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ABSTRACT

DIRECTION FINDING IN THE PRESENCE OF ARRAY IMPERFECTIONS,
MODEL MISMATCHES AND MULTIPATH

Elbir, Ahmet M.
Ph.D., Department of Electrical and Electronics Engineering

Supervisor : Prof. Dr. T. Engin Tuncer

June 2016, pages

In direction finding (DF) applications, there are several factors affecting the estima-
tion accuracy of the direction-of-arrivals (DOA) of unknown source locations. The
major distortions in the estimation process are due to the array imperfections, model
mismatches and multipath. The array imperfections usually exist in practical applica-
tions due to the nonidealities in the antenna array such as mutual coupling (MC) and
gain/phase uncertainties. The model mismatches usually occur when the model of the
received signal differs from the signal model used in the processing stage of the DF
system. Another distortion is due to multipath signals. In the multipath scenario, the
antenna array receives the transmitted signal from more than one path with different
directions and the array covariance matrix is rank-deficient. In this thesis, three new
methods are proposed for the problems in DF applications in the presence of array
imperfections, model mismatches and multipath.

In the first problem, calibration of antenna arrays mounted on aeronautical vehicles is
considered. The complete 3-D model of an antenna array and a UH-60 helicopter is
constructed and simulated in a numerical electromagnetic tool, FEKO, and the array
observations are obtained both in time and frequency. When the antenna arrays are
mounted on such platforms, antenna pattern and characteristics change significantly
leading to erroneous DF results. In this thesis, a new calibration technique is proposed
when the vehicle is on the ground. In ground calibration, the major error sources



are the reflections from the platform and the multipath from the ground. In order
to mitigate these distortions, a time-gating method is proposed. When the received
signals from the antennas are observed in time, the reflections are present with a
time delay after the desired signal component. This part of the signals is gated and
sufficiently clean calibration data is obtained for DF operation. The evaluation of
the calibration data is done using both correlative interferometer and the MUSIC
algorithms. The proposed method is advantageous for its simplicity, accuracy and
cost effectiveness.

In the second problem, a DF scenario is considered where the antenna array receives a
mixture of a far-field signal and its near-field multipaths. Due to the model mismatch
of the received signal components, both far- and near-field signal models should be
used accordingly for accurate parameter estimation. Moreover, the array covariance
matrix is rank-deficient due to multipath so that the subspace methods cannot be
directly used for accurate DOA estimation. A new method is proposed for the es-
timation of DOA angles of far- and near-field signals and the ranges of near-field
multipaths. 2-D DOA angle of the far-field source is estimated by using a calibra-
tion technique. A near-to-far-field transformation is proposed to suppress the far-field
components of the array output so that the near-field source parameters can be esti-
mated. Then spatial smoothing is employed to estimate the near-field source DOA
angles. In order to estimate the near-field source ranges, a compressed sensing ap-
proach is presented where a dictionary with near-field sources with different ranges is
employed. The proposed method is evaluated using close-to-real world data generated
by a numerical electromagnetic tool, Wireless Insite, where the array and transmit-
ter are placed in an irregular terrain and the array data is generated using full 3-D
propagation model. It is shown that unknown source parameters can be estimated
effectively showing the potential of the proposed approach in applications involving
high-frequency direction finding and indoor localization.

In the third problem, 2-D DOA and MC coefficient estimation is considered for arbi-
trary array structures. Previous methods in the literature are usually proposed for cer-
tain array geometries and show limited performance at low SNR or for small number
of snapshots. In this thesis, compressed sensing is used to exploit the joint-sparsity
of the array model to estimate both DOA and MC coefficients with a single snapshot
for an unstructured array where the antennas are placed arbitrarily in space. A joint-
sparse recovery algorithm for a single snapshot (JSR-SS) is presented by embedding
the source DOA angles and MC coefficients into a joint-sparse vector. A dictionary
matrix is defined by considering the symmetricity of the MC matrix for the unstruc-
tured antenna array. The proposed method is extended to the multiple snapshots,
and the joint-sparse recovery algorithm with multiple snapshots (JSR-MS) is devel-
oped. A new joint-sparsity structure, namely, joint-block-sparsity is introduced to
take advantage of the structure in the composite matrix involving both DOA and MC
coefficients. In order to utilize the joint-block-sparsity effectively in the optimization
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problem, new norm structures, namely L-2,2,0- and L-2,2,1-norms are defined. The
same technique is modified in order to solve the gain/phase mismatch problem in
multipath scenario. Several simulations are done in order to show the performance of
the proposed techniques.

Keywords: Direction Finding, Array Signal Processing, Mutual Coupling, Gain/phase
Mismatch, Calibration.
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DIiZILIM KUSURLARI, MODEL UYUSMAZLIKLARI VE COK-YOLLU
YANSIMALARIN OLDUGU DURUMDA YON BULMA

Elbir, Ahmet M.
Doktora, Elektrik ve Elektronik Miihendisligi Bolimii

Tez Yoneticisi : Prof. Dr. T. Engin Tuncer

Haziran 2016 , sayfa

Yo6n bulma (YB) uygulamalarinda, bilinmeyen kaynak konumlarinin varig-yoniiniin
(VY) kestirim dogrulugunu etkileyen bircok etmen vardir. Kestirim siirecindeki bas-
lica bozulmalar dizilim kusurlari, model uyusmazliklar1 ve ¢ok-yollu yansimalardir.
Dizilim kusurlart genellikle pratik uygulamalarda ortak baglasim (OB) ve genlik/faz
uyusmazliklari gibi kusurlardan kaynaklanir. Model uyusmazliklar1 genellikle alinan
isaretin modeli, YB sisteminin igleme basamaginda kullanilan modelden farklilagti-
ginda ortaya c¢ikar. Bir diger bozulma nedeni ¢ok-yollu yansiyan isaretlerdir. Cok-
yollu yansima senaryosunda, anten dizilimi yollanan isareti farkli yonlerden birden
fazla yoldan alir, 6yle ki, isaretler kolayca ayristirilamazlar. Bu tezde, dizilim kusur-
lar1, model uyusmazliklar1 ve ¢cok-yollu yansimalarin oldugu durumda YB uygulama-
larindaki sorunlar icin dort yeni algoritma Onerilmistir.

Birinci problemde, hava araclar iizerine yerlestirilen anten dizilimlerinin kalibras-
yonu incelenmistir. Anten diziliminin ve UH-60 helikopterin tiim 3-B modeli nume-
rik elektromanyetik programinda yaratilmis ve benzetimi yapilip, anten gozlemleri
zamanda ve frekansta elde edilmistir. Anten dizilimleri bu gibi platformlara yerlesti-
rildiginde, anten Oriintiisii ve karakteristigi onemli dl¢iide degisir ve hatali YB sonuc-
larina neden olur. Bu tezde, hava araci yerde iken yapilan yeni ve kalibrasyon teknigi
onerilmistir. Yerde kalibrasyon isleminde, ana hata unsurlar1 yerden ve platformdan
yanstyan ¢ok-yollu yansimalardir. Bu bozulmalar1 giderebilmek i¢cin zamanda pence-
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releme yontemi Onerilmistir. isaretler antenlerden alimip zamanda gozlemlendiginde,
yansimalar istenilen isaret bileseninden bir zaman gecikmesiyle elde edilir. Isaretin
bu boliimii pencerelenmis ve YB iglemi i¢in yeterince iyi bir kalibrasyon verisi elde
edilmistir. Elde edilen kalibrasyon verisinin degerlendirmesi MUSIC algoritmasi ile
yapilmustir. Onerilen yontem basitligi, dogrulugu ve diisiik maliyetli olusu ile avan-
tajhdir.

Ikinci problemde, anten diziliminden uzak- ve yakin-alan ¢ok-yollu isaretlerin alin-
dig1 bir YB senaryosu incelenmistir. Alinan isaret bilesenlerindeki model uyusmaz-
liklarindan dolay1, dogru bir parametre kestirimi i¢in uzak- ve yakin-alan isaret diiz-
giin bir sekilde modellenmelidir. Ayrica, ¢cok-yollu isaretlerden dolayi, dizilim ortak
ortiisme dizeyi eksik kertelidir, dyle ki, bu durumda alt-uzay yontemleri dogru bir
VY kestirimi i¢in dogrudan kullanilamazlar. Uzak- ve yakin-alan igaretlerin VY’si
ve yakin-alan ¢ok-yollu isaretlerin menzillerinin kestirimi icin yeni bir yontem One-
rilmistir. Uzak-alan isaretin 2-B VY acis1 bir kalibrasyon teknigi ile kestirilmistir.
Yakin-alan parametrelerinin kestirilmesi amaciyla, dizilim ¢ikisindaki uzak-alan bile-
senleri yakin-uzak alan doniisiimii kullanilarak bastirilmistir. Daha sonra, yakin-alan
VY’lerini kestirmek amaciyla uzamsal yumusatma kullanilmistir. Yakin-alan menzil-
lerin kestirilmesi icin farkli menzillere ait yakin-alan kaynaklarin kullanildig: bir s6z-
liigiin oldugu sikistirilmis algilama yaklagimi sunulmustur. Onerilen yéntem, 3-B ya-
yilim modelinin kullanildig1 numerik elektromanyetik benzetim arac1 Wireless Insite
ile iiretilmis gergek diinyaya yakin veriler ile degerlendirilmistir. Onerilen yontemin
yiiksek frekans 6n bulma ve bina-i¢i konumlama gibi uygulamalardaki performansini
gosteren etkin parametre kestirim sonuglar gosterilmistir.

Uciincii problemde, 2-B VY ve OB katsayilarinin kestirimi rastgele dizilim yapilart
icin incelenmigtir. Literatiirdeki diger yontemler genellikle belirli dizilim yapilari icin
onerilmis ve diisiik SNR ve az 6l¢iim sayis1 durumunda sinirlt bagarim gostermisgler-
dir. Bu tezde, antenlerin uzayda rastgele konumlandig1 bir yapisiz dizilim i¢in, tek
bir gozlem ile VY ve OB katsayilarinin kestirimi i¢in dizilim modelindeki ortak-
seyrekligi sikistirilmig algilama ile ortaya ¢ikaran yeni bir yontem Onerilmistir. Kay-
nak VY’lerini ve OB katsayilarin1 ortak-seyrek bir yoneye yerlestiren tek gozlem
icin ortak-seyrek geri olusturma (TGOSGO) yontemi sunulmustur. Onerilen yontem,
coklu gozlem durumu i¢in genisletilmis ve ¢oklu gézlem igin ortak-seyrek geri olus-
turma (CGOSGO) algoritmasi gelistirilmistir. Kompozit bir dizeydeki VY ve OB kat-
sayilarinin olusturdugu yapidan faydalanarak yeni bir ortak-blok-seyrekli yapisi tani-
tilmastir.

Nihayet son problemde, ¢ok-yollu yayilim ve genlik/faz uyusmazliklarinin oldugu
durumda, rastgele dizilim yapilart i¢in VY kestirimi problemi incelenmistir. Evre-
uyumlu kaynak isaretlerinin VY acilar1 ve uyusmazlik parametrelerini kestirmek i¢in
bir ortak-seyrek geri olusturma yontemi onerilmistir.
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CHAPTER 1

INTRODUCTION

1.1 Motivation and Objectives

Direction-of-arrival (DOA) estimation of the plane waves impinging on antenna ar-
rays is an important problem in a variety of fields including, radar, sonar, acoustics
and communications [ 1,2]]. Several high resolution methods are proposed to estimate
the DOA angles of unknown source locations such as the multiple signal classification
(MUSIC) algorithm [3]. While these methods perform well in ideal scenarios, their
performance degrades significantly in case of array imperfections. There are different

error sources in array processing some of which are bulletined as below:

e Array Imperfections:

1. Mutual coupling (MC): Due to the interaction between the antennas in
the array, the received signal from each antenna is coupled to the other
antennas. Hence, MC causes distortions in the array manifold and reduces

the direction-finding (DF) accuracy [4}5].

2. Gain and phase uncertainties: The received signal from each antenna in
the array have certain gain and phase mismatches (GPM) due to the effect
of the antenna pattern, temperature changes, instabilities in the electronic

circuitry and cabling mismatches [6-8].

3. Sensor location errors: In certain applications, perfect knowledge of the
antenna positions in the array is not possible, for example, in towed arrays
or in DF systems where the array needs to be dismantled and reassembled

in the field [9,/10].



e Model Mismatches: Model mismatches occur when the received signal model
differs from the array signal model used in the DF operation. While most of
the received signals are modeled with the far-field array model [11]], near-field
signals are also received by the DF sensors. In this case, there is a certain per-
formance loss for parameter estimation due to the model mismatches between

the near- and far-field array model.

e Multipath: Multipath occurs if the antenna array receives the transmitted sig-
nal by two or more paths [12H14]]. In this case, it is not easy to distinguish the

true source directions since the array covariance matrix is rank deficient.

The motivation of this thesis is to examine and mitigate the effect of these errors
in practical DF scenarios so that satisfactory DOA estimation performance can be
obtained. Hence, the main objective is to develop novel algorithms for DF problems

in the presence of these factors.

1.2 Literature Overview

In this section, a literature overview is presented for the problems investigated in this

thesis.

DOA estimation is a problem which is investigated for almost a hundred years. While
several different methods are proposed in this context, most of these methods either

fail or do not meet the expectations in practical scenarios [4-7./15].

