference to Fig. 3.2, consider at point A the input data symbol
stream of the i-th source denoted by {a; [n]},¥n. Without any loss of generality,
the transmitted symbols are assumed to be of unity magnitude. Then, the data
stream {a; [n]} of the i-th source, with a symbol period T, is spread by a PN-code
sequence of chip period T,.. The use of PN-code is just a representative example
of how we can integrate a modulation scheme with antenna array geometry. Note
that instead of a PN-code we can use a Hadamard /Walsh sequence, or a chirp-pulse

signal. Let us define the vector ¢; such that

¢ = lou[1], 062, .. o NT e {1, -1} (3.1)

1

~
one PN-code period
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With T,, = N.T., for the (N.n + m)-th interval, the transmitted symbol at point
B is given by a; [n]«; [m], Ym € {1,2,...,N.}. Following this, the transmitter
weight of the i-th source w; € CV*! is applied on the modulated and spread data
stream vector, at point C of Fig. 3.2, to steer the transmitter main lobe towards
a desired direction during the instant (N.n + m), yielding @; (a; [n] o [m]). Note
that the transmitter weights w, may be designed based on the feedback from the
receiver. The design of these transmitter weights is out of the scope of this chapter.
The sequence of samples of the n-th symbol of the i-th source, obtained at point

C, can be written in the form of a matrix M;[n| given by
Mi[n] = @, (a;[n]c]) € Ve, (3.2)

Finally, the (W X 1) message signal vector obtained at the output of the D/A

convertor (see point D) is transmitted onto the Tx antenna array of N antennas.

3.3.2 Rx System Design

The received signal x(t), which is shown at point E in Fig. 3.2 and Fig. 3.4, is fed
to a preprocessor consisting of a discretiser of a sampling period T, and a bank of
N tapped delay lines (TDLs) of length 2. Since the generic case of asynchronous
systems is considered, the transmitted data symbols do not arrive at the antennas
at the beginning of their interval but with a relative delay. Thus, during the
nT.s period, the TDLs contain the contribution of the n-th Tx symbol plus some
information of the previous (n — 1) and next (n + 1) symbols. In this thesis, we
use the term inter symbol interference (ISI) to represent this contribution arising
from this preprocessor. Figure 3.3a shows the 3D data cube which represents
the received discretised signal, where the n-th slice of the data cube matrix is
of size N x 2N, corresponding to the data stored in the bank of TDLs at the
nT,, period. The vectorisation of the transposed n-th data slice provides the n-th

spatiotemporal snapshot x[n] € C*V Nex1 a5 shown in Fig. 3.3b. Hence, the output
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Figure 3.3: The 3D data cube and its vectorisation to form the spatiotemporal
snapshot z[n].

z[n] at point F in Fig. 3.4 can be written as
z[n] = vec (X" [n]) (3.3)

and this section presents the mathematical model of the same. Thus, the vector
z[n] contains the n-th symbol of the desired source along with IST, MAI and noise
effects.

In order to model these contributions, for the i-th source and k-th path, the
concept of the array manifold vector is extended to the STAR manifold vector
b, € CPNNx1 [51] given as follows

(&7

Qik =S, ® Jlﬁf O Fi | = AiSi, (3.4)

O,

where A;, € C*NNexN g the linear mapping between the space-only manifold

vector S, and the STAR manifold vector b defined as

(&5
Ap =Ty | Ik, ©Fy |- (3.5)
O
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Figure 3.4: Block diagram of the preprocessor consisting of the discretisor, TDLs,
channel estimator and the STAR subspace receiver.

The matrix Jp (or JL) is a P x P matrix and the power [ of Jp (or J5) when

applied to a vector z € CP*1 ie. Jhx (or (J}C)lz), downshifts (or upshifts) the

vector z by [ elements and is given as follows

—oT_, 0
Jp=| """ . (3.6)

_]IP—lv QP_l

In Eq. 3.4, the parameter [;;, = {TT—f mod N, stands for the discrete relative path
delay. The temporal variation within a symbol arising from the Doppler frequency

shift is modelled as the vector F; € C*Ne*! written as
F, = exp <j 0,1,...,2N, — 1]T27r}"ich) , (3.7)

where F;; denotes the Doppler frequency given by

Fci

and v;; stands for the radial velocity of the i-th source’s k-th path with F,. denoting

the carrier frequency.
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Using the STAR manifold vector defined in Eq. 3.4, we can model the n-th

spatiotemporal snapshot z[n] as follows
. (v, © £,In)) ailn]
- S ] (o g ) s y| Fald (9
=1
<l’ ® f.[n+ 1]) a;[n + 1]
where a;[n| represents the symbol transmitted by the i-th source and n[n] repre-

sents the sampled noise. The matrix H; contains the STAR manifold vectors of all

the multipaths of the i-th source, constructed as follows

In Eq. 3.9, the matrix Heo™P € C2NNex2K contains delayed versions of the matrix

H; (ISI) and is defined as
H™ = [(Iy ® (Jon,))H, (Ly © Ty, )H] - (3.11)

In addition, the vector v, € CE*1 contains the path fading coefficients and the

gain provided by transmit beamforming for all the multipaths of the i-th source.

That is,
g 1T
7, =B.0 [sﬂw 5w §iK@Z} , (3.12)
where the vector 3, € CE*1 given by
T
By= (BB B (3.13)

contains the K multipath fading coefficients of the i-th source. Finally, the vector
f.[n] € CE*! incorporates the temporal variation arising from the Doppler shift

—1

from one symbol to the other, defined as
i@[n] = exp <.]2n7T [‘/Tilv E27 s 7EK]TTCS> . (314)

Without any loss of generality, the first source is assumed to be the desired, i.e.

i = 1, and thus z[n] can be rewritten as follows to distinguish the desired signal,
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ISI, MAT and noise component

ISIterm
Desired term X
xn—r An com (1 n—1> =1l
Y T (1 @ £yln+1]) 41
MAIterm
y (7 @f n—l)azn_l nolse
+3 [Heem 1) <7 ©fn+1 )az + ). (3.15)
- (2.0 Ln]) il

Based on Eq. 3.15, the theoretical covariance matrix of the received signal

R,, € CENNex2NNe can be written as

A
A =
2R yes IiR\ISI

H T b b H
— H, G HY + H™ (I, ® Gy) (HE™)

éR}y{AI
- b b H - '
+ ) [HE ) (T @ Gy) [H™, Hy] ™ + o2lana (3.16)
1=2

where G; € CE*E represents the multipath power gain matrix given by

G—¢ { (1,© £,m) admlaifn] (3, @L[n})H}

= ding {3,071} © £ {1, "]}

1 —1

= diag {f_yz. ® ’_y:} , (3.17)

since £ {a;[n]al[n|} = 1and € {f [n ]ifl[n]} = [k. Note that with the L spatiotem-
poral snapshots shown in Fig. 3.3, the practical covariance matrix corresponding

to the theoretical one given by Eq. 3.16, can be obtained as follows
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3.3.3 Comparison of Array Bounds

As stated in [25], the estimation performance of an arrayed system depends on
the radius of the uncertainty sphere centered at the true value on the manifold.
This uncertainty sphere arises due to the finite sampling effect characterised by
the number of snapshots L and the SNR. The Cramer-Rao bound (CRB), a
theoretical lower bound on the variance of the estimation error of the azimuth ()
for a source, for space-only systems, has been obtained as [27]

1

(SNR x L) &2 (0)° (3:.19)

Cl%Bspace—only [6] - 9

Here s (0) = % denotes the rate of change of the arc length s of the array manifold
and is a function of the array geometry. For instance, for linear arrays of N sensors,
$(0) = 7||r,|lsin 6. However, to evaluate the CRB for the spatiotemporal system
employed in this chapter, Eq. 3.19 needs to be extended to incorporate the STAR
manifold vector. The rate of change of the arc length of the extended manifold

$7¢ (0) has been derived in [71] as

$3 (0) = \/UX.@ (8) + 02N, (3.20)

where A is a linear transformation, as introduced in Eq. 3.5, mapping the space—
only manifold to the STAR manifold vector (Note that the elevation angle ¢ has

been set to 0 for simplicity). In Eq. 3.20, 02 and O'%A are defined as follows

Tr {ATA

o3 = ¥ (3.21a)
. H .
Tr<A A

o} = {T} (3.21b)

Using the transformation defined in Eq. 3.5 along with Egs. 3.21a and 3.21b, the

following particular properties can be obtained

or = N, (3.22a)

= 0. (3.22b)

o

N
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Hence, Eq. 3.20 simplifies to

s (0) = /NS (6). (3.23)

Using this in conjunction with Eq. 3.19, we can derive the CRB of the proposed

spatiotemporal system as follows

CRBsrar [0] = 5 CRBspace-onty [0)]- (3.24)

This illustrates that, for the same number of antennas, the proposed spatiotem-
poral system outperforms the corresponding space—only system in terms of the

estimation error.

3.4 Spatiotemporal Beamformer Design

In this section, based on the Tx and Rx models in Section 3.3, a spatiotemporal
beamformer is presented. As shown in Fig. 3.4, this beamformer consists of a
STAR-subspace receiver utilising the estimated parameters, denoted by (), from
a channel estimator. The design of these blocks is discussed in the next few
sections. Without any loss of generality, the first source is considered to be the
desired source.

Based on Eqgs. 3.15 and 3.18, the parameters of interest of all the paths of
the desired source (i.e. i = 1) to be estimated are as follows: relative multipath
delay, channel fading coefficients, Doppler frequency and DOA. Here onwards, the
subscript ¢ = 1 is dropped for notational convenience. As shown in the estima-
tion block of Fig. 3.4, the aforesaid complex estimation problem is broken down
into multiple smaller units of lower complexity. The search procedures are car-
ried out in the baseband. Firstly, the delay and Doppler frequency are jointly
estimated, followed by the estimation of DOA. Then, the combined contribution

of the channel fading coefficients and transmit beamforming weights is estimated.
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These estimation procedures are blind and are based on the assumptions of plane
wave propagation, known array geometry and fully calibrated arrays. (With no
loss of generality, the elevation angle is set to zero i.e. ¢, = ¢;, = 0 Vi, k). The
proposed framework utilises
e the extended array manifold which is a mathematical object embedded in a
multidimensional complex space that entirely characterizes an antenna array
(of a given geometry) for the whole set of values in the parameter space
e the preprocessed received array data, and in particular its second order sta-
tistics, which can provide a linear space spanned by the signals (signal sub-
space),
where the solution of the estimation problem is the intersection of the non-linear

subspace-(i) and the linear subspace-(ii).

3.4.1 Joint Delay—Doppler Estimation

In this first stage of joint estimation of delay and Doppler frequency, since the
DOA is unknown, the spatial dimension provided by the N antennas cannot be
exploited. Hence, the subspace is reduced from 2NN, to 2N, dimensions by a
simple rearrangement of the slices X [n] of the 3D data cube in Fig. 3.3. Using the
eigendecomposition of the covariance of the rearranged matrix [XT[1],...,X"[L]]
of size C*Ne*NL  the projection on the noise subspace P, is obtained. Note that,
although the number of dimensions is reduced, increased number of snapshots are
obtained due to the format of the rearrangement. The parameters corresponding
to the desired source will lie in the signal subspace spanned by the temporal part
of the manifold vector in Eq. 3.4, given by Jé’j\/ [QT,Q;‘C/C]T ® F,, containing the
PN-code of the desired source and a Doppler component. Using the fact that
this subspace is orthogonal to the estimated noise subspace P,,, the cost function

&(lg, Fr) estimates the delay—Doppler jointly for the k-th multipath of the 1st
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source (i.e. desired source) and can be defined as follows

H
Jan. 0 © L Jon. 0 © Ly
SN =N
& (I, Fi) = T : (3.25)
Be | S oz plis | |oF
2N <k n 2N, Lk
O, On,

The peaks obtained from the 2-dimensional search using this cost function over a
2D grid yield the delay and Doppler frequency values corresponding to the mul-
tipaths of the desired source. The number of evaluations is not a function of the
number of antennas but depends purely on the chosen 2D grid. Furthermore, the

evaluations are independent from each other and can be done in parallel.

