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Imperial College London Abstract

Abstract

This thesis is concerned with multiple-antenna wireless communication systems,
initially, a forward-backward autoregressive process is presented to predict the
downlink channel of a LTE-TDD multiuser MIMO system. With the proposed
channel prediction algorithm, an integrated block diagonalisation (BD) precod-
ing scheme is proposed for improving the sum system capacity in a time-variant
Rayleigh fading channel environment based on a Jakes model. Furthermore, a
hybrid testbed, constructed using National Instrument PXIe platform, was used
to compare the performance with that of the conventional BD precoding method
where channel prediction is not present.

Then various novel synchronisation and calibration schemes are presented and
studied using another software defined radio (SDR) antenna array testbed which
includes an array of USRP boards manufactured by Ettus Research and National
Instrument. This testbed provides a flexible platform to perform a wide range ex-
perimental array processing studies with different geometries and a varying number
of antennas. Furthermore, various localisation algorithms are evaluated within a
controlled anechoic environment as well as outdoors. In particular, large aperture
array (LAA) localisation techniques and multiple signal classification (MUSIC)
techniques are studied for locating the position of a signal source operating in both
in the far field and in the near-far field of the array. Finally, this thesis presents a
novel array element pattern synthesis algorithm. Throughout the thesis, extensive
experiments are presented to analyse the performance of the developed algorithms

using an array SDR testbed made of off-the-shelf antennas.
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Chapter 1

Introduction

In recent years, the ever increasing demand of high data rate transmission has led
to a strong interest in multiple-input multiple-output (MIMO) systems. It has been
shown in [1, 2, 3] that the channel capacity of a MIMO system with Nrx transmit
antennas and Ngy receive antennas, in principle, grows linearly by the factor of
min(Nryx, Nrx) without increasing transmission power or bandwidth. In practice,
the performance of MIMO systems is influenced by the received signal-to-noise-
plus-interference ratio (SNIR) and correlation properties of the MIMO channel. To
improve the system performance, signal processing techniques at the transmitter,
known as precoding techniques, are often used. Several precoding techniques have
been successfully adopted by the 3GPP Long Term Evolution (LTE) specifications
[4]. The main difficulty of spatial multiplexed MIMO systems is the separation
of the independent parallel data streams with limited channel state information
(CSI) available at the transmitter side [5]. In [6], it is shown that the capacity of
the MIMO channel can be achieved by using nonlinear precoding.

In frequency division duplexed (FDD) LTE systems, where uplink and down-
link channels are in the separated frequencies, feedbacks from the receivers are
used to obtain the CSI at the transmitter. However, the feedback information size
grows exponentially as the number of antennas of the system increases. As in time

division duplexed (TDD) LTE systems, where uplink and downlink channels share
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the same transmission frequency, the CSI can be obtained using the reciprocal
property of the channel. The problem with such a system is that the transmitter
may have the outdated CSI due to the time varying property of the channel. In
order to keep track of the channel change, in [7, 8, 9] Kalman-based algorithms
are proposed for channel estimation and prediction of multi-user (MU) MIMO or-
thogonal frequency-division multiplexing (OFDM) systems. Furthermore, by using
reference signals, Kalman filter can be trained to adapt to various channel fading
characteristics with improved channel estimation and prediction performance [8].

Recent research has been shifted to massive MIMO systems to achieve higher
spectral efficiency and higher link reliability [10, 11]. However, these technologies
are not scalable from conventional MIMO systems to massive ones due to the
large CSI overhead as the number of antennas increases. On the other hand,
with the knowledge of the array geometry and the characteristics of the array
elements, this information can be estimated in the form of so-called array manifold
vector [12]. The array manifold vector (also known as source position vector)
relies on the accurate information on the location of the sensors (array geometry),
the carrier frequency and other array elements characteristics to provide reliable
channel estimation. As the array geometry and the characteristics of the array
elements are utilised, the cost of the pilot signal for channel estimation does not
increase with the number of antenna elements.

The most important and widely used family of direction finding techniques
is the family of subspace-type techniques which have super-resolution capabili-
ties. Multiple Signal Identification and Classification (MUSIC) algorithm [13] is
the most popular subspace technique and can be used to estimate various source
parameters such as direction-of-arrival (DOA), time-of-arrival and transmission
frequency without being impacted by the SNR on the array resolution. Other
super-resolution techniques have also been proposed to estimate the DOAs of un-
known signal sources such as the maximum likelihood localisation algorithm [14]

and the ESPRIT algorithm [15]. Nonetheless, MUSIC and other signal-subspace
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based estimation techniques [16, 17, 18, 19, 20] need precise knowledge of array
response to provide good performance. However, in real systems there are various
electrical and geometrical uncertainties (or errors). This thesis is concerned with
various system uncertainties, and special attention is given to gain, phase, mutual

coupling and the local oscillator (LO) uncertainties.

1.1 Precoding Techniques at Transmitter

In single user MIMO (SU-MIMO), precoding maps N, data streams to Nrx trans-
mitter antennas with appropriate weighting so that the throughput at the receiver
output is maximized. Usually, the channel state information (CSI) at transmitter
is essential for precoding.

Precoding algorithms are often sub-divided into linear and non-linear precod-
ing strategies. Linear precoding (often called linear pre-equalisation) schemes such
as zero-forcing (ZF) precoding [21, 22] and MMSE precoding [23] are well-known
linear precoding methods that achieve reasonable performance with much lower
complexity than non-linear precoding strategies. Transmitter pre-equalization usu-
ally outperforms the receiver side equalization due to the fact that the receiver
side equalization suffers from noise enhancement [24]. The simulated bit-error-
rate (BER) results in [24] also shows that MMSE pre-equalization outperforms
receiver side MMSE equalization. Furthermore, a traditional receiver combining
technique, the maximum ratio combining (MRC), has also been applied in [25] to
transmitter, known as the maximum ratio transmission scheme (MRT), which has
been shown to maximise the sum SNR.

If the channel state information is completely known by the transmitter side,
singular value decomposition (SVD) precoding is used in [24] to achieve the MIMO
channel capacity. It shows that the channel can be diagonalized through pre-
processing and post-processing the two unitary matrices from SVD at the trans-

mitter and receiver respectively. Then the MIMO channel can be re-visualized
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as a set of virtual SISO channels each carries an independent data stream. With
an appropriate power allocation algorithm, such as water filling, one data stream
per SISO channel can be transmitted without creating any interference. However,
SVD-based equalization cannot be used in the multi-user MIMO scenario. In-
stead, we use SVD to compare the usable channel capacity with multi-user MIMO
precoding techniques.

A more common use of MIMO systems is when multiple users sharing the
same radio resources as shown in [26]. It considers a multi-user MIMO system
downlink channel (also called broadcast channel) with a single base station (BS)
and K independent users. Suppose the BS is equipped with Np antennas and each
user is equipped with N,; antennas, the point-to-point system for downlink can
be visualized as a (Np x K Nj;) MIMO system. This configuration results in an
increasing in degrees of freedom as oppose to the single-user MIMO case.

The main consideration for broadcast channel in multiple-user MIMO (MU-
MIMO) transmission is the interference cancellation at the BS. Four popular trans-
mission precoding strategies are studied in [24]. These are: channel inversion, block
diagonalization, dirty paper coding (DPC), and Tomlinson-Harashima precoding
(THP).

Channel inversion precoding method presented in [27, 28] considers a MU-
MIMO system with K users that each has one receiver antenna and the number
of users equals to the number of antenna at BS, K = Ng. The system can be
then considered to be the same as the SU-MIMO case. Channel inversion and
regularized channel inversion are the same processes as ZF pre-equalization and
MMSE pre-equalization for SU-MIMO. In this method, all signals other than the
target signal are considered as interference and are cancelled from received signals.
Since channel inversion processes cancel inter-antenna interference as well as inter-
user interference in its own signal, noise enhancement becomes more severe for the
target user hence resulting in decreasing in performance.

Block diagonalization (BD) [29, 30] method considers a more general case with
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multiple users that each equips with multiple antennas. As oppose to channel
inversion methods, only the interference from other users is cancelled in BD. The
idea of BD is based on beam steering so that interference is nulled at the undesired
users. Various signal detection processes, such as zero forcing (ZF) detection and
MMSE detection, can be used to cancel the inter-spatial stream interference for
each user. In BD, an effective channel matrix is constructed between BS and each
user. The aim of BD method is to find a set of precoding matrices that are null-
space of the effective channel matrix except for the target user. In other words,
interference-free transmission can be realized if the effective channel matrix can be
block-diagonalized. To design precoders, BD assumes total number of antennas of
all users equal to the number of antennas of BS and also assumes all users have
equal number of antennas on each mobile device. Then SVD can be performed on
the downlink interference channel matrix for each user. We then take the right-
singular vectors that correspond to vanishing (zeros) singular values of the channel
matrix to produce the precoding matrix for the each user since these vectors span
the null space of the interference channel matrix.

Dirty paper coding (DPC) [31, 32, 33] method proposes that virtual interference-
free channels can be realized by subtracting the potential interferences before trans-
mission provided the CSI is completely known by the transmitter. The idea of
DPC in transmission is very similar to successive interference cancellation (SIC)
in reception. The interferences due to the first up to (k — 1) user can be can-
celled successively from the k" user by the mean of precoding. In DPC, LQ-
decomposition is performed on the channel matrix of channel gains between BS
and all users. The broadcast channel matrix can be then LQ-decomposed into a
lower-triangular matrix I and an orthogonal matrix Q. It can be seen that, by
transmitting Q z, where z is the precoded user data, the effect of Q in the channel
matrix can be eliminated leaving only the lower-triangular matrix L at receiver.
The interference-free transmission can be realized if precoding weight matrix W

can be found such that it eliminates all elements in L except for the diagonal ele-
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ment, LW = diag(LL). The DPC precoding matrix is then a scaled inverse matrix
of L such that W = L~!diag(IL). Conjugate transposed orthogonal matrix Q%
should be used on top of the DPC precoding matrix W for transmission, or can
be used at receiver for detection.

Tomlinson-Harashima (TH) precoding [34, 35, 36] is equivalent to the combi-
nation of DPC with symmetric modulo operation. The idea of TH precoding is
to reduce the transmission power of DPC by bounding all user signals within the
constellation map. The successive interference cancellation algorithm of DPC is
performed on symmetric modulo version of previous signals in TH precoding. In
comparison of DPC and TH-precoding, DPC outperforms THP in BER analysis.
However, THP is transmitted with less power than DPC due to its modulo opera-
tion in the precoding process. [37] also shows how THP algorithms for MU-MISO
OFDM systems can be implemented on an FPGA.

In [6], the TH precoding for uncoded (modulation scheme independent) MU-
MIMO broadcasting systems is examined over linear pre-equalization schemes. It
shows that non-linear precoding scheme-TH precoding, offers significant advan-
tages over linear pre-equalisation schemes and outperforms popular the decision-
feedback post-equalization scheme-Bell Laboratory Layered Space-Time (BLAST)
systems [6], at the receiver, which suffers from noise enhancement. The study as-
sumes perfect channel information is known by the transmitter, and assumes the
MIMO channel is block fading over a reasonable blocklength. The capacity of THP
is derived and is compared with the optimum precoding scheme for SU-MIMO,
SVD. It shows that THP system capacity asymptotically converges with that of
SVD at high SNRs. In other words, TH precoding is capable of using the under-
lying MIMO channel capacity that is described by SVD. Simulation results in [6]
for different equalization strategies - THP, V-BLAST, SVD and Linear-precoding,
using optimum rate and power loading as described in [38] and [39], also show that
the substantial performance improvements are possible by optimally distributing

rate and power over the independent spatial channels in precoding systems.
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The main difficulty of spatial multiplexed MIMO systems is the separation of
the independent parallel data streams with limited channel state information (CSI)
available at the transmitter side [5]. Also, it is shown in [6], that the entire channel
capacity of the MIMO channel can be achieved by using nonlinear precoding.
In frequency division duplexed (FDD) LTE systems, where uplink and downlink
channels are in the separated frequencies, feedbacks from the receivers are used to
obtain the CSI at the transmitter. However, the feedback information size grows
exponentially as the number of antennas of the system increases. As in LTE time
division duplexed (TDD) systems, where uplink and downlink channels share the
same transmission frequency, the CSI can be obtained using the reciprocal property
of the channel. The problem with such a system is that the transmitter may have
the outdated CSI due to the time varying property of the channel. Furthermore,
how AR-based algorithms for channel estimation and prediction could be used in
MIMO OFDM systems has been reported in [8] and [9]. On the other hands,various
channel modelling approaches are studied in [40] showing that the least-squares (or
forward-backward) AR-modelling has better performance than that of Yule-Walker

algorithm as used in [8] and [9] in low AR orders.

1.2 Array Manifold and Uncertainties

Array manifold uncertainties refer to the gain, phase mutual coupling and geo-
metrical errors in the antenna array system. Even when carefully picked identical
antennas, cables, amplifiers and digitisers are deployed to form an array in precisely
measured locations, the array may still have uncertainties due to manufacturing
impairments of the components. Moreover, other factors such as aging, motion,
temperature and installation error, will cause the gain and phase of each array
element to fluctuate. On the other hand, if there are more than one LO distrib-
uting the clocks to all array elements, the array becomes incoherent. To achieve a

coherent array system, these hardware dependent uncertainties must be estimated
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and removed first. As aforementioned, super-resolution DOA finding algorithms
are very sensitive to array uncertainties [41].

The unresolved modelling errors will severely degrade the capabilities of such
systems. To demonstrate the significance of the modelling error on accuracy and
sharpness of the MUSIC algorithm, Figure 1.1 shows the MUSIC spectrum when
gain and phase perturbation is present on each element of an 8-element Uniform
Circular Array (UCA) with half-wavelength inter-antenna spacing. The array
operates in the presence of two far-field sources having azimuth angles of 65° and
of 95° with respect to the array reference point. The gain and phase error is
assumed to follow a uniform distribution with zero mean and variance equals to

0.01.
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Figure 1.1: Example of the effect of antenna gain and phase errors on MUSIC.

It is clear in Figure 1.1 that in the presence of the array uncertainties, MUSIC
fails to estimate the DOAs of the sources completely. Moreover, with more trans-
mitting sources deployed in the presence of both gain, phase, mutual coupling and
geometrical uncertainties as well as LO errors, the performance of MUSIC will

only be more degraded.
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Luckily, the modelling error of antenna array systems can be estimated and
removed using calibration techniques [42, 43, 44, 45, 46]. One class of these cali-
bration techniques make use of received signals that either correspond to the known
or unknown transmitting sources so-called pilot sources to estimate the true array

parameters. This thesis is focused on calibrating arrays using pilot sources.