One of the array imperfection is mutual coupling (MC) [4,/5,/15]. MC affects the
array output so that the corrupted array data lead to erroneous DOA estimation results.
The effect of MC eventually decreases as the distance between the antenna pairs in
the array increases [[16-18]. Hence, the antennas should be placed far from each
other increasing the array aperture. However, as the array aperture becomes larger,
spatial aliasing occurs if the inter-element distance exceeds the half wavelength [19].
Usually, the array separation is selected as half-wavelength and MC is calibrated

using signal processing techniques [6,/15}20].
There are several methods in the literature which estimate the DOA angles in antenna
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arrays with MC [6,21-24]. The effect of MC is usually mitigated by using the special
structure of the MC matrix for fixed array geometries such as linear [15]], circular [6]]
or rectangular [20] arrays. Uniform linear array (ULA) has a banded Toeplitz MC
matrix while uniform circular arrays (UCA) and uniform rectangular arrays (URA)
have circulant [6] and block-Toeplitz [20] MC structures respectively. If the array
structure has arbitrary geometry, the MC matrix for this kind of array does not have
any of these forms except that the MC matrix is symmetric [25]. Since the structure
of the MC matrix is important to deal with MC effect, MC mitigation for arbitrary

arrays is a harder problem in comparison.

In [6]], an iterative approach is considered for DOA estimation using ULA and UCA
geometries in the presence of MC. In [21] and [22]], rank reduction methods are
proposed for uniform array structures for uncorrelated source signals. Higher or-
der statistics is used in [23]] for DOA estimation using UCA. DOA estimation under
multipath propagation and MC is investigated in [14,26,27]. In [14], a maximum like-
lihood estimator is derived for DOA estimation under multipath and MC for ULA. In
[26]], a direct data domain approach is proposed with the MUSIC algorithm for DOA
estimation of coherent source signals using ULA. An ESPRIT-like method is pro-
posed in [27] for an antenna array with parallel ULA geometry. Mitigation of MC in

antenna arrays is still an open problem and being investigated by several researchers.

Gain and phase mismatches cause larger DOA estimation errors as compared to MC
since GPM corrupt the gain and phase information of the received signal which are
critical for the DF accuracy [28]]. While the structure of the MC matrix depends on the
array structure, the GPM matrix is usually modeled as a diagonal matrix [6]. Several
array calibration methods are proposed in the literature in order to mitigate the effect
of GPM [6,7,28-30]. In order to correct the effect of GPM, array calibration is used in
[7] and [31] using calibration source antennas with known positions. In [7], a sensor
array with an arbitrary geometry is considered where GPM is calibrated. While above
methods consider the effect of only GPM on DOA estimation, joint calibration of MC
and GPM is performed in [6]], [28] and [32]].

Array calibration techniques can be divided into offline and online techniques. In

offline calibration, sensor array is calibrated using calibration sources with known



locations [28,31]. While this operation provides satisfactory results, it may be ex-
tremely complex to build the physical setup in certain cases. Moreover, the collected
calibration data may not represent the whole DF system behavior especially when the
system parameters change in time. In order to overcome these difficulties, online cal-
ibration techniques are proposed [|6,/32]]. In online scenario, calibration is performed
using the array output of incoming signals from unknown DOA angles. A joint pro-
cess is carried out where both the unknown GPM parameters and the unknown source

DOA angles are estimated at the same time.

Besides the array imperfections, model mismatches due to the near-field signals are
also an important issue for DF operation [33]]. In order to obtain accurate DF per-
formance, far-field and near-field signals should be treated accordingly. In [34], the
ESPRIT algorithm is used for the localization of mixed far- and near-field sources.
In [35] and [36], cumulants are used together with the MUSIC algorithm in order to
treat both near- and far-field sources. In [37]], the MUSIC algorithm is employed by
assuming well separated and statistically independent source signals. Similarly, [38]]
employs the ESPRIT algorithm for the independent source signals in a uniform linear
array. Both [37] and [38]] use additional assumptions which limit the practical appli-
cation of these methods. In [39] and [40], near- and far-field sources are assumed to
be uncorrelated while in case of multipaths, near-field sources are coherent with the

far-field sources.

While the effect of array imperfections on DF accuracy is limited, multipath is the
most problematic case within the DF error sources [33]]. In multipath scenario, the
antenna array receives the same signal from different directions and the true direc-
tion of the source cannot be estimated unambiguously using conventional techniques
[12,/13]. Although multipath is a dominant factor in DF applications, independent
source signal assumption is usually made in the majority of proposed methods in the
literature [3},6,32,/41]]. When this assumption is violated, most of the DF methods fail

and cannot provide satisfactory estimation results.

In order to resolve the multipath signals, spatial smoothing is proposed for ULA [42]
and URA [43]. In [44] and [27], ESPRIT-like approaches are proposed to estimate
the DOA’s of coherent source signals in the presence of MC using URA and ULA



respectively. In [27]], parallel-ULA geometry is used for coherent source localization
in case of MC where spatial smoothing [42]] and the ESPRIT methods are utilized.
Maximum likelihood estimation is proposed to estimate the coherent source DOA’s in
[26] using ULA structure. When the array structure is different than ULA and URA,
smoothing algorithms cannot be employed since they require the Vandermonde array
model [[11,145]]. For these array structures, array interpolation [46,47] is proposed
to transform the array data to ULA or URA so that the smoothing methods can be
applied. However, such approaches also have several disadvantages one of which is

te angular sector dependency.

1.3 Thesis Overview

In this thesis, we proposed three new algorithms for the problems in DF applications

in the presence of array imperfections, model mismatches and multipath.

In the first problem, calibration of the antenna arrays mounted on aeronautical vehi-
cles is investigated. A method is proposed for the offline calibration of a DF antenna
array mounted on the vehicle. In this case, the antenna array should be calibrated
before the DF operation. The calibration is done on an open field test area with a flat
ground plane. Ground reflections are the main sources of error corrupting the cali-
bration data. The proposed method eliminates the ground reflections by employing a
time-gating technique. Calibration data is generated by considering the platform ef-
fects. Complete calibration scenario is simulated by using numerical electromagnetic

simulation tools.

In the second problem, a DF scenario is considered where the antenna array is placed
in a mountainous terrain where near and far-field multipaths occur. This scenario is
built using 3-D digital map which is then meshed for a numerical electromagnetic
simulation in order to obtain antenna signals. When the antenna array receives mul-
tipath reflections which are coherent with the far-field line-of-sight signal, estimating
the far- and near-field components becomes a hard-to-solve problem. A new method
is proposed to estimate the 2-D DOA of the far-field source and to localize its near-

field multipaths. Far-field source DOA is estimated using a calibration technique. A
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near-to-far transformation is proposed for the estimation of the near-field source DOA
angles. In order to estimate the near-field range parameters, a compressive sensing
approach is presented where a dictionary with near-field sources with different ranges
is employed. As a result, the proposed method estimates the far-field and near-field
source DOAs as well as the range and the signal amplitudes of the near-field sources.
This method is evaluated using close-to-real world data generated by a numerical
electromagnetic tool, where the array and transmitter are placed in an irregular ter-

rain and array data is generated.

In the third problem, 2-D DOA and MC coefficient estimation is considered for ar-
bitrary array structures. There are limited number of works for arbitrary array struc-
tures [48-50]] where the DOA estimation problem under MC is considered with the
assumption that the number of snapshots is large and the signal-to-noise ratio (SNR)
is sufficiently high. When there is a single snapshot, these methods cannot provide
accurate DF results. Hence, a new method is proposed for single snapshot scenario.
The sparsity of the received source signals in the spatial domain is utilized and a
compressed sensing approach [51H54] is presented in order to estimate the unknown
source parameters. In order to mitigate the effect of MC, joint-sparsity of the spatial
source directions and the MC coefficients is used and a joint-sparse recovery algo-
rithm with a single snapshot (JSR-SS) is proposed. Once the DOA angles are found,
the MC coefficients are estimated using the estimated DOA angles. The proposed
method is extended to the multiple snapshots, and the joint-sparse recovery algo-
rithm with multiple snapshots (JSR-MS) is developed. A new joint-sparsity structure,
namely, joint-block-sparsity is introduced to take advantage of the structure in the
composite matrix involving both DOA angles and the MC coefficients. Furthermore,
the proposed method is applied for direction finding in the presence of gain/phase
mismatches and multipath. Then, the DOA angles and the mismatch parameters are

estimated.

Some parts of this thesis are produced from the papers in [28,33},55] which are pub-
lished during the thesis work.



1.4 Contributions

The main contributions of the thesis can be summarized as follows:

[Ch. 3] An efficient calibration technique is proposed for DOA estimation using
DF arrays mounted on aeronautical vehicles [28]. The proposed method is
advantageous for simplifying the calibration procedure and reducing the cost
as well as decreasing the measurement errors compared to the conventional

approaches [56-58].

[Ch. H] Mixed far- and near-field source localization problem is solved for mul-
tipath signals [33]]. While this problem is considered in the literature for inde-
pendent source signals [35,37], this is the first work that treats the problem in

multipath scenario.

[Ch.[§] 2-D DOA and MC coefficients are estimated for antenna arrays with
arbitrary geometries using a single snapshot. JSR with a single snapshot (JSR-
SS) algorithm is presented for the solution of this problem. The problem is
solved using mixed [ ;-norm in order to take advantage of joint-sparsity inherit

in the unknown vector.

[Ch. [3] JSR-SS algorithm is extended to multiple snapshots and JSR with mul-
tiple snapshot (JSR-MS) method is developed. Triple mixed norms, [ 2 o-norm
and [y 5 ;-norm, are introduced in order to take advantage of joint-sparsity in
case multiple snapshots. While mixed [ ;-norm is used in the literature [59,/60],

this is the first time, triple mixed norms are employed.

[Ch. [3] JSR-SS and JSR-MS methods are applicable for both 1-D and 2-D DOA
estimation in case of single and multiple snapshots respectively. In 2-D DOA
estimation, azimuth and elevation angles are coupled especially for unstruc-
tured arbitrary array geometries. This coupling generates biased estimates and
2-D DOA estimation becomes more problematic. Furthermore "pairing prob-
lem" [61]] should be solved. The proposed methods use sparsity in two dimen-
sions in order to present a solution without a "pairing problem" when there
is mutual coupling between the antennas as opposed to the previous methods

[32,48-50] where a 1-D problem is considered.
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e [Ch.[5§] The DOA angles and MC coefficient parameters can be obtained simul-
taneously, and hence JSR-SS and JSR-MS can be used as an online calibration
[32] technique. This is an important advantage, especially for the applications
where mutual coupling coefficients change in time and online calibration is

required for an accurate and stable operation.

1.5 Organization of The Thesis

The remainder of this thesis is organized as follows. In Chapter [2] detailed infor-
mation is provided for the array imperfections, model mismatches and multipath. In
Chapter[3] a ground calibration technique is presented for DF arrays mounted on aero-
nautical vehicles. In Chapter 4} a source localization algorithm is presented for the
estimation of DOA angles of far- and near-field sources and the ranges of the near-
field reflection points. In Chapter [5] JSR-SS and JSR-MS algorithms are presented
for the estimation of 2-D DOA angles and the MC coefficients for arbitrary array

structures. Finally, in Chapter [6] conclusions are presented.



CHAPTER 2

THE MAJOR ERROR SOURCES IN DIRECTION FINDING:
ARRAY IMPERFECTIONS, MODEL MISMATCHES AND
MULTIPATH

In this chapter, the major error sources in direction finding (DF) applications are
described in detail. In a DF scenario, the received signals from the antennas in the
array are processed in order to estimate the direction-of-arrival (DOA) angle of the

source locations. The output of an M -element antenna array can be given as
y(t;) = CTA(O)s(t;) + e(t;) (2.1)

where y(t;) = [y1(t;),y2(ts), .., yn(t:)]T, 4 = 1,...,T and T is the number of
snapshots. s(t;) = [s1(t:), s2(t;),- .., sk (t;)]" and si(¢;) is the baseband signal of
the k™ source and e(t;) = [e;(t;), ea(t;), ..., en(t;)]F is zero-mean spatially and
temporarily white Gaussian noise vector. A(©) is M x K nominal array steering

matrix and defined as
A= [3(61)7 3(92)7 s aa<@K)] (22)

where O, = (¢y, ) represents the azimuth and elevation angles of the k" source

respectively. The m'" element of the array steering vector a(©)},) is given as

27
nl®0) =ew { el | 23
where j = /=1, 1, = [cos(dy)sin(0y) sin(¢r) sin(y) cos(0y)]T, X is the wave-
length and p,,, = [T Ym 2m]” is the m™™ antenna position. C and T are the mutual
coupling and gain/phase mismatch matrices respectively. The structures of C and "

are defined in the following parts of this chapter.
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2.1 Mutual Coupling

When transmitted signal is received by an antenna array, each antenna in the array re-
transmits a part of the signal due to impedance mismatch. These retransmitted signals
are received by each antenna proportional with the distance between the retransmit-
ting and receiving antennas. Hence, a coupling between the receiving antennas occurs

which is called as mutual coupling (MC).

In Fig. an antenna array with two passively loaded antennas is shown [62]]. As it
is seen, the incident wave strikes the left antenna where it is received and re-scattered.
The incident wave and re-scattered waves are vectorially added and received from the
right antenna. The same scenario also occurs for the left antenna leading to a coupling
between the received signals in the array.