3.4.2 DOA Estimation

The design of this cost function follows the logic stated previously that the in-
tersection of the noise subspace spanned by P, and the extended STAR manifold
object will yield the set of all STAR manifold vectors b ) (see Eq. 3.4) of the desired
source’s paths. Hence, for £ = 1, ..., K pairs of estimated (lAk, ]—A"k), a 1D search is

carried out over the space—time cost function given by

N by (%ﬁk) b, (Gm)
5(%,&) = % (%,ﬁk) P.b, (9%?}6),

(3.26)

where PP, represents the projection on the noise subspace obtained from the eigen-

decomposition of the covariance matrix R,,.

3.4.3 Combined Fading Coefficient Estimation

Post estimating the delay, Doppler frequency and DOA, the residual combined
parameter 7, to be estimated consists of the complex path fading coefficient and

the transmit beamforming gain for the k-th path of the first source. In this section,
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a near—far algorithm to estimate the amplitude and phase of ~;, is described. The

steps in the algorithm are as follows
1. The subspace Ry ., consisting of MAI, noise and the other K — 1 paths of
the desired source is constructed by subtracting the effects of Ek (estimated

in Sections 3.4.1 and 3.4.2) from the data covariance matrix
2 oH
Riun = Reo — [1941° 5,6, - (3.27)

By partitioning the space spanned by the columns of Ry, ,,, into “unwanted”
signal subspace and “noise” subspace, the projection operator Py, .., is formed
using the eigenvectors corresponding to the “unwanted signal”. This, in turn,
can be utilised to construct Py, to isolate the k-th path of the desired source,
that is

Piun = Lovae — Pryun. (3.28)

In Eq. 3.27, the amplitude ||9,| can be estimated using the following cost

function inspired from [52]

3l = argmin gy (b ). (3.29)
where
2NN, 2NN,
S UD = D (1 +eig, Re(Iyl)) + 10logy, | > leig,, (Ri (I7I)] | .
eig:i() eig:io
(3.30)
with
) ~ ~H
R (JI7]]) = Raa — €iguin (Rez) Iova — 17117 5,5, - (3.31)

The aforementioned 1D cost function of Eq. 3.30 is searched for the amplitude
|l7|| that reduces the rank of the received signal covariance matrix R,, by
one.

2. By exploiting the noise tolerance of the modulation and utilising all the

available symbols in the observation interval of L snapshots, the phase of 4,
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can be estimated as follows

L
Ly = {% > {2 (i, Phaln] ) = A f mod v - wo} + g

"~ (3.32)
where /%, ., is an initial guess of the phase of 7, obtained with the help of

Piun as below
Logn = 2271, (Plna[1]) - (3.33)
Here a[l] is the first symbol of every observation interval which is assumed
to be the header (i.e. known). There are two important points to be noted
here. Firstly, the role of Py is to make the procedure near—far resistant.
Secondly, after suppressing the interference, two levels of noise suppression
are utilised. First level of obtaining /%, ., relies on the inherent noise tol-
erance of the modulation while the second level uses a maximum likelihood
(ML) averaging approach to obtain an improved estimate of the phase. Note
that this is under the assumption that the phase deviation introduced by
the noise is within +1, where v is the minimum phase difference between

two constellation points and 1), is the initial modulation angle in the chosen

modulation scheme.

3.4.4 Design of the Rx Spatiotemporal Beamformer Weights

In this subsection, the estimated channel parameters are employed to construct

spatiotemporal beamforming weights to steer very high gain towards the directions
of interest. The steps to build these weights are as follows

1. As a first step, the unwanted subspace of the desired source I@unwamed is

required to be estimated. Towards this, the contribution of the desired source

to the received signal covariance matrix, namely ]l/édes in Eq. 3.16, has to be

removed from the received signal covariance matrix R,, as follows

]@unwanted =R, — ﬁlaﬁ{[ (334)
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2. By performing the eigendecomposition of the estimated @unwanteda the matrix
Es whose columns contain the eigenvectors spanning the corresponding un-
wanted signal subspace can be obtained. Using this matrix Eg, a projection

operator orthogonal to the MAI and ISI may be built as follows

unwanted

PL — Tonw, — Be (B7E,) T B2 (3.35)

3. The projection operator from step 2 is used to form the STAR-subspace

weights as

su unwanted

~ ~ —~ \ —1
Weub = IP)1J1_nwa,nted:IHIl (H{{PL H1> /7\ (336)

An estimate of the transmitted symbol vector a[n] (point A in Fig. 3.2) is
formed as
afn] = wipz[n]. (3.37)
The performance of this receiver is compared to two other extensively used
recelvers
e single-user STAR-RAKE receiver
e multi-user STAR-decorrelating receiver.

The weights for the STAR-RAKE receiver are given as:
Wrake = Hi7. (3.38)

The multi-user STAR-decorrelating receiver (zero-forcing receiver) exploits the

knowledge of the entire channel given by
H = [H™, Hy, ..., Hy™, Hu (3.39)

where H; represents the contribution of the i-th user. The version of this receiver

introduced in [53] as been employed here, expressed as

Wee = COb K4 1:3K { [H (HHH)_l] }i, (3.40)

where the notation colyi 1.3 has been used to indicate that the (2K + 1)-th to

(3K)-th columns are extracted.
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3.5 Computer Simulation Studies

In this section, simulation studies are presented to evaluate the performance of
the proposed spatiotemporal beamformer and the associated parameter estimator.
Without any loss of generality, both the Tx and Rx antenna arrays are considered
to be uniform circular arrays (UCA) of 7 and 9 elements, respectively, lying in

the zy-plane. The Cartesian coordinates of the elements of these two arrays are

Table 3.1: Simulation Parameters

indicated in (% units) in Eqgs. 3.41 and 3.42, respectively.

1.1, 0.7, —0.3, —1.0, —1.0, —0.3, 0.7
T
[r..7,.T.] =00, 09, 1.1, 05, —05 -11, —09]|, (3.41)
0.0, 0.0, 00, 00, 00, 0.0, 0.0

14, 09, —00, —1.0, —1.4, —12, —04, 05, 13
[reryr) = (0.3, 1.1, 15 11, 02 —08 -14, —13, —0.7

0.0, 0.0, 00, 00, 00, 00, 00, 00, 00
(3.42)

Table 3.1 provides the parameters employed in the simulations. The parameters
follow a uniform distribution in their respective intervals i.e., the DOD and DOA
between 0 and 360 degrees, the delays between 0 to N.T,,—1, the Doppler between 0
and 2000 Hz and the complex path coefficients follow a uniform phase distribution
between 0 and 360 degrees and the gain follows a Rayleigh distribution. Also, for
the sake of simplicity, a steering vector towards a DOD of 90 degrees is utilised as

the transmit weight per user.
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3.5.1 Evaluation of Channel Estimation

In this section, the channel estimator block, illustrated in Fig. 3.4, is evaluated in
terms of its performance in the presence of interference and noise. Consider one
desired source operating in the presence of 3 co-channel interfering sources in a
frequency selective channel with 2 paths per source. Let us assume an observation
interval of 200 channel symbols (L = 200) during which the channel parameters of
the desired user to be estimated are (27,500 Hz, 100°) and (107, 1500 Hz, 300°).
All users are assumed equipowered with an input SNR of 20 dB. Received signal
data generated using random transmitted signal data for the above environment
corresponding to L = 200 was utilised to obtain the results of the proposed ap-
proach as shown in Figs. 3.5 and 3.6.

An important parameter in subspace based approaches is the number of snap-
shots L used in the estimation procedure. As the value of L increases, the practical
covariance matrix provides a better approximation of the theoretical covariance
matrix. Figure 3.7a shows the root mean square error (RMSE) as a function of
SNRx L averaged over 200 trials for all the subspace based approaches in the es-
timator for a fixed value of L at 200 and equal powers for all sources. The SNR
was varied from 5 to 30 dB for the simulation. The error in the estimation of
the delay is not shown since it is zero through the whole range of SNRx L. The
results indicating a decrease in RMSE with increasing values of SNRx L is in-line
with the performance bounds presented in Section 3.3.3. A higher value of L may
yield better means to combat lower SNR at the cost of the assumption that the
channel remains constant over this longer interval of time. The CRB for the DOA
parameter for the proposed spatiotemporal system was presented in Section 3.3.3.
Figure 3.7b presents an evaluation of the proposed algorithm against this theoret-
ical result in terms of the variance of the DOA error. It can be observed that the

performance of the proposed system approaches the theoretical bound closely.
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Figure 3.5: Sample result of the output of (a) the joint delay—Doppler estimation
and (b) DOA estimation for the desired source operating with 3 other interfering
sources. The SNR and NFR are set to 20 dB and 0 dB, respectively.
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Figure 3.6: Sample result of the output of phase estimation of the combined path
fading coefficient for the desired source operating with 3 other interfering sources.
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Figure 3.7: Performance evaluation of the spatiotemporal channel estimator.

3.5.2 Evaluation of Interference Mitigation

Figure 3.8 shows the performance of the proposed spatiotemporal-subspace receiver
(whose weights are given by Eq. 3.36) against other spatiotemporal receivers such
as the spatiotemporal-RAKE (Eq. 3.38), spatiotemporal-decorrelating (Eq. 3.40)
and traditional spatial-only massive MIMO (80 antennas) beamformer (enhanced
with subspace set of weights and RAKE weights) in the presence of high interfer-
ence and noise in terms of the output signal to noise interference ratio (SNIR,y; ).
All the systems being compared utilise identical channel resources. The SNIR;
parameter represents the level of interference present in the beamformed signal
and evaluates the performance of the reception system to mitigate interferences.
The estimation of this parameter is based on Rig; + Ryar + Ry, the covariance
matrix of the undesired components of the received signal, and Ry, the covariance

matrix of the desired signal

wHRdesw
wH (Rt + Ryar + Run) w

SNIRu; = (3.43)
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Figure 3.8: Comparison of the proposed spatiotemporal subspace receiver with
other spatiotemporal and spatial-only receivers in terms of the near-far ratio (NFR)
(200 trials)

By employing a spatiotemporal-RAKE receiver that does not perform interference

cancellation, the expression simplifies to

P
SNIR,; = NN.————— 3.44
! U + Plnt ( )

where P, is the residual power contribution from MAI and ISI and P, is the
desired signal’s power at the Rx. Clearly, as shown in Fig. 3.8, the SNIR;
of the RAKE receivers decreases dramatically, since they are unable to provide
appropriate levels of performance in the presence of interference. However, the
spatiotemporal RAKE receiver outperforms the spatial RAKE receiver, due to the
gain arising from heightened dimensions. However, if appropriate spatiotemporal-

subspace weights are utilised, this expression simplifies to
SNIR,.: = NN.SNR;,, (3.45)

as there is complete interference cancellation (P, — 0). Thus, the subspace re-
ceivers, provide steady performance over a huge range of near-far ratios (NFR)
from 0 to 60 dB by incorporating terms to explicitly suppress interference. Such

receivers are best suited for applications that are required to cater to high source
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density, where tolerance to the near—far problem is critical. As illustrated in
Fig. 3.8, this single-user subspace receiver achieves a performance very close to
a multi-user receiver (spatiotemporal-decorrelating receiver) without the channel
knowledge of the interferers. The performance is also an indicator that at vary-
ing NFR levels, the channel estimation errors, if any, lie within the input error

tolerance boundary of the receiver.