1.3 Signal Modelling for Coherent Arrays

Tx-antenna Rx-array
N antennas

A0 A3 A5
ity (S % BB @ =0

N vector N

a A2 A Ae Y
exp (j2r F,t) A477 ?exp —J2TF.1t)

Figure 1.2: The single source line-of-sight (LOS) coherent array model

Consider an Rx-array of IV coherent elements operating in the presence of a single
narrowband source at location denoted by 6, ¢ and p, where 6 is the azimuth angle
in radius, ¢ is the elevation angle and p is the range of the source with respect to
the array reference point as shown in Figure 1.2. In the of a single line-of-sight

(LOS) path, the received antenna array signal vector z(t) € CV*! is modelled as:

z(t) = S (p. 0, 0) m(t) + n(?), (1.1)

where m(t) is the signal from the source impinging on the array and n(t) € CV*!

is the baseband noise vector. Without loss of generality, the noise is assumed to
be additive white Gaussian noise (AWGN) of zero mean and has its covariance
matrix defined as o2Iy. It is worth noting that this thesis will focus on the LOS

path model. In the presence of multipath, it is possible to remove non-LOS paths
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by placing a pre-processor on the front-end of the system. However, resolving
and separting these undesired non-LOS signal paths usually comes at a cost of
increased signal bandwidth and computational complexity.

In Equation (1.1), the vector S (p, 0, ¢) € CV*! is the well-known array mani-

fold vector or array response vector which can be represented as follows:

«a 2
S(p,0,¢) = (p-1y @ p) ®eXp{—17(p-lN—g)}, (1.2)
where ® and © denote Hadamard multiplication and Hadamard division operators

respectively,

A
p= \/P2 1y +diag {rfr} — —pr'k (0,9) € RV, (1.3)

and « is the path loss exponent and r is the matrix with columns being the

Cartesian coordinate of array elements. That is,

r= [£17£27"' 7£N] = |:T r..Tr }T c R3><N. (14)

_x7_y7_z

Furthermore, k (0, ¢) € R**! denotes the wavenumber vector, defined as,

cos 0 cos ¢
sinfcos¢g |, (1.5)

sin ¢

a 27TF,

E(0,9)

where c is the speed of light constant and F, is the carrier frequency.

The appropiate propagation model to use can be dependant upon whether the
source is located in the near-far or far field of the array. Consider a point source
that undergoes a spherical wave propagation as described in Equation (1.2), the
gain and phase of the signal received at each array element is related to the range
of the source and the array, i.e. the p vector in Equation (1.3). However, as the
source moves further away from the array, the difference in the propagation losses
between the array elements becomes smaller. In the other words, as p — oo,

the difference in the distances between the source and the array elements becomes
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negligible and the wavefront can be approximated as planar. In this case, the array

manifold vector in Equation (1.2) obeys a plane way propagation model, that is,

S(0,¢) = exp (—jr'k(0,¢)) . (1.6)
The source can be approximated to operate in the far field of the array and

undergoes plane wave propagation if the following inequality is satisfied,

2D?F,

p > (1.7)

where D is the array aperture defined as the largest distance between any two

array elements.

1.4 Signal Modelling for Non-coherent Arrays

Consider the case, in which the array is configured such that each of the array
elements have an independent LO. In this case, the uncertainties arise because
each of the LOs are not tuned precisely to the same frequency due to the tolerances

in the electronics, specially the clock reference sources.
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Figure 1.3: The single source line-of-sight (LOS) non-coherent array model

With reference to Figure 1.3, these frequency offsets are system uncertainties

and can be modelled by

~ ~ ~ ~ T
EC: [Fc,17Fc,27"' 7FCN GRNX1 (18)

t]
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where ﬁcﬂ; denotes the LO uncertainty associated with the it element and the

received baseband antenna array signal vector z(t) € CV*! can be modelled as:

Z(t) = SOexp (_ jom (FClN + Ec) t> exp(j2mFut)m(t)
+exp(—j2m (FclN - E;) t) © npp(t)

= Soexp(—j2rEtym(t) +a(t), (1.9)

where S is given by Equations (1.2) or (1.6). The term ngp(t) € CV*! and n(t) €
CN*1 are the bandpass noise vector and the baseband noise vector respectively.
Without any loss of generality, the noise, 12(t), is assumed AWGN and is redefined
as n(t) € CV*1.

From the above discussion, it is clear that the estimation of Ec crucial in the
case of non-coherent array. Once the LO frequency offsets have been estimated,

they can be easily removed from Equation (1.9) via multiplication to produce the

coherent signal model given in Equation (1.1), that is,
z(t) = I(t) © exp(j2nF,t)

J

= Sm(t) + at) © exp(j2nE. 1)

I g
= Sm(t) + n(t). (1.10)
It is important to note that the phase uncertainties introduced due to the LOs
have the same effect on the array system as the phase uncertainties that arise due
to uncertainties in the array sensors and electronics. Thus, they are modelled as

part of the array manifold vector S for the purposes of this thesis.

1.5 Array Synchronisation

In traditional array systems, these is a single common local oscillator signal for
all the RF front-end elements of the array. In [47], the author demonstrated a
hardware synchronisation technique that a collection of individual software de-

fined radio (SDR) units can be successfully synchronised using a common clock
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reference to form a coherent array system. Figure 1.4 shows a coherent array

system constructed from a collection of individual USRP[48] based SDR units.

..GPSUnit
Ref i
PPS i

OO 1 U4rp “Ahtenna 1
9__\( VAV VA
Computer Network—T—=_UGRP _/enna2
Switch I :
1]
OKS) G—J AN
{3 spp AnhtennaN

Figure 1.4: Array testbed setup comprising multiple USRP boards that are syn-
chronised (hardware syncrhonisation) using a common clock reference and 1 PPS
reference source.

Note that hardware synchronisation is not possible in the case of a large aper-
ture array system where its elements are distributed in space having large dis-
tances between their elements. This implies each array element will have its own
LO source operating independently from each other. In reality, these LOs may
be locked to their own local reference clock sources which may have frequency
uncertainties in the region of approximately 5kHz to 50kHz. Or these LOs may be
locked using individual GPS units, which in turn locked to one or many satellites,
as shown in Figure 1.5. However, these LOs will still contain small amounts of
residual frequency offsets in the region of approximately 100Hz which have to be
removed to obtain a fully coherent array system. In [45], the author proposed a
pre-processor to estimate and to remove frequency offsets E . associated with the
LO’s. The proposed technique employs harmonic retrieval modelling in conjunc-
tion with a frequency based MUSIC algorithm for estimating the frequency offsets

F,. Once F . have been estimated, the array can be synchronised and Equation
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(1.10) becomes valid, reflecting the received signal vector z(t) of a coherent array

system of N antennas

GPS Unit
PPS o
&)
ol ] NVAVAY
T USRP ol
NAAA GPS Unit
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PPS o
5 e——T AN
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Figure 1.5: Array testbed setup comprising multiple USRP boards that are syn-
chronized using GPS unit generated PPS clocks.

1.6 Array Calibration

A simple but tedious array calibration approach is to measure the array response
of the field of interest at regular intervals in a controlled environment, such as
an anechoic chamber. This is an offline process and requires interpolation to es-
timate the array response between quantisation points. An alternative approach
to alleviate this problem is to treat array uncertainties as a parameter estimation
problem. The author in [49] proposed an algorithm to estimate the array calibra-
tion matrix using a set of pilot sources in known locations. The array calibration
matrix describes the combined effects of array electrical characteristics - mutual
coupling and sensor gain and phase responses. Another category of array cali-
bration is known as self-calibration or online calibration. As the name suggests,

self-calibration does not require any additional sources to estimate the array prop-
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erties. In [50, 51, 52], self-calibration algorithms for uniform linear array (ULA),
uniform rectangular array (URA) and uniform circular array (UCA) are proposed
respectively to estimate the array electrical properties. In [53], an algorithm to
estimate array mutual coupling for arbitrary array is proposed which utilizes one
addition source prior to array self-calibration. Also, in [54], a self-calibration al-
gorithm for UCA has been proposed to simultaneously estimate the DOAs and
coupling coefficients by using prior knowledge of the special structure of mutual
coupling matrix (MCM).

A general pilot array calibration method is proposed in [55] for calibrating a
planar array with respect to the unknown array location, phase and gain parame-
ters. This is an offline calibration technique that requires three pilot sources from
at least two different azimuth angles. An auto-calibration algorithm for an array
is also proposed in [42] concerning with estimating geometrical, gain and phase
uncertainties. As the name suggests, auto-calibration does not require external
sources as in the case of pilot and self-calibration algorithms but requires the ar-
ray elements to be capable of operating as transceivers. In [56], a pilot calibration
technique that is capable of estimating location, gain, phase as well as mutual
coupling parameters is proposed for a planar array. This is a pilot based offline
method that requires three calibration sources. A maximum-likelihood calibration
algorithm is proposed in [57] to estimate all types of array parameters using a large
number of calibration sources.

In some practical array systems, the signal might get reflected, re-radiated
or scattered by the other elements or obstacles within the radiative near field of
the antennas. This includes antennas mounted on a complex environments such
as buildings, airplanes, ships and ground vehicles. The interaction between the
antennas and the obstacles can lead to severe coupling effect and hence alters the
array characteristics such as antenna gain an phase patterns. In other words, the
electromagnetic (EM) properties of a particular antenna in an array are influenced

by the other elements in the proximity and influence the other elements at the
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same time[58]. This influence usually depends on various factors, such as, antenna
and obstacle types, spacing, antenna radiation patterns, bandwidth, coupling of
the feed network, and so on. As a result, the element patterns are perturbed and
will no longer be identical. Several studies have been made on the effect of coupling
and different types of arrays and have attempted to predict the EM properties such
as gain an phase pattern of antennas in complex environments[59, 60, 61, 62, 63,
64, 53].

Recently, a novel element pattern reconstruction (EPR) method was presented
in [65] to calibrate the mutual coupling effect of a fixed shape array such as mi-
crostrip conformal antenna arrays. This method is based on the fact that the
reconstructed element patterns can be transformed to the corresponding element
patterns in their isolated states without the coupling effect. The modified EPR
method was later proposed in [66] to cover wide-angle range by using multiple
transformation matrices. This modified method, however, comes with a signifi-

cant increase in complexity.

1.7 Localisation Techniques

The problem of localizing signal sources has attracted considerable attention over
the last few decades. In many communication applications, the location of the
source can be used to improve the performance and efficiency of the communication
system[67]. Conventional localisation approaches, in general, use a number of
sensing nodes at different known locations to estimate the spatial relationships
between the source and the sensing nodes. These spatial information are used to
compile the estimation of the source location by triangulation or trilateration.
Trilateration-based or range-based localisation techniques such as Received Sig-
nal Strength (RSS) and Time based approaches estimate the range between the
source and each of the nodes. By fusing the results of several range estimates, the

source location can be inferred by trilateration. RSS approaches such as the one
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proposed in [68] measures the signal power received as each sensor when a signal
of known power is transmitted from a source hence estimates the ranges between
the source and the nodes using a path loss model. This approach is often cheap
and does not require synchronization between the source and the nodes. Time
based techniques such as the Time-of-Arrival (TOA) estimation approach in [69]
requires that the source and nodes are accurately synchronized. In [70], the Time-
Difference-of-Arrival (TDOA) localisation algorithm is proposed that only needs
the nodes to be synchronized. However, the localisation accuracy of time based
approaches is usually limited by the effective bandwidth of the signal, additive
noise and fading effects[71].

In direction-based localisation approaches, two or more of direct finding (DF)
array systems are usually employed to estimate the direction of a far-field source,
e.g. using the MUSIC algorithm [72] or the Maximum Likelihood Estimation
(MLE) algorithm [73]. Then a set of linear equations are used which utilize the
estimated directions to locate the source under consideration.

Furthermore, hybrid approaches may also be employed to solve the localisation
problem, e.g. TOA/TDOA [74] or single array DOA and TOA [75]. While the
direction-based localisation techniques unable to localise a far field source with
a single array, some array localisation techniques are able to locate near-far field
source with a single array (e.g. the spherical-MUSIC[73]) which jointly estimates
both DOA and range.

In [76], a localisation algorithm is proposed that uses a number of distributed
sensors to form a large aperture array (LAA). Based on the spherical wave prop-
agation model, the algorithm relies on rotating the array reference point to be at
each of the array element and finally solving a set of linear equations to estimate

the source location.
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1.8 Thesis Scope and Organisation

The aim of this thesis is to analyse the performance of the existing and proposed
novel array synchronisation and calibration methods with real data using an ex-
perimental array SDR testbed. Different types of SDR testbeds will be developed
to suit different evaluations.

The rest of the thesis is organised as follows:

In Chapter 2, an AR-based channel estimation and prediction technique is pro-
posed for the LTE-TDD MU-MIMO downlink system for a time-varying frequency-
selective environment. By estimating the impulse response of OFDM channels,
the proposed approach reduces the computational burden by only considering the
most significant taps of the impulse response. Testbed results also prove that the
proposed method is able to increase dramatically the system capacity under the
described test conditions.

In Chapter 3, a low cost array testbed based on USRP boards manufactured
by Ettus Research is presented. The testbed is highly reconfigurable and can be
used in many applications without requiring major modifications or specialised
equipment. However, such a system contains many array non-idealities including
gain and phase uncertainties, mutual coupling effects and local oscillator offsets,
which have to be addressed before performing further signal processing algorithms.
These issues will be studied in this chapter and two array localisation algorithms
(namely the LAA and the spherical-MUSIC algorithms) will be examined in de-
tail. In addition, an outdoor field-test conducted in a native woodland at Silwood
Park, Imperial College London is presented. As the array elements are distrib-
uted in space with large distances, the hardware array synchronisation technique
becomes impractical. In this case, each array element will be locked to its own
independent local oscillator. Tolerances in the independent local oscillators will
introduce frequency offsets between array elements. This will prevent the system
from operating as a coherent array. In this chapter, frequency offset estimation al-

gorithm based on harmonic retrieval will be added as pre-processors. A pilot based

38 of 152



Imperial College London Chapter 1 - Introduction

array calibration technique will also be presented. In addition, the performance
of the LAA localisation algorithm will be studied for targets at located different
locations.

Chapter 4, is concerned with the problem of element pattern synthesis, and a
novel approach will be presented for an array with fixed geometry in the presence of
a far-field source. It consists of constructing a virtual array model for each antenna
element, which not only considers the coupling effect between antenna elements
but also takes into account the influence of the scattering near-field obstacles of
unknown locations. The influence of the isolated element pattern is also taken
into account by the virtual array in order to optimise the reconstructed far field
pattern covering a wide-angle range without added complexity. To validate the
proposed technique, the SDR platform developed in Chapter 3 is used with an
array system consisting of eight off-the-shelf omnidirectional antennas in a uniform
circular geometry. Numerical examples using experimental data are presented
showing that results obtained by the proposed method greatly outperform those
obtained by conventional mutual coupling compensation techniques.

Finally, the thesis is concluded in Chapter 5 and several recommendations for

future work are outlined.
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Chapter 2

Channel Prediction for Multiuser

Downlink LTE-TDD Systems

In this chapter, a multi-user (MU) MIMO OFDM system is proposed. The system
is based on LTE-TDD which is composed of a block diagonalisation beamformer
at the base station and spatial MMSE receivers at user equipment (UEs). Further-
more, a channel prediction scheme based on AR-modelling and linear interpolation
is proposed. In this scheme, reference symbols, placed at the last OFDM symbol
in the uplink frame of the UE, are used for channel estimation. AR based pre-
dictor performs recursive filtering on the channel measurements estimating CSI a
few subframes in advance. Finally, with the proposed scheme, linear interpolation
is performed to obtain downlink CSI for each OFDM symbol. A National Instru-
ment (NT) PXIe based rapid prototyping system was also developed for testing the

proposed algorithms.