Incident
N\ wave front

N
Figure 2.1: An antenna array with two antennas in receive scenario.

MC is modeled in accordance with the geometry of antenna array. For mostly used
array geometries in DF applications, the MC matrix in the array signal model can be
structured as Toeplitz, circulant and block-Toeplitz for linear [15], circular [6]] and
rectangular [20] arrays respectively. In the following, the MC matrix structures for

different array geometries are explained.

2.1.1 Uniform Linear Array

In a uniform linear array (ULA), the antennas are placed with equal spacing as shown

in Fig. The distinct MC coefficients are {c,, }}_, for M-element antenna array

10



@ Source

] Antenna array

Figure 2.2: Placement of an M = 8 antennas in a uniform linear array.

and the form of the MC matrix for an ULA is given as

C1 Cy CcC3 ... Cm
Co C1 Cy ... Cp—1
ULA . . .
C = C3 Co t. ‘. : . (24)

1 C2

Cvi Cp—1 --. C2 C1

zZ
o

)Y

X
Figure 2.3: Placement of an uniform circular array in zy-plane.

2.1.2 Uniform Circular Array

In a uniform circular array (UCA), antennas are placed in the circumference of the

array center as shown in Fig. [63]. The structure of the MC matrix depends on
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whether the number of antennas in the array is even or odd. Then, the form of the MC

matrix for UCA is given as follows [6]

For M is even:

C1 c ... Cr, CrL,—1 ... C
C2 1 Co
C2
UCA .
C = cr - (2.5
Cr—1
Co N 1
For M is odd:
ch C ... C C ... Co
C (€ C2
C2
UCA .
cvi = ¢ - (2.6)
9
Co .. C

where L is the number of distinct MC coefficients and it is given as

I MELS M odd o
M+2 even' '

2 9

2.1.3 Uniform Rectangular Array

In a uniform rectangular array (URA), antennas in the subarrays are placed in the
array uniform linearly as in the Fig 2.4 where an M x N array is shown [64]. The
URA consists of M subarrays with size N. Due to the uniform linearity of each

subarray, the MC matrix for subarrays is modeled as a Toeplitz matrix. Then, the
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d\- (A REXN)
172 3 4 N-1 N
Figure 2.4: Placement of an M x NN uniform rectangular array.

Subarray 1 X

complete MC matrix of URA has a Block-Toeplitz structure, i.e, [20]]

C, C, ... Cy, Cuy
C, C C ... Cuy,

cUi4A — : c, . - : (2.8)
Cr-t C C,
Cvy Cyi ... C

where CY4 is an MN x MN matrix for M x N array in 2-D plane. C,, is a
Toeplitz MC matrix corresponding to the m* subarray for m = 1,..., M and C,, is

constructed as
C,. = Toeplitz{[c{™, ™. ... ,CE\T)]} (2.9)

where ™ is the MC coefficient in the m?" subarray for n = 1,..., N and

Toeplitz{-} is the Toeplitz operation.

2.1.4 Randomly Placed Array

In a randomly placed array (RPA), antennas are arbitrarily placed in 2-D plane as
shown in Fig. 2.5] Unlike the above array geometries which have uniform structures,

an RPA has no uniform structure. Therefore the MC matrix does not have a special
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Figure 2.5: The placement of M/ = 16 antennas in a randomly placed array.

form except symmetry [25]. The form of the MC matrix for an RPA is given as

€11 Ci2 Qg3 - Ci,M
C21 C22 C23 cee Co.M
RPA __ . . .
C = C31  C32 - i : (2.10)

)

CM—1,M—-1 CM—-1,M

Cmi1 Cm2 - CM,M—-1 CM,M
where ¢; ; = ¢;; is the MC coefficient between the (i, j)"

fori,7=1,..., M.

antenna pair in the array

2.2 Gain/Phase Mismatches

Antenna arrays use radio frequency (RF) chains to receive signals and downconvert to
baseband. These RF chains for different antennas have different gain and phase mis-
match contributions for the received signal. Furthermore, each antenna has a different
gain and phase for a given DOA. Another cause of mismatch is the differences in the
electronic circuitry of the antennas and the receiving media such as cables. Cables
with different lengths and materials introduce additional gain and phase mismatches.

A DF processor should equalize these gain/phase mismatches in order to estimate
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DOA angles with a sufficient accuracy.

While the structure of the MC matrix changes for different array geometries, a
gain/phase mismatch matrix is usually represented by a diagonal matrix as follows

(6]

v 0 0
0 P

T = 2 2.11)
0 0 yum

where {7,, }}_, are the mismatch parameters for M -element array.

2.3 Model Mismatches of Near-field Signals

In most of the DF applications, it is assumed that the transmitter source is located
in the far-field of the antenna arrays [11,65]. While this assumption is usually true
for DF applications, reflections in the near vicinity of the array are also received
[33,66,/67]]. The array model of these reflections differs from the far-field array model
as the distance of these reflections get closer to the array. This scenario is depicted
in Fig. [2.6] where the electromagnetic (EM) field radiation of sources located in the
near- and far-field of the antenna array is given. As it is seen, when the source is in the
near-field, where the transmitter range satisfies d < % where D is the array aperture
and ) is the wavelength, the EM fields received by the array are spherical or curved.
As these fields travel out from the source (i.e., d > %), rounding becomes less and
the shape turns into more planar. Therefore, the antenna array receives planar waves

when the source is in the far-field.

In order to investigate the difference between two array models, a computer simula-
tion is done. For this purpose, an 8-element uniform linear array composed of iden-
tical antennas with half-wavelength spacing is considered as shown in Fig. 2.7] A
transmitter antenna is located with distance r from the array with the azimuth and
elevation angle ¢ = 50° and 6 = 90° respectively. The operating frequency is
f = 30MHz and the corresponding wavelength is A = 10m. Note that all the an-

tennas have isotropic antenna pattern. The far-field steering vector is calculated using
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Source in near-field Source in far-field
] o
o000 (X N N |

Figure 2.6: Electromagnetic radiation of a source located in the near-field (left) where
the range of the transmitter source d < % and far-field (right) of the antenna array

(ie.,d > 22%). D is the array aperture.

 eeeeeeee

Figure 2.7: Placement of an M/ = 8 antennas in a uniform linear array.

the far-field array model as

a4 R(0) = [aF'17(0), al*R(0), ..., al R (O)T (2.12)
where
alA7(@) = exp { jQTWerm} (2.13)

where r = [cos(¢) sin(#) sin(¢)sin(#) cos(0)]T and p,, = [T Ym 2m)7 is the m"

antenna position. The near-field steering vector is calculated as [28]]
aNEAR(@, d) = [a]lVEAR(@, d), aéVEAR(G), d),..., a]]&EAR(@, d)]T (2.14)

where

2m 2 pLp
NFEAR mbm
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Then the norm of the difference of steering vectors (i.e., ||al%(©) —aVFAR(Q, d)||,)
is calculated for different d values and the result is presented in Fig. The figure
shows the difference between the near- and far-field models as a function of the range
of the transmitter. The dashed line is % where D is the array aperture. As it is
seen, the difference decreases as the range of the source increases. In this case, the
near-field model converges to the far-field model as expected. For small values of d
where the source is located in the near-field of the array, the difference is large so that

there is a mismatch between two array models.

Frequency=30MHz, M=8, d = A\/2

F N N I L] L]
35 Difference of FF and NF steering vectors
''''' Fresnel region ends (2D2/)\)
3l T - ]
1
25 1 b
1
i
2F i ]
1
1.5 1
i
i
l [ i -
1
0.5F 1 b
1
0 0 1 I 2 3
10 10 10 10

Range/A
Figure 2.8: Difference between near- and far-field array models versus the range of

the transmitter source.

The effect of model mismatch increases as the operating frequency decreases since
the range of near-field region is frequency dependent. Therefore model mismatch is
mostly effective for low frequencies such as HF (3-30MHz) band for practical appli-
cations. In an HF DF scenario, there is usually a source together with its reflections
[65]. These reflections are observed in the near-field of the antenna array. In this re-
gion, the angular field distribution of the antenna array depends on the range of these
reflections, whereas in the far-field model, the shape of the antenna array pattern is
independent of the distance between the source and the receive array. Therefore this

distance should be taken into account to model the received signals accurately.
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Figure 2.9: A multipath scenario where the transmitter signals is received from dif-

ferent paths.

2.4 Multipath

In DF applications, a source signal is usually reflected from the surfaces in the trans-
mission path (e.g. hills, buildings, etc.) as shown in Fig. [2.9] In this case, the original
signal and the reflected signal are received by the antenna array with different direc-
tions. In this case, the array covariance matrix becomes singular. As an example,
consider the multipath scenario where the output of an array for narrowband model

[11] is given as
y(t;) = A(O)s(t;) + e(t;), i=1,...,T (2.16)

where A(©) = [a(©,),a(03)] is the array steering matrix for two signal paths from
different directions. s(t;) = [s1(t;), s2(t;)]" is a 2 x 1 vector composed of coherently
received source signals and so(t;) = asi(t;) where o = e’ represents the delay

between s1(¢;) and so(¢;). Then the array covariance matrix becomes

1
R, =

~|

Z y(t)y™ () = A(O)RAT(©) + R, 2.17)

where R is the signal covariance matrix and rank{R,} = 1 while there are K source
DOA angles to be estimated. Due to the rank-deficiency of array covariance matrix,
the eigenstructure-based algorithm such as MUSIC [3]] and ESPRIT [41]] fail to deter-
mine the DOA’s of K sources. Therefore, multipath is one of the major error sources

in DF applications.
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CHAPTER 3

CALIBRATION OF ANTENNA ARRAYS FOR
AERONAUTICAL VEHICLES ON GROUND

Antenna arrays mounted on platforms require calibration in order to function appro-
priately. In this chapter, a new method for the calibration of a DF array mounted in
front of a UH-60 helicopter is presented. The proposed method is advantageous for

its accuracy, simplicity and cost effectiveness.

3.1 Introduction

Calibration of antennas mounted on aircrafts is a challenging task. Antenna arrays
for direction finding (DF) are usually designed and tested in isolated environments
such as the anechoic chambers [68]]. When these arrays are placed on platforms
like UAVs (Unmanned Aerial Vehicle), planes or helicopters, scattering, reflection
and diffraction from the platform change the response of the antenna array for the
incoming source signal [69]. Therefore antenna array should be calibrated while it
is mounted on the platform. This task is a nontrivial, time consuming, sensitive and
costly process. The motivation of this study is to propose a method to simplify this

procedure decreasing the cost and time duration as well as increasing the accuracy.

There are two major ways of calibration for the antenna arrays mounted on aeronau-
tical platforms. In the first approach, calibration is performed when the platform is
on the air [56]] flying over a predetermined course. The standard approach for on-
the-air calibration is to fly the vehicle in a circle above a transmitting antenna with a

low depression angle and collect the calibration data for every five degrees and for a
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range of frequencies. This process has several limitations since the airplane cannot
keep a steady depression angle and flying course due to several factors such as mete-
orological conditions and dynamics of the flight. This is also a very costly and time

consuming process.

The second approach for calibration is to use an anechoic chamber where the aircraft
is placed together with a transmitting antenna positioned away from the aircraft as far
as possible [68]. This approach has also serious limitations. It is costly and difficult to
build such an anechoic chamber which should have a large volume to take an aircraft
inside. In fact, there are only a few examples of such chambers. Furthermore, these
sites cannot be used for accurate characterization of platform effects on the antenna
array especially for low frequencies. An alternative to anechoic chamber is to use
an open field [70]]. In this case, there are strong multipaths from the ground plane.
Electromagnetic absorbers can be used to decrease ground reflections [71]]. This also
has limitations since absorbers designed for a large frequency span (i.e. SOMHz-

1GHz) are difficult to construct and they are costly.

An alternative approach to inside the anechoic chamber calibration is to use a scaled
mock-up for the aircraft and install the antenna array on this structure [72]]. This ap-
proach has certain limitations as well. The antenna array mounted to the mock-up
should also be scaled appropriately and manufactured with high precision. Other-
wise, the measurements do not completely reflect the practical case. One of the most
convenient and cost effective analysis technique for installed antenna performance

prediction is to use numerical electromagnetic simulation tools [73]].

Calibration of antenna arrays for direction finding purpose is investigated for airborne
platforms in the literature. The performance of the DF antennas is investigated in
[57]] and [58] without considering the multipath from the ground which causes large
errors. In [57], DF performance is evaluated for antenna array mounted on a UAV. In
[58], calibration is directly performed by using the comparison of the measured data
and the simulation results which include the platform effects and mutual coupling.
Ground reflection is an important source of error in calibration. The effect of ground

plane is investigated in [74] for monopole antenna arrays.