3.6 Summary

In this chapter, a spatial-only system was extended to a spatiotemporal array sys-
tem, to extend the DoF without increasing the number of antennas and resorting
to hybrid beamforming. The spatiotemporal array system exploits space and time
jointly by utilising an intelligent design of the Tx signal and extending the spatial
manifold vector to a spatiotemporal manifold vector. The spatiotemporal beam-
former design, that consists of a channel estimator block and a receiver weight
design block, was presented. This beamformer was evaluated with varying levels
of noise and interference. Simulation results indicated that the estimation and
reception processes are highly tolerant to the near—far problem and would enable
the system to function without power control management algorithms. Results il-
lustrated that the proposed beamformer, in conjunction with a small array of nine
antennas, yields a performance 20 dB better than a traditional MIMO system of

80 antennas.
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Chapter 4

Spatiotemporal-Virtual Array

Signal Processing

This chapter is concerned with extending the degrees of freedom above and beyond
that of the spatiotemporal beamformer in Chapter 3, by exploiting the concept of
virtual arrays. Virtual array signal processing has been investigated extensively
in the domain of radar, where the transmitted message is often known completely
and exploited at the Rx. However, communication systems do not enjoy this
privilege. Thus, in this chapter, towards communication systems, by employing
an intelligent Tx signal design and a corresponding manifold extender at the re-
ceiver, a spatiotemporal-virtual array system that exploits the Rx and Tx array
geometries jointly with the temporal domain is presented. Results illustrate that
the proposed system outperforms spatiotemporal systems and traditional spatial-
only array systems, in terms of heightened degrees of freedom and an interference

mitigation performance independent of the Tx array geometry.
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4.1 Overview

In Chapter 3, the spatial array system of Chapter 2 was extended to a spatiotem-
poral array system in order to increase the degrees of freedom. The spatiotemporal
array system exploits both spatial and temporal domains jointly, by an intelligent
design of the Tx signal and subsequently exploiting this special structure at the
receiver. However, the key question here is the following: Have all spatial domains
yet been exploited in these systems? The answer is no, since the Tx array geometry
is another key spatial domain that has been ignored.

In this chapter, the spatiotemporal array system is extended to a spatiotemporal-
virtual array system, by additionally incorporating the Tx array geometry without
placing any constraints on the array geometries at the Tx and Rx. Also, more im-
portantly, the approach in this chapter requires no knowledge of the transmitted
signal unlike the virtual arrays employed in radar [54], where the transmitted signal
is completely known and is exploited to construct matched filters at the receiver.
The problem statement that forms the crux of this chapter may be described as
twofold

1. provide solutions that exploit all “spatial” (Tx and Rx) and temporal do-

mains to provide heightened user resolution and interference cancellation
and

2. improve the ability to accommodate more sources.

In the literature, both of these aforementioned objectives are often interchangeably
termed as “degrees of freedom”. For instance, in [55, 56] the degrees of freedom is
identical to channel multiplexing gain and a formal definition of this is provided
in [33] as the coefficient of the logarithm of the SNR (when SNR is high). Note
that this is the definition for degrees of freedom used in this chapter. However, in
[57] this is interpreted as the number of sources that can be served by the array

system. Please note that the objective (1) and (2), albeit related, are different.
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While both of the objectives directly scale with the number of dimensions of the
system, the proportionality ratio for objective (2) varies with the technique utilised
at the transmitter.

This chapter is organised as follows. Section 4.2 provides a brief overview of
the current state of the art with respect to virtual arrays in applications such as
radar and communication systems. In Section 4.3, the Tx and Rx models of the
spatiotemporal-virtual MIMO model are presented. Based on these models, the
design of the spatiotemporal-virtual channel estimator and subspace beamformer
is presented in Section 4.4. The performance of the proposed channel estimator
and beamformer is presented in Section 4.5. Finally, the chapter is concluded in

Section 4.6.

4.2 State of the Art: Virtual Arrays

Virtual arrays have been studied extensively in the context of MIMO radar sys-
tems. These approaches revolve around appropriate Tx signal design and utilisa-
tion of the complete knowledge of the Tx signal at the receiver. A majority of
the radar literature focuses on methods to explicitly obtain and exploit the out-
put of virtual arrays by exploiting transmit signal diversity with respect to code
division [58], frequency division [59], time division [60] or space-time codes [(1].
There have also been studies where the impact of different array geometries on the
resultant virtual array geometry and radar system performance have been stud-
ied both empirically and analytically [62, 63, 64]. Some of the research focuses
on extensions and enhancements of virtual radar such as preprocessing algorithms
consisting of smearing filter banks [65] to deal with broadband waveforms, utilising
Khatri-Rao (KR) in conjunction with MIMO radar [66] and novel DOA estima-
tion algorithms for Doppler radar systems using spatiotemporal-virtual arrays [67].

However, radar systems possess the advantage of complete knowledge of the Tx
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signal at the receiver that communication systems do not possess.

Virtual arrays for non-radar applications have also been explored to some ex-
tent in the literature. There have been some approaches in literature that attempt
to expand the spatial degrees of freedom at the Rx. A class of approaches known
as minimum redundancy arrays [68] attempt to design an optimum linear array
with minimum redundant spacings, for a fixed number of antennas, that enables
the array to maximise its resolution capabilities (i.e. increase the DoF). However,
no closed form expressions, for the array geometry and the achievable degrees of
freedom, exist. Certain special structures known as “coprime arrays” are exploited
in conjunction with compressed sensing approaches to construct virtual arrays of-
fering increased DoF [69]. Some approaches extend a single element Rx array to a
virtual array by physically moving the antenna elements’ 3D coordinates or alter-
natively exploiting the motion of the antenna array sensors [70, 71, 72]. Another
school of thought is to employ fourth order cumulants rather than just employing
second order statistics, using the concept of “co-arrays” [73, 74|, and is exper-
imentally evaluated in [75] using a three element antenna array. However, the
approach is restricted to non-Gaussian sources and the computation of fourth or-
der cumulants is expensive in terms of computations and snapshots required. In
[57], the concept of co-array is further extended to “nested-arrays” that proposes
a systemic way to produce a virtual array from a uniform linear array (ULA),
leading to an increase in the number of users that may be resolved by the system.
This may be utilised in conjunction with an extension of the KR product based
MUSIC algorithm in [76, 77] towards estimation. The KR product based approach
is utilised in [78] for DOA estimation for wideband signals. However, a majority
of the aforementioned techniques are limited to linear arrays. Moreover, predomi-
nantly all of them ignore the Tx array geometry that may be further exploited to
provide a virtual array that is a function of the Tx and Rx array geometry, similar

to radar systems. This forms the crux of this chapter. It is important to note that
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the approach proposed in this chapter goes hand in hand with approaches such as

the KR product based virtual arrays at the Rx to further extend the DoF'.

4.3 Tx and Rx System Design

As in Chapters 2 and 3, consider a MIMO environment where M co-channel sources
operate with Tx and Rx arrays consisting of N and N antennas respectively. The
parametric channel model has been introduced and described in Chapter 2. In this
section, the transmitter and receiver blocks of the proposed spatiotemporal-virtual

approach are presented.

4.3.1 Tx System Model

One instance of the Tx waveform that enables the receiver to extract the spatial
information provided by the Tx array is presented in this section. Consider the
data stream of the i-th source denoted by a; [n] (point A in Fig. 4.1) with a symbol
period of T,,. The data stream of the i-th source is spread by columns of the PN-
code matrix CT (point B in Fig. 4.1). The code matrix C; € RV*N is given

by

Ci = [c1,Ciar--osC ---an‘N]

y =im

(4.1)

= [Qipgw’ s Gy GNG

In Eq. 4.1, ¢;,,¥m = 1,..., N denotes the PN-code associated with the m-th

antenna of the i-th source given by

Cim = [im [1] s i [2] 5 - - ., cvim ING]]T € [+1, —1], (4.2)

with a chip period T.. Note that the symbol period and chip period are related as
follows T., = N.T,. Figure 4.2 is an illustration of the structure of the transmitted

message known to the Tx and Rx. The symbol stream is then weighted by the
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Figure 4.2: Illustration of the format of the transmitted message across the Tx
array.

transmit weight w, € CN*1 towards a desired angle (point C in Fig. 4.1). The
transmitter weights may be designed based on the feedback of the receiver and is
out of the scope of this chapter. Therefore, the chips corresponding to the n-th
symbol of the i-th user transmitted across N antennas is denoted by the matrix

M [n] € CNV*Ne (point C in Fig. 4.1) and can be written as
M [n] = Ci © {(@ailn]) 1y, } (4.3)

Finally, the analogue message signal m; (t) € CN*! obtained at point D in Fig. 4.1

is transmitted over the Tx antenna array of N antennas.

4.3.2 Rx System Model

The (N x 1) received signal at point E in Fig. 4.3 (at the output of the channel
as described in Chapter 2) is discretised and passed through a manifold exten-
der. The first stage of this manifold extender consists of N TDLs of length 2\,

that results in a 3D data cube. In the second stage, the slices of this 3D cube
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Figure 4.3: Tllustration of the proposed spatiotemporal-virtual receiver consist-
ing of the manifold extender, channel estimator and beamforming weight design
algorithms.

are transposed, subjected to projection operations and then vectorised to yield a
spatiotemporal-virtual snapshot as shown in Fig. 4.4. The data stream is sampled
at a sampling interval of T, and N.T, at the input and output of the manifold
extender respectively. The n-th slice of the 3D cube matrix illustrated in Fig. 4.4

is given as X [n] € CV**Ne given by

=

M
Z Bk sz kdlag {H kaz | exp (j2rFinTy)

i=1 1

e
Il

+sz prev [TL - 1] €xp (J27TE]€ (n - 1) TC)

—i—sz next@i [0+ 1] exp (127 Fi (n + 1) TC)} + N{n], (4.4)

where H;, € C*VexN ig given as follows

ol Ci L
sz JQ_/\/'C © £zklN7 (45)
Nex N

and Hjy, prev and Hy next represent the previous and next contributions arising from

the tapped delay line given as Hiprey = (JZy. )" Hi, and Hygpexs = Jo% Hiy. In
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Eq. 4.4, N [n] denotes the contribution of noise in the 3D data cube. Also, S, and
S, denote the Rx and Tx array manifold vectors corresponding to the k-th path
of the i-th user as described in Chapter 2. The matrix Jopr, is the shifting matrix
as defined in Eq. 3.6 in Chapter 3. Also, F,, € C*Ne*! denotes the Doppler vector
given by

Fo = exp <j27r]-"ik [0,..., 2N, — l]TTC) , (4.6)

and [;; denotes the discretised delay. With no loss of generality, the first user
(i.e. @ = 1) is considered to be the desired user. In order to isolate the signal
corresponding to every Tx antenna of the desired user, let us define N projector

operators Pj € C*Nex2Ne 'y = 1,2, ... N as follows

Py =y, — By, (BY By,) B (4.7)

and By, € N exK(N-1) is obtained as follows

I (Clm T Lix Clm T
Elm — v]]gj\/'c ®£1llﬁ_17"‘7°]]2j\/'c ®£1Klﬁ_1 )
Nox (W-1) Opx(w-1)
(4.8)
where Cy,,, € RV-*N-1 ig given by

Cim = [2117 o 8 (m-1)s C1(m+1)r - - v&ﬁ} . (4.9)

The projection operator in Eq. 4.7 isolates the contribution of each Tx antenna of
the desired user whilst preserving the second order characteristics of the noise.

Thus, the spatiotemporal-virtual snapshot obtained at the single-user receiver

c C2NN/\/’C x1

(with desired user as first user) z; [n] may be obtained by vectori-

sation of the following concatenated matrices i.e.