2.1 Single-User MIMO System Model

Single-user spatial multiplexed MIMO systems can transmit data at a much higher
rate than SISO systems and MIMO systems using antenna diversity techniques.

Consider a Ngrx X Nrx spatial multiplexed MIMO system with Npx receive an-
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tennas and Nry transmit antennas. Let H denote the channel transfer matrix for

one subcarrier in OFDM,

h(lvl)’ h(172)7 o« o h(17NTX)
h(271)’ ]’1](272)7 . e h(zzNTX)
H = , (2.1)
h(NRle)’ h(NRXJ)’ oo h(Nex,N7X)

where each entry h;; represents the channel transfer function gain from the jth
transmit antenna to the ith receive antenna, i € {1,..., Ngx}andj € {1,..., Npx}.
Let the number of independent spatial streams be denoted by N, where N, =
min(Ngy, Nrx). The transmission streams at each antenna can be represented
as:

z="Fz, (2.2)

T
where x = [ T1, To TNg } € CNs*1 contains the transmit symbols for all

Y

streams, and [ is a Nyx X Nrx complex precoding matrix that maps independent

spatial streams to transmit antennas.
T

The received signal vector r = [ ri, To, T'Npyx € CNrx*lcan be ex-
pressed as:
r = Hz+n
= HFz +n, (2.3)

where n is the additive white Gaussian noise (AWGN) vector with power spec-
tral density 02. To detect the desired signals, the effect of the channel and the

n*

precoding matrix is cancelled by a weight matrix W, such that

y = Wr

= W(Hz +n)
= WHFz + Wn. (2.4)
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2.1.1 Singular Value Decomposition (SVD)

The optimal SU-MIMO channel equalization method is based on SVD of the chan-
nel matrix H. In the SVD method, channel equalization is split among transmitter
and receiver; and it cannot be applied to multi-user MIMO. The channel matrix

H, can be decomposed in to its singular values as

H = UAV*#, (2.5)

where U and V are matrices, and A is a real diagonal matrix. Applying V at the
transmitter as the precoding matrix, the signals at the output of the channel can

be written as:

HVz +n (2.6)

1=
I

= UAVEVz 4+n

= UAzxz +n.

At the receiver, if U# was used as the receiving weight matrix, independent

parallel channels can be visualised as,

y = Ur (2.7)
= U"(UAz +n)
= Az+U"n
where ||[U”n|| = ||n|. Since U and V are unitary matrices, neither the transmission

power amplification nor the noise enhancement will occur.

2.2 Multi-User MIMO System Model

Now consider a simplified downlink M -user MIMO system (or broadcast system)
with a single base station (BS). Suppose the BS is equipped with N7y antennas

and each user is equipped with Nrx antennas. In this paper, the point-to-point
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system is visualized as a (M Ngx, Nrx) MIMO system with M Ngxy = Nrx. With
reference to Figure 2.1, the system is partitioned into three main blocks, the base
station, the channel associated to the ith user, and the 7th user’s receiver. The
main blocks of the system will be introduced and modelled in the following sections.
For simplicity, IFFT and Cyclic Prefix (CP) appending blocks at the base station,
and FFT and CP removal blocks at the ith user’s receiver are removed in the

system model.

2.2.1 Base Station Transmitter

Assume the number of independent transmission spatial streams (or spatial layers)
per user Ng equals to Ngy, for simplicity. Let Ty denote the OFDM sampling
period, and a subcarrier k = 1,2, ..., N¢o , where N¢ is total number of subcarriers,
is assigned with frequency given by Fj, = kAF, where AF = 1/T, is the subcarrier
spacing. For the k" subcarrier of the nth OFDM symbol of duration T, = NoT,

the precoded signals for the transmission can be expressed as
zlk,n)|=Flk,nlxzk,n|. (2.8)

Dropping the subcarrier index, in our system model, the above expression is

then simplified to
z[n] =F[n]zn] (2.9)

where
T
) = | £ffl, afln], -, alyl] | ecto (2.10)
contains transmission symbols for all users.
Fln] = [1& n], Faln], ..., Faln] } € CNrxx(MNrx) (2.11)

is the overall precoding matrix for all users and

F; [n] € CNrx*Nex g, (2.12)
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are complex precoding matrices for each user which will be discussed in details in

Section III. Note that Equation (2.9) can be written (at point @ in Figure 2.1)

as

M
z[n] =) Fi[n]z; [n] (2.13)
i=1
N x 1 Column Vector N x M Matrix
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Figure 2.1: Simplified multiuser OFDM downlink system.
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2.2.2 User : Downlink Channel

Assuming the cyclic prefix (CP) is long enough to cope with the maximum delay

spread, the channel associated to the ith user is defined as:

W) R ) e AV )]
RIS p@D o @Nrx)
T Il ol PN
hENRle) [n] thRX72) [n] L hZ(NRXaNTX) [n]

mAX MTX) [n] denotes the complex channel transfer function gain from the

where hg
BS transmitter antenna mpyx to the ith user equipment receiver antenna mpgx.
Hence the ith user’s received signal vector (at point in Fig 2.1) can be written
as follows:

r;[n] =H;[n]z[n] +n (2.15)

where is the 7th user’s downlink channel transfer function matrix that is obtained

using the reciprocal property of the uplink channel.

2.2.3 User-i: Receiver

Referring to Equation (2.15), the received signal r; for the ith user is recovered
with a minimum-mean-square-error (MMSE) detector which compensates the am-
plitude and phase distortion and inter-antenna interference that introduced by the
channel and the process of precoding. We assume complete channel state infor-
mation (CSI) is available at the receiver, the normalized MMSE weight matrix for

the 7th user is given as:

Wiln] = (FY [n]HY [n)H, (] F; [0] + 020np)

FZ [n]HE [n] . (2.16)

The output of the MMSE detector for the ith user can be then written as (at
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point | F | in Figure 2.1)
[n] = Wiln]r,[n]
= Wi[n] (Hi[n]z[n] + n)

= Wi[n]Hi[n] z; [n] + Wi [n] n. (2.17)

2.3 Zero Delay Feedback and Precoder Design

Zero-delay feedback can be achieved by means of channel prediction using well-
known autoregressive modelling, which is a widely used prediction method that
could be found in many applications including tracking of a radio channel in a time-
varying environment [40]. Unlike deterministic curve fitting techniques, such as
interpolation and extrapolation, AR modelling takes the advantage of the statistics
of the data. Assuming the CSI controller at the base station (see Figure 2.1)
has P perfect past CSI measurements, the current CSI can be estimated with

h(me,me) [n}

certain amount of error. Let h[n] denote the the complex channel
for simplicity. It is shown in [8], that a state-space model can be constructed.
Figure 2.2 shows a P order tapped delay line (TDL) channel predictor, that uses
the past P channel measurements and multiplies them with the corresponding AR

weights to predict the current state of the channel.

hin =1] —————@D hn]

Figure 2.2: State-space diagram.
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The process can be summarized by the following expression:

hn] = Zauh[n—u}

— a"hfn) (2.18)

where Tz[n] is the estimated channel transfer function. And

W)= Wfn—1), fp—2) -, Bn-P]] (2.19)

holds the past P samples of h[n]. The AR parameters

a=lag,ay,... ,CLP]T (2.20)

can be estimated according to the environment. With increased estimation error,
multiple-step prediction can be achieved by feeding back the current estimated

channel state to the-tap-delay line recursively.

2.3.1 Forward-Backward Estimation of AR Parameters

The well-known prediction model for a fixed order time series is usually referring to
the forward-backward linear prediction model or the modified covariance method
[77]. This method, based on the AR stochastic model, can provide stable estimates
from short data sets and has the potential of improving the temporal resolution
in the measurements, thus allowing the prediction of rapidly varying channel con-
ditions. Let h[l],h[2],...,h[L] denote L perfect channel measurements from a
training sequence that are collected at point in Figure 2.1. To estimate the
AR parameters, a, in Equation (2.18), an overdetermined system model is firstly
constructed:

Aa=b. (2.21)

The least squares AR parameters a can be found by solving

a= (ATA) " AT, (2.22)
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In the forward-backward method, the total squared sum of both the forward

and the backward prediction errors are minimized. We can construct A and b as

below:

where (-)* denotes complex conjugate.

h[P]7

hlP — 1],

h[L —1],

h*[2],
h*[3],

h*[L — P+1], h*[L— P +2],

h[P + 1]
h[P + 2]

h*[L — P]

2.3.2 Precoder

. (2.23)

(2.24)

The main consideration for downlink broadcast channel in MU-MIMO transmis-

sion is the interference cancellation at the BS (the transmitter side). In this thesis,

a BD precoder [29, 30] is considered. The idea of the BD precoder is based on beam

steering so that interference is nulled at the undesired users. As oppose to other

popular precoding schemes, such as DPC [31, 32, 33] and THP [34, 35, 36], BD

cancels only the interference from other users with respect to the target user. Sig-
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nal detection, such as MMSE detection, is required to mitigate the inter-antenna
interference at each user.

In BD, an effective channel matrix is constructed between BS and each user.
The aim of BD method is to find a set of precoding matrices that are null-space of
the effective channel matrix except for the target user. In other words, interference-
free transmission can be realized if the effective channel matrix can be block-
diagonalized. To design precoders, BD assumes total number of antennas of all
users equal to the number of antennas of BS and also assumes all users have
equal number of antennas on each mobile device. We then take the right-singular
vectors that correspond to vanishing (zeros) singular values of the channel matrix
to produce the precoding matrix for each user since these vectors span the null
space of the interference channel matrix.

Let H; £ H;[n] and F; £ F;[n], referring to Equations (2.8), and (2.15), it can
be seen that, the interference-free transmission is possible if the channel can be

block-diagonalized, that is,
HZFU == @NMxNM,V’U/ 7é 1. (225)

where Oy, xn,, denotes an Ny; X Nj; matrix of zeros.
To obtain the precoder weight matrix, let us first construct an interference
channel matrix IF}L € CM-DNrxxN1x that contains only the channel estimated

gains from all other users except for the target 7th user,
T il T ol T = |7
H; = [H17H27"' 7Hi717Hi+1"' 7HM] (226)

where H; is constructed from the estimated channel coefficients, EE-mRX m7X) from

the previous section using Equation (2.14) that is (at point |I|in Fig 2.1)

yaeay 70.2) F0LNrx)
R };(2,1) };(2,2) /E(Q,NTX)
H; = C ' ' (2.27)
};(NRXJ) /H(NRX72) E(NRX7NTX)

49 of 152



Imperial College London Chapter 2 - Channel Predition

Equation (2.25) can then be rewritten as:

HF; = O (M —1)Npx xNax - (2.28)

This implies that the precoding matrix F; € CN7x*VNrx must be designed to sit
in the null space of H; so that the interference-free transmission is warranted for

the ith user. To obtain such a precoding matrix, we take the SVD of I[A%/L, that is

— Uz [Azwn—zero | Afera] [V;wn—zero | erro]H (229)
| I
where
yron—zero o CNrxx(M=1)Nrx 411 (2.30)
V,izero c CNTXXNRX (231)

are composed of right singular vectors that correspond to non-zero singular values

Anon—zero o R(M—l)NMX(NTX—NRX) (232)

and vanishing singular values

Afero = ©(M_1)NRX XNrx (233)

respectively. Since the right-singular vectors corresponding to the vanishing sin-

gular values of H, span the null space of ]ﬁli, we have the following relationship
ﬁivfem = Or—1)Npx xNpx - (2.34)

From the equation above, we can see that if the signal is transmitted with
weight matrix V7, all users other than the target user ¢ receive no signal. Thus

we can use the normalized ’erm as the precoding matrix for the ith user, that is

(at point in Fig 2.1)
1
Fi - vaer(). (235)
[VEerell
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2.4 LTE Multipath Channel Model

When a signal propagates from a transmitter to a receiver, it usually travels mul-
tiple paths. The signal may follow the line-of-sight path between the transmitter
and receiver, it may also bounce off the walls and other objects on its way to the
receiver. This produces multiple copies of the same signal arrive at the receiver
at different times and with different power levels, based upon the paths they have
taken and various other factors.

A well-known technique to model a wireless channel is to model it as a finite
impulse response (FIR) filter with its taps representing signal paths. A set of LTE
channel models for the test and verification of radio transmission and reception has
been defined in [4]. It specifies three channel delay profiles, Extended Pedestrian
A model (EPA), Extended Vehicular A model (EVA), and Extended Typical Ur-
ban model (ETU). These three profiles represent a low, medium and high spread
environment with their multipath delay profiles shown in Table 2.1, 2.2 and 2.3,

respectively.

Table 2.1: Extended Pedestrian A (EPA) Delay Profile

| Path # || Relative Delay (ns) | Relative Power (dB) |

1 0 0.0
2 30 -1.0
3 70 -2.0
4 90 -3.0
5 110 -8.0
6 190 -17.2
7 410 -20.8
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Table 2.2: Extended Vehicular A (EVA) Delay Profile

| Path # [| Relative Delay (ns) | Relative Power (dB) |

1 0 0.0
2 30 -1.5
3 150 -1.4
4 310 -3.6
5) 370 -0.6
6 710 -9.1
7 1090 -7.0
8 1730 -12.0
9 2510 -16.9

Table 2.3: Extended Typical Urban (ETU) Delay Profile

| Path # || Relative Delay (ns) | Relative Power (dB) |

1 0 -1.0
2 50 -1.0
3 120 -1.0
4 200 0.0
5 230 0.0
6 500 0.0
7 1600 -3.0
8 2300 -5.0
9 5000 -7.0

Furthermore, all the paths in the preceding tables are assumed to have a clas-
sical Doppler spectrum caused by motion of the transmitter, receiver, or interme-
diate objects in the channel. The coherence time and Doppler spread are inversely
related:

1

h Time =~ . 2.
Coherence Time Doppler Spread (2.36)

Thus, if the motion is fast, the Doppler spread is large and the coherence time
is small and vice versa. In addition to the multipath delay profile, a maximum
Doppler spread is also specified for each propagation condition, as shown in Table

2.4.
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Table 2.4: Typical Doppler Spreads and Coherence Times for LTE channels

| Channel Model || Maximum Doppler Spread (Hz) | Coherence Time (ms) ||

EPA 5Hz 5 200
EVA 5Hz 5 200
EVA 70Hz 70 14.3
ETU 70Hz 70 14.3
ETU 300Hz 300 3.33

To apply a multipath delay profile to a signal, an FIR filter has to perform
convolution operation on the signal uniformly sampled at 100MHz with very large
number of taps. Thus real-time operation with a software implementation is almost
impossible. However, since most of these taps have no power so the FIR filter can

be efficiently implemented in hardware, such as an FPGA.