In this part of the thesis, a new method is proposed to calibrate the DF antenna ar-
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rays on ground for the aeronautical vehicles. Ground reflections are removed from
the calibration data using a time-gating approach. While time-gating is a well-known
method for antenna measurements /5], it has not been used for DF array calibration
mounted on aeronautical vehicles before. Calibration process is implemented on a fa-
cility where the vehicle is elevated over the ground plane and the transmitting antenna
is placed on an appropriate distance from the vehicle. The selection of this distance
and vehicle height becomes important factors as it is expressed in the following parts
of this chapter. The main problem of over-the-ground calibration is the ground reflec-
tions. These reflections alter the received signal significantly and the collected data
is usually useless without appropriate corrections. When time-gating method is used,
reflection-free calibration data is obtained for direction finding. The proposed method
is evaluated using a numerical electromagnetic simulation tool, FEKO [76]] where a
DF array mounted on a UH-60 helicopter is considered. The platform effects are
considered and a composite calibration matrix is used for direction finding. The re-
sults show that the proposed approach is very effective. It presents several advantages
compared to previous approaches. The cost of the proposed approach is significantly
lower since the method is performed in an open field. The size of the aircraft does
not pose a major problem in general. The time and manual labor involved is lower
than the alternatives especially over-the-air calibration. The method also allows the
correct characterization of platform effects on the DF array since the transmit antenna
can be positioned at a large distance. The method is essentially performed in time and
the calibration data for any frequency can be obtained easily. Overall accuracy of the

method is good which leads to an effective calibration technique in practice.

3.2 Test Setup and The Problem Description

In this chapter, offline calibration of a DF antenna array mounted on an aeronautical
vehicle is considered. More specifically, a UH-60 helicopter is selected as the plat-
form. A four element dipole antenna array is mounted in front of the helicopter as
shown in Fig. [3.1] The array is a UCA with the antenna and array dimensions are
given in Table[3.1] The target is to obtain the calibration data for the antenna array so

that the DF algorithms work with good accuracy.
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Figure 3.1: The antenna array is composed of four dipoles mounted in front of a

UH-60 helicopter.

The open-field test area and the platform placement is shown in Fig. [3.2] Test facility
is considered as a 200m x 200m open-field with a flat ground plane. It is assumed that
there is no obstacle in the near vicinity of the test field which may cause additional
disturbances. The helicopter is elevated above the ground and flipped upside down so
that a similar condition for a source emitting from the ground to the airborne vehicle is
generated. The transmitting antenna is elevated to a height so that sufficient elevation
for the calibration is obtained. The transmit antenna is identical to the array antennas

and the parameters for the test field are given in Table

Table 3.1: Antenna array dimensions.

Array diameter dy  0.4242m
Distance from the platform ds 0.1m
Gap for the dipole [y 0.05m
Length of the dipole [ 0.3m
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Figure 3.2: The open-field test area and platform placement.

Table 3.2: Calibration and test setup parameters.

Height of the helicopter over the ground h; 16m

Height of the transmitter hy 24m
Horizontal distance of transmitter d 100m
Elevation angle 0 76.5°

3.2.1 Problem Description and The Model

The problem is the calibration of the DF system mounted on a UH-60 helicopter
as shown in Fig. 3.1 and Fig. [3.2] The MUSIC algorithm [J3] is selected as the DF
algorithm. It is known that the MUSIC algorithm approaches to the optimum solution
asymptotically under ideal conditions [77].

There are two problems that should be solved for a satisfactory DF performance. The
first and the most important problem is the ground reflections. Ground reflections
corrupt the data collected by the DF antennas. The effect of these reflections decreases
as the operating frequency increases. Nevertheless, ground reflections are the major
sources of error especially in the VHF/UHF (30MHz-1000MHz) range. The second
problem is the multipath components due to the platform as shown in Fig. [3.3] The
MUSIC algorithm does not perform well for the antenna arrays mounted on platforms

like the one in Fig. [3.3|due to the reflections from the ground and the platform.

In time domain, the output of the i*" antenna y;(t) can be expressed as the convolution

of the antenna impulse response and the source signal, i.e.,

yz(t) = hi,eff(pia t, @) * x(t — Ti) + el(t) (31)
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Multipath from the
platform

Direct path

Ground Reflections

Figure 3.3: Direct path and the reflections from the ground and the platform.

where p; = (x;,y;, z;) is the position of the i'" antenna and the DOA of the source
is © = (¢, 0) where ¢ and 6 denotes the azimuth and elevation angles respectively.
z(t) = Re{s(t)e?*'} is the source signal, w, is the center frequency and s(t) is the
complex baseband signal. 7; is the time delay with respect to a reference point in the
coordinate system. e;(t) is zero-mean spatially and temporarily white Gaussian noise
in the i" antenna. In this study, a single source is assumed during the calibration
process. For simplicity, the parameters are taken as U; = (p;, ¢, ©). The i'" antenna

impulse response, h; .77 (¥;), for the system in Fig. [3.3|can be written as
hi78ff(qji> = hl,c(lpz) + hi,gnd(\lji)- (32)

Here h; g,q(¥;) is the component due to ground reflections and h; .(¥;) is the desired
component which includes the platform effects. When (3.1)) and (3.2)) are combined,

1.e.,
yl(t> = yi,direct(t) + yi,gnd(t) + €; (t) (33)

1s obtained, where

Yidirect(t) = hio(Vi) * 2(t — 77) (3.4)

yi,gnd(t) = hi,gnd(\I]z‘) * .CC(t - Ti)
If ¥; direct(t) and y; gnq(t) do not overlap in time, they can be effectively separated
in time domain by time-gating. In order to separate the ground reflections from the
desired component, test field parameters in Table [3.2]and Fig. [3.2] should be selected

appropriately. As the distance between the transmit antenna and the platform, d, in-

creases, Y; direct(t) and y; gnq(t) start to overlap in time. This is due to the fact that
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the path length difference between the ground and direct path decreases. Therefore
ground and direct path waves reach to the antenna array about the same time. Fig.
shows the path length difference as h; and d change when hy, = 24m is fixed.
Fig. [3.4b]is obtained by changing h, and d when hy = 16m. The effect of /; and hy
on the path length difference is seen in Fig. [3.4c|when d = 100m. As it is seen from
these figures, path length difference increases as h; and h, increase. d is desired to be
small for a better time separation. On the other hand, multipath effects due to the plat-
form change as the transmitter approaches to the platform. Therefore the transmitter
is desired to be as far away as possible from the platform to obtain calibration data
corresponding to a far-field transmitting source. This trade-off can be solved with
a trial and error approach since an analytical expression cannot be found for such a
complex scenario. The parameters for the calibration setup are shown in Fig. [3.2]and
the parameter vector is q = [hy, ho, d, 0]7. In order to select suitable values for these
parameters, @ is fixed initially. Then h; is selected by considering the practical condi-
tions such as the size of the platform. hs is chosen similarly for the transmit antenna
by considering the possible antenna tower height and elevation angle. A trial and er-
ror approach is considered using numerical electromagnetic simulations and suitable
d value is selected such that the direct path and the multipath signal from ground do
not overlap. Table shows the set of suitable test field parameters obtained in this

work using the above procedure.

Once the ground reflections in (3.2)) are eliminated, the array output can be written in

Fourier Domain using the narrowband model [11]], i.e.,

Y(w) = M(w,0)a(w, 0)S(w) + E(w) (3.5)
where Y(w) = [ Vi(w) Ya(w) --- Yu(w) ]", S(w) is the baseband source spec-
trum and M is the number of antennas. a(w,©) = [ a;(w,0) - - ap(w,0)) " is

the nominal steering vector composed of a single source component, i.e.,

ai(w,0) = exp {j%eri} i=1,2,....M (3.6)

where \(w) is the wavelength at frequency w, r = [cos¢sin, singsind, cosf]” and

P, = [2i,Ys, 2T is the antenna positions. M(w, ©) is a composite matrix defined as
M(w,0) = C(w)I'(w, ©) (3.7)
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(©
Figure 3.4: Path length difference variation for (a) h; and d are changed (hy = 24m),
(b) hs and d are changed (h; = 16m), (c) hy and hs are changed (d = 100m).

where C(w) is the direction independent M x M mutual coupling matrix (MCM).
I'(w, ©) is a diagonal matrix which is both frequency and direction dependent. Note
that I'(w, ©) includes the channel effects [11]. While I'(w, ©) is different for different

O directions, it can be assumed to remain approximately the same for small angular

26



sectors covering the range of angles between (¢ — ¢, 0 — 6.) and (¢ + ¢, 0 + 6,)
where (¢. 0.) defines the sector extension. Once the ground reflections are eliminated
and mutual coupling is removed, the actual steering vector a(w, ©) and the nominal

steering vector a(w, ©) are related as

a(w,0) =T'(w,0)a(w, O) (3.8)

I‘<w>@) = diag(717727"'77M)' (39)

Then, the i’ element of this diagonal matrix is obtained from the i element of the

steering vectors as

ai<w7 @)

The calibration for the MUSIC algorithm requires both C(w) and I'(w,®). The

Vi =

Y

MCM, C(w), is found for each frequency using the method described in [78] before

the array is mounted on the platform.

3.2.2 Mutual Coupling Matrix

Mutual coupling among the antennas in the array causes a DF error. Moreover this
error is frequency dependent and should be corrected for the operating frequency.
MCM is found for the frequency range of f € [150M Hz — 450M H z]. Mutual cou-
pling matrix for a UCA composed of identical antennas is direction independent and
has circulant structure. As it is described in [78]], mutual coupling matrix can be found
easily by using a system theoretic approach where the coupled voltages are mapped
to the uncoupled voltages through the inverse of MCM. MCM is found independent
of the platform effects when the array is placed on an idealistic environment such as
an anechoic chamber. In our case, FEKO and numerical electromagnetic simulations
are used to collect the data and compute the MCM. The coupled and the uncoupled
voltages are measured. The coupled voltages are obtained by using a single plane
wave source placed in O = (¢, 90°) where ¢, changes between 0 and 350 degrees
in 10 degrees resolution while all the antennas in the array do exist. The uncoupled
voltages are obtained by considering the antennas one-by-one separately while all the

other antennas are removed for the same plane wave source. The coupled voltages
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for K = 36 measurement directions {©j }4* | are stacked in the matrix V. as
Ve(w) = [ ve(w,01) Ve(w,02) ... Ve(w,Ok) ] (3.11)

where
Ve(w, Or) = [ v5(w, O)) v5(w,0k) ... v5(w,0) 1" (3.12)

and the uncoupled voltage matrix V,.(w) is obtained as

Vuc(w) = [ Vuc(w,@l) VUC(W,@Q) Vuc<w,@[() ] (313)
where
Vue(w, Ok) = [ v2(w, 0)) 18w, O0) ... v%(w,04) |" (3.14)

Note that {v(w, O)}M_,’s are found separately in this process. Then the transfor-
mation between the coupled and the uncoupled matrix is obtained by a transformation

matrix T(w) as
T(w)Ve(w) = Vye(w) (3.15)
and the MCM is found as

Cw) =T ' (w). (3.16)

3.2.3 Sampling in Frequency

The impulse response of a linear time invariant (LTI) system can be found both in
time and frequency. In this study, the impulse response of the DF antenna system
mounted to a platform is obtained in frequency domain. This is due to the fact that

FEKO can perform electromagnetic simulations in frequency more effectively.
Nyquist Sampling Theorem (in frequency) [79]:
Assume that Y (w) corresponds to a time-limited signal with
y(t) =0, fort>T, andt<0 (3.17)
Then Y (w) can be uniquely determined by its samples
Y[kl =Y (kA,), k=0,1,....N, ke Z* (3.18)
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if the following condition is satisfied

Ty=—2>1, (3.19)

A time-limited signal is not bandlimited. Ideally, infinitely many frequency samples
are needed for such signals. However similar to time-domain sampling [80], either
the signal is assumed to be bandlimited or anti-aliasing filters can be used. Note that
any practical antenna impulse response can be assumed to be time-limited [81]]. In
this study, frequency domain sampling is used in order to obtain the discrete-time
impulse response of the DF antenna array mounted on the platform as shown in Fig.
N =2000 uniform samples in frequency are taken. The frequency step is selected
as Ay = 500k H z where A,, = 27 A. Note that 7, < 2ps for this case. The samples
are taken in f € [500kH z, 1GH z] range. Limiting the largest frequency of samples
fmaz corresponds to windowing in frequency domain. This is a convolution with a
sinc function in time which generates ringing in time waveform. Unfortunately this
ringing cannot be corrected after sampling. The best way to deal with it is to select
fmaz sufficiently large. The DC component of the samples at f=0 Hz is not taken for

the simulation process since the sample magnitude at this frequency is zero.

Sampling in frequency is realized using FEKO simulations. Transmitting antenna in
Fig. is positioned at a selected azimuth angle ¢; and at a fixed elevation angle
6; = 76.5°. In our case, we have considered only a single elevation angle for sim-
plicity. Additional elevation angles can be considered for a more detailed calibration
procedure. A sinusoidal wave is transmitted with a frequency w. Here w is changed
uniformly in discrete steps and 2000 samples in 1GHz band are taken. The numer-
ical electromagnetic simulation results for each frequency are recorded for further
processing in MATLAB. The recorded data is composed of the complex values of
currents observed at each DF antenna for the excitation wave. The current values
have contributions due to both ground reflections and multipath components from the

platform as well as the direct path as shown in Fig. [3.3]
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3.3 Time-Gating Method

Time-gating is a well-known approach in different fields including antenna measure-
ments [[75]. The idea in time-gating is to multiply a time signal with a window in time
to extract only the intended part of the signal. Time-gating is used to find the antenna
factor [82] and near-field to far-field conversions [83]. In this study, time-gating is
applied to remove the ground reflections from the array signals. Transmitted signal
should be a pulse with a short duration so that the ground reflection does not overlap
with the useful part of the signal in time. Ideally, an impulse will be the best choice.
While it is not possible to generate an impulse in continuous-time, Discrete Fourier
Transform (DFT) property can be used to obtain discrete-time impulse or unit sample

function, i.e.,

2k

DFTy{3[nl} =1, Ver,we= "= k=12...,N (3.20)

where DF'Ty stands for the N —point DFT. S(w) = 1 is assumed for equation (3.5).
Note that when D F'T'y and inverse D F'Ty are used to relate the time and frequency

response, Ay = 500k H z leads to a sampling step of A; = 5 L — 0.5ns in time

NA;
domain.