Pg,, X" [n]

Ps, X" 1] (4.10)

z, [n] = vec

Py, X" [1]

83 of 143



Imperial College London 4. Spatiotemporal-Virtual Array Signal Processing

The spatiotemporal-virtual snapshot z; [n] may be written as follows
; [n] = 24 [n] + zyar [0] + 0 (0], (4.11)

where x4 [n] denotes the components of the desired user (1st user) given by

Zﬁm{ (BT © @) ay [n] exp (20 FunTy,)

(h?kT;rev ® @‘f‘t) ar [n — 1) exp (j2nFix (n — 1) T,.)

+ (I pexs @WTY) 2 [n+ 1] exp (120 F 1y, (n+ 1) T.) } (4.12)
where W € C2VNNex1 denotes the extended Tx weight and is given by
T =1y @W, ® Lyy,. (4.13)

Also, 1 [n] denotes the components corresponding to the multiple access inter-

ference given by

M K
Tyiag [ Z Z Bik {hSTV a; [n] exp (j2rFipnT,)

=2 k=1

+h5Y ag[n— 1] exp (20 Fu (n — 1) T,)

ik prev

e [0+ 1] exp (J21Fy (n+ 1) T.) } . (4.14)

In Eq. 4.12, the spatiotemporal-virtual manifold vector has a unique format for

hSTV

the paths of the desired user that we attempt to isolate, i.e. may be written

as

h?EV = ﬁlk ® { <EI]€ ® l2Nc> © ]P)IJB_I (Jéljl\cf/\/' T © FeXt> } ) (415)

where ¢§*¢ € C2NNex1 and F&F € C2VNex1 are given as

& = [clTl,Qf/C,ng%QJT\/C, . 1N=ON} , (4.16)
Efi}];t = lﬁ®£1k- (417)
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and Pg, € C2NNex2NNe ig given by

Pz, O -+ O
A1
pL _ Oan, Py, -+ Ogp,
B —
[0 [(9) .. P
2N 2N, B, &

Equation 4.15 may also be rewritten as a function of the virtual array manifold as

follows

T — %
h?k’rv = (HN ® [Pﬁn’]pﬁm’ ce Jplélﬁ] Hlk) (ﬁlk ® ﬁlk) . (418)

Recall the spatiotemporal manifold vector introduced in Chapter 3 given as

W= S e Tk || 0 Fup (119)

Oy,
Comparing Eqgs. 4.19 and 4.15, note that the second term in Eq. 4.19, i.e. the
spatiotemporal manifold vector, is extended by employing the Tx array manifold
vector. This, in effect, increases the number of dimensions of the spatiotemporal
system from 2NN, to 2N NN, in the proposed spatiotemporal-virtual system. Us-

ing the transmitter, channel and receiver models, a spatiotemporal-virtual beam-

former is presented in the next section.

4.4 Spatiotemporal-Virtual Beamformer Design

In this section, the design of the receiver, consisting of the channel estimator and
beamformer weight design blocks are presented. The data cube shown in Fig. 4.4
obtained at the output of the “manifold extender” forms the input to the receiver.
The channel estimator is required to estimate all channel parameters of the desired
source. Thus, assuming the first source to be the desired source i.e. i = 1, the
channel parameters to be estimated are (elk,glk,llkaflk) ,Vk = 1to K. (The

subscript @ = 1 is dropped for notational convenience). Thus, the estimation stage
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is a four-dimensional search and can be split into two two-dimensional searches.
Firstly, the delay and Doppler frequency shift may be estimated followed by the
DOD and DOA. It is assumed that there exists an interval of L snapshots over
which the channel parameters may be assumed to be constant. Note that the
estimation of the path fading coefficient is not presented in this chapter since

algorithms akin to those presented in [19] and in Chapter 3 may be employed.

4.4.1 Joint Delay—Doppler Estimation

Since information about the DOD and DOA is not available at this stage, the
spatial domain cannot be exploited. Hence, the incoming data cubes corresponding

to snapshots n = 1 to L are rearranged to form Y € C*Ve*NT given as
Y= [X"[1],x"[2],...., X" [n],..., X" [L]], (4.20)

where X [n]| denotes the n-th slice of the 3D data cube shown in Fig. 4.4. By
performing an eigendecomposition of the covariance matrix of Y, the projector
operator to the noise subspace P, may be obtained. Using this, the delay and
Doppler frequency can be jointly estimated with the cost function & (Ix, F) given
by .

& (lk, Fr) = %, (4.21)
where Hj, = H (I, F.) is given by Eq. 4.5. The peaks of the cost function & (I, Fy)

correspond to the desired user’s delay and Doppler frequency shift respectively.

4.4.2 Joint DOA-DOD Estimation

For every pair of estimated delay and Doppler frequency shift (ZA;C, ]?k) of the de-

sired user, the DOA and DOD need to be estimated. Towards this, the covariance

c C2NNNC x2NNN,
T

matrix R is constructed as follows

Reo =13 aln]z" ], (4.22)
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where z [n] is obtained as illustrated in Eq. 4.10. By performing an eigende-
composition of the matrix R,,, the eigenvectors spanning the signal subspace and
the projection operator to the noise subspace P, may be obtained. We may now
employ the extended spatiotemporal-virtual manifold vector associated with the

desired user as given by Eq. 4.15, in conjunction with the following cost function

to yield the DOA and DOD corresponding to every pair of @g, ]?k>

B™ 0wt (5™ o w)

& (0k,01) = )
( k k) (hiTv 0 w—eXt)HPn (QETV @Eext)

(4.23)

where h{'Y 2 BTV (61,7, 01.,7.) is given by Eq. 4.15. The peaks of the cost

function & (Qk, 5k) correspond to the desired user’s DOA and DOD, respectively.

4.4.3 Design of the Rx Spatiotemporal-Virtual Beamformer
Weights

In this subsection, using the estimated channel parameters of the desired user in
Sections 4.4.1 and 4.4.2, in conjunction with path fading coefficients, the design
of the spatiotemporal-virtual beamformer weights are proposed to obtain the esti-
mate of the transmitted message a [n]. In order to receive a[n] the following steps
are carried out

1. Firstly, the desired user’s contribution is suppressed from the receiver covari-

ance matrix R,, (Eq. 4.22) to obtain the I@unwanted as follows
Runwanted = Ry — HSVdiag (8) (HS™)" (4.24)
where HSTY e C2NNNexK ig given as
HS™ = [m3™, .. B3] (4.25)
Also, the vector § € C**! is written as

B: [/Bla"wﬂK]T' (426)
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2. By performing an eigendecomposition of @unwantedy the significant eigenvector
matrix E, can be obtained to construct a projection operator towards the

space spanned by the desired user given by

P, ]IQNN./\/'c — K, (EsHEs)il Ef (427)

unwanted —

STv

wyy may be

Thus, the subspace spatiotemporal-virtual beamformer weight w

obtained as

Wayh

-1 .
WS PunwantedHSTv{(HSTv) PunwantedHSTv} é € C2NNN.x1 (4.28)

4.5 Computer Simulation Studies

To evaluate the performance of the proposed spatiotemporal-virtual systems, com-
puter simulation studies have been performed. Without any loss of generality, the
Tx and Rx arrays are assumed to be UCAs lying on the zy-plane with the Tx
array consisting of 7 antenna elements and the Rx array consisting of 9 antenna
elements whose geometries are given in half-wavelengths by Eqs. 4.29 and 4.30,

respectively.

11, 0.7, —03, —1.0, —1.0, —0.3, 0.7
[F.7,.7.]) = |00, 09, 11, 05 —05 —11, —09|,  (4.29)
0.0, 0.0, 00, 00, 00, 00, 00

14, 09, —0.0, —1.0, —1.4, —12, —04, 05, 13
[roryr) = (0.3, 1.1, 15 11, 02, —08 -14, —13, —0.7

0.0, 0.0, 0.0, 00, 00, 00, 00, 00, 0.0
(4.30)

However, in the reception studies, uniform linear arrays (ULAs) are also con-
sidered at the Tx and Rx to compare the dependence on geometry for different
receivers. For the purpose of simulations, an observation interval of L = 200 snap-

shots is considered. Table 4.1 illustrates the simulations parameters employed for
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the simulations. The parameters follow a uniform distribution in their respective
intervals i.e., the DOD and DOA between 0 and 360 degrees, the delays between 0
to N.T,, — 1, the Doppler between 0 and 2000 Hz and the complex path coefficients
follow a uniform phase distribution between 0 and 360 degrees and the gain follows

a Rayleigh distribution.

Table 4.1: Simulation Parameters

I Parameter ‘I Value I‘ Parameter I Value I

| v N 7 [EER
S °:

| V. [EIENEN N

4.5.1 Evaluation of the Channel Estimator Block

In this subsection, the performance of the proposed spatiotemporal-virtual esti-
mator is evaluated. As illustrated in Table 4.1, the desired user is assumed to
operate in the presence of three other interferers with two multipaths per user.
Figure 4.5a indicates a sample result at the output of joint delay and Doppler fre-
quency estimation yielding peaks at the parameters of the desired user, namely at
(47,700 Hz) and (127, 1500 Hz). Similarly, Fig. 4.5b indicates the corresponding
result at the output of joint DOA and DOD estimation for the pairs of estimated
delay and Doppler frequency yielding peaks at the parameters of the desired user,
namely at (40°,60°) and (220°,250°).

As illustrated in Chapter 3, a key performance parameter for subspace based
estimation approaches is the number of snapshots L required to achieve a certain
RMSE at a specified SNR. A higher number of snapshots yields a better approxi-
mation of the theoretical covariance matrix. Figure 4.6 illustrates the performance
of the estimation algorithms presented in Sections 4.4.1 and 4.4.2 in terms of the
RMSE of the estimated parameters versus the SNRx L. (The parameter L is fixed

at 200 while the SNR is varied.) The error in estimation of the delay is not plotted
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Figure 4.5: Sample result of the output of (a) the joint delay-Doppler estimation
and (b) the joint DOA-DOD estimation for the desired source operating with 3
other interfering sources. The SNR and NFR are set to 20 dB and 0 dB respec-

tively.

since this remains zero. As expected, the error in the estimation of Doppler fre-
quency, DOA and DOD decreases with an increase in SNR, since the estimation of
the noise subspace improves with an increase in number of snapshots for subspace

based approaches.