2.5 Rapid Prototyping Testbed

To test and verify the performance of the proposed algorithm under realistic wire-
less channel conditions, a rapid prototyping testbed has been configured to operate
with an FPGA-based real-time channel emulator. The channel emulator has the
ability to mimic the operations of wireless MIMO transceivers under real-world
conditions by applying multipath profiles to the signals. The hardware of the rapid
prototyping platform included an National Instrument (NI) PXIe-7966R FlexRIO
FPGA module with an NI 5791 RF module installed on an NI PXIe 1062Q) chassis

as shown in Figure 2.3. The system was divided into two main parts:

e The host processing unit is based on a PXle chassis that runs Labview
on Windows OS. It handled high-complexity single and double precision
floating-point operations and baseband signal processing such as message
generation, symbol mapping/demapping, and modulation/demodulation for
testing wireless communication systems. The source code and graphical user
interface were developed in Labview with help from toolkits such as Modu-

lation Toolkit and Digital Filter Design Toolkit.
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e The channel processing unit operated in real-time on a field-programmable
gate array (FPGA)-based channel emulator. It handled the time-critical
computationally intensive signal processing such as sampling rate conversion,
signal filtering, and convolution operations for applying multipath channel

delay profiles.

Rx Antenna Tx Antenna

NI PXle-1062Q Chassis

Figure 2.3: Rapid prototyping system based on NI PXIe-1062Q) chassis and NI-
5791 RF-frontend
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2.5.1 Host Processing

The host processing unit of the rapid prototyping system handles high complexity
floating-point operations. The processing includes most of the baseband operations
such as signal generation, symbol mapping/demapping, modulating/demodulating,
pre-equalization /post-equalization, and inverse fast Fourier transform (iFFT) with
CP appending and fast Fourier transform (FFT) with CP removal. It also includes
pilot signal insertion at the transmitter and estimation at the receiver. In addition,
the host processing is also used to emulate channel fading signals and multipath
channel coefficients for different power delay profiles standardized by various stan-
dardization organizations.

Figure 2.4 shows the host processing unit having a transceiver block which
starts with a random message generator producing a stream of bits as the original
transmission message. Depending on the modulation mode of choice, a symbol-
mapping device then maps the bit stream to a complex symbol stream. For LTE
systems, Quadrature Amplitude Modulation (QAM) will be used as the standard
modulation and demodulation scheme. In spatial multiplexing LTE MIMO sys-
tems, the physical layer processing unit consists mainly of spatial multiplexing
of the data and orthogonal frequency-division multiplexing (OFDM) with cyclic
prefix appending. The spatial multiplexing will split the input symbol stream into
multiple independent streams to increase the overall throughput of the system.

A pilot signal is inserted after the transmission signals are generated. This
enables the channel estimation to be carried out at the receiver, irrespective of
the physical layer processing for transmission. The chosen pilot signal bandwidth
will cover the entire active bandwidth of the system. The pilot signal has a flat
frequency power spectrum and a minimum peak-to-average power ratio (PAPR)
to provide accurate channel estimation at the receiver for each subcarrier. The
combined modulated and pilot signals are then passed to the channel processing
unit to transmit either over a channel simulator or the FPGA based MIMO channel

emulator.
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Figure 2.4: Rapid prototyping system: Host Processing

The combined signal will pass through the channel processing unit and the
signals at the output of the channel processing unit will be passed to the host
processing unit. The host processing unit at the receiver will use a channel es-
timator to extract the channel information from the appended pilot signal. The
receiver processing unit then performs FFT and CP removal on the signals. It also
recovers the transmitted message using the MMSE receiver as described in previ-
ous chapter with the extracted channel information. The message extraction at
the host processing unit involves the recovery of transmitted symbols to produce
the transmitted single bit stream.

The software channel simulator uses a channel fading generator operating as
part of the host processing unit. The host processing unit generates multipath
channel impulse responses in accordance with the power delay profiles at irregular
sampling instances as specified by the standardization organizations. The multi-
path channel impulse response samples are generated at regular sampling intervals
to be able to handle fading signals. The channel impulse responses are re-sampled
to a higher sampling rate using a digital up-converter (DUC). These samples are
then passed to the software channel simulator or the FPGA based real time channel

emulator.
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2.5.2 Channel Processing

Channel processing will be performed either using the off-line software channel
simulator or a real-time FPGA channel emulator (Figure 2.5). The FPGA based
channel emulator is equipped with RF front-ends so that real life channel effects
are captured. Both software and real-time channels can be modelled in the same
way as described in the following section. A Ngx-by-Nrxy MIMO channel with
Npgx receive antennas and Nty transmit antennas can be re-modelled as Nrx Ntx

independent SISO channels processed separately and combined.

Host Processing
l I i
: : Channel Processing

\

Software
Software
Channel
Simulation

Generated Noise

FPGA & RF

DUC & |. . [Rx DSP &
TxDSP | ‘| ppC

‘ Baseband Channel Emulator

Figure 2.5: Rapid prototyping system: Channel Processing

Recalling that z [n] = | 2, [n], 2z [n], - -, 2y (7] ]T denotes the transmit
symbol vector at transmission instance n, and are passed to the digital up-sampler
(DUC), which has an interpolator and a pulse shaping filter (PSF). This allows
channel coefficients at a different sampling rate to be inserted. Let z;- [n'] denote
the signal at the output of the DUC & PSF at instance n" of the original transmit
symbol z; [n], where i = 1,..., Ngx and j = 1,..., Npx. Then the signal at the
output of the channel filter is

dus NZ::( (sl n])) (2.37)
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where ® denotes complex discrete convolution, g; (1) is the I complex channel
fading coefficients and 3, ; is the channel gain. A set of matched filter (MF) and
digital down converter are used to convert r; [n'} back to its original sampling rate

ri [n].

2.5.3 Channel Estimation Using Pilot

The least-square (LS) channel estimation using a pilot symbol is widely used for
channel estimation due to its simplicity [78, 79]. Let the same system model
in Equation (2.3) be used for pilot symbols based channel estimation. The LS

estimates of the channel is simply given by

h@j = zflrj (238)

2.6 Numerical Results

In this section the total system capacity is presented, which illustrates the perfor-
mance of a multiuser LTE-TDD system with AR based prediction. A MU-MIMO
system with 8 transmit antennas at the BS and 4 UEs each equipped with 2 receive
antennas is implemented. The major problem of the forward-backward estimation
method is the selection of the AR model order. Insufficient order can produce
very smoothed estimates, and on the other hand, too high orders can introduce
spurious noise. A Monte Carlo simulation was used to find a range of suitable
orders, from this range, the best model order was selected. Results are collected
by averaging over 2048 simulation instances using Monte-Carlo method. For each
simulation we consider an OFDM system with parameters complying LTE-TDD

5MHz transmission showing in Table 2.5.
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Table 2.5: Simulation configurations

Modulation scheme | QPSK

Carrier frequency 24GH~z

No. of subcarriers | 300

Cyclic prefix Long

Bandwidth SMHz

Subcarrier spacing | 15kHz

Sample rate 7.68MS/s

No. of users 2

Symbol Duration 83.3us

Training length 100 OFDM symbols over 100ms
AR order 6

Prediction step size | 1ms (every 12 OFDM symbols)

For each simulation, 12 OFDM symbols (1 pilot symbol and 11 payload sym-
bols) are generated for each user. This is assumed that each user has one receiver
antenna and perfect CSI is available at the transmitter for AR parameter esti-
mation at 1lms step size. Multipath fading coefficients are generated based on
Jake’s model[80] using the EVA model with Doppler spread 5 and 70Hz and co-
herence time 200 and 14.3ms simulating the user travel speed of 2 and 32km /h,
respectively. Typical CSI latencies, 1, 5, 10 and 20ms, at the base station of an
LTE-TDD system are considered. The average signal-to-noise ratio (SNR) of all

N¢ subcarriers is given by

ETX
SNR = Z 202 Nex (2.39)

where

Brx K] = € {£" [k,n] z [k, n]} (2.40)

is the average total transmission energy. Note that, subcarrier index k£ and symbol
index n are re-included. Furthermore 3 [k] is the average channel power gain that
is defined by

81K & 5 Ikl (241
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The ergodic system capacity is measured as the sum of all users’ MMSE receiver

outputs, that is

C = NLCZS {1og2 (1 + a—;f {: Z} l[[]iﬁ) } in bps/Hz, (2.42)

where

is the post-detection error and
T
ylk,n] = [QIT [k, n] ,gg [k,n], - ,QL [k, n] (2.44)
contains recovered symbols for all the users.

As shown in Figure 2.6, for the EVA 5Hz channel, the proposed approach
is able to recover the full system capacity for the entire SNR region that has
been simulated. This shows the proposed method was able to predict the channel
10ms in advance with very little error. Compared to the case with no channel
prediction, the system capacities dropped to 50% and 25% for 5ms and 10ms delays
respectively at SNR = 30dB. As shown in Figure 2.7, the EVA 70Hz channel,
which was a much more vigorous, fast varying channel, completely destroyed the
MU-MIMO capacity when CSI delays are present. Without channel prediction,
the system capacity dropped to 15% for 1ms delay and became unusable for 5ms
at SNR = 30dB. The proposed method fully recovered the system capacity for
Ims CSI delay at entire SNR region and recovered over 60% of the capacity at
SNR = 30dB for 5ms CSI delay. In Figure 2.8, further comparisons are made
between the proposed method, linear extrapolation method, and 6**-order Wiener-
Hopf FIR predictor with per symbol step. The performance of LTE downlink
was significantly improved by using the proposed channel predictor with the BD

precoder in a medium-high mobility environment.
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Figure 2.6: Ergodic system capacity [bps/Hz| against received SNR [dB] for various
CSI delays with and without prediction on EVA 5Hz channel.
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Figure 2.7: Ergodic system capacity [bps/Hz| against received SNR [dB] for various
CSI delays with and without prediction on EVA 70Hz channel.
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Figure 2.8: Ergodic system capacity [bps/Hz| against received SNR [dB] for 5ms
CSI delays with various channel prediction methods on EVA 70Hz channel.
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2.7 Summary

In this chapter, an AR-based channel estimation and prediction solution for the
LTE-TDD multiuser downlink system is proposed for a time-varying frequency-
selective environment. Testbed results also proved that the proposed method is
able to increase the system capacity dramatically under the described test condi-
tion. The performance of the algorithm can be further improved by assimilating
the antenna geometry [81] into the system model. For example, in [82], an asyn-
chronous CDMA MIMO system has been modelled using the spatio-temporal array
(STAR) manifold vector. Similarly, an LTE-TDD system can be modelled with
the use of the multicarrier spatio-temporal array (MC-STAR) manifold vector [83],
such that Equation (2.1) can be modelled as following

H; [n] £ HYC ST (0, ¢, n, F,r) (2.45)

The new manifold vector is a function of the array geometry r € R**Y, and
the directions of the signals § € R¥™**! and ¢ € R¥™**! (§ and ¢ represent the
azimuth and elevation angles respectively). Some of the parameters such as the
array geometry r, and the subcarrier frequency Fj, in the manifold is known and
fixed if the array is fully calibrated. The remaining channel parameters such as
signal DOAs, 0 and ¢, can be therefore estimated regardless of the array size Ngx.
In addition, polarization information [84] and Doppler effect [85] can also be used
to deal with correlated [86] sources thus to improve the detection and estimation

capabilities.
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Chapter 3

Experimental Study of

Localisation Techniques Using an

SDR Testbed

In this chapter, two array localization algorithms (namely the LAA and the spherical-
MUSIC algorithms) are studied experimentally using multiple off-the-shelf univer-
sal software radio peripheral (USRP) hardware boards forming a circular antenna
array system of nine elements operating in the presence of a source located in the
near-far field of the array. In particular, the effects of gain and phase array un-
certainties on these localization approaches are presented and their experimental

accuracy is examined in terms of both range and direction RMSE.

3.1 Mathematical Model

Consider a fully synchronised array of N omnidirectional element with Cartesian

coordinates described by the matrix r € R3*¥ such that

R N N R A (3.1)

_x7_y7_z

where r; with i = 1,..., N denotes the location of the i antenna with respect to

the array reference point. Assume the array operates in the presence of a near-
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far field source emitting an unknown message m(t) from an unknown position

r,, € R¥*! with Cartesian coordinates,

T = | pcos(0)cos (o), psin(f)cos(p), psin(p) ' (3.2)

expressed as a function the azimuth 6, the elevation ¢ and the range p = ||r,,||.

In this case, and with reference to the introductory material presented in Chapter
1, Equation (1.2) assumes that the array elements are isotropic and there are no
mutual coupling effects. Based on Equation (1.1) the covariance matrix of z(t)

can be expressed as

Ree = E{z(t)z"(t)} e CVN

= P,SS" + %Iy (3.3)

where P,, & £ {m?(t)} is the power of the received baseband message signal m(t).
In practice, Equation (3.3) is constructed by using a finite number of snapshots L

as follows,
Ryp = %XXH c cNN (3.4)
with
X=[ a(t), ata), ... alts) | €V (3.5)
Performing an eigen-decomposition on R, the eigenvector F, that corresponds
to the principle eigenvalue belongs to one-dimensional subspace spanned by man-
ifold vector S . That is
E, e L{S} (3.6)
which implies
E,=A-S (3.7)
where )\ is a complex scaling constant.
In real system there are uncertainties and thus the true manifold vector is not
given by Equation (1.2). Let Equation (1.2) be the "assumed" or the nominal

manifold vector S, the true manifold vector is given by

S=(v+C) ((Ly+3) ©3) (38)
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where C is the matrix with elements being the mutual coupling uncertainties whose

diagonal elements are all equal to zero,

07 5127 5137 ) 51N
E/217 07 E??n Ty E2N
C= Cs1, C32, 0, -+, cav | € chN (3.9)
_5]\717 EN27 EN37 Tty O |
and
~ ~ ~ ~ T Nx1
9= [ g1, G2, " 9N ] eC (3.10)

with g; indicating the complex gain uncertainties of the i** array element.
Note that Equation (3.8), in the absence of both mutual coupling and gain

uncertainties, becomes S = S That is
N (3.11)

However, in a real uncalibrated array system Equation (3.8) can be re-written

as follows

S=5+S (3.12)
where
§ = (v+€)(go8)+C3
= ((1v+C)aiag () + T) 3 (3.13)

N J/

and

[tn
I
N\
=
2
+
©

CS (3.14)
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which implies

S=GS (3.15)

with

G = (Iy +C) diag () + C (3.16)

3.2 Robust Array Calibration Using Pilot Sources

Assuming G is non-directional, i.e. it is independent of (0, ¢) parameters, and that
there are K pilot signals then for the k% pilot, Equation (3.7) can be written as

follows

Ek = )\k'ﬁk

— (]IN + @) S.Vk=1,2,... K. (3.17)

The set of equations described by Equation (3.17) can be written in a more

compact form as

By, By, Exl) = (Iv+8) |8, 85+ 8x| A (3.18)
where
AL 0, -, 0
A |0 0
0, 0, Ak
= d_iag (A). ) (3.19)
Let
E=[E,, E,y - ,Ex] € CVF and (3.20)
S=15.5,. ,SK] e VXK (3.21)

67 of 152



Imperial College London Chapter 3 - Experimental Localisation using SDR Testbed

Equation (3.18) can be written as

E— (]IN + @) SA
— E-SA=GSA

. . (3.22)
— (E-8A) A1 -GS
— EA'-S=GS
The LS estimate of G is therefore given by
G= (EA—1 . §) S*, (3.23)
From Equation (3.17) we also have
~H ~\ H ~\ ~
E{E, = M8, (v +6) (v +E)8, =1 (3.24)
hence Equation (3.22) can be written as
. \H N\ ~
diag (E/E) = diag (AHSH (v +E)" (v +G) SA) = I (3.25)

By replacing G in Equation (3.25) with Equation (3.23), the only unknown is the

diagonal matrix A. The cost function with respect to A is given by

£(A) = Tr { <]IK—§H (§§H) - §>H AYETEA (JIK—§H (§§H)_1 §> }
— Tr {AH]EHEA (HK—§H (§SH> - §) } . (3.26)

It is important to point out that the parameters become not identifiable, i.e.

the parameters are not uniquely defined, if there exists
N\ ~ N~ -1
(]IN + G) SA! = <]IN +G ) S (A ) (3.27)

with G # G and A # A'. In the other words, if there exist G and A’ that satisfy
Equation (3.27) then the parameters cannot be uniquely estimated. However,
with a reasonable large number of well separated calibration sources, Equation

(3.27) usually cannot be satisfied thus G and A are identifiable. Applying the
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matrix identity, Tr {C7ACB} = diag (C)" (A ® BT) diag (C), Equation 3.26 can

be rewritten as follows

£(A) = diag(A)” (EH]E ® (JIK_gH (§§H> _1§> T) diag (A)

= Mz) (3.28)

-1\ T
where Z £ EFE © (]IK—SH (SSH ) S) . Given Z is a positive definite matrix,
and under the constraint

MA=1 (3.29)

A can be taken to be the eigenvector that corresponds to the minimum eigenvalue

of Z.