Numerical electromagnetic simulations are performed in FEKO [76] using the Ge-
ometrical Optics (GO) approach. The model is built using the real dimensions of a
Sikorsky UH-60 helicopter. The ground plane is simulated with a dielectric material
which has the loss tangent of 0.04. The simulations are repeated for f €[500kHz,
1GHz]. At each frequency, transmit antenna is used to transmit a sinusoidal plane
wave. The magnitude and the phase of the observed excitation at each element of
the UCA are recorded. Therefore the impulse response of the antenna array in (3.1)
is obtained in the frequency domain. In order to obtain the time domain samples,
2N —point inverse DFT is used. This is done by generating the additional /N —point
data in frequency through complex conjugation since DFT of a real signal is conjugate

symmetric.

In Fig. [3.5] the magnitude of the currents are shown for different frequencies at each
antenna in the array. Note that the DFT of a real signal has conjugate symmetry as

shown in Fig. 3.5] Fig. [3.6] shows the time domain waveforms obtained through
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the inverse DFT. As it is seen from Fig. [3.6] ground reflections are separate from
the useful part of the waveform and time-gating can be used to eliminate the ground
reflections. The small amplitude of the ground reflection is due to the attenuation of

the reflected wave.

When time-gating is applied, the time domain response in Fig. is obtained. The
frequency domain responses after time-gating process are given in Fig. [3.8] Once
the array output in Fourier domain is obtained as in Fig. [3.8] actual array steering
vector a(w, ©) is constructed by stacking the antenna responses in a vector for a

given frequency w.
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Figure 3.5: The signal waveforms in frequency domain before the time-gating for

each antenna for the DOA (0°, 76.5°).

3.4 Calibration Data and DF Test

The steps for the calibration procedure are given in Fig. [3.9] During the calibration
procedure, calibration data is collected by turning the transmit antenna around the
antenna array and the platform in 360 degrees in the azimuth plane. Usually uniform
discrete angular steps are used. The simulations for a single direction ©;, take about

10 hours for the selected platform. Therefore, non-uniform angular steps are used
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Figure 3.6: The signal waveforms in time domain before the time-gating for each

antenna for the DOA (0°, 76.5°).
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Figure 3.7: The signal waveforms in time domain after the time-gating for each an-

tenna for the DOA (0°, 76.5°).

to decrease the computational load and obtain a reasonably good overall DF perfor-

mance. There are 36 azimuth angles where the calibration is performed. They are
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Figure 3.8: The signal waveforms in frequency domain after the time-gating for each

antenna for the DOA (0°, 76.5°).

listed in degrees as shown below

¢» €03 10204060 8088 100 108 114 120 128 134 140 144 150 160 170 180 189
210 250 263 273 280 290 297 300 307 323 330 335 340 350 359].

The above calibration angles are selected in an ad-hoc manner to decrease the DF
error below 3 degrees. Elevation angle is fixed as § = 76.5° as shown in Fig.
The actual steering vector a(w, ©) is used to calibrate the corresponding DOA angle
O as well as its neighborhood such that the average RMS (root mean square) error in
the neighborhood of the DOA angle © is small. The calibration data is composed of
the mutual coupling matrix C(w) and I'(w, ©) which are obtained in and

The test for the evaluation of the calibration process is done as follows. DF array
mounted on UH-60 helicopter is modeled in FEKO when the UH-60 is on the air and
there is no ground plane. A plane wave with a frequency w is transmitted from the

direction ©; = (¢;,103.5°), ¢; € [0°,359°] and the array response Y(w) is obtained.
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Figure 3.9: The calibration procedure.

The estimate for the composite matrix M(w, ©) in (3.7) is obtained as it is described

in Sec.

3.2.2

The covariance matrix estimate R = Y(w)Y(w)? = UAU" and the

eigenvector matrix G corresponding to the noise subspace eigenvectors is computed

[3]. Then the classical MUSIC pseudo-spectrum P(©;) is evaluated [8] as

1

P(©;) = . (3.21)

O

aH(w, @Z)MH(M, @Z)GG M(W, @,;)a(w, @Z)

The peak in P(©;) corresponds to the source direction.
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3.5 Simulation Results

In this section, DF performance for the proposed offline calibration method is eval-
uated by using both the MUSIC [3]] and correlative interferometer algorithms [84].
Both of the algorithms use the same calibration data. A single source is assumed
while the UH-60 is on air. Noise-free observations are used. There is only a single
snapshot since FEKO results only a single observation for a given frequency. Note
that this is sufficient for a single source scenario. Simulations are performed in MAT-

LAB and both calibrated and uncalibrated DF performances are evaluated.

The test source is placed in ©; = (¢;, 103.5°) where ¢; is changed between 0 and
359 degrees in one degree resolution. Note that UH-60 is now assumed to be airborne
and DF array does see the transmitter with an elevation angle of § = 180° — 76.5° =
103.5°. The DF performances for different frequency bands are obtained. In Fig.
the azimuth DOA performance for 150MHz is shown when the helicopter is on
the air and there is no calibration. This figure shows the importance of the platform
effects. The DF performance is poor since the antenna array response changes when
the array is mounted on a platform like the UH-60 helicopter. Therefore, calibration

should take into account the platform effects.

In Fig. and Fig the DOA estimation results are presented for 150MHz
and 450MHz respectively when the proposed calibration technique is applied. Note
that while the calibration data is generated when UH-60 is over the ground, test data
is obtained when the helicopter is on the air. The calibration angles are given in Sec.
3.4l CAL-MUSIC and CAL-CI are the calibrated MUSIC and correlative interferom-
eter algorithms respectively. NO CAL-MUSIC corresponds to the direct application
of the MUSIC algorithm without calibration. As it is seen from this figure, the perfor-
mance of the proposed approach at the calibration angles is very good which means
that the ground reflections are eliminated effectively and the platform effects are
calibrated appropriately. Correlative interferometer has slightly worse performance.
Even though there is interpolation between the calibration points, the calibration data
is not sufficient to model the nearby angular characteristics for the interferometer al-
gorithm. The direct application of the MUSIC algorithm without calibration results

very large errors. The estimation errors are not symmetric with respect to zero degrees

35



150 MHz

T T

NO CAL. + MUSIC
—>—NO CAL. + CI

RMS ERROR (Deg.)

100 150 200 250 300 350
AZIMUTH ANGLE (Deg.)

Figure 3.10: The effect of helicopter platform on the azimuth DOA performance at
150 MHz when the aircraft is positioned on air with no ground reflections. There is

no calibration for the platform effects. Elevation angle is # = 103.5°.

which corresponds to the bore-sight or nose of the helicopter. This is due to the fact
that UH-60 is not symmetric and its tail blades generate an asymmetry. Therefore,

calibration data should be collected in 360 degrees for a better DF performance.

3.6 The advantages of The Proposed Calibration Technique

The advantages of the proposed calibration technique are as follows:

e The proposed method is implemented when the vehicle is on the ground and
it does not require anechoic chambers or radiation absorbing materials. There-

fore, it is not costly.

e Accurate calibration data can be obtained since the vehicle and the transmitter

antenna are steady during the calibration process.

e Since the calibration data is obtained in time domain, it can be used for a large

range of frequencies. This reduces the labor and time.
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Figure 3.11: Proposed calibration technique is applied when the UH-60 is on the

ground. Azimuth DOA performance at 150 MHz (a) and 450MHz (b), § = 103.5°.
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CHAPTER 4

FAR-FIELD DOA ESTIMATION AND NEAR-FIELD
LOCALIZATION FOR MULTIPATH SIGNALS

In practical direction-finding (DF) applications, multipath signals are important
source of error for parameter estimation. When the antenna arrays receive multi-
path reflections which are coherent with the far-field line-of-sight signal, estimating
the far- and near-field components becomes an important problem. In this chapter,
a new method is proposed to estimate the direction-of-arrival (DOA) of the far-field

source and to localize its near-field multipaths.

4.1 Introduction

Multipath distortion is the main source of error in many applications including direc-
tion finding (DF). While error sources like gain/phase mismatch [2], mutual coupling
[78] between antennas also have an impact on the DF accuracy, multipath results in
gross errors. Multipath components of a far-field source are generated by reflection,
diffraction and scattering in the region between the transmitter and receiving antenna
array. Far-field multipath components are observed from the structures close to the
transmitter. When the distance between the transmitter and DF array is large, the con-
tribution of these components to DF error is limited. Hence gross errors are observed

mostly due to the near-field multipath components.

In this study, DOA estimation problem is considered for a single far-field source with
its near-field multipath reflections. In the literature, there are several works on the

localization of the mixed far- and near-field sources. Most of these studies use the
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assumption of independent source signals. However this assumption is not valid in
practical applications [[34-38]. Another disadvantages of these methods is that they
use an approximate near-field model [66,67] which deviates significantly from the
exact near-field model as the range becomes smaller (e.g. < 0.62\/% where D is
the array aperture). In this study, exact near-field model is employed in order to model
the near-field multipaths more accurately and a new method is proposed for direction
finding and localization. The proposed method finds the 2-D DOA angles for the
far-field source and azimuth and range estimates for the near-field sources. Far-field
source DOA estimate is found using calibration and the MUSIC algorithm. In a sce-
nario where the DF array is placed in an arbitrary and irregular terrain, calibration
is essential for parameter estimation where some of the unknowns are direction de-
pendent. The need for calibration for the MUSIC algorithm is observed previously
in [85] where the gain-phase mismatch of antennas is corrected by using a fixed,
direction-independent calibration matrix with an assumption of ideal white noise. In
our case, we treat the problem for multipath case [28] where the calibration is used
to compensate for directional dependency as well. In addition, an optimum diagonal

calibration matrix is used by employing known transmit signals.

In order to estimate the near-field DOA angles, a near-field to far-field transformation
(NFT) is proposed. In [86] and [87], NFT is applied to array data where the correlated
near-field signals are treated. In our case, we consider mixed signals involving both
near- and far-field signals. Furthermore we consider the virtual array concept in or-
der to use circular array to obtain omni-directional DF performance. Hence our NFT
approach has two functions, namely, near-to-far and circular-to-linear array mapping.
The NFT matrix is used to map uniform circular array (UCA) output to a virtual uni-
form linear array (ULA) in order to use forward-backward spatial smoothing (FBSS)
[88]]. It is shown that such a synthetic transformation matrix leads to sufficiently good
results even for close-to-real world scenarios. The accuracy of the NFT matrix can
be attributed to the use of exact near-field model as well as the model differences be-
tween near- and far-field sources. In order to estimate the near-field range parameters,
a compressive sensing technique [[53,54]] is used. A convex optimization problem for
the near-field range parameter estimation is outlined. A dictionary matrix generated

using the far- and near-field DOA angle estimates is used in this convex problem.
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The proposed method is evaluated using two data sets. One set of data is generated
in accordance with the array models where the method is based on. The other data
set is obtained from the electromagnetic simulation tool, Wireless Insite [89]] using a

realistic scenario in an irregular terrain.

4.2 Problem Description and Array Model

In HF DF applications, the task is to find the HF transmitter DOA angle when both the
transmitter and receive array are placed in an irregular terrain. In HE, multipaths have
significant effects compared to Very High/Ultra High Frequency (VHF/UHF) bands.
Usually there is a single source [65] in a given frequency band. The array receives
several multipaths from the near-field terrain. Hence the main problem is to find the
DOA of the far-field source under the existence of coherent near-field multipaths. In
addition, the direction of the near-field multipaths as well as their ranges are desired
to be found. While far-field multipath components such as reflections from the iono-
sphere affect the DF accuracy, these are ignored in this work. Note that while such
far-field components decrease the accuracy, near-field multipath components have

much larger impact on the DF accuracy.

In this study, a single far-field source with multiple near-field multipaths is assumed.
The source signal is narrowband. Noise is assumed to be temporally and spatially
white, zero-mean Gaussian. The array consists of M antennas and there are N sources

where N — 1 of these are near-field multipaths. The signal model can be given as

N

y(t) = ala(®1)s(t) + Z Oéigl(@i, dz>8(t) + e(t), t= 1, e ,T (41)

=2
where T is the number of snapshots, s(t) is the far-field source signal and e(¢) is the
noise vector. ©; = (¢;,0;) denotes azimuth ¢; and elevation angles 6; respectively.
d; is the range of the i*" near-field source. «; is a positive scalar and represents the
signal amplitude. a(©;) is M x 1 array steering vector for the far-field source and its

m'" element is given by

2
an(01) = exp{ j%erm} 4.2)
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where ) is the wavelength and r is given as
r = [cos(¢;) sin(6;), sin(¢;) sin(6;), cos(6;)]”. (4.3)

P,, = [Tm Ym 2m]" is the antenna positions. a(0;, d;) is the steering vector defined
for the i*" near-field source and its m‘* element am(0;, d;) is defined with exact near-

field model as

2 2 r

In the literature, approximate array steering vector formulations [[66] are given. A

commonly used approximate expression is

2 1
a%}(@iv dz) = €XDp {j;[erm - Q_dZi;Tf)m]} (45)
where
r = [1 — cos?(¢;)sin?(6;), 1 — sin®(¢;)sin?(6;), 1 — cos®(6;)]" (4.6)
and p,, = [22,, v2,, 22 |T. The difference between a,,(0;, d;) and a??(O;, d;) be-

comes large especially when d; is small. Therefore exact near-field model and steer-

ing vector in (4.4) is used in this study.