4.5.2 Evaluation of the ST-virtual Reception Block

In this subsection, the performance of the proposed spatiotemporal-virtual MIMO
receiver presented in this chapter is compared against spatial-only (i.e. massive
MIMO) and the spatiotemporal receiver. Let us recall the definition of the SNIR 4

defined in [19] and in Chapter 3 given as

MHRdesw
wH (Runwanted + RISI + IRnn) w7

SNIR oy = (4.31)

where w denotes the beamforming weight employed at the receiver, R4 denotes
the desired signal covariance matrix, Rynwantea denotes the unwanted signal covari-
ance matrix, Rig; denotes the covariance matrix of the inter symbol interference

and R, represents the noise covariance matrix. Clearly, the value of the metric
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Figure 4.6: Estimation error of the parameters being estimated versus the SNR x L
(The estimation error of the delay is not shown since it remains zero) (100 trials)

depends on the type of receiver weight design algorithm being employed. For a
number of applications, tolerance to the near—far problem, i.e. constant perfor-
mance to varying near-far power ratio levels, is a critical requirement. It has been
illustrated in Chapter 3 that subspace beamformers exhibit nearly constant per-
formance for NFR levels ranging from 0 to 60 dB. Thus, the subspace weights in
Chapter 3 are extended to spatiotemporal-virtual subspace beamformer weights
given by Eq. 4.28. Equipped with these weights, the interference may be com-

pletely suppressed and Eq. 4.31 simplifies to the following

P
SNIRgu = Naim — (4.32)
O-l’l

where P is the desired signal’s power at the Rx. Assuming the desired Tx sig-

nal’s power to be unity, Eq. 4.32 simplifies to the following for the spatial-only,
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spatiotemporal and spatiotemporal-virtual receiver

space—on GTX

SNIRSPace—only — o (4.33a)

ST GTX
SNIRpY, = NN.—~, (4.33b)

O-Il

. — 1
SNIRS, """ = NNN.—, (4.33c)

g

n

where G, represents the gain that arises from Tx beamforming. However, the gain
G'1y in the spatial-only and spatiotemporal systems, are variable and determined
by the array geometry, DOD and the transmit weight. Also, note that the two
aforementioned systems have no means to estimate the DOD and, as a result,
are unable to control the variation in this parameter. The result of this on the
output SNIR is illustrated in Figs. 4.7 and 4.8 where the proposed beamformer
is compared with spatial-only and spatiotemporal beamformers for two sets of Tx
array geometries, namely, a ULA and UCA consisting of 7 antennas respectively.
The DOD of the desired user is varied (for simplicity, all multipaths of the desired
user are assumed to have the same DOD) and the transmit weight is designed as
a steering vector beamformer with the mainlobe at 90°. The spatiotemporal and
spatial-only beamformers exhibit varying levels of output SNIR,,; depending on
the DOD and the Tx array geometry, whereas the proposed spatiotemporal-virtual
beamformer provides a performance independent of the DOD and the Tx array
geometry. This is because the spatiotemporal-virtual beamformer is capable of
estimating the DOD and utilising the Tx array geometry to enhance the system
dimensions, rather than ignoring this as an uncontrollable parameter.

Figure 4.9 illustrates a comparative study of the output SNIR for the beam-
formers under comparison, with an increasing number of “signals” in the system,
for a UCA being employed at the Tx. These signals are equivalent to an increasing
number of sources and/or multipaths. In this study, the number of multipaths per
source is varied with the number of sources M fixed at 4. Figure 4.9 shows that the

output SNIR of the spatial-only system is very low, when the number of signals is

92 of 143



Imperial College London 4. Spatiotemporal-Virtual Array Signal Processing

70

[-virtual
subspace

~
=
=
o

ST-MIMO subsp%‘a@h

,SCMM n
soodpsesssesches

p
b
p

I I eI
oo

X /r‘”‘“’

=
q
¢

A
"

B Sy
DI
TN
o
S

SNIR,, (dB)
" o

|
\ !I *\lﬁ\“ 7
/ \1[ spdiar [

A

NI
IVITIVITCO
subspace 1

0 20 40 60_ 80 100 120 140 160 180
deg

Figure 4.7: Comparison of output SNIR versus the DOD between the spatial-only,
spatiotemporal, spatiotemporal-virtual subspace beamformers with a ULA being
employed at the transmitter. The transmit weight is assumed to a spatial-only
steering vector beamformer directed to 90 degrees. The NFR and SNR are both
set to 10 dB. (100 trials)
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Figure 4.8: Comparison of output SNIR versus the DOD between the spatial-only,
spatiotemporal, spatiotemporal-virtual subspace beamformers with a UCA being
employed at the transmitter. The transmit weight is assumed to a spatial-only
steering vector beamformer directed to 90 degrees. The NFR and SNR are both
set to 10 dB. (100 trials)
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Figure 4.9: Comparison of output SNIR versus the number of signals for the spa-
tial, spatiotemporal and spatiotemporal-virtual beamformer with subspace beam-
former weights employed at the receiver. A UCA of 7 antennas is employed at
the Tx. The DOD of the desired user’s multipaths are set to 45 degrees (This
corresponds to the trough region in Fig. 4.8)

high, since the covariance matrix has insufficient dimensions to construct the inter-
ference subspace. It can be observed that the spatiotemporal-virtual system sup-
ports a higher number of signals than the spatiotemporal receiver. To be precise,
the spatiotemporal system provides an ability to accommodate 2NN_/3 signals

while the proposed spatiotemporal-virtual system accommodates 2N NN./3.

4.6 Summary

In this chapter, the spatiotemporal array system (Chapter 3) was extended to a
spatiotemporal-virtual array system, thus exploiting all spatial domains (Tx and
Rx) jointly with the temporal domain, resulting in an increase in the degrees of
freedom. A novel design of the transmitted signal and a corresponding receiver
design that exploits the knowledge of the format of the Tx signal, to extract infor-

mation about the Tx array geometry, in addition to the Rx spatial and temporal

94 of 143



Imperial College London 4. Spatiotemporal-Virtual Array Signal Processing

domains, was presented. The solutions that were presented served the objectives
of heightened interference cancellation whilst accommodating more sources/signals
in the system. Also, the spatiotemporal-virtual subspace beamformer illustrated
a performance independent of the Tx array geometry unlike the spatiotemporal

subspace beamformer.
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Chapter 5

Flexible Array Signal Processing

In this chapter, a unique class of arrays, termed as “flexible” arrays, that possess
time-varying array geometry, is presented. Such arrays are relevant to a number of
applications such as towed arrays and vehicular clusters, such as UAVs or satellites.
For instance, a drone within a cluster of UAVs may experience perturbations from
gusts of wind or imperfections arising from the controllers dictating the formation
of the UAVs. Furthermore, with the advent of internet of things, “flexible” arrays
are envisaged in the domain of wireless communications, in the form of sensors
across static and mobile platforms that may move independently, whilst func-
tioning together as an array. Thus, this chapter explores array signal processing
techniques for such “flexible” arrays, since conventional techniques break down,
due to the assumption of perfectly known and fixed array geometry. The approach
presented in this chapter utilises the parametric model in Chapter 2 (albeit with
a time-varying array geometry), in conjunction with the mobility model of the
array and the targets, to build a state space model that can be utilised to track
both the target parameters and the array positions simultaneously. The proposed
solution is evaluated using computer simulation studies, using towed arrays and

UAV clusters as baseline applications.
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5.1 Overview

In the earlier chapters, techniques to utilise all possible degrees of freedom in ar-
rays with time-invariant array geometry were explored by jointly exploiting the Rx
spatial domain, temporal domain and the Tx spatial domain. However, certain
applications are required to utilise and exploit signals received on arrays whose
sensors have time-variant positions. Such arrays with time-varying array geome-
tries are termed as “flexible” arrays. Flexible array signal processing refers to the
detection, estimation and reception of signals received on such flexible arrays. In
this scenario, the array manifold becomes a function of time. Hence, typical array
signal processing algorithms break down, since they are built on the premise of a
constant and known array geometry. Flexible arrays find applications in a number

of areas. Some of these applications are as follows

e Towed arrays: A towed array comprises of an array of hydrophones that are
attached with equidistant spacing on a cable structure which may be several
miles long and is towed by a submarine or ship. The acoustic signals received
at these hydrophones are collected and routed back to the towing vessel for
further analysis. Towed arrays are often used in naval defence applications
to detect acoustic signatures of ships [79, 80]. They are also used for oil
and gas exploration in marine waters. They are often employed for SOund
Navigation And Ranging (SONAR) applications such as seismic exploration
for oceanographic study. Another new area of research for SONAR systems
is that of a SPAtially Referenced Towed Array (SPARTA). This is a multi-
platform system consisting of a small fixed array and a small vehicle mounted
array. Using arrays on different moving platforms makes it possible to achieve
larger apertures and hence better reception. The challenge with towed arrays
or multi-platform systems such as SPARTA, is that the motion of the towing

vessel and external factors such as water drag, results in uncertainties in
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the array sensor positions. There have been a number of approaches in the
literature that have attempted to determine the deviation of the array’s shape
from linearity. However, the focus of the work in this chapter is on the case
where the shape of the array changes significantly during the observation
interval, rather than just translation or rotation of the array or very slow

variations in array shape.

e Clusters of vehicles in formation: There has been an increased interest
in utilising groups of autonomous vehicles in adaptable formations for a
variety of applications. Such groups are able to interact autonomously with
the environment and perform adverse tasks beyond the ability of individual

vehicles [81]. Some of these application areas are listed below

— Clusters of UAVs: UAVs find applications in a variety of areas such
as remote sensing, commercial aerial surveillance, domestic policing, oil
and gas exploration, post battle surveillance for casualties, scientific
research and synthetic aperture radar. As UAV capabilities improve, a
cluster of UAVs has been proven to perform better as compared to a
single UAV in terms of time and efficiency [32]. More importantly, if the
UAVs’ formation is designed for a good array performance, array signal
processing algorithms could be exploited to give better coverage, clarity
and resolution. The major challenge with UAV clusters is twofold:
tackling arbitrary and known movement since each UAV has its own
propulsion system and arbitrary unknown movement due to turbulent
sources e.g. wind. Hence, flexible signal array processing algorithms
come into play here.

— Micro-satellite clusters: Satellite formation flying refers to the idea
of satellites working together in formation, to accomplish the objective

of one larger and more expensive satellite. With improved means of
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autonomous flying, this technology has become more viable. There have
been simulation based investigations to illustrate the improvement in
synthetic aperture radar (SAR) imagery from a cluster of satellites as
compared to a single one [83, 81]. However, for the best results, one
needs to account for the satellites’ orbital deviations and drifts due to
other effects such as earth oblateness, atmospheric drag and solar and
lunar gravity.

— Clusters of AUVs: Another interesting area of research is autonomous
oceanographic sampling networks (AOSN) [85]. Each node in the AOSN
consists of a base buoy, an acoustic modem, point sensors, an energy
source and a selectable number of autonomous underwater vehicles
(AUVs). Such a system is expected to provide spatiotemporal sampling
of the ocean surface as compared to 2D techniques such as thermistor
chains. Asin UAV clusters, the challenge in processing the signals from
AUVs will be twofold: uncertainties in their independent propellers and

external factors like water drag.

Apart from the advantages of using flexible arrays in the applications mentioned
in this section, it has been analytically proven in [36] that a flexible array is more
robust to ambiguity errors and to the presence of correlation between sources.
However, the common requirement for all these applications, is a model which
incorporates the time-varying array geometry and an ability to track this variation
with time. Some techniques in literature have been proposed towards flexible array
signal processing and an overview of the state of the art is presented in the next
section. In this chapter, using a flexible arrayed parametric model of the signal
received at a flexible array, mobility model of the flexible array and mobility model
of the targets, a state space model is presented that can track the sources as well

as the array positions. The model is evaluated with two flexible array applications,
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namely towed arrays and UAV clusters.

This chapter is organised as follows. In Section 5.2, an overview of the current
state of the art in flexible array signal processing is presented. This is followed
by Section 5.3, where the underpinning models, namely, the flexible arrayed para-
metric model of the received signal, mobility model of the flexible array and the
mobility model of the targets are presented. Equipped with these models, Section
5.4 describes the proposed state space model framework that may be utilised in
conjunction with an extended Kalman filter to track the target parameters and
sensor positions simultaneously. Section 5.5 presents the simulation studies carried
out with the proposed solution for the applications of towed arrays and clusters of

UAVs. Finally, the chapter is concluded in Section 5.6.

5.2 State of the Art: Flexible Arrays

A few techniques have been proposed in the literature to tackle the problems
arising with detection, estimation and reception on flexible/time-variant arrays.
Figure 5.1 suggests an overall classification of techniques for flexible array signal
processing. In the following paragraphs, a brief insight into this classification is

presented.