3.3 Array Gain and Phase Calibration using a
Pilot Source

In the case of array elements are far apart enough that mutual coupling effect is

negligible, this implies the MCM C=0y. Equation (3.16) can be simplified to

G = (]IN+©N)d1ag( )"'@N

= diag (9) (3.30)

and consequently, Equation (3.12) can be simplified to

S = S+38
= S+diag(g) S
= diag (Ly +9) S
= (ly+g9) o5 (3.31)

Now consider a single pilot source is present at a known location with nominal
manifold vector S i, and its eigenvector £}, that corresponds to the principle eigen-

value, the complex gain of antennas can be easily estimated using the approach
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presented in the previous section which is simplified to

171 .
g=— <—Ek @ §k) -1y (3.32)
B k=1 A

with Ay = E,[1] assuming the first element of the array is the reference element.

3.4 Localization Algorithms

3.4.1 Source Localization using Large Aperture Arrays

In [76] a source localization approach is presented which uses a number of sensors
(either surrounding or not surrounding the source) to form a large aperture array
of known coordinates to perform localization by rotating the array reference point
to be at each of the array elements. By subtracting R,,, from R,,, the signal

covariance matrix can be constructed that now has theoretical structure

Ry, = Ryp — Rpp (3.33)

Now consider the " element of the array is the array reference point by de-
noting its manifold vector as S;. It can be proved that S; can be directly related

to S via the following expression,

S

S ——— 3.34

where S [i] denotes the i'" element of vector S. Combining Equation (3.34) and
Equation (3.33), the covariance matrix with the reference point being at the i"

element is constructed by

R
Ri=—% _Vi=1,2,...N. (3.35)
Ryy[zal]

The corresponding signal eigenvalue \; at the i'® reference point can be estimated

by taking the principle eigenvalue of the covariance matrix R;, that is

Ai = max (eig (R;)) . (3.36)
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From Equations (1.2) and (3.35), it can be shown that the signal eigenvalue \; at

the " reference point is related to its range to the source p; as
A= (3:37)

Hence, the ratio of ranges of the source with respect to the i'* array element, p;,
and the first array element p, is related to the ratio of their corresponding signal

eigenvalues \; and \; via the following expression,

Al‘ p')Za
—=|= . 3.38
A1 (P1 ( )

The vector I € RW-1D*! that consists of all ratios of ranges to be used in the
later ‘Metric-Fusion’ can be formed,

_ -2 _ _

Q=

P2 A2
P1 A1
P3 Az
A A
e O N (3.39)
PN AN
L P11 REPSE

In the ‘Metric-Fusion’ phase the vector I can be used to construct N — 1 disjoint
loci. As a result, the common intersection point of these loci can be used to
estimate the source location. It is important to note that in R? space, a minimum
of 3 loci and hence N = 4 are necessary to produce a unique estimate of the source
location. Similarly, in R?® space, a minimum of 4 loci and N = 5 are required.

As proposed in [76], in the general R? space, metric-fusion can be performed
on the vector K to estimate source location r,, and the range by taking the least

square a set of linear equations:

ol — | (EE) (3.40)
Pt
where
H=[2(1ly, 11 —15), 1y —K*] € ROD** and (3.41)
b= [l Ly_y — 13, — 13, — 12 € RW=Dx1 (3.42)
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with
T 3x(N—-1
ro = [ry, g, Ty] = [Fop Toys Tos] € R¥*NTY. (3.43)
However, in the presence of array uncertainties, Equation (3.37) can be rewrit-

ten as follows,
~ 2
A= p 1 (\A +1y| © g) (3.44)

where )

~9 (; + lN)
A =—>—2- 1, RV (3.45)
(A1 +1)
with A = @S@ S In this case, Equation (3.38) becomes
~ 2
A, pie - 15 (éi + lN)
A1 2a 1T 3 1 2
p1 Iy (21 + 1y
~ 2
o\ (15 (& + 1y)
(_z) . . (3.46)

~ 2
i/ \1% (A + 1y)

15 (B,+1y)° . . .
M —1fori=2,...,N, the vector K € RW-Dx1 in Equation
15 (A +1y)

(3.39) can be expressed as

Let A2 £

Q=

- K +K (3.47)

~2 ~2
where the nominal ratio vector K and the uncertainty radio vector K are given

as follows

1
1
Q=

[
Il

Y (3.48)
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and

1
1
Q=

I
23
®

(3.49)

The matrix H in Equation (3.41) can be expressed in terms of its nominal value

M that with @2 and the deviation from the true value H with @2:

H =H + H (3.50)
where
-~ ~2
H= 2y rf —xf), 1y - K)] (3.51)
and
~ ~2
H = |:©(N—1)><37 -K } . (3.52)

Note that, by using more than minimum number of required array elements
will result an overdetermined set of equations which allows the effects of finite

observation interval, noise and array uncertainties to be reduced.

3.4.2 The spherical-MUSIC algorithm

Signal-subspace based superresolution techniques are considered to be as one of
the most powerful approach to locate the source and they are based on the eigen-
decomposition of the array data covariance matrix, R,,. Assume M = 1 and in
R? space (i.e. ¢ = 0), the spherical-MUSIC algorithm based on the cost function
& can be defined as

gMU ((9, :0) =S ((9, IO)H EREEE (97 p) (353)

where E,, € CNV*(V=M) ig the noise-space matrix, which consists of a set of N — M

eigenvectors corresponding to the N — M smallest eigenvalues of the array data
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covariance matrix R,,. The manifold vector S (0, p) is given by Equation (1.2).
By searching Equation (3.53), the corresponding source location parameters such
as the azimuth 6, and the range p can be estimated.

Now consider the array uncertainties in Equation (3.12), for simplicity, let

S 2 5(9, p) and S £ S (6, p), Equation (3.53) can be rewritten as:

£0.0) = ($+3) BB (3+3)

where 2(0, p) is the nominal cost function,

£(0,p) = §"E,EIS (3.55)
and 5(0, p) represents the error in the cost function as a result of array gain and

phase uncertainties

£(0,p) =8 E,E'CS + 8" GE,E"S + §" G"E,E"SGS. (3.56)

3.5 Indoor Performance Evaluation

3.5.1 Array Testbed Setup

In this section, two localization algorithms presented in the previous section were
implemented and tested using a circular array of 9 elements (shown in Fig. 3.1).
The array was constructed using nine USRP boards each equipped with a RFX2400
daughterboard which has an operational frequency range from 2300MHz to 2900MHz.

The array is constructed with the geometry shown in Table 4.1. The attributes

of the antenna used in this paper are listed as follows:

e antenna elements are omnidirectional quarter wave monopoles in their x-y

plane

e operational frequency range from 2400MHz to 2490MHz
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e (0dBi nominal gain in the x-y plane
e 9-element array consists of a 8-element circular array and a centre element

e minimum element-to-element spacing is half wavelength at F, = 2.43GHz to

mitigate coupling of the elements

Ll

Figure 3.1: Nine-element planar array with geometry described in Table I.

Table 3.1: Cartesian coordinates of the array in centimetres

H Element H z in cm ‘ y in cm H

Rx1 0 0
Rx2 -8.0652 0
Rx3 -5.7030 | -5.7030
Rx4 0 -8.0652
Rx5 5.7030 | -5.7030
Rx6 8.0652 0
Rx7 5.7030 | 5.7030
Rx8 0 8.0652
Rx9 -5.7030 | 5.7030

Each antenna array element is attached to a Universal Software Radio Periph-

eral (USRP) board as shown in Fig. 4.4. Each USRP board down-converts the
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RF analog signal to its baseband which is then digitized to produce the complex
(I and Q) digital data that can be used by the localization algorithms. The car-
rier frequency F, to be used in the downconversion and the sampling rate Fy of
the Analogue to Digital Converter (ADC) were selected to be F, = 2.43GHz and
Fy = 2MS/s (0.5us sampling period). The source consisted of a single USRP board

transmitting only the carrier at a power of approximately 0dBm.

Figure 3.2: Multi-USRP hardware configuration for the 9-element array (8 out of
9 Rx USRP boards are shown here), USRP boards share a common clock that is
generated by a GPS module.

3.5.2 Array Synchronisation and Calibration

All nine USRP boards must be fully synchronized to form a coherent antenna
array system, since most both MUSIC and LAA algorithms assume that the same
local oscillator and time reference were used between array elements. However,
each board has its own local oscillator locked to its own internal clock source
which will cause frequency and phase drift between array elements. Moreover,
signals were sampled based on arbitrary internal clocks that are independent from

board to board which will cause misalignment of samples. The problem can be
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solved by providing a common 10MHz reference clock signal and a 1 PPS (Pulse
Per Second) signal to each board. The 10MHz clock provides a reference for the
local oscillator and the ADC converter on each USRP board. The 1 PPS signal
provides a common reference frame that is used to reset the timestamp on each
board. This allows multiple independent USRP boards to be tuned to the same
carrier frequency and the same timing frame giving a fully synchronized system.
For the purpose of the experiment, a GPS unit as shown in Figure 3.4 was used
to generate both the 10MHz reference clock signal the 1 PPS (Pulse Per Second)
signal feeding to all USRP units as shown in Fig. 4.3 and Fig. 4.4. Figure 3.5a

and 3.5b show the system before and after synchronisation respectively.

GPS Unit

MAAAA o INVVaVAY
i {1 [i4rp ~Antenna 1
OEJ [AAVAVAN
Computer Network|1=_Ji4RP ponna 2
Switch | . :

t;t:o]JG_ Y%A

— 1 yspp AptennaN

Figure 3.3: Array testbed setup comprising multiple USRP boards that are syn-
chronized using a common clock reference and 1 PPS reference source.

Figure 3.4: GPS module used for array synchronisation.
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(b) After synchronisation

Figure 3.5: Array synchronisation using a common clock reference.

However, this alone is not enough to form a fully calibrated coherent array
system. Due to antenna imperfections and the mutual coupling effect, further
calibration is necessary. Consider a single Tx antenna (Figure 3.6) was used to

generate multiple time disjoint measurements at known locations as illustrated in
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Fig. 3.7 and Table 3.2 were used for array calibration using Equation 3.23. Fol-
lowing the calibration procedure, the matrix G can be estimated for this particular

array setup.

Figure 3.6: Tx Antenna.

Tx5 Tx10 Tx15 Tx20 2 Array
° ° * ¢ ® Source locations
10
Rx8
Tx4 Tx9 Tx14 Tx19 e
° . . . R:g‘ R=7
5 :
W
g :
g Tx3 Tx8 Tx13 Tx18 Rx2 Rx1 Rx6
s 0or * * [ - L] ] -]
o
7]
2
- . E
S Tx2 *7 Tx12 T*17 R R
L] L] L] L] IS
Rx4
-10 -
Tx1 Tx6 Tx11 Tx16
L 3 L 3 . [ ]
15 1 | 1 1 | | 1 | 1 ]
40 -35 -30 -25 -20 -15 -10 -5 0 5 10

X [centimetres]

Figure 3.7: The location of the source with respect to the array in centimetres.
The red squre represents the source and the blue circles represent the array.
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Table 3.2: Source locations and measured SNRs

H Source H x (cm) \ y (cm) \ p (cm) \ 0 (°) \ SNR (dB) H
Tx1 -37.0370 | -12.3457 | 39.0405 | 198.4349 21.13
Tx2 -37.0370 | -6.1728 | 37.5479 | 189.4623 19.80
Tx3 -37.0370 0 37.0370 | 180.0000 20.38
Tx4 -37.0370 | 6.1728 | 37.5479 | 170.5377 21.71
Tx5 -37.0370 | 12.3457 | 39.0405 | 161.5651 19.52
Tx6 -30.8642 | -12.3457 | 33.2418 | 201.8014 24.09
Tx7 -30.8642 | -6.1728 | 31.4754 | 191.3099 24.84
Tx8& -30.8642 0 30.8642 | 180.0000 23.72
Tx9 -30.8642 | 6.1728 | 31.4754 | 168.6901 24.30
Tx10 || -30.8642 | 12.3457 | 33.2418 | 158.1986 22.27
Tx11 || -24.6914 | -12.3457 | 27.6058 | 206.5651 24.62
Tx12 -24.6914 | -6.1728 | 25.4513 | 194.0362 26.14
Tx13 || -24.6914 0 24.6914 | 180.0000 26.84
Tx14 || -24.6914 | 6.1728 | 25.4513 | 165.9638 25.81
Tx15 -24.6914 | 12.3457 | 27.6058 | 153.4349 26.91
Tx16 || -18.5185 | -12.3457 | 22.2565 | 213.6901 28.42
Tx17 || -18.5185 | -6.1728 | 19.5202 | 198.4349 32.27
Tx18 || -18.5185 0 18.5185 | 180.0000 32.95
Tx19 -18.5185 | 6.1728 | 19.5202 | 161.5651 32.45
Tx20 || -18.5185 | 12.3457 | 22.2565 | 146.3099 31.53

3.5.3 Experimental Results

The array system was tested in an anechoic environment to eliminate multipath in
which case free-space path loss exponent @ = 2 can be assumed. In the presence
of multipath, the preprocessing algorithm in [87] can be employed to remove the
contributions of all Non-Line-of-Sight (NLOS) paths. For each source position,
100 experiments were conducted.