4.3 Direction Finding for A Far-Field Source With Multipath Components

In this part, far-field source DOA is estimated by using a calibration operation in order
to model the array imperfections. In DF applications, where multipath distortion is
dominant, calibration is required to generate a priori information without which DF
problem is very hard to solve if it is not impossible [28]. In this study, multipath
signals are modeled in the far-field array model by using a calibration matrix. The

array model in (4.1]) can be written for the m'™ antenna as

N
Y (t) = 010, (01)s(t) + Y i (01, dy)s(t) + e(t) (4.7)
=2
which can always be written as
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where [3,,; is a complex direction-dependent coefficient. Then the array model for

far-field sources can be given as
y(t) =T(0)a(0)s(t) +e(t), t=1,...,T 4.9)

where I'(©) is a direction-dependent diagonal matrix and it represents the effect of
near-field multipaths on far-field source as well as the mutual coupling [61] between
the antennas and gain/phase mismatch errors. Note that the model in has a sin-
gle far-field source and the artifacts from near-field sources are represented by I'(O).
Hence, it is always possible to use the MUSIC algorithm to find © as long as I'(©)
is known even if the near-field and far-field sources are coherent. Here, I'(O) is
found by the calibration operation [28]. While a full matrix for better performance
and modeling accuracy may be preferred, the coefficients of this matrix cannot be
found from the calibration since there are more unknowns than the known terms in
our case. Let a(©;) be the calibration measurement obtained for the far-field source
in ©; = (¢;, 0;) angle. A number of calibration measurements should be collected for
a good DF performance. While DF performance improves as the number of measure-
ments increases, the cost, duration and labor involved in the calibration usually limit
these measurements. Let A = [a(0;),a(0y),...,a(0p)] be the set of measurements
collected during the calibration for different azimuth and elevation angles in a given
operating frequency. The data is collected uniformly in d, and dy steps for the azimuth
and elevation angles respectively. Assuming that s(¢) is known during calibration, an

estimate of a(©) can be found as [2]

T _
_ y(t)s*(t
(©) = Zt; (®) (2). (4.10)
> i |s()]

Then the elements of I'(0;) = diag(v1, - ..,y ) can be found as
am(0©;
am(e)i)

where @,,(0;) in (4.10) and a,,(0;) in (4.9) are the m'" elements of the estimated

real steering vector and the nominal steering vector respectively. It is possible to

o

(4.11)

choose 0, = 5° and dy = 5° and the calibration data can be interpolated to obtain

total angular coverage.

Once the calibration matrices I'(0;), i« = 1,..., P are found, DOA angle for the

far-field source can be found using the MUSIC algorithm where pseudo-spectrum is
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given as

P(O,) = L : (4.12)

al(0,)T4(0,)GG T(0,)a(e,)

Gisa M x M — 1 matrix corresponding to the noise subspace eigenvectors of the

covariance matrix
T
A 1
R=—) y)y’). 4.13
o ;y< )y () (4.13)

The MUSIC algorithm with calibration for a fixed elevation angle works as follows

(Cal-MUSIC):

1. Start with p = 0 and ¢, = 0°.

2. Find the calibration angle ¢;, 7 = 1, ..., P, which is closest to the search angle

Gp, 1.€. |¢; — ¢p,| is minimum and select the corresponding calibration matrix

T(6,) and set T(6,) = ().

3. Compute the pseudo-spectrum P(¢,).

4. Take ¢, 1 = ¢, + 04 and if p + 1 = P, stop; otherwise continue from Step

The above procedure is repeated for different elevation angles. The largest peak in

the P(©,) spectrum corresponds to the far-field source DOA angle (¢, 0;).

4.4 Near-field Source Localization

In this part, near-field source DOA’s and ranges are found given the observed array

output which includes both far- and near-field sources.

The idea in the proposed approach is to use near-field to far-field transformation
(NFT) matrix which maps the near-field steering vectors to far-field steering vectors.
Fortunately, such a transformation distributes the power of the far-field component
throughout the MUSIC pseudo-spectrum. Consequently, the far-field component be-
comes interference with a limited power for the transformed near-field observations.
Since the far-field and multipath components are coherent, the FBSS should be used

before the MUSIC algorithm to improve the rank of the covariance matrix.
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Figure 4.1: Placement of the real DF array (UCA) and virtually generated ULA for

near-field source localization.

The NFT matrix T has two functions. It converts the near-field sources to far-field

and maps from a real array to a virtual ULA as shown in Fig. @.1]

T should be constructed off-line before any DF estimation. The main advantage of
the proposed approach is the generation of T using virtual data in a computer. In
other words, there is no need for actual data collection which may be a prohibitively
hard task. Another advantage is to select the best inter-element spacing of the virtually
generated ULA for the array transformation and near-field DOA angle estimation with

a sufficient accuracy. The selection of the virtual ULA is described in Sec. {.4.1]

The NFT matrix is constructed by generating two data sets, namely, far-field data set
for ULA and near-field data set for virtual UCA. Far-field data set is generated from
and using the artificial far-field sources placed at Oy = (¢, 0;) where ¢,
changes between 0° and 360° in A, degrees resolution. 0; € [é — Ay, 6 + Ay] and
d is the estimated elevation angle of the far-field source in . Ay is the range in
elevation angle. Near-field data set uses for the same DOA set of Oy, = (¢, 6;)
and the range is d; = jA,, j = 1,...,J with A4 grid size. The grid size for angle
and range is problem dependent. As a rule of thumb, 5 degrees for A, and 0.5 meters

for Ay give satisfactory results in general. The transformation matrix is constructed
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for K azimuth, L elevation angles and J ranges. The near-field steering vectors are

stacked in a M x K L.J matrix U as follows
U:[Ul,...,Uj,...,UJ] (4.14)
where

U, = [a(011,d)),....a(Ok1,d,),a(Or. d;), ..., a(Oky, dy)] (4.15)

and a(Oy,, d;) is the steering vector generated for the UCA using the near-field model
in @4). M x KLJ far-field data set V is constructed by concatenating J many
M x KL matrix Vjas V= [Vy,...,V;, ..., V] where V; which is constructed as

Vj = [a(@ll), Ce ,a(@K1)7 3(612)7 . ,a(@KL)] (416)

using the steering vectors as in (4.9) which have no range dependency, hence V; =
Vy = ... =YV, =... =V, Finally, the relation between near-field and far-field data

gives the transformation matrix T as

V =TU. (4.17)
The least-squares solution for T is given as

T = VU’ (4.18)
where 1 denotes the Moore-Penrose pseudo-inverse.

The observed data obtained from UCA consists of far-field and near-field compo-
nents. The near-field components of the observation can be multipaths which are
coherent. In this case, the MUSIC algorithm fails since the signal subspace is not or-
thogonal to noise subspace. In order to overcome this problem, UCA data is mapped
to a virtual ULA by using the NFT and then FBSS is employed. Since elevation angle
cannot be found for one dimensional arrays, elevation angle for multipaths are set as

90° for simplicity.

4.4.1 Selection of The Virtual Array Spacing

In order to estimate the near-field parameters accurately, the choice of the virtual array

spacing [ becomes an important issue. The output of the circular array with A /5 radius
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Figure 4.2: RMSE for azimuth angle estimation vs virtual ULA inter-element dis-

tance, [, for the virtual array transformation.

is mapped to a virtual ULA which is shown in Fig. with inter-element spacing
[. This value affects the accuracy of the DOA estimation. In Fig. RMSE for
azimuth angle estimation is shown for inter-element spacing [ from \/300 to A/30.
The RMSE definition is given in detail in Appendix |Al As it is seen from this figure,
DF accuracy has a "V" shaped characteristics. Therefore a reasonable choice for [
can be obtained from Fig. In our case, [ = \/60 seems a good choice for the
near-field localization with the NFT.

4.4.2 DOA Estimation for Near-Field Sources

Once the far-field source DOA is estimated as in (4.12)), the next step is to find the
DOA angles for the near-field sources. The transformed array output can be written

as
y(t) =Ty(t) = Tawa(©1)s(t) + Z Ta;a(0;, d;)s(t) + Te(?). (4.19)

In (4.19), the far-field component of y(¢) is suppressed. y(¢) includes the near-field

source parameters in the far-field model and it can be used in the FBSS algorithm to
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estimate the near-field source DOAs {6, },,.

Sample covariance matrix of the transformed array output

. 1<
R=_> y1y'(®) (4.20)
t=1

is used and the FBSS is applied to obtain the smoothed M x M covariance matrix
R. Here, M is the number of antennas in the subarrays of the virtual ULA and M >

|3(N —1)] where |.| is the rounding operation. Then, the MUSIC algorithm can

be employed to compute the near-field source azimuth angles. The MUSIC pseudo-
spectrum can be computed as
~ 1

P(¢p) = 4.21
MNP b

where G is composed of the noise space eigenvectors of R. Since 1-D array is used,

elevation angle cannot be found. {éz}f\LQ = 90° is selected for simplicity.

4.4.3 Range Estimation With Compressive Sensing

Compressive sensing (CS) is a very popular technique used in parameter estimation
for the signals having sparsity property [90,91]. The compressive sensing theory

addresses the following problem
y=®x+ ¢ (4.22)

where ® is M x N sensing matrix with M < N and ¢ is the white Gaussian noise
vector. The aim of the CS theory is to recover the signal x from the observation vector
y. According to the CS theory, the signal x can be recovered if it is compressible or
sparse [92]. In other words, x is said to be S-sparse for the sparsity rate .S, if the

observations of the sensing matrix ® obey M > C-S-log(N) for some constant C'

[S3]]. Then x can be represented as
x = Ws (4.23)

where ¥ € CV*N is the sparsity basis and s is NV x 1 vector with S < N non-zero

entries. The compressed signal can be written as
y = &x = ®s. (4.24)
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The columns of the sensing matrix ® should be incoherent where coherence for @ is

defined based on its column vectors ¢,, i.e.,

W(®) = max LS Pwbi>] (4.25)

1<k AN ||l - [epyll2

The lower bound for (®) is 1/v/M for M < N [93].

In this study, compressive sensing is used to estimate the ranges of the near-field

sources with the following convex optimization problem
arg min ||x||;  subject to ||y — ®x|[5 < ¢ (4.26)
xeCN

where the power of the residual { = y — ®x is bounded by € [52]]. Since the obser-
vation vector is composed of the far- and near-field components, the sensing matrix
is generated with both far- and near-field components. The sensing matrix (or dictio-
nary) is constructed using the DOA angle estimates found in Sec. #.3]and Sec. #.4.2]
First, the far-field steering vector a(@l) is generated. Then the near-field steering
vectors 5(@, d;) are generated for a set of ranges, namely, Jj =g i=1,...,J

is the range set where A, is the grid size in meters. Finally, the far- and near-field

steering vectors are stacked into M x J(N — 1) + 1 sensing matrix as follows
® = [a(0,),a(0s,d1),...,a(0s,dy),...,a(On, dy)]. (4.27)

In the solution of the CS problem in , N most significant elements of X corre-
spond to the far- and near-field components of the observation. Here, N < N for
M x N sensing matrix where N = J(N —1)+1. Sincey is composed of a single far-
field and NV — 1 near-field source components, sparsity property is satisfied. Another
property to satisfy is the incoherency of the measurement basis in the sensing matrix,
®. In our case, ® is composed of a single far-field and several near-field steering
vectors with different ranges. Hence each of these vectors are linearly independent
and it can be shown to satisfy the incoherency property similar to [94]]. The algorithm

steps for the range estimation with compressive sensing are as follows:

1. Construct the far || and near-field 1b steering vectors a(©;) and a(©;, d;)
for {©;}Y, and j = 1,...,J. Obtain the sensing matrix ® by stacking the

steering vectors as in (4.27)).
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2. Solve the convex problem in (4.26) for x. The N — 1 most significant terms in
the J(N — 1) + 1 x 1 vector X excluding the far-field component are the signal

amplitudes which correspond to the near-field source ranges {azz}f\i2

4.5 Simulation Results

In this section, the performance of the proposed DF method is evaluated. The algo-
rithmic steps for the proposed approach can be outlined in Fig. The proposed
method is evaluated in three experiments. In the first experiment, only the far-field
DOA estimation is considered. Array output in (4.1]) and calibration data are gener-
ated in MATLAB and DOA estimation performance is evaluated for a far-field source
with near-field multipaths. Only the far-field DOA estimation performance is evalu-
ated in this experiment. In the second experiment, far and near field source DOA’s
as well as near-field source ranges are estimated. DOA angle of the far-field source
is estimated using the calibration technique. The NFT matrix is found in order to es-
timate the near-field azimuth angles for (K, L, J) = (72, 3, 500) with (A,;,Ap,Ay) =
(5°,5°,0.1m). Then the CS algorithm is used to estimate the near-field source ranges
and amplitudes. These two experiments are presented to show the performance of the

proposed method in accordance with the ideal array model given in (4.1) and (@.4).