5.2.1 Target/Source Localisation

The first category of techniques attempts to perform the task of source localisation
with time-varying arrays. The ML estimator is one of the most frequently used
techniques and is usually designed by splitting the estimation problem to individ-
ual optimisation tasks over the DOAs and signal/noise parameters [37]. In [88],
the ML estimator is specifically designed for a SPARTA system. However, such
estimators require a multidimensional search and are often computationally ex-

pensive. To alleviate this, a generalized least squares (GLS) estimator is proposed
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in [39] which is computationally much simpler. A sub-optimal conditional ML es-
timator is described in [90] using a deterministic signal model. Alternatively, there
are incoherent techniques in which the array is split into rigid subarrays where a
simplified ML estimator could be utilised for each subarray [91]. In [91], this is
applied for the case of a towed array, where the final bearing is obtained as the
mean of the subarray bearings. However, these estimates are not very accurate
and place a severe limitation on the number of sensors and types of perturbations
(namely sinusoidal travelling disturbance).

There are also techniques which tweak the traditional subspace approach for
time-varying arrays. In incoherent subspace techniques, the array is split into
subarrays, such that the spatial covariance of the measurements of the subarray
can be considered constant [92]. The MUSIC algorithm is then performed per
subarray and the resulting spectra are combined in a coherent manner to yield the
final source bearing. This technique starts to face problems in effective combining
when the SNR is low. On the other hand, coherent subspace techniques attempt
to draw concepts from wideband to narrowband transformations. With respect to
flexible arrays, this would imply transforming the time-variant covariance matrix
to a time-invariant covariance matrix. One approach is to use array interpolation,
where a set of transformation matrices is utilised to map the time-variant manifold
to a time-invariant manifold of a virtual inflexible array [$7]. These transformation
matrices are utilised to coherently combine the time-variant covariance matrices
and the resultant matrix forms the input to the MUSIC algorithm. The major
drawback of this technique is that the transformation holds true only for signals
within an interpolation sector and hence limits the observation space to a small
spatial region. An alternative technique known as focussing matrices firstly obtains
a preliminary estimate of the DOAs using the deterministic modified or Gaussian
modified beamformer [37]. Using this, a set of focussing angles are obtained by

QR decomposition, after which the steps of the technique are similar to the array
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interpolation method. The array interpolation technique handles much faster array
shape changes than the focussing matrices technique. Though, both techniques
require much lower computation effort than the ML estimator, the accuracy of the

DOA estimates were found to be much lower than ML.

5.2.2 Array Shape Tracking

To be able to receive and decode the signals at the output of the flexible array,
techniques to estimate the sensor positions accurately at any instant are required.
In [93], a least mean squares (LMS) adaptive filtering algorithm is employed at the
output of the sensors of the time-varying array to track the array shape using a pilot
or known reference signal. However, most of the techniques proposed towards this
objective depend on the type of application being employed. The mobility model
associated with the application are used to design tracking models to continuously
track the array shape, or design feedback controllers that adjust the array back to
its original geometry. In this section, a few techniques towards this end goal are
discussed.

For towed arrays, a class of techniques employ the Paidoussis equation that
describes the dynamic behaviour of a thin flexible array towed through water. In
[94], this equation is discretised to form a state space model with the traverse
displacements of the array forming the states. Along with the measurements from
the depth sensors and compass readings, this model can be used with a recursive
Kalman filter to estimate the traverse displacements and hence the array shape.
In [95], the discretised Paidoussis equation is used along with the compass sensor
readings to predict the tow point induced motion. Then, the tail compass sensor
data is used to do fine adjustments to the overall array shape. A complete analytic
description of the motion of the towed array, when the towing vessel strays from the

ideal path is provided in [96], also incorporating effects such as water drag. Another
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class of techniques utilises interpolation, such as the quartic spline approximation
to a space curve, to estimate the towed array shape using available compass sensor
readings at certain locations of the array [97]. There are also techniques, such
as those in [98, 99], where the shape of the towed array is expressed in terms of
the towed vessel’s path or from an accelerometer at the leading edge of the towed
array.

For groups of UAVs, the challenge is to maintain the UAVs in a specific for-
mation as commanded from the ground. In [100], UAV trajectories or formations
to maximise overall estimation observability resulting in accurate target tracking
is proposed. Often due to weight limitations, the UAVs are equipped only with
rudimentary position sensors or navigation systems. Hence, to compensate errors
due to these sensors and external turbulence such as wind, controller algorithms
are implemented so that the UAVs can correct their positions iteratively. One
class of techniques employs decentralised controllers i.e. each UAV has a local
controller and exchanges no information with other vehicles. In [101], each UAV
is assigned a linear kinematic model, under the constraint that each vehicle ex-
cept the leading one has state information about the vehicle ahead of it. This
implies a platoon like formation and is expected to be stable against structural
perturbations and vehicle perturbations (wind gust and dynamic model uncertain-
ties). A very simplified linear decentralised controller is described in [102], where
a power output based objective function is optimised, when vehicles deviate from
their positions. Another class of techniques employs distributed controllers rather
than a centralised one to keep the vehicles in position [103]. Here, each UAV is
equipped with a local controller, which receives information about its own state as
well as the state of a subset of other vehicles. It does not consider absolute errors
and rather looks at relative positioning with respect to other vehicles, ensuring
directivity is maintained.

Satellite formations could be either in the form of multiple satellites in the
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same chosen orbit trailing each other at specified distances or in the form of a
densely packed cluster where the satellites occupy closely spaced orbits. In either
of these cases, the shape of the formation could be perturbed due to independent
propulsion errors or other factors such as gravitational effects and earth oblateness.
Hence, controllers similar to that of UAVs, but based on a different mobility model
are used to correct the positions of the satellites. In [104], a non-linear tracking
control mechanism is proposed by modelling the follower satellite motion relative
to the leader in terms of the “Hill’s Equation”. Other feedback control laws to
incorporate unaccounted perturbations in the orbits of satellites, due to higher
order gravitation effects, are discussed in [105]. A decentralised controller at every
satellite is proposed in [106]. The controller uses Kepler’s differential central grav-
itational model to define how the states are propagated between measurements.
Similar to the case of UAV clusters, groups of AUVs require a control mecha-
nism against water drifts and drag. A simple control strategy for stable orientation
of autonomous vehicles is presented in [107], especially illustrating its applicability

to a groups of AUVs.

5.3 Flexible Array Signal Processing Model

Consider a “flexible” antenna array consisting of N antennas with time-varying
array geometry r(t) € RN*3 at a time instant ¢ operating in the presence of M
sources. Figure 5.2 illustrates the proposed framework for flexible array signal
processing that tracks the target parameters as well as the flexible array geome-
try. As illustrated in Fig. 5.2, three mathematical models form the basis of the

proposed solution, namely,

1. the mathematical model of the signal received at the flexible array incor-
porating all the channel parameters of interest and the time-varying array

geometry,
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Figure 5.2: Illustration of the proposed framework for flexible array signal process-
ing that tracks the target parameters and array positions snapshot by snapshot.

2. the mobility model of the flexible arrays under study incorporating the phys-
ical forces of the environment in which the flexible array has been deployed

and

3. the mobility model of the targets or sources in the environment.

These mathematical models are discussed in more detail in the sections below.

5.3.1 Received Signal Model

Let us assume that we sample at a rate T, and the time instant ¢, = [T, denotes
the [-th snapshot within an observation interval of L snapshots. Furthermore,
let us assume that the flexible array, whose instantaneous locations are given by
r(t) = [r, (t),r, (t),r, (t)] € RV*3, operates in the presence of M narrowband
far field, single antenna, sources. It is assumed that there exists one path that
is of much higher power than the other multipaths of the source. Each source
is assumed to be moving with an unknown constant radial velocity. The signal

x(t;) € CV*! received at the flexible array at a time instant ¢; can be modelled as
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follows
M

z(t) = B,S, (t)m; (t) exp (2w FT,) +n (k) (5.1)

i=1
where for the i-th user, S; (t;) € CV*! denotes the time-varying array manifold

vector, 3, € C'*! represents the path fading coefficient, m;(¢;) € C'*! represents
the delayed message received at the antenna array, F; denotes the Doppler fre-
quency and n(t;) € CV*! represents the observation noise. The time-varying array

manifold vector is given by
S;(t) = S (x(t),0: (k) , &5 (1))

—exp (0 ) (n). (52)

where F,. denotes the carrier frequency, ¢ denotes the speed of the transmitted

signal in the transmission medium and the wavenumber vector u, (¢;) is given by

w; (t) = w(0; (t), ¢; (1))
= [cos (0; (1)) cos (¢; (1)) ,sin (6; (t,)) cos (¢, (1)) ,sin (¢; (4))]",  (5.3)

where (0; (t;), ¢, (t;)) denotes the azimuth and elevation respectively at time in-
stant ¢;. In this chapter, the array elements are assumed to lie in the same plane

ie. r,(t) =0y.

5.3.2 Flexible Array Mobility Model

Depending on the application where the flexible array is being employed, a mobility
model describing the evolution of the flexible array geometry with respect to time,
in terms of all the physical forces present, may be derived. The choice of an
appropriate mobility model is crucial for the design of appropriate algorithms and
to reproduce the scenarios under study accurately. A generic mobility model may

be expressed as follows

=F + + , (5.4)
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where r, (t;),r, (t;) € RV*! denote the instantaneous x and y array positions
respectively. The known transition matrix F € R?V*2Y and known driver vectors
u, (t),u, (t;) € R¥*! are defined by the application under study and dictate the
predictable or nominal array positions. This is determined by the known forces
(such as propeller velocity /rotation angle) and the physics of the medium (such
as fluid propagation or orbital theories). The errors in the array positions namely
7, (t),T, (t;)) € RN arise from approximations in the mobility model and other
external disturbances such as drifts/winds not modelled by the transition matrices
and the driver terms. It is assumed that the first and second order statistics of these
noise vectors is available. In this chapter, the two main flexible array applications
under study are that of towed arrays and UAV clusters. Hence, mobility models

relevant to these applications will be discussed in the next few paragraphs.

5.3.2.1 Towed Arrays

The conventional towed array consists of a neutrally buoyant cylinder with equi-
spaced sensors placed on it. The towed array is attached to the towing vessel by
a heavier-than-water cable and the other end of the towed array may either be
attached to a rope drogue or left as a loose end. In typical scenarios, if the towing
vessel maintains a constant velocity, the towed array remains linear. However,
if the towing vessel changes its speed or heading or experiences turbulence, the
towed array may be deformed. The most popular approach to model the motion of
the towed array is the Paidoussis equation which describes the dynamic behaviour
of a thin flexible array towed through water. As illustrated in [108], the motion
in the horizontal and vertical dimensions may be analyzed independently. Hence,
the Paidoussis equation is obtained in the form of two equations by (i) balancing
the horizontal component of variable tension in the cylinder with the tangential
viscous force (ii) balancing the transverse momentum with the vertical component

of variable tension, normal viscous force, inviscid force due to acceleration of vir-
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tual mass of cylinder and terms dependent on bending stiffness [96]. This equation
is simplified greatly when the length of the towed array is much greater than its
diameter. Using the simplified Paidoussis state evolution equations for the hori-
zontal and vertical displacements, the following mobility model for a towed array

may be derived

r(t r(t_ w, (t r(t
—x(l) —F —:c(l 1) i —a:(l) 4 :x(l) : (55)
ry () ry, (ti-1) u, (1) T, (t)
where
aJy, O
- o (5.6)
On, ayln
P, (t)
u, () = dL(Ly_; —axdnaly,) - L , (5.7)
On_2
py (1)
w, ) = L") (5.8)
On_s
r,(t) = Lw,(t), (5.10)
with
0, 0, 0
1, 0, 0
L = |: + . i eRVNY (5.11)
1, 1, 0
1, 1, 1
_OT_ , 0
Inoa = |7 e RN-DN-1 (5.12)
_]IN727 QN—Q

where a, and «, represent the damping coefficients along the = and y axis, re-

spectively, d denotes the fixed intersensor spacing, p, (t;) and p,, (;) represent the
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known displacements of the first segment of the array at time instant ¢; along the
r-axis and y-axis, respectively, and w, (t;) and w, (f;) represent the uncertainty
terms in the mobility model along the x-axis and y-axis, respectively. Therefore,
Eq. 5.5 provides a mobility model for a towed array inline with the generic model

presented in Eq. 5.4.