In the case of L = 1000 snapshots, Table illustrate the DOA and the range
estimation RMSEs of both localization algorithms. Results show that both LAA
and spherical-MUSIC algorithms give very accurate DOA estimates for all source
locations. As for the range estimates, the LAA localisation approach outperforms

the spherical-MUSIC algorithm by a great margin.

80 of 152



Imperial College London Chapter 3 - Experimental Localisation using SDR Testbed

Table 3.3: RMSE for each Tx position, L = 1000.

Source LAA RMSE spherical-MUSIC RMSE
76 [ L) | 00) Z (%)
Tx1 0.2073 | 2.3245 | 0.5715 14.8624
Tx2 0.1889 | 3.9381 | 0.5594 16.8154
Tx3 0.2569 | 25.1111 | 0.3990 10.0528
Tx4 0.1222 | 3.0262 | 0.6945 15.0913
Tx5 || 0.2286 | 3.2072 | 0.7627 17.2498
Tx6 | 0.3474 | 6.6004 | 0.5407 17.1883
Tx7 0.1150 | 1.5016 | 0.9280 14.1553
Tx8 0.2152 | 3.4036 | 1.3437 25.9418
Tx9 0.1112 | 1.2721 | 1.1633 22.6292
Tx10 || 0.0765 | 2.7017 | 0.7110 19.5538
Tx11 || 0.0604 | 1.8072 | 0.5468 19.5564
Tx12 || 0.0804 | 0.7136 | 0.8838 19.4576
Tx13 || 0.1145 | 1.5919 | 1.0106 30.5636
Tx14 | 0.3962 | 13.3488 | 1.0827 26.2597
Tx15 || 0.1018 | 0.8336 | 1.4522 19.9373
Tx16 [ 0.7189 | 1.9073 | 1.8210 33.0294
Tx17 | 0.0520 | 0.1956 | 2.5905 33.7190
Tx18 || 0.0351 | 1.0340 | 1.5756 33.1101
Tx19 || 0.0273 | 0.7523 | 1.9731 40.7688
Tx20 || 0.0491 | 1.5573 | 1.6932 38.0550

Results of each trial and the RMSE of each of three selected source locations
are given in Fig 3.8, 3.9 and 3.10. Once again it is clear that the performance of the
LAA algorithm is much poorer for the far away sources than for the closer ones. On
the other hand, the spherical-MUSIC algorithm yields more consistent estimates
over the entire tested range. However, increasing the number of snapshots yields a
significantly improved performance for the LAA algorithm whereas the spherical-
MUSIC algorithm does not benefit from increased the number of snapshots as

much.

81 of 152



Imperial College London

Chapter 3 - Experimental Localisation using SDR Testbed

15
B Array © Spherical-MUSIC
[ ] (] [ ] ° ® Source locations ® LAA
10k 8r + True Location
° ° ° ° -0 ¢ x %2
. 5F - % %
= P 2 x %
o o 2 x
Z e 212t *
1] o £
E oL e ° ° e z
= - @ x
e L *®
s > _14 |
= -
5t x*
-16 |
10 4
7
i 18t
| ) . I . . . .
15 v i 1 i 1 T T T > -42 -40 -38 -36 -34 -32
240 35 30 5 20 15 10 5 0 5 10 X [centimetres]
X [centimetres]
(a) L = 10. RMSE(Spherical-MUSIC) = 3.021cm, RMSE(LAA) = 7.827cm
15
B Array ©O Spherical-MUSIC
° ° [ ] (] ® Source locations ®x LAA
1ok 8 + True Location
° ° ° ° -10 ¢
5r =
g‘ ,,,,, e
g E-12)
E o o . ° e Z
& L 8 |,
L. T >4 x
> e
5 e
° ) °
,,.‘.-:I:/ - " el
107X N o= 7
i o
| e” i o . ° 8k
PP N i \ i \ : : : > 42 40 38 36 34 32
40 T35 -30 -25 -20 -15 -10 -5 0 5 10 x [centimetres]
X [centimetres]
(b) L =100. RMSE(Spherical-MUSIC) = 1.936cm, RMSE(LAA) = 2.518cm
15
B Array O spherical-MUSIC
10 8 + True Location
° ° ° ° -10 1
. 5r —
S o e . . e =
< e >.14
> T
SE e g
° S °
----- e _ - T
1077 Tx1 ™, - =
H -
| e e ° ° 18}
\ ya
50— I 1 i I T 1 r . =3> 42 -40 38 36 34 32
40 T35 -30 -25 -20 -15 -10 -5 0 5 10

x [centimetres]

X [centimetres]

(c) L =1000. RMSE(Spherical-MUSIC) = 2.347cm, RMSE(LAA) = 0.754cm

Figure 3.8: Localisation results over 100 experiments: green circles represent esti-
mates using the spherical-MUSIC algorithm, red crosses represent estimates using
the LAA algorithm, and blue plus represents the true source location.
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Figure 3.9: Localisation results over 100 experiments: green circles represent esti-
mates using the spherical-MUSIC algorithm, red crosses represent estimates using
the LAA algorithm, and blue plus represents the true source location.
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Figure 3.10: Localisation results over 100 experiments: green circles represent
estimates using the spherical-MUSIC algorithm, red crosses represent estimates
using the LAA algorithm, and blue plus represents the true source location.
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3.6 Outdoor Experimental Study with Carrier
Frequency Uncertainties

In this section, a field-test of the antenna array SDR testbed is presented and
its results are studied. This field-test was conducted in collaboration with the
Multidisciplinary Approach Life histOries (MALO) group in a native woodland
at Silwood Park, Imperial College London. As the array elements are widely
distributed in space, each array element is locked to its own independent LO of
slightly different frequencies than the assumed carrier frequency. This prevents the
system from operating as a coherent array. Therefore, a carrier frequency offset
estimation algorithm is employed as a pre-processor and used in conjunction with
a pilot based array calibration technique. In addition, the performance of the LAA

localisation algorithm is examined for localising targets at different positions.

3.6.1 Local Oscillator Frequency Offsets Estimation using

Harmonic Retrieval

In the contents of array processing, it is generally assumed that all LOs behind each
antenna run at the exactly same frequency. However, this is not always practical,
large aperture array systems usually have their antennas far away from each other
which makes it hard to have a common LO. Two synchronisation approaches are
examined. One approach is to use the harmonic retrieval in conjunction with a
frequency MUSIC (Multiple Signal Identification and Classification) algorithm. In
[45], the author proposed a novel algorithm that estimates the frequency offsets
in a widely distributed array system with independent LO. The approach utilises
harmonic retrieval modelling based MUSIC algorithm to estimate the frequency
offset of each array element from its source.

According to Equation (1.1), the received antenna array signal for the i’ an-
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tenna element can be expressed as:

where S; and n;(t) are the i element of the (N x 1) vectors S and n(t) respectively.
The received signal from ¥ antenna element is sampled at 7T}, period and passed

through a Tapped-Delay-Line (TDL) of length N, as shown in Figure 3.11.

TDL of length N1

Figure 3.11: The i*® TDL of length N, used for local oscillator frequency offset
estimation.

The signal vector at the output of the TDL y;(t) € CV*! is modelled as:

z;(t)
z;(t — Ty)
(t) = Ti(t — 2T5) e cher

z;(t — (N, — 1)T})

where
n;(t)
n,(t) = ni(t — 2T, e cNexly, (3.59)

ni(t — (NL — 1)T5
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and the vector A, € CNt*! is the so-called temporal manifold vector for the it

antenna element defined as

Np—1

By constructing the covariance matrix R,,,, =€ {gi(t)gi(t)H } of y (), the fre-
quency error ﬁc,i can be estimated using the following MUSIC based expression,

that is:

F.; = arg minA? (f) B, B A, (f) Y, (3.61)
f

where [, ; is the noise subspace that can be obtained from the eigen-decomposition

of Ry,,,. Once the LO frequency of each element has been estimated, it can be easily

removed by multiplication to obtain the baseband signal z(t) which corresponds

to the received signal in the coherent array system, that is

() = I(t) © exp(j2mLt)

= Sm(t) + (1) © exp(j2nE.1)
redeﬁn(;d,as n(t)

= Smf(t) + n(t). (3.62)
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3.6.2 Outdoor Performance Evaluation

The outdoor field-test was conducted in collaboration with the Multidisciplinary
Approach Life histOries (MALO) group in a native woodland at Silwood Park,
Imperial College London. The goal was to develop a wireless tracking system that
may lead to real-time monitoring of the populations of wood mice, which will
allow scientists to understand and manage the biosphere. All natural features in
the study site was provided by the MALO group at a 1m? resolution. The entire
area measures 2.47 hectares and is populated with trees, logs, stumps and debris
with their locations and dimensions measured and mapped as shown in Figure
3.12. Sensors and transmitters were carefully placed and their coordinates were
measured at locations shown in Figure 3.13 using a high precision total station from
Leica shown in Figure 3.14. The total station is capable of measuring angles and
distances with an accuracy of about 2 arc-second and 1.0mm-=+1.5ppm respectively.
The coordinates were calculated from the measured angles and distances using
trigonometry and triangulation. The sensors and transmitters were placed to avoid
trees so that the environment is a line-of-sight environment. In addition, the study
site can be considered as a multipath free environment since wood lumbers have

very low reflection coefficients [88].
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Figure 3.14: Fieldwork in collabration with the MALO group at the Silwood Park
taking measurements for the study.

3.6.3 Array Testbed Setup

For this study, an array of N = 5 sensing antennas was constructed using five
USRP boards with the same RFX2400 daughterboards that were used in the indoor
study. Signal data was sampled at a rate of Fy = 7% = 2MS/s (0.5us sampling
period) and was transferred from and to the host computer via gigabit Ethernet. A
single pilot source at a known location and five time disjoint targets whose locations
are to be estimated were considered as shown in Figure 3.15 transmitting a 100kHz
sine wave on a carrier at F. = 2.43GHz with a power of 10dBm. Omnidirectional
monopole antennas with operational frequency range from 2400MHz to 2500MHz

and 5dBi nominal gain in the x-y plane used. The LAA localisation algorithm was

implemented using L = 100 snapshots.
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Figure 3.15: Fieldtest setup array geometry.

3.6.4 Array Synchronisation and Calibration

Due to the size of the field, using a common clock reference signal source and 1 PPS
signal source was impractical. Instead, each board was connected to a 1 PPS signal
of a GPS unit as shown in Figure 3.16. However, each USRP board contains its own
local oscillator locked to its own internal 10MHz reference clock which will lead to
frequency offset between array elements. One approach to synchronise the array is
to used the harmonic retrieval frequency uncertainty estimation in [45]. Here, the
pilot signal received from each of the array element was passed through a tapped
delay line (TDL) of length N, = 20. Figure 3.17 and Table 3.4 show the carrier
frequency offset estimates using the harmonic retrieval algorithm. Figure 3.18a and
3.18b show the frequency offsets before and after the frequency synchronization
respectively. However, frequency synchronization alone is not enough to fully

calibrate an array. In addition, the complex gain uncertainties were estimated
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using Equation (3.32) with a single pilot source.

GPS Unit

r=|='sg s

USRP eﬂwtennﬂ

AN GPS Unit
OO p— .
e__T [N VAVAY
Computer Network—T==_USRP __Atenna 2
Switch
! GPS Unit
PPS

ga__Tr\nf\/\

—1J usrp _AfennaN

Figure 3.16: Array testbed setup comprising multiple USRP boards that are syn-
chronized using GPS unit generated PPS clocks.

701

Rx1
Rx2
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MUSIC Spectrum (dB)
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Local Oscillator Offset (kHz)

Figure 3.17: MUSIC spectra of the harmonic retrieval for the tested array with
local oscillator offsets. L = 100 and N, = 20.
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Table 3.4: Table of local oscillator offset and measured SNR for each Rx element.

| Element | F, in kHz | SNR in dB |

Rx1 -7.953 8.24
Rx2 7.037 12.01
Rx3 -8.534 18.81
Rx4 5.435 15.95
Rx5 8.864 16.83
0 T
10tk —Rx1
—Rx2
20 F [=—Rx3
—Rx4
- B0 | —Rx5
m
T 40f
é -50 &
§ -60
=

-70
-80

-90

100 . . I I I . .
-200 -150  -100 -50 0 50 100 150 200

Frequency (kHz)

(a) Before frequency synchronization

o0k |7 Rx1
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-60
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(b) After frequency synchronization

Figure 3.18: Frequency synchronization of the array.
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3.6.5 Experimental Results

The LAA localization approach used in the previous section is also used here to
investigate the performance of the LAA in the described outdoor environment.
The array calibration is performed for each of the 100 experiments using L = 100
snapshots and Fs; = 2MS/s for every target before applying the LAA localisation
algorithm. However, even after the synchronisation and calibration, the spherical-
MUSIC based algorithm still fails to produce any valuable location estimate for
this array setup. This may be because the residual uncertainties are still too
large for the very sensitive spherical-MUSIC algorithm to perform. The red dots
in Figure 3.19, 3.20, 3.21, 3.22 and 3.23 illustrate the LAA estimates of each
of the targets location over 100 realisations. RMSE results in metres calculated
from these estimates are given in the figures as well as the actual target locations
measured using the total station. Tables 3.5, 3.6, 3.7, 3.8 and 3.9 show the SNR
at each sensing antenna for the corresponding target. It is clear that the estimates
are better as the target moving closer to the array. RMSE results for "Target 1",
"Target 2" and "Target 4" show the spatial resolution could come down to less

than 0.2m.
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Table 3.5: Target 1 SNR for each element in the array

H Element H SNR in dB H

Rx1 8.13
Rx2 11.95
Rx3 18.89
Rx4 15.97
Rx5 26.85
x | AA Estimates
20 + Actual Location
@ Array
15 Rx5
Rx4 o
a RMSE = 0.2499m
10 F +
g Actual Location:
*g, (7.147,10.025,0)m
= 5f
Rx3 Rx1 Rx2
0r o o e
-5
_10 1 1 1 1 1 1 1
-15 -10 -5 0 5 10 15
X [metres]

Figure 3.19: Target 1 Localisation results over 100 experiments: red crosses repre-
sent estimates using the LAA localisation algorithm, and blue plus represents the
actual source location.
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Table 3.6: Target 2 SNR for each element in the array

Element | SNR in dB
Rx1 19.93
Rx2 22.97
Rx3 13.38
Rx4 6.02
Rxb5 17.43
x | AA Estimates
20 + Actual Location
8@ Array
15 Rx5
Rx4 o
a
10 F
%)
(O]
g Actual Location:
e (5.088,3.985,0)m
R 5 -
> *
RMSE =0.1425m
Rx3 Rx1
ot o o Rx2 @
-5
_10 1 1 1 1 1 1 1
-15 -10 -5 0 5 10 15
X [metres]

Figure 3.20: Target 2 Localisation results over 100 experiments: red crosses repre-
sent estimates using the LAA localisation algorithm, and blue plus represents the
actual source location.
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Table 3.7: Target 3 SNR for each element in the array

Element | SNR in dB
Rx1 12.95
Rx2 23.80
Rx3 10.91
Rx4 5.39
Rx5 12.36
x  LAA Estimates
20 [ + Actual Location
8@ Array
15 Rx5
Rx4 o
o
10
)
o
©
£
> °r
Rx3  Rx1 RX2' oMSE = 1.3532m
i T iR y“ﬁ;%
5+ Actual Location:
(14.723,-2.094,0)
m
_10 1 1 1 1 1 1 1
-15 -10 -5 0 5 10 15
X [metres]

Figure 3.21: Target 3 Localisation results over 100 experiments: red crosses repre-
sent estimates using the LAA localisation algorithm, and blue plus represents the
actual source location.