In the third experiment, the array output and calibration data are obtained using a
numerical electromagnetic simulation tool, Wireless Insite [89]]. DF array and the
transmitter are placed in an irregular terrain area and the ray paths are observed after
the simulation. The experiment is performed at 100 MHz since this is the lowest
frequency to obtain a valid response for Wireless Insite. However, we have used the
scaling property of the electromagnetic theory [62] in order to observe the results for
3 MHz HF scenario as well. The setup parameters are given in Table Note that
UCA radius is selected as /5 in accordance with the radius in 3MHz to conform
to the physical area limits which is usually the case. The DF array is positioned
in an irregular terrain and DOA angles of the far-field emitter source as well as the
near-field multipath reflection locations are estimated. This experiment shows the

performance of the proposed approach for a close-to-real world scenario.
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Construct the tar-field calibration
matrices T'(0;) (i=1,..., P)and
the NFT matrix, T, using (18) with
an off-line process.
i
Find the far-field DOA, ©4, using the
calibration matrices T'(9;) (i =1,..., P)
with the MUSIC algorithm, Cal-MUSIC.
o
Find the array output for the virtual

ULA as i (19).

Use the FBSS algorithm and find
the covariance matrix, R in (20).
< 5
Find the near-field DOA angles, { @5};‘:2
using the MUSIC algorithm as in (21).
1T
Construct the sensing matrix, ®,
as in (27) and find the near-field source
ranges, {d; }}¥., by solving (26).

Figure 4.3: The algorithm steps for the proposed approach.

Table 4.1: The setup parameters used in the irregular terrain model.

Frequency (MHz): 3
Antenna length (m): 9
Antenna height from ground (m): 0.3

Array radius (m): 20
Conductivity of earth (S/m): 0.02

4.5.1 Experiment 1

In this experiment, far-field DOA estimation performance of the proposed method
is evaluated for the whole azimuth range. The DF array is an UCA composed of
M = 8 monopole antennas with A\/5 radius. The test data is generated in four sec-
tors [0°, 90°], [90°, 180°], [180°, 270°] and [270°, 360°] respectively. In each sector,
there are two fixed near-field sources while far-field source changes with 1° azimuth
angle step and at fixed elevation angle § = 88°. Calibration data for the far-field
DOA estimation is collected in 360 degrees with 5° azimuth angle step. The data is

collected for the elevation angles 85°, 90° and 95° respectively. Calibration data is

interpolated to obtain 1° resolution in azimuth.

The performance of the proposed method for estimating the azimuth angle of a far-
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Figure 4.4: Performance of azimuth angle estimation of the proposed method when
the elevation angle is set at § = 88°. Vertical lines correspond to the fixed near-field

sources.

field source is given in Fig. §.4] for SNR=20dB and 500 Monte Carlo trials. Here,
the azimuth angles of fixed near-field sources are shown with vertical lines whose
elevation angles are 90°. As it is seen, when there is no calibration, DF accuracy is
unacceptable due to the near-field sources. After calibration, maximum DF error is
approximately 4° and average value is about 1.5°. This is quite acceptable in practice
[95] and a significant improvement compared to the uncalibrated performance. The
DF performance on elevation angle is presented in Fig. #.5] The same observations
can be made for the elevation DF performance as well. Note that the elevation angle

to be estimated is the same in each trial which is 88°.

4.5.2 Experiment 2

In this experiment, a far-field source with two near-field multipath components is con-
sidered. In order to estimate the far-field DOA angle, calibration data is constructed as
explained in the first experiment. In order to estimate the near-field sources, the NFT
matrix T is computed and the virtual ULA output is obtained for the inter-element

spacing [ = A/60. Then, the DOA angle of the near-field sources are estimated using

52



SNR=20dB

T L T
—e— NO-CAL
CAL-MUSIC

RMSE (Deg.)

0 50 100 150 200 250 300 350
AZIMUTH ANGLE (Deg.)

Figure 4.5: Performance of the fixed elevation angle (f = 88°) estimation of the

proposed method. Vertical lines correspond to the fixed near-field sources.

the MUSIC algorithm and FBSS method. The simulations are run for 500 Monte
Carlo trials at SNR =20dB and the root-mean-square (RMS) of the estimated param-
eters are obtained. The result for the far-field source DOA is shown in Fig. #.6p. As
it is seen from this figure, far-field source DOA is found accurately when calibration
is used. The result for direct application of the MUSIC algorithm is not satisfactory.
Three degrees azimuth error and two degrees elevation error are considered to be very
good in practice by [95]. The sensing matrix ® is constructed for a range set using
the far and near-field DOA angle estimates. Note that the solution of the CS problem
considers only the ranges of the near-field sources with pre-estimated DOA angles
which reduces the computational complexity. Fig. i.6]b-c and Table §.2]a show the
DF performance for the near-field sources. As it is seen, the parameters of the near-
field sources are estimated with high accuracy implying that the proposed approach is
very effective to estimate the azimuth angles, range and amplitudes of the near-field

sources.
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Figure 4.6: DF performance of the proposed method for the far-field and near-field
sources on azimuth, elevation and ranges. Dot: True position; Square: Uncalibrated;

Cross: With calibration.

Table 4.2: Amplitude estimation of the near-field sources for the experiment 2 and 3.
Note that the near-field amplitude estimates are normalized with the far-field source

amplitude.
(a) Estimated True Error percentage (%)
Near-field #1: 0.65 0.70 6.78
Near-field #2: 0.62 0.50 25.52
(b) Estimated True Error percentage (%)
Near-field #1 : 0.48 0.72 3342

4.5.3 Experiment 3

In this experiment, the proposed method is evaluated by using a more realistic data
generated by Wireless Insite employing Full-3D propagation model. The DF array in
Table[d.T|with M = 8 antennas in a circular geometry is placed in an irregular terrain
area as shown in Fig. [4.7] Monopole antennas are used and a single far-field transmit
antenna is placed about 3.6 km (before scaling) away from the DF array as shown in
Fig. The direct and reflected ray paths of the transmitted signal can be seen from
the figure. In this scenario, the terrain in the near vicinity of the DF array generate

multipaths. In this case, there is only one near-field multipath component. A detailed
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Figure 4.7: The placement of the DF array and transmitter antenna over the irregular

terrain area.

demonstration of the direct and multipath components is presented in Fig. f.8]

Figure 4.8: The direct and reflecting ray paths arriving the antenna array.

In order to estimate the far-field source DOA angle, calibration data is collected by
placing the calibration transmitters uniformly on the circumference of a circle with
50m radius as shown in Fig. 4.9]at 100MHz. Note that A = 3 meters for f = 100MHz
and 50m>10A satisfies the far-field condition. The calibration data is collected with
5° azimuth angle step starting from 2° to 357° at a fixed elevation angle of 69.1°

whereas the elevation angle of the far-field source is §; = 67.9°. Calibration data
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Figure 4.9: The placement of the transmitters for the array calibration.

is then interpolated to obtain 1° resolution in azimuth. Fig. [.10]a shows the far-

field 2-D DOA estimates before and after the calibration. As it is seen, calibration

improves the DF accuracy and mitigates the errors due to near-field multipaths. The

estimated azimuth angle, range and amplitude parameters for the near-field source

are given in Fig. @.10]b and Table 4.2]b. The error in azimuth angle of the near-field

multipath is about 0.5 degrees which can be seen as a very good result. The range and

the amplitude of the near-field multipath reflection is also estimated with sufficiently

good accuracy.
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Figure 4.10: Estimation results of the proposed method for a scenario simulated in

Wireless Insite. Dot: True position; Square: Uncalibrated; Cross: With calibration.
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4.6 The advantages of The Proposed Method

The advantages of the proposed method are as follows:
e The proposed method works well in multipath scenario since it is not based on
the independence assumption.

e The proposed method can be used in HF DF applications where the near-field

multipaths are major distortions.

e The proposed method can be used for uniform circular arrays whereas most of
the algorithms use linear antenna arrays where 2-D parameter estimation is not

possible.
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CHAPTER 5

2-D DOA AND MUTUAL COUPLING COEFFICIENT
ESTIMATION FOR ARBITRARY ARRAY STRUCTURES
WITH A SINGLE AND MULTIPLE SNAPSHOTS

Direction-of-arrival (DOA) estimation for arbitrary array structures in the presence of
mutual coupling (MC) is an important problem for antenna arrays. Previous methods
in the literature are usually proposed for certain array geometries and show limited
performance at low SNR or for small number of snapshots. In this chapter, a new
method is used to estimate both DOA and MC coefficients with a single and multi-
ple snapshots for an unstructured array where the antennas are placed arbitrarily in
space. The proposed method can effectively estimate both source DOA angles and

MC coefficients for any type of array geometries.

5.1 Introduction

Direction-of-arrival (DOA) estimation of the plane waves impinging on antenna ar-
rays is an important problem in a variety of fields including, radar, sonar, acoustics
and communications [1,/96]]. Several high resolution methods are proposed to esti-
mate the DOA angles of unknown source signals [3]], [97], [41]]. Most of these meth-
ods perform well in ideal scenarios. In practical antenna array applications, received
signal is usually affected by mutual coupling (MC) generating distortions in the array

model [4], [5].
There are several methods in the literature which estimate DOA angles in antenna
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arrays with MC [6,21-24]]. Most of these methods are based on the eigenstructure
of the array covariance matrix and require uniform array structure. These methods
are based on the special MC matrix structures and applicable only for uniform ar-
rays. Since arbitrary array geometries are considered in this part of the thesis, above

methods cannot be applied for our case.

While there are different methods for DOA estimation with arbitrary array structures
[48550]], MC effect is considered in only limited number of works [32]]. In [32], on-
line MC calibration with randomly placed array is considered for DOA estimation
using techniques based-on higher order statistics. [32] employs the array covariance
matrix which is estimated by assuming that the source signals are independent. This
assumption is not valid for finite length signals especially when the number of snap-
shots is small. Hence, its performance is not acceptable at low SNR and for small
number of snapshots. Moreover, sources and the antenna array are assumed to be in
the same plane leading to only 1-D (azimuth) DOA estimation. In this work, in addi-
tion to 1-D scenario, 2-D (azimuth and elevation) DOA estimation is considered for
source localization where sources are distributed in 3-D space with different elevation

angles.

DOA estimation with a single snapshot is an important problem especially when there
is only a single observation or when the system parameters change in time [6]. There-
fore, MC should be estimated online without interrupting the ongoing DOA estima-
tion. Single snapshot DOA estimation without MC is considered in [98]] using sparse
recovery algorithms. The effect of MC in DOA estimation with single snapshot is
investigated in [99]] and [[100]. In [99]], a semicircular array is considered with known
source DOA angles in the presence of MC and near-field scatterers. Numerical elec-
tromagnetic simulations are performed and a transformation-based approach is pro-
posed. In [100], an iterative minimization approach is proposed for L-shaped array in
case of unknown MC. This method is based on the special structure of the MC matrix.
When the antenna array has arbitrary structure, this method also fails to estimate the

MC.

Recently, compressed sensing (CS) is presented as an effective method for different

problems [51,52|101-103]]. CS theory deals with the recovery of sparse signals from
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overcomplete and underdetermined linear measurements. Most of the CS algorithms
consider the direction-finding (DF) problem with only external noise [59,60,/104, 105]]
as an error source and the effect of MC is usually ignored. Hence the conventional
CS algorithms fail in case of MC [106]. MC should be modeled appropriately for a
proper DOA estimation. DOA estimation under unknown MC is studied in [[107] and
[108] using sparse recovery techniques. In particular, [107]] considers multiple snap-
shots with ULA geometry and proposes an [;-SVD-like [[105] algorithm. This method
discards some of the array information in order to decrease the effect of MC which
leads to "array shrinkage" [20]]. In [108]], Sparse Bayesian Array Calibration (SBAC)
is proposed for ULA using expected-maximization under unknown MC. These meth-

ods also fail in case of randomly placed arrays.

In [106] and [33]], DOA estimation with a single snapshot is considered for UCA ge-
ometry. In [33], a single far-field source and near-field multipath reflections are con-
sidered. In [[106], single snapshot DOA estimation problem is considered for UCA in
case of MC and a joint-sparse recovery (JSR) algorithm is proposed to estimate both
DOA angles of the unknown source locations and MC coefficients. In this part of
the thesis, the JSR approach proposed in [[106] is extended to the case of arbitrary ar-
ray structures in the presence of MC. Furthermore, both single and multiple snapshot

cases are considered for DOA and MC coefficient estimation.

While the sparsity of a vector and matrix is well-known in the literature, joint-sparsity
is recently used to exploit the special sparsity patterns in vector and matrices for
DOA estimation [5960]. In [S9], it is assumed that a vector is joint-sparse if all
the subblocks are constructed from the same sparsity basis. In this case, subblocks
share the same sparsity pattern. In [60], a matrix is said to be joint-sparse if all the
columns of the matrix have the same sparsity level with the same row indices. In this
study, both of above structures are used to exploit the joint-sparsity. In addition, joint-
block sparse matrix is defined. Therefore, three different joint-sparsity structures are

considered and they are outlined below.
1. Joint-sparse vectors [59]: [2o-norm is used to define the joint-sparsity for a
vector whose subblocks share the same sparsity basis (See Def. [I).
2. Joint-sparse matrix [60]: /2 o-norm is used to define joint-sparsity for a matrix
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whose columns share the same sparsity pattern (See Def. [3)).