5.3.2.2 Cluster of UAVs

Choosing an appropriate mobility model is crucial to vehicular cluster applications.
Models such as random way-point and Gauss-Markov model have been widely
used towards modelling the distributions of vehicles. However, these models fail
to capture all the constraints of aeronautical applications such as the inability of
UAVs to make sharp turns and changes in velocity. Thus, taking these factors into
account, mobility models for UAVs may be classified into three broad categories
[109]. The first class of mobility models follows a semi-random distribution of
UAVs, i.e. the variation in the UAV array geometry can be split into the sum
of a known and an unknown perturbation in array geometry. An example of
such a model is the semi-random circular mobility model proposed in [110] and
such models are well suited for search and rescue missions. A second class of
mobility models are based on a predetermined flight plan and are more suited for
cargo and transportation applications [111]. The third class of mobility models
that are employed for patrolling applications resemble swarms of vehicles and are
closer in structure to the random way-point models in vehicular adhoc networks
(VANETS). In this chapter, the first group of mobility models is considered. Semi-
random mobility models may be further classified as group mobility models and
entity mobility models. In this chapter, the group random mobility model will be
considered, where the UAVs move as a group in formation around a fixed reference
point, with each UAV permitted an element of random motion whose statistical

properties are known. Therefore, with no loss of generality, the group motion is
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Figure 5.3: Illustration of the UAV cluster with the unknown targets in the zy-
plane.

assumed to be split into two terms, namely, a known fixed rotation about the
reference UAV and an unknown random component associated with each UAV,
whose statistics are known. Figure 5.3 is an illustration of this mobility model.

Hence, the mobility model for the UAV array may be written as

r (t r (t_ r (t
x( l) —F —x( l 1) i —x( l) 7 (513)
r, (t) r, (ti-1) r, (t)
where
coswTly, —sinwT
F = ® Iy, (5.14)

sinwT,, coswTy
where w represents the angular velocity (deg/sec) of the array about the reference
point. Herer, (t;),r, (t) € RN*1 denote the instantaneous x and y array positions
respectively. The known transition matrix F € R2V*2V is determined by the
known forces and the physics of the medium. The errors in the array positions
namely 7, (;) .7, (t;) € R"*" arise from approximations in the mobility model and

other external disturbances such as drifts/winds not modelled by the transition
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matrices and the driver terms. It is assumed that the first and second order
statistics of these noise vectors is available. However, please note that although a
relatively simple mobility model is chosen here, it may be modified to suit other
class of mobility models as well. For example, for the third class of random mobility
models, the transition matrix would be a random matrix and this may be further
rewritten as a known transition matrix (obtained from the mean of the random
transition matrix) and an error component whose second order statistics would be
state dependent. This can be handled with an additional recursive update step of

the extended Kalman filter to update the covariance matrix.

5.3.3 Target Constant Velocity Mobility Model

In this chapter, the targets are assumed to move along a path with constant
angular velocity. However, perturbations in angular velocity are also modelled as
perturbations in the angular acceleration. Thus, the unknown target parameters

for the i-th user may be grouped into a state vector b; (t;) € R**! given by

b () = : (5.15)

where 60; (t;) and vy, ({;) denote the azimuth and azimuthal angular velocity of the
i-th user, respectively. As per the constant velocity motion model, the discrete

kinematic model may be written as

b; (t) = Gb; (ti1) +b; (1) , (5.16)
where
1, T,
G = : (5.17)
0, 1
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and the perturbations EZ (t;) are modelled as zero mean with the covariance matrix

Q; given by
738 T2
EREErY
Q; = 0391_ o , (5.18)
?57 Ts
where 02 denotes the continuous time model intensity in the azimuthal acceler-

7

ation of the i-th target [112]. Thus, the composite state vector b(¢;) consisting of

the unknown parameters of the M targets is given by

by (t)

b(t) = " Ftl) € R¥, (5.19)

by (1)

and the composite kinematic model may be written as

b(t) = Iy ®G)b(ti1) +b(t), (5.20)

where the perturbations b (t;) are zero mean with the covariance matrix Q € R*M*2M

that is a block diagonal matrix consisting of the individual covariance matrices Q;

of each of the users.

5.4 Arrayed-State Space Model and Extended
Kalman Framework for Flexible Arrays

Using the models presented in Section 5.3, in this section, a state space model
framework that enables the simultaneous tracking of targets and the flexible array
sensor locations is described. The signal z (t;) received at the flexible array at an

instant ¢; in the observation interval, as given by Eq. 5.1, can be written as

z(t) =Ht)mt)+nt), (5.21)
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where H (t;) € CV*M is the channel matrix given by

B () =[Sy (1), 85 (0) 5 S ()] (5.22)

and m (t;) € CM*! encompasses the message, path fading and Doppler coefficients

and is given as

61 (tl) mi (tl) exp (jZWZflTS)

m (tl) _ 52 (tl) ™o (tl) ?Xp (JQWZFQTS) . (523)

Bas (t) mas (t) exp (2wl FarTy)

The next stage of building the state space model is to group all the unknowns of

the problem under consideration into a state vector z(t;) given by
re (t)
z(t) = |r, ()| € RFVHDA, (5.24)
b(t)

Thus, Egs. 5.4 and 5.20 may be combined to yield an evolution equation for the

state vector z(t;) as follows
z(t) = Fanz (1) + 24 () +Z (1), (5.25)
where the state transition matrix Fy; € R2NV+M)>*2N+M) ig given by

F, @)
Fan = s (5.26)

Oonxom, In®G
In Eq. 5.25, the term z, (¢;) denotes the known driver term that is dictated by the

flexible array application under study and is given by

u, (t)
zg(t) = |u, (t;)| - (5.27)

02
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The term Z (t;) € R*V+M)*1 incorporates all the uncertainties that arise due to
approximations in the mobility model or due to the presence of forces unaccounted

for in the mobility model, such as gusts of wind, and can be represented as follows

T, (t)
zZ(t) = ()| - (5.28)

E(tl)
Equations 5.21 and 5.25 constitute an arrayed-state space model that describes the
signal received at the flexible array in terms of the unknown target parameters and
unknown flexible array sensor positions encompassed in the state vector. Thus,

the state space model can be written as

z(t) = Fanz(tim1) + 29 (t) +Z (t1) (5.20)
z(t) = H(z(t))mt)+nt)
Also, the mean of the state vector z (¢;) is given by
E{zt)} = E{Fanz(ti1) +z4 ()}
= Fuz(to) + Z 24 (tm) , (5.30)

assuming € {z (t;)} = Oynjan- Also, the covariance matrix of z (#;) denoted by

R.. (t;) € RENFM)XAN+M) ig given by

B (1) = £ {(= (1) — (= (0] (00— £ ()"}
=FaR.. () FL+E{Z(t)Z" (1)}

=FaR.. (ti-1) Foy + Rz, (5.31)
where Rzz € RAN+EM)x2(N+M) g oiven as

02 In, Onxn, Onxowm
Rz = | Onun, 02 In, Onson| (5.32)

02M><N7 02M><N7 Q
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where the perturbations in the flexible array geometry are modelled as white
Gaussian noise with zero mean and intensity of o2 and o7 along the x and y
axes respectively. Note that Eq. 5.32 has been assumed for simplicity and is not a
constraint. For instance, Eq. 5.32 can be suitably modified for the case of corre-
lated noise in the state vector across the x and y antenna elements. Therefore, the
state space model presented by Eq. 5.29 forms the input to an arrayed-extended
Kalman filter (EKF) that tracks and adaptively estimates the state vector z(t;).
An extended Kalman filter is employed since the transition matrix H (z (¢;)) is non-
linear. In order to estimate z(¢;) adaptively in the extended Kalman framework,
the algorithm summarised in Table 5.1 may be employed where the notations are

simplified as z; £ z (1), zay = z4 (1), Hy = H (2 (t;)), iy = () and 27 = x (#)).

Table 5.1: Summary of steps to estimate target parameters and the flexible array
positions using the extended Kalman filter

Initialization
Zop = €120} + 2qp
~ o \T
Pojo = & {(Zo - §0|0) (20 - Zo\o) }
For [=1,... L
Zier = FanZiqpog + 2qy
Pyt = FalPioi1FL + R
ﬁl = H{\i—l (Rnn + Hl\l—lHlIﬁ_l) Z;
Dy1 =V, (Hyaiy)
Kl = ]P)l”_l]D)lIﬁ_lX
-1
<]D)l\lflpl\l71®ﬁ,1 + Rnn)
Zy = Zy_1+Re {K, (z; — Hyp—1y) }
P = (Ians —KiDy1) Pyuy

Zij1-1

Thus the predicted state vector 2, consists of all the parameters to be estimated,
namely, the unknown flexible array sensor locations and the parameters of the
targets. Note that the initial covariance matrix Py can be tuned according to

the level of uncertainty in the initial estimate Zy. For instance, for high levels of
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uncertainty in the initial estimates, Py may be set to pllyviark), Where p is an
arbitrarily large real number indicating the confidence level in the estimate. Note
that an estimate of the unknown message is obtained at each step. At low SNR,
this may be further refined by substituting the updated estimate at the end of any

iteration and may be repeated as many times as desired.

5.5 Simulation Studies

In this section, the proposed flexible array signal processing model and the corre-
sponding state space framework described in Sections 5.3 and 5.4, are examined
via computer simulations. Two specific flexible array applications are examined
namely towed arrays and a cluster of UAVs. For both applications, two narrow-
band far field targets are assumed to be present in the environment. The signals of
the targets are assumed to be independent identically distributed Gaussian sources
of zero mean and unity variance. The input SNR is assumed to be 20 dB. Track-
ing is assumed to be carried out over an interval of 50 s with a sampling interval
T; = 0.01 s (i.e. 5000 snapshots). The rest of the simulation environment specific
to the application and the tracking results of each of the applications are presented

in the following subsections.

5.5.1 Cluster of UAVs

The carrier frequency is assumed to be 50 MHz. Figures 5.4 and 5.5 illustrate
the true and tracked azimuth and azimuth angular velocity trajectories of the two
moving targets. It is clear from these figures that the target parameters are indeed
tracked successfully. The continuous time model intensity o7, in the azimuth track-
ing model is chosen to be 10 (deg/s)®. Also, the intensities of the perturbations
along the x and y axis, are set as follows 07 = 07 = 1.8 (m/ s)>. Furthermore, the

angular velocity of the array w is chosen to be 1 deg/s. The covariance matrix Py
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Figure 5.4: True (red) and tracked (blue) azimuth trajectories of the two targets
in the environment of the UAV cluster application

is set to plly(n+ar), where g = 107*, which indicates a reasonably high confidence
in the accuracy of the initial estimates. For the purpose of simulations, the UAV
cluster is assumed to consist of NV = 7 elements. As described in Section 5.3.2.2,
the UAV cluster is assumed to begin with a circular geometry r given as follows

in metres

3.2, 1.1, —1.9, —34, —24, 04, 209
r’ =12, 32, 29, 03, -27 -34, —18]|. (5.33)
0 0 0 0, 0, 0, 0

The proposed arrayed EKF algorithm also simultaneously tracks the sensor/UAV
positions as shown in Fig. 5.6. The initial estimates of the array locations are set
to the known circular geometry is shown in Fig. 5.6a at ¢ = 07,. As dictated
by the mobility model in Section 5.3.2.2, this geometry evolves to the perturbed
geometry illustrated in Figs. 5.6b, 5.6¢c and 5.6d at time t = 5007}, t = 10007}
and ¢t = 30007} respectively. The black markers indicates the positions predicted
by the rotation alone in the mobility model without accounting for the noise. The
blue markers indicates the estimated positions of the UAVs while the red markers
indicate the true positions. It is clear that the proposed algorithm indeed tracks

the array locations iteratively even though the deviations from the mobility model
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Figure 5.5: True (red) and tracked (blue) azimuth angular velocity trajectories of
the two targets in the environment. The black line indicates the azimuthal velocity
if no process noise were present in the mobility model.
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are quite high. This illustrates that the algorithm is robust to mitigating the
errors in the mobility model arising from factors such as winds or controller im-
perfections. Table 5.2 demonstrates the difference in the mean square error (MSE)
in predictions from the noiseless mobility model and the tracked state estimates
provided by the proposed algorithm. The results are obtained from Monte-Carlo
simulations carried out over 100 iterations. For instance, a 20 dB suppression abil-
ity in azimuth angle implies that an azimuthal root mean square error of 10 degrees
from a prediction made by the mobility model with no knowledge of the state and
environmental noise would be brought down to about 1 degree by the proposed

algorithm.