98 of 152



Imperial College London Chapter 3 - Experimental Localisation using SDR Testbed

Table 3.8: Target 4 SNR for each element in the array

Element | SNR in dB
Rx1 10.47
Rx2 12.96
Rx3 10.26
Rx4 16.41
Rx5 33.10

x  LAA Estimates
20 + Actual Location
Actual Location: | @ Array
(4.424,14.848,0)m
151 #
Rx4 X @
s RMSE = 0.2962m Rx5
10
7y
o
©
E |
- 5
Rx3 Rx1 Rx2
0or a o a
-5
-10 1 1 1 1 1 1 1
-15 -10 -5 0 5 10 15
X [metres]

Figure 3.22: Target 4 Localisation results over 100 experiments: red crosses repre-
sent estimates using the LAA localisation algorithm, and blue plus represents the
actual source location.
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Table 3.9: Target 5 SNR for each element in the array

Element | SNR in dB
Rx1 20.94
Rx2 12.74
Rx3 18.03
Rx4 12.59
Rx5 7.60
x  LAA Estimates
20 + Actual Location
@ Array
15 F Rx5
Rx4 o
(-]
10
7y
o
©
£
= °r
Rx3 Rx1 Rx2
0r -] o o
RMSE = 1.2366Mk
5 | Actual Location:
% (-7.673,-4.174,0)m
XX
_10 1 1 1 1 1 1 1
-15 -10 -5 0 5 10 15
X [metres]

Figure 3.23: Target 5 Localisation results over 100 experiments: red crosses repre-
sent estimates using the LAA localisation algorithm, and blue plus represents the
actual source location.
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3.7 Summary

In this chapter, algorithms to estimate the location of a near-far field source using
an array were presented and examined in the indoor and outdoor scenarios using
SDR systems. In the indoor scenario, a synchronisation approach based on using
a common clock reference was applied in association with the multiple pilots ar-
ray calibration approach. The performance of two source localization algorithms
namely the LAA algorithm and the spherical-MUSIC algorithm were examined
experimentally using a circular antenna array of nine elements.

However, in the outdoor scenario, a common clock reference is not always
possible. In the field study, a harmonic retrieval frequency estimation approach
was presented for estimating the LO frequency offsets associated with each element
of the array. In addition, a pilot source was used to further calibrate the array gain
and phase uncertainties. Following this, the performance of the LAA localisation
algorithm was examined for targets at different locations.

The results in this chapter show that a collection of individual USRP units can
be successfully synchronised and calibrated to form different array systems. This
provides a flexible platform to test different array processing algorithms in a wide

variety of applications.
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Chapter 4

Antenna Array Element Pattern

Synthesis

In this chapter, a novel element patter synthesis method is presented in this chapter
for an array of fixed geometry. It consists of constructing a virtual array model
for each antenna element, which not only considers the coupling effect between
antenna elements but also takes into account the influence of the scattering near-
field obstacles of unknown locations. The influence of the isolated element pattern
is also taken into account by the virtual array in order to optimise the reconstructed
far field pattern covering a wide-angle range without added complexity. To validate
the proposed method, a narrowband normal-mode helical antenna array with eight
elements arranging in a uniform circular structure is designed and built. Numerical
examples using experimental data show that results obtained by applying the

proposed method are greatly improved.

4.1 Mathematical Model

Now consider an coherent array of N elements that operates in the presence of a
far-field narrow-band signal source m (t), the signals at the output of the array is

described by Equation (1.6) in Chapter 1.3. Furthermore, In Chapter 3, Equation
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(3.8) assumes that the array elements are isotropic and mutual coupling effects
are present. However, in some systems there are also uncertainties associated to
the antenna patterns, which implies the complex gain uncertainties are directional,

that is
T

g(@, (b) = 51 (97 ¢) ) §2 (97 ¢) y T EN (97 ¢) S CNXI (4'1)

with g; (0, ¢) indicating the complex gain pattern uncertainties of the 7" array ele-
ment. The nominal or isolated antenna pattern given by the antenna manufacturer

is modelled by

T
g(9> ¢) = /g\l (87 ¢) ’ /9\2 (9, ¢) y T §N (9, ¢) S CNXl (42)

with g; (0, ¢) indicating the complex nominal gain pattern of the i array element.
For a set of identical antennas, the nominal pattern is assumed to be identical.

That is
91(0,0) =92(0,0) =--- =gn (0,0) (4.3)

Assuming the array elements are isotropic, the nominal pattern is given by

9:(0,0) = 1;,¥0,¢ (4.4)

fori=1,2,...,N. In this case, Equation (3.10) is a function of parameters (¢, ¢),

5(0,0) = (v + C) ((Ly +5(6,0)) ©3(6,0)) (45)
Note that, in the absence of uncertainties,

Eé = Onxm

~

Equation (3.8) becomes S = S.
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4.2 Element Gain and Phase Pattern Compen-

sation Algorithms

4.2.1 Generalised Gain, Phase and Mutual Coupling Com-

pensation

In [53], the author considered a far-field signal impinging on an array of isotropic
elements. In the presence of mutual coupling, every element also receives signals
which are re-radiated by other nearby elements. The amplitude and phase of
these signals depend on the power of the reradiated signal and the propagation
path which introduces an additional electrical phase from one element to another.
Furthermore, according to the reciprocity theorem, the electrical characteristics
of the elements when they as receivers remain the same as when they act as
transmitters. Assuming the antennas are isotropic of unity gain, Equation (4.5) is
re-written as
S=(w+C) ((ly+9) ©3) (4.7)
where
T
i=[ 5 @ - Gy ] ec™ (48)
In general, C is a symmetric complex matrix ((6 = (ET) with the main diagonal
elements all equal to zero as a consequence of the reciprocity theorem. Moreover,
the magnitude of mutual coupling coefficients are inversely proportional to the
distance between the antennas. This suggests that good ULAs will have a banded
Toeplitz MCM structure with the mutual coupling effects between two elements
that are far enough from each other approximated to be zero. Similarly, UCAs

will exhibit a banded Toeplitz MCM structure and URA will have Toeplitz-block
MCM. Now consider there are K pilot signals and for the k% pilot, Equation (4.7)
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can be written as follows

S, = (HN+<E) ((;N+g)®3k)
Sy

= (Ix+C) (1y + diag (7)) (4.9)

The set of equations described by Equation (4.9) can also be written in a more

compact form as

S1.55 8] = (Iv + €) (I + ding (@) [31. 80+ 5] (420)
Let
g — 9 q . g NxK
S = [§17§27 >§K:| eC and (411)
S = [§17§27 T 7§K] € CN R
Equation (4.10) can be written as
C (Iy + diag (3)) S = (Iy + diag (3))'S. (4.12)

Note the only unknowns are the complex symmetric MCM uncertainties C and
non-directional complex gain uncertainties g which can be estimated as follows (in

a step format).

1. Set the iteration counter, p = 1.
2. Set the maximum number of iterations, pmax.
3. Set initial values for CI% = Qy

4. Estimate non-directional gain uncertainties g by fixing C in Equation (4.9),

that is P
G = iz <<]IN + @[P—ll)_l S, 08 ) -1 (4.13)
g I% O Do in :
k=1

5. Fixing g , estimate CP in Equation (4.12) using the algorithm for symmetric

matrices proposed in [89].
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6. Terminate the iterations if

(585 (e () - (i + ) (i i )] <

where € is a preset threshold or p = pnax, €lse increment the iteration counter,

k =k + 1, and return to Step 4.

4.2.2 Element Pattern Reconstruction

Element pattern reconstruction (EPR) method in [90] considers two types of ele-
ment patterns. One is the element pattern in the array in the presence of other
elements, the true complex antenna gain patterns (g(@, ¢)+g (0, gb)) The other
is the element pattern in the isolated state, in other words, the element pattern
that is measured with other elements removed from the array, g(0,¢). In the
EPR method, it considers an antenna array composed of N identical antennas,
and there are K antenna pattern measurements then for the £ measurement, the

following transformation relating to two kinds of element patterns can be written

as
where M € CV*¥ is the element pattern reconstruction matrix. Substitute Equa-

tion (4.14) into Equation (3.8),

S5 = (w+€) (@000 +7 01, 0) ©5,)

_ \( (]IN + @) Ml)/ (g(ek, b)) @ Sk) (4.15)
2Gprn
where
Gapn = (HN * @ M (4.16)

To estimate Ggpgr, a set of equations described by Equation (4.15) can be

written in a compact form

[§17§27"' 7§K] = GEPR [Q(HK7¢K) QSI7Q<9Ka¢K> ®S27"' ag(9K7¢K) QSK
(4.17)
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The least-square (LS) estimate of Ggpg is therefore given by

Grrpn = (81, S+ Sk] [0k, 610) © 81,3 (0 6x) © B+ G0 610) @ 8]

(4.18)
The matrix Ggpg is then used in Equation (4.15) to reconstruct the antenna
patterns and to compensate for the mutual coupling effects of the array. The
nominal/isolated element patterns g (6, $) are usually provided by the antenna
manufacturer and can be assumed identical for the same antenna model. If the all

antennas are isotropic, the nominal pattern is given by

4.2.3 Element Pattern Synthesis using Virtual Arrays

In this section, an element pattern synthesis method is proposed to estimate the
patterns of antennas located in an array using the concept of virtual arrays. This
method reconstructs the element pattern by modelling each element as a beam-
former with fixed weights which takes into account the effect of both directional
and non-directional complex gain uncertainties as well as mutual coupling effects
in array system. Consequently, the relation between S and S of the it" antenna

can be modelled as

Si (0,¢) = w exp (—jrlk (6, 9)) S; (9, 9) (4.20)

CNax1 ig the weighting vector and r; € R3*™ represents the locations

where w, €
of the isotropic virtual array elements with respect to the i'* element. N, denotes
the number of virtual elements used to synthesise to the element pattern. To

obtain a proper estimation of the element pattern, assume K measurements are

taken and for the k' measurement, Equation (4.20) can be written as follows

S (0, y,) = wi exp (—jrTk Ok, ¢1,)) Si Bk, b)

— Si(Ok,y)
Si(Ok,9r)

! ! (4.21)
—  wi exp (—jrlk (0k, ¢1,))
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and can also be written in a more compact form

-~

wiA(r) =508,

i

(4.22)

where

A (I‘l) = €xp (_jriT [E (‘917 ¢1) 7E(927 ¢2) )T vaKa ¢K)]) € CNdXK? (4'23)

ﬁi - [Sl (017 9251) ) Sl (027 ¢2) )t 7Si (6K7 qbK)] S CIXK and (424)
Si = |:§l (917 ¢1) 9 §z (927 ¢2) s Tt ,é\i (9[{, ¢K):| € ClXK. (425)

It can be shown that w, and r; can be estimated by solving the following optimi-

sation problem
12

min ||wi’A (r;) —S; © S,
w;,r; F

(4.26)

Under the assumption that A (r;) is a full rank matrix, the cost function in
(4.21) is a separable non-linear least-squares optimisation problem [91] that is
linear in the weight vector w; but non-linear in the virtual array locations r;.

Minimising w, while keeping r; fixed results in
H -1 a\?
w, = A () (A7 (0) A (1) (S,08,) (4.27)

Substituting Equation (4.27) into Equation (4.26) leads the following optimisation
problem for r; that is independent of w;

2

) = ||wfA(r)-S, 085,

F

= |(s:28) a7 @) a @) AT () Ar) -S; 28,

2

_ <§i ®Sz> ((AH (ri)A(ri))*l AT () A (r;) —lﬁ) H2F (4.28)

The cost function (4.28) may have multiple local minima. However, a prac-
(0]

tical assumption for the initial locations is that the virtual array elements r;" is

[0]

reasonably close to the physical antenna locations. Assuming Ny < N, r;" can be

estimated to be the N, closest near-field objects to the i*" array element.
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4.3 Numerical Examples with Experimental Data

In this section, the proposed algorithm is applied to an array constructed with
off-the-shelf antenna elements and multiple Universal Software Radio Peripheral
(USRP) devices. To illustrate the performance of the proposed Element Pattern
Synthesis using Virtual Arrays (EPSVA) algorithm, an eight-element uniform cir-
cular array with half wavelength inter-element spacing is considered as shown in

Fig. 4.1.

Figure 4.1: Eight-element uniform circular array with a central dummy element.
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Table 4.1: Cartesian coordinates of the array in centimetres

| Element || # (cm) | y (cm) ||
Rx1 8.0652 0

Rx2 5.7030 | 5.7030
Rx3 0 8.0652
Rx4 -5.7030 | 5.7030
Rxb -8.0652 0

Rx6 -5.7030 | -5.7030
Rx7 0 -8.0652
Rx8 5.7030 | -5.7030

The array is constructed with the geometry shown in Table 4.1. The attributes

of the antenna used in this paper are listed as follows:

e antennas are normal-mode helical antennas

e operational frequency range of 2400MHz to 2490MHz

e (0dBi nominal gain in the x-y plane

e 8-element uniform circular array with a centre dummy element (terminated /unused)

e inter-element spacing is half wavelength at F. = 2.43GHz to mitigate cou-

pling of the elements

The isolated antenna gain pattern is shown in Fig. 4.2. It is safe to assume
that antennas are isotropic, hence Equation (4.4) is valid. Each antenna array
element is attached to a USRP board as shown in Fig. 4.4. Each USRP board
down-converts the RF analog signal to its baseband which is then digitised to
produce the complex (I and Q) digital data that can be used by the localisation
algorithms. The carrier frequency F. to be used in the downconversion and the
sampling rate F; of the ADC were selected to be F, = 2.43GHz and Fy; = 2MS/s
(0.5us sampling period). All of USRP boards were connected to a common GPS
clock source to synchronise their internal LOs, ADC clocks and timing clocks.

The array is synchronised by using a common 10MHz reference clock signal and
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March 1% 2010
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Frequency (MHz): 2450.00 Pattern Field: H Plane Average Gain: 0.22dB
Maximum Gain: 0.56 dB Maximum Gain (degree): 92.81
Minimum Gain: -0.10 dB Minimum Gain (degree): 289.69

Figure 4.2: Antenna gain pattern given by the manufacturer’s datasheet
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a 1 Pulse Per Second (PPS) signal to each board. The 10MHz clock provides a
reference for the LO and ADC on each USRP board. The 1 PPS signal provides
a common reference frame that is used to reset the timestamp on each board.
This allows multiple independent USRP boards to be tuned to the same carrier
frequency and the same timing frame giving a fully synchronised system. For the
purpose of the experiment, a GPS unit was used to generate both the 10MHz
reference clock signal the 1 PPS signal feeding to all USRP units as shown in Fig.
4.3 and Fig. 4.4.