3. Joint-block-sparse matrix: New mixed norms, i.e., [ 2 ¢-norm and l5 5 ;-norm
are defined to employ joint-block-sparsity for matrices whose subblocks and

columns share the same sparsity pattern (See Def. [).

The JSR problem is laid out in a form such that the source DOA angles and MC
coefficients can be recovered using convex optimization techniques. In JSR, joint-
sparsity property is considered instead of sparsity used in conventional techniques
and the spatial source directions and coupling coefficients are embedded into a joint-
sparse vector. A new dictionary matrix is defined in accordance with the symmetricity
of the MC matrix. Since the construction of the MC matrix is general, the proposed

method is suitable for recovering the support set of any array structure.

Once the JSR problem is solved, the source DOA angles are obtained from the sup-
port set. The recovered joint-sparse signal includes both coupling coefficients and the
source directions. MC coefficients are estimated with a least square method by min-
imizing a cost function employing the known DOA angles [109]. In case of multiple
snapshots, a quadratic minimization problem is treated and a closed form solution is

obtained similar to [6].

5.2 Signal Model and Problem Formulation

DOA estimation in case of MC is considered where there are X narrowband, far-field
source signals impinging on M -element randomly placed array. The MC matrix is
denoted by C € C**M which is direction independent and symmetric [6]. The array

output can be written as follows
y(t;) = CAs(t;) +e(t;), i=1,....T (5.1)

where 7' is the number of snapshots, e is the spatially and temporarily white, zero
mean Gaussian noise with variance 0%. 8(¢;) = [51(t;), 52(¢;), ..., 5k ()] isa K x 1
vector composed of source signals. A is M x K nominal array steering matrix and

defined as

A =[a(0),a(0,),...,a(Ok)] (5.2)



where O, = (¢y, ;) represents the azimuth and elevation angles of the k" source

respectively. The m‘" element of the array steering vector a(0},) is given as

~ 27
am(O) = exp {]Trgpm} (5.3)
where 1, = [cos(¢y)sin(f;) sin(éy)sin(fy) cos(fx)]T, A is the wavelength and
P,, = [Tm Ym 2m)" is the m'™ antenna position. The form of the MC matrix C for

arbitrary array structure is given as

C1 Co C3 Ce Cm
Co C1 CM+1 ... Com—2
C= 3 Cye1 e . . (5.4)
: c Cip
cm Copm-2 ... Cyp 1

The relation between the indices of C and the coupling coefficients is given explicitly
as

1 2
C(i,7) = cm, form=<M—§>i—%+j—M+1 (5.5)

fore =1,...,Mand 5 = v+ 1,..., M. The first coupling coefficient ¢c; = 1 is
assumed without loss of generality [6]. {c,, } 7]\3:1 is the set of distinct MC coefficients

and]\Z:M(MT_I)—I—l.

The effect of MC decreases as the distance between the antenna pairs increases [18]].
When this distance is sufficiently large (d,, > Aform =2,..., M) the effect of MC
can be ignored [16,(17]. Here d,, is the inter-element distance for the m'" antenna
pair. In this study, the coupling coefficients of the antenna pairs with inter-element
distance larger than a wavelength are assumed to be zero and only the coefficients of

the antenna pairs with d,,, < A are considered.

The problem in this study can be described as follows. Given the array output y(¢;) for
1t =1,...,T, the sensor positions p,,, for m = 1,..., M and the number of sources

K, the source DOA angles {6} X | and the coupling coefficients {c,,}""_, are to be

estimated.

In this study, both single and multiple snapshot cases are considered in sequel in the

following parts.
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5.3 Joint-Sparse Recovery For A Single Snapshot With MC

In this section, the proposed method JSR-SS is introduced for a single snapshot.

5.3.1 DOA Estimation For A Single Snapshot With JSR-SS

The signal model in (5.1)) can be written for noise-free case with a single snapshot as
y = CAs (5.6)

wheres € RV isa K -sparse vector, namely, all entries of s but K are zero. The non-
zero entries of s are equal to si(t7) in (5.1) fork =1,..., Kand T = 1. A € CM*¥V

is the dictionary matrix defined as
A =1[A(61),A(02),...,A(On,)]- (5.7)

The number of columns of the dictionary is N = N,Ny and A(6;) is the dictionary

matrix for §; which is defined as

A(6J> = [a(¢17 93)7 a(¢27 0])7 e 7a<¢N¢J 9])] (58)
and j = 1,..., Ny. The dictionary resolution for azimuth and elevation is |¢; —
¢i+1| = A¢ and |9] _0j+1| = Ag for: = 1,...,N¢— 1 andj = 1,...,N9 -1

respectively. In order to find s and C, the following minimization problem can be

considered
(Py) seRN%égA4XA4 ||s||o s.t. y = CAs (5.9)
where |[s|[o = [{7 : s; # 0}] is the [;-norm which denotes the number of nonzero

elements of s, namely, the support of s. Since the problem P; is non-linear due to
CAs which includes both of the unknowns s and C, it should be modified for an
effective solution. In the following part, P, is converted to a JSR problem which can
be written in linear form. We introduce a joint-sparse vector composed of both signal
vector s and MC coefficients. Furthermore, a new dictionary matrix is defined using

the symmetricity of the MC matrix C.

As the first step, C is written as
M
C=> culm (5.10)

1

m
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where J,,, is M x M matrix whose (i, j)"" entry is given as

1, ifC(i,j)=cpm, m=1,2,... M.
Joulisg) = ) (5.11)
0, otherwise.

Then, M x M N dictionary matrix D can be defined by stacking A as
D= [JA A, ..., Jy Al (5.12)

Using (5.1T) and (5.12), P; can be written in the following form, i.e.,

(Py) min ||x||p s.t. y = Dx (5.13)
xeCMN

where x is an M K-sparse M N x 1 vector and
x=c®s=[cs?,cs?,.. ., enst]T = [x(l)T,x(2)T, o ,X(M)T] L 5.14)

¢ = [c1,...,cy]T and ® denotes the Kronecker product. Since x is composed of
M subblocks sharing the same sparsity pattern, (5.13) can be solved effectively by
employing joint-sparsity [59]. In this study, x is said to be K -joint-sparse if ||x||20 =

K where ||- ||2,0 is defined for a vector quantity as follows.

Definition 1 [, o-norm of a joint-sparse vector X, which is composed of equal size

subblocks x(™) | is defined as

N
[xll20 = > Z(IX[i,|2) (5.15)

=1
where X[i,:] denotes the i row of X and X = [x(), x®) ... ,X(M)} isan N x M

matrix. Z(-) is an indicator function and it is defined as

0, ifa=0
I(a) = _ (5.16)
1, otherwise.

Examplel Letp = [ph07p27Oap3a07p4707p5707p670}T be composed OfM =3
blocks of size N = 4 and p; # 0 fori = 1,...,6. Then p» = [p;,0,ps,0]",
P = [p3,0,p4,0]", p® = [ps,0,ps,0]" and ||p||o, is given as

T
Ipll20 = || {\/p? +p3 + 13,0, \/p% +pi+p%,0} lo=2 (5.17)

while ||p|lo = 6 since there are two non-zero entries in each subblocks sharing the

same index.
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Using joint-sparsity, (5.13)) can be rewritten as follows
(JSP,)  min |[|x|[so s.t.y = Dx (5.18)
xeCMN

where JSP stands for Joint-Sparse Problem. Since the computation of /y-norm is
NP-Hard combinatorial, /;-norm is usually employed for an equivalent formulation
[90]. Hence, l5¢-norm is relaxed with 5 ;-norm. The mixed I3 ;-norm is defined

below.

Definition 2 The mixed /5 ;-norm considers M subblocks of size N x 1 under /4-
norm in a vector of M N x 1. Then ||x||2, is defined as

. 1/2

N M
|Ix[|2,1 = Z ( \SUN(m—1)+¢!2) . (5.19)
m=1

i=1

Example 2 Consider the 12 x 1 vector p given in the previous example for M = 3

and N = 4. Then ||p||2,1 is given as

p[l2) = V12 + [ps? + [ps|? + V/Ip2l? + [pal? + s[>

For noisy observations, joint-sparse recovery problem can be expressed as

(JSP) min  ||x||21 s.t. [ly — Dx||5 < €2 (5.20)
xeCMN

where y = CAs + e and the residual is bounded by € = on\/ M + vV 2M [52]. ~

is an adjustable parameter which controls the noise power ||e||3. Then ||x||2; can be

explicitly given in terms of s and ¢ as

- 1/2

N M
[1x[[20 =) ( Icmsil2> . (5.21)
m=1

i=1

JS P, can be further modified to a more convenient form by moving the inequality

constraint to the objective function and the final form of JSR-SS is given as
, 1
(JSPs)  min pus|x|[1 + S ly — Dx|[3 (5.22)
xeCAN 2

where j1g is the penalty term which determines the trade-off between the two terms in
the problem. A large regularization parameter j1g enforces the sparsity (i.e. the [ ;-

norm term) which may lead to wrong estimation results. Similarly, a small value of yg
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emphasizes the effect of /;-norm term which may result large number of peaks in the
sparse vector. A suitable value for the penalty term is o N\/W in accordance
with [110, Sec. 5.2]. J.SPs is a convex problem and can be solved effectively by using
standard techniques [111]. Once it is solved, the N x M matrix X can be constructed
as in Def. |1| Then the NV x 1 indicator vector s can be found as s = P{XXH} where
P{-} denotes the principal eigenvector operation. Then we can find the source DOA

angles from the dictionary terms in A that correspond to the non-zero entries of s.

5.3.2 Estimation of MC Coefficients From A Single Snapshot

Once the convex problem in ((5.22) is solved, the coupling coefficients can be found
as ¢, = xN(m_l)H/si form = 1,...,M and i € I, which is the set of indices
of non-zero elements in x. This is a suboptimum method for finding the coupling
coefficients since there exist A many solutions of ¢, for 7 € I;. An alternative and
better solution is to find X and § from , then obtain a least-square solution of ¢
from a cost function. In this case, ¢ is found by minimizing the cost function J(c),

1.e.,

M
Je) = ly = > cudmAS[[3 = y"y

m=1
M M
_yH Z Cm1Jm1A§ - Z C;kngéHAHJanzy

mi=1 mo=1

M M
+ 30> e, 8 AT T, AS. (5.23)
mi1=1mo=1

If the derivative of J(c) with respect to ¢, is considered and equated to zero, the

following expression is obtained, i.e.,

M M M
>3 e 8TATIE 3, A8 =) §TAT y. (5.24)
mi1=1mo=1

mo=1

Above equation can be written as a linear set of equations, i.e.,

A.c=Db, (5.25)



where the elements of A, € C MxM gnd b. € C M are known and expressed as

Ac(ma,my) =s"ATJH §,. As

be(mo) =s"A"JE y, mymy=1,..., M. (5.26)

Then the MC coefficients can be found as ¢ = A_ 'b...

5.4 Joint-Sparse Recovery For Multiple Snapshots With MC

In this part, the problem defined in Sec. [5.3]is solved for multiple snapshots. When

there are multiple noisy snapshots, (5.6) can be written in matrix form as
Y=CAS+E (5.27)

where Y = [y(t1),y(t2),...,y(¢tr)] is the M x T observation matrix and 7 is the

number of snapshots. S = [s(t1),s(t2),...,s(fr)] is an N x T matrix and E =

[e(tl), e(t2)7 ce ,e(tT)].

Since s(t;) is a K-sparse vector for i = 1,..., T, there are K'I' non-zero entries of
S. The number of non-zero elements of a matrix is obtained by ly-norm as |[S||o =
[{i,7 : Sij # 0}|. Note that only K rows of S are non-zero. This property is used to
exploit the joint-sparsity of S. S is said to be K-joint-sparse matrix if ||S||2 = K.

The definition of I p-norm for a matrix is given below [[60].

Definition 3 [, -norm of an N X T joint-sparse matrix S is defined as

N
18120 = > Z(IIS[i, :]ll2) (5.28)
=1

where S[i, :] denotes the i*" row of S and Z(-) is as defined in[5.16]
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Example 3 Consider a 6 x 3 matrix P as

| ap ag asg ]
b1 by bs
p=| T @ (5.29)
di dy ds
€1 €2 €3
L fl f2 f3 ]

where {a;, b, d;, f;}2_y # 0 and {c;,e;}3_; = 0. Then ||P||o,0 = 4 whereas ||P||o =
12.

When the joint-sparsity is considered, the optimization problem can be written as

follows

(JSPy) min 18|20 5.t. ||[Y — CAS|% < &.

SERNXT CeCMxM
In JS P, the constraint is non-linear and /5 o-norm is not convex. Furthermore, com-
putational complexity increases with 7'. It is possible to decrease the computational
complexity through singular value decomposition (SVD) [105]]. Hence we first ex-
press the problem in an efficient form. Then DOA and MC parameters are considered
in a composite matrix and /5 o-norm is relaxed to obtain an effective solution. There-

fore we first consider the SVD of Y as
Y = UxZV? (5.30)

where U and V are the left and right singular vector matrices of Y respectively. 3 is
an M x T matrix composed of the singular values of Y. Since the first A singular

values are dominant in X, the M x K reduced matrix Y gy is defined as
Yy = UYL =YVL (5.31)

where L is a 7' x K matrix and defined as L = [Ic 0]". I is K x K identity matrix

and 0 is (7' — K') x K matrix of zeros. Then Ygy is given as
Ysy = CASgy + Egy (5.32)

where Sgiy = SVL and Egy = EVL