Table 5.2: Difference in MSE of the predictions from the noiseless mobility model
and the proposed algorithm

H Parameter H MSE Difference H
I Azimuth | 202dB |
H Azimuthal velocity H 4.0 dB H
H UAV sensor positions H 5.2 dB H

5.5.2 Towed Arrays

The proposed arrayed-EKF' algorithm was also evaluated for the application of
towed arrays consisting of N = 11 sensor elements. For the purpose of simula-
tions, a simple scenario of the ship travelling linearly is considered. In such a
scenario, conventionally the towed array is expected to remain linear. However,
due to external factors such as water drag and turbulence, this may not be the
case. This is modelled by the perturbations in the mobility model described in
Section 5.3.2.1. Note that turns made by the towing ship may also be modelled
by the driver term described in the model. The fixed intersensor spacing in the
model is assumed to be 0.5 metres. Figures 5.7 and 5.8 illustrate the true and

tracked azimuthal and azimuthal velocity trajectories of two moving targets. It is
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Figure 5.7: True (red) and tracked (blue) azimuth trajectories of the two targets
in the environment of the towed array environment

10

6 “A
Tt 1y V)
YV

ol T t2 ! [:/
2 b atlge w\ Estimated
NS (blue)

o 0 20 30 40 50
Time (s)

Azimuthal velocity(deg/s)

Figure 5.8: True (red) and tracked (blue) azimuthal velocity trajectories of the
two targets in the environment of the towed array.

clear from these figures that the target parameters are indeed tracked successfully.
The continuous time model intensity in the azimuth tracking model is chosen to
be similar to that of the UAV cluster. Also, the intensities of the perturbations
along the  and y axis, are set as follows 02 = Ufy = 0.3 (m/s)®. The covariance
matrix Py is set to ulyviar) where p = 10~* which indicates a reasonably high
confidence in the accuracy of the initial estimates. As described in Section 5.3.2.1,

the towed array is assumed to being with a uniform linear array geometry with

halfwavelength spacing. The proposed arrayed-EKF algorithm also simultane-
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ously tracks the towed array sensor positions. However, the performance tracking
of the towed array sensor positions were found to be not on par with the per-
formance of the UAV sensor positions, i.e. the filtering operation does not bring
in substantial improvement over the sensor position estimates directly provided
by the mobility model. However, the arrayed-EKF algorithm still substantially
improves the azimuth and azimuth angular velocity tracking results. The sensor
tracking performance may be improved by employing alternate filters such as the
H*>-filter that are more suited for perturbations to the mobility models that are
not circularly Gaussian (The perturbations are not circularly Gaussian due to the

L matrix in the mobility model described in Section 5.3.2.1).

5.6 Summary

In this chapter, an algorithm to track far field fast-moving targets using a flexible
array was presented. The proposed algorithm comprised of a fully parametric array
channel model incorporating the flexible geometry of the array, mobility model of
the flexible array and the mobility model of the targets in conjunction with an
extended Kalman filter to simultaneously predict the unknown array locations and
target parameters. Simulation studies to illustrate the performance of the proposed
algorithm were presented for two flexible array applications namely UAV clusters
and towed arrays. The results illustrated that the proposed algorithm successfully
tracks the target parameters for both applications, whilst the array shape tracking

performance was found to be inferior for towed arrays.

122 of 143



Imperial College London 6. Conclusions and Further Work

Chapter 6

Conclusions and Further Work

This thesis explored techniques to exploit and extend degrees of freedom in an-
tenna arrays with time-invariant and time-variant array geometry, also known as
“flexible” arrays. The first part of the thesis presented novel algorithms and re-
ceiver structures to extend the degrees of freedom in typical antenna arrays, with
time-invariant array geometry, in the context of future wireless communication sys-
tems. This addressed some of the crucial challenges in 5G wireless communication
systems such as high user density, high path loss and the need for increased inter-
ference suppression abilities. The second part of this thesis dealt with “flexible”
array signal processing, i.e. signal processing on arrays with time-varying array
geometry, for the applications of a cluster of UAVs/drones and towed arrays. An
extended Kalman filter was proposed in conjunction with a novel arrayed-state
space model that encompassed a flexible arrayed parametric channel model, a
flexible array mobility model and a target mobility model.

In Chapter 2, the concept of the array manifold and the parametric channel
model for a MIMO channel was presented. Equipped with this channel model
and tools from differential geometry, the array manifold was utilised to study the
impact of array geometry on the antenna array’s capabilities of channel detection,

estimation and capacity. The study was carried out using a family of grid arrays
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for a worst-case scenario of two users spatially very close to each other. A novel
concept of “capacity loss” was presented that measures the degradation in the ca-
pacity offered by an antenna array due to users placed spatially close to each other.
Analytical expressions that illustrate the relationship between the array geometry
and array performance criterion such as detection and resolution thresholds and
capacity loss were obtained. The results illustrated that the performance of the
antenna array system may indeed be improved by an intelligent choice of geometry
based on the task at hand. Moreover, the analytic expressions obtained could be
utilised as cost functions to dynamically select and design antenna arrays based
on the requirements of the application.

In Chapter 3, the spatial-only array system was extended to a spatiotemporal
array system to extend the DoF without increasing the number of antennas. Based
on the parametric channel model introduced in Chapter 2, a spatiotemporal re-
ceiver, comprising of an intelligent transmitter, a spatiotemporal multiparameter
channel estimator and beamformer, was presented. The proposed spatiotemporal
system was evaluated with varying levels of noise and interference, and the results
illustrated that the proposed receiver that utilises a “small” array is capable of
delivering an antenna array gain and interference mitigation performance equiva-
lent to a “massive” array. The chapter also illustrated a representative example
where the proposed receiver consisting of only 9 Rx antenna elements outperforms
a spatial-only massive MIMO receiver consisting of 80 antenna elements. More-
over, this enabled the system to operate in the absence of power control to combat
the infamous near-far problem. Thus, such a spatiotemporal beamformer would
be an apt solution for future 5G mm-wave systems that are required to operate
within power, cost and space constraints whilst employing highly intelligent digital
beamforming solutions.

The spatiotemporal system presented in Chapter 3 still failed to exploit all

spatial domains since vital information of the Tx array geometry was lost. Thus,
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in Chapter 4, the spatiotemporal system was enhanced to a spatiotemporal-virtual
array system that extends the degrees of freedom further, by an enhanced Tx de-
sign that enables the extraction of the information about the Tx array geometry
at the receiver. Results illustrated that the proposed receiver has the ability to
accommodate a higher number of signals in the environment, making it suitable
for future wireless communication environments where massive user densities are
forecasted. Moreover, the proposed beamformer eliminated the antenna array’s
performance on the Tx array geometry unlike earlier spatial-only and spatiotem-
poral systems.

In Chapter 5, a unique class of applications known as “flexible” arrays, i.e.
arrays that possess time-varying array geometry were studied. Two specific ap-
plications namely UAV clusters and towed arrays were considered. However, such
algorithms are also applicable to scenarios in wireless communication applications,
such as sensor arrays that span across multiple mobile and static platforms, es-
pecially in the context of internet of things. Thus, towards such applications, a
novel algorithm consisting of a fully parametric array channel model incorporating
the flexible geometry of the array, mobility model of the flexible array and the
mobility model of the targets, in conjunction with an extended Kalman filter, to
simultaneously predict the unknown array locations and target parameters was
presented. Simulation studies to evaluate the performance of the proposed algo-
rithm were presented for the two flexible array applications under consideration.
Results illustrated that the proposed algorithm successfully tracks the target para-
meters and flexible array sensor positions supporting high levels of target mobility,
variation in array geometry and imperfections in the mobility models.

Thus, in conclusion, this thesis presented some novel algorithms and insights
to increase the degrees of freedom in antenna arrays with time-invariant and time-
variant array geometry. The proposed algorithms and system design solutions may

be utilised across a wide variety of applications for future 5G wireless communi-
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cations, IoT applications and vehicular cluster applications.

6.1 List of Contributions

The following is a list of novel contributions in this thesis

1.

Design of a parametric channel model for a MIMO system that may be
utilised for applications ranging from mm-wave communications to flexible
array applications.

Defining and deriving a new metric for antenna arrays termed as “capacity
loss” to measure the degradation in channel capacity as a function of the

array geometry and the spatial distribution of users.

. Investigating the impact of array geometry on the signal processing abilities

of an array.

Developing a spatiotemporal receiver comprising of a novel transmitter, spa-
tiotemporal multiparameter channel estimator and Rx weight design algo-
rithm, to extend the degrees of freedom beyond the spatial domain.
Comparing and investigating the effects of varying noise and interference lev-
els on the performance of the spatiotemporal receiver with other traditional
state of the art receivers.

Developing a spatiotemporal-virtual receiver that extends the degrees of free-
dom further to incorporate the Rx and Tx spatial domains and the temporal
domain.

Comparing and investigating the effects of increasing number of signals in
the system and the impact of Tx array geometry on the performance of
the spatiotemporal-virtual receiver against spatial-only and spatiotemporal
receivers.

Developing a novel algorithm to perform target estimation and tracking for

a new class of arrays called “flexible” arrays.
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9. Evaluating the proposed flexible array signal processing solution for two ap-

plications namely, a cluster of UAVs and towed arrays.

6.2 Suggestions for Further Work

The research presented in this thesis can be the basis of future research and the
following list presents some ideas for the same

e Chapter 2 illustrated the importance of array geometry by comparing a set
of five array geometries with respect to different criteria, namely detection
and estimation threshold and the capacity loss. This may be enhanced by
designing an algorithm that utilises these thresholds to design a cost function
that dynamically selects the array geometry, given a grid of sensors.

e The techniques presented in Chapters 2, 3 and 4, are evaluated only at the
receiver, although they may utilised at the transmitter as well. Thus, the
proposed algorithms may be enhanced by an appropriate design of the Tx
weight and utilising the algorithms at the Tx and Rx.

e Chapter 5 dealt with an algorithm to perform target estimation and tracking
with flexible arrays. The array sensor tracking results indicate that the
proposed algorithm may be enhanced with alternative filters such as the
H* filter that may perform better with correlated noise in the flexible array
mobility model. Also, the algorithm may be further enhanced to tackle
clutter and distinguish multipath signals.

e Chapter 5 explored channel estimation and tracking techniques with flexible
arrays, albeit only in the spatial domain. To enable flexible array operation
at lower SNRs and obtain asymptotically low state estimation errors, the
proposed solution may be extended to a spatiotemporal arrayed-state space

model.
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