AAAA <
i {1 [igrp ~Aptenna 1
e__T VAVAVA
— Antenna 2

Computer Network— 1= D4RP
Switch | ; :

b R GUYA

—{ |Jspp AptennaN

Figure 4.3: Array testbed setup comprising multiple USRP boards that are syn-
chronized using a common clock reference and 1 PPS reference source.

Figure 4.4: Multi-USRP hardware configuration for the 8-element UCA, USRP
boards share a common clock that is generated by a GPS module.
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4.3.1 Element Patterns

In the first study, two element pattern reconstruction algorithms, EPR and EPSVA,
have been applied to the described array system. The calibration data were mea-
sured with the array assembly mounted on a rotary stage (shown in Fig. 4.1)
inside a room with a single pilot source in the far-field of the array on the x-y
plane. 72 azimuthal directions (K = 72) are uniformly measured in the range of
[0°,360°) with a 5° degree interval each containing 500 snapshots/samples with
SNR of about 20dB to carry out the calibration. Each antenna is assumed to
have isotropic gain and phase response in their isolated state according to their
manufacturing datasheet.

Next, EPR and the proposed EPSVA with N; = 4 and N; = 8 were applied to
reconstruct the array element gain and phase patterns. Tables 4.2 and 4.3 show
the RMSEs of element patterns, gain and phase respectively, for the 8-element
UCA. In Figures 4.5 to 4.12, the gain (left) and phase (right) patterns for the
eight elements in the array are shown. It is clear the isolated patterns deviate
quite a lot from the measured patterns in both the gain and the phase. Although
the EPR algorithm attempts to reconstruct the patterns, but the residual errors
are still far from ideal. On the other hand, the EPSVA reconstructed element

patterns are almost identical to the measured patterns.
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Table 4.2: Element gain patterns RMSE (volts) comparison

| Element || Isolated | EPR | EPSVA, N, =4 | EPSVA, N, =38 |

Rx1 0.4920 | 0.2647 0.0840 0.0277
Rx2 0.6505 | 0.3117 0.1060 0.0299
Rx3 0.4820 | 0.2566 0.0801 0.0370
Rx4 0.3466 | 0.2320 0.0916 0.0380
Rx5 0.6106 | 0.3102 0.1199 0.0424
Rx6 0.5327 | 0.2186 0.0930 0.0316
Rx7 0.5779 | 0.3189 0.1305 0.0425
Rx8 0.3557 | 0.2351 0.0952 0.0448

Table 4.3: Element phase patterns RMSE (degrees) comparison

| Element || Isolated | EPR [ EPSVA, Ny =4 [ EPSVA, N, =38 |

Rx1 32.4581 | 20.1197 5.8585 3.7276
Rx2 45.2998 | 31.0282 8.4175 3.3244
Rx3 42.7143 | 23.8695 6.7256 4.5216
Rx4 42.6610 | 19.4479 7.7872 4.0663
Rxb5 39.7539 | 23.1826 8.8026 4.4774
Rx6 44.1940 | 27.2158 9.8154 4.5666
Rx7 45.4795 | 26.1671 6.6630 4.5327
Rx8 29.6175 | 14.3383 6.2116 4.1745
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4.3.2 Direction-of-Arrival Estimates Analysis

In this study, the MUSIC performance of all three aforementioned methods, namely
generalised mutual coupling compensation algorithm, EPR and EPSVA, will be
demonstrated using the same array setups. In this experiment, three uncorrelated
signal sources are located at 125°, 155° and 260° containing 500 snapshots/samples
with SNR of about 20dB. Figure 4.13 shows the MUSIC spectrum using the iso-
lated array element assumption failed to localise all three sources, as expected.
Two MCM compensation methods performed similarly, they failed to resolve two
closely placed sources. The EPR algorithm was able to give better DOA estima-
tions but with very limited resolution. On the other hand, the EPSVA algorithm
with Ny = 4 and N; = 8 were both able to give better source separation and
resolution.

35—

——EPSVA (N, =8)
—-—EPSVA (N, =4)
= = MCM Compensation
30 H MCM Compensation (UCA assumption)
- —EPR
Isolated

25 / |

R Source at 155~
Source at 125

/1

Source at 260"

Magnitude [dB]
8
T

-
o
I

-

0 50 100 150 200 250 300 350
DOA[degrees]

Figure 4.13: MUSIC spectrums of three uncorrelated signal sources located at
125°, 155° and 260° each with SNR of about 20dB. The true DOAs are indicated
by vertical dashed lines.

Further tests were conducted concerning one signal source in the absence of

multipath using MUSIC algorithm. The angle of arrival was scanned from 0° and
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360° covering all operational angles of the array system with a 5° interval. At each
angle, fifty independent measurements were taken each containing 500 snapshots
with SNR of about 20dB. The direction of arrival was estimated by MUSIC
using 10 and 100 snapshots from the total 500 snapshots to get some performance
statistical measure under different number of snapshots.

In Figures 4.14 to 4.19, the mean value of the DOA estimation error over
50 measurements was shown in solid black and each individual measurement was
shown in red star. Figure 4.14 shows that a significant error was introduced to DOA
estimates when assuming antenna patterns were the same as the isolated antenna
patterns, i.e. no mutual coupling between the elements or near-field objects. It is
clear the error is quite large, over 10° in some directions. The error was reduced
to somewhere between 2° to —7° with a slight negative bias as the EPR algorithm
being applied as shown in Figure 4.15. Both MCM compensation algorithms (with
and without UCA assumption) show similar DOA estimate errors as shown in
Figures 4.16 and 4.17. On the other hand, Figures 4.18 and 4.19 clearly show a
significant reduction in DOA estimate errors by introducing EPSVA. The error is
quite small, within £2°, compared to the isolated, EPR and MCM compensation
algorithms with no noticeable bias. Furthermore, the error standard deviation
decreases as the number of assumed "dummy" elements N, increases from Ny = 4
to N; = 8. This agrees with the element pattern analysis in Figures 4.5 to 4.12.
Moving from only 10 snapshots to 100 snapshots, the estimation error remains
almost the same as shown in Figures 4.14 to 4.19. This is reasonable since the

variations between independent measurements is the main source of error here.
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4.3.3 Complexity Analysis

Table 4.4 and Table 4.5 show the complexity of the different algorithms. As for
the given example, an 8-element UCA array, the generalised MCM compensation
algorithm with UCA assumption exhibits a significant improvement over the iso-
lated assumption with only a small amount of increase in the number of unknowns
to estimate. The EPSVA with Ny = 4 has much better performance compared to
the EPR algorithm with the same number of unknowns. The EPSVA with N; = 8
clearly has the best performance overall but at an expense of much more unknowns

to estimate.

Table 4.4: Complexity comparison in terms of the number of real unknowns to
estimate

Isolated 2N -2
MCM (UCA assumption) | 2 [Z] +2N —2
MCM N?+3N —2
EPR 2N? —2
EPSVA (1D array) 3NN —2
EPSVA (2D array) ANyN — 2
EPSVA (3D array) SNgN — 2

Table 4.5: Complexity comparison in terms of the number of real unknowns to
estimate under the setup described in the previous study

Isolated 14

MCM (UCA assumption) | 22
MCM 86

EPR 126

EPSVA (N, = 4) 126
EPSVA (N, = 8) 254
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4.4 Conclusions

In this chapter, a novel element pattern synthesis algorithm was proposed using a
number virtual arrays to reconstruct the distorted antenna patterns. It was eval-
uated and compared to the other antenna calibration methods with experimental
data. The results showed that the EPSVA method is able to greatly decrease the
deviation of the reconstructed antenna gain and phase patterns from the true ones
compared to the EPR algorithm proposed in [90], without increasing the complex-
ity. The studies have also shown that the gain and phase errors can be further
reduced by introducing additional virtual array elements.

The direction of arrival analysis also shows that the EPSVA approach reduces
the DOA estimate errors over the entire 360° operation range in both three-target
and single-target estimates using MUSIC. This approach is also robust to array
geometry errors as the virtual arrays have already taken the location of individual
element into account. On the other hand, a generalised mutual coupling compen-
sation algorithm based on [53] was also proposed. It incorporates the estimation

of MCM and gain and phase with minimal increase in the complexity.
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Chapter 5

Conclusions and Further Work

This thesis has covered a variety of topics concerning MIMO channel estimation,
SDR implementation, array calibration and measurements. The work has demon-
strated that the proposed novel system designs make phased array signal processing
practical in indoor and outdoor wireless and mobile communication applications.
Important challenges that must be overcome if such a system is to be widely de-
ployed have been addressed using off-the-shelf hardware.

In Chapter 2, a novel precoding scheme was presented based on AR-modelling
and linear interpolation. The proposed integrated BD precoding and channel pre-
diction method can improve the sum system capacity in a time-variant Rayleigh
fading channel environment, which is based on a Jakes model. The performance
was compared to the conventional precoding without channel prediction. An NI

PXIe based flexible testbed was also presented consisting two main components:

e the host processing side for the flexibility of implementing different trans-
mission schemes for various wireless standards. A computer with multi-core
Central Processing Unit (CPU) will be used for high complexity floating-
point operations in the host processing. It allows the easy implementation

of different transceiver designs for testing various precoding schemes

e the channel processing side which offers either a software channel simulator
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running on CPU for off-line simulations or a real-time FPGA based RF
channel emulator. The channel processing is independent of the transmission
or the modulation scheme that is in host processing, thus any transmission

scheme can be implemented with the same channel processing module.

The testbed results indicate that there were significant system capacity im-
provements under certain conditions. Moreover, by estimating and predicting
OFDM channels in the impulse response domain, the solution manages to reduce
the computational burden by only considering the significant taps of the impulse
response. The performance of the algorithm can be further improved by assimi-
lating the antenna geometry into the system model.

In Chapter 3, a transition of focus was made from the conventional MIMO
systems to the antenna array systems. An SDR antenna array testbed consisting
of independent radio front-end units has been constructed using USRP boards by
Ettus Research. This provides a flexible platform to perform wide range of ar-
ray signal processing algorithms with configurable number of antennas and array
shapes. Array synchronisation and calibration techniques were described for such
a flexible system. The practical performance of a recently developed large aperture
array localisation algorithm as well as the well-known spherical wave propagation
based MUSIC algorithm were analysed in an indoor scenario. An array synchroni-
sation technique using shared clock reference was presented. An generalised array
calibration algorithm was also presented. It is clear from the extensive test, the
synchronisation and calibration approaches allow both localisation algorithms to
perform very well. Furthermore, a different SDR array setup and array synchro-
nization and calibration approach was also presented in the outdoor field-test in
Silwood Park woodland. In this field-test, the LAA localisation algorithm was
studied and successfully estimated the source locations with high accuracy. The
spherical-MUSIC localisation algorithm also examined but failed to produce any
valid result as it is more sensitive to complex gain errors than the LAA algorithm.

In Chapter 4, a novel element pattern synthesis algorithm was proposed using a
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number virtual arrays to reconstruct the distorted antenna patterns. The proposed
algorithm was compared to the other array calibration and antenna pattern recon-
struction techniques using the SDR antenna array testbed developed in Chapter
3. Results illustrated clearly that the proposed algorithm was able to reconstruct
the antenna patterns with exceptionally high accuracy. It is also clear that, from
the direction of arrival analysis, the proposed algorithm was able to reduce the
DOA estimate errors over the entire 360° operation range in both three-target and

single-target estimates using MUSIC.

5.1 List of Contributions

The following novel contributions have been presented in this thesis:

1. Propose a novel channel prediction technique for LTE-TDD MU-MIMO sys-

tems based AR-modelling and linear interpolation

2. Develop a hybrid rapid prototyping testbed that is capable of real-time chan-

nel emulation as well as high-level complexity floating-point operations

3. Develop a software defined radio (SDR) antenna array testbed of independent
single channel USRP2 units synchronised using a common clock reference

signal and 1 PPS signal (hardware synchronisation)

4. Propose a calibration approach for estimating the gain, phase and mutual
coupling uncertainties for an array operating in the presence of a near-far
field source using the SDR array testbed. Then investigate the impact of
uncertainties on the performance of a large aperture array system using the

developed SDR array testbed

5. Propose and analyse an element pattern synthesis algorithm for antennas in

an array system for small aperture arrays
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6. Generalise the mutual coupling modelling proposed in [53] to include gain and
phase uncertainties. Then investigate the effectiveness of different mutual
coupling compensation algorithms and array element pattern reconstruction
algorithms on the performance of a small aperture array system using the

developed SDR array testbed

7. Develop an SDR array testbed using individual USRP and GPS units syn-
chronised using the harmonic retrieval technique (software synchronisation).
Then investigate the performance of the large aperture array localisation

algorithm in a field-test using the developed SDR array testbed

5.2 Suggestions for Further Work

The work presented in this thesis provides solutions to synchronisation and cali-
bration problems of practical flexible antenna array testbed using SDR and paves
the way for the future research in this area. This work could be extended with

further research and some suggestions are:

e Array Calibration in the Presence of Multipath
In sophisticated environments such as indoor and urban scenarios multipath
is very common. However, none of the array calibration techniques covered
in this thesis has the capability to overcome the multipath effects in their
current forms. As a result, these algorithms will not be as effective to be
used in the calibration or re-calibration scenarios where multipath is severe.
In [92], the author proposed a passive array pre-processing algorithm that
suppresses all the multipath contributions in the received signals and leaves
only the line-of-sight (LLOS) one. The algorithm estimates the signal subspace
of the LOS path using the temporal information extracted from the received
signals. By employing such a pre-processor, the contributions of all non-
line-of-sight (NLOS) paths can be removed hence the calibration algorithms

proposed in the thesis can perform as normal. This will be desirable to
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investigate the performance of the calibration algorithms with such a pre-

processor using the developed SDR testbed in different multipath scenarios

e Near-far Field Array Element Pattern Synthesis Algorithm with
Antenna Location Uncertainties
An array pattern synthesis algorithm was presented to allow better recon-
struction of the antenna patterns in an array system. It considers a source
operating at far-field of the array so the plane wave propagation is valid. If
a source operates close to the array instead, a spherical wave propagation
model must be used. Array geometrical uncertainties arisen due to the im-

perfect knowledge of the array element locations should also be considered.

e Investigating the Performance of the Array Element Pattern Al-
gorithm for Different Array Geometries
Although the basic concepts presented in this thesis are valid for any array
geometry, a uniform circular array has been employed in the investigation.
More array types, such as the vertical uniform rectangular array with patch
antennas shown in Figure 5.1 and the massive uniform rectangular array

with chip antennas shown in Figure 5.2 should also be investigated.
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e

Figure 5.1: 9-element vertical uniform rectangular array with patched antennas

Figure 5.2: 28-element uniform rectangular array with chip antennas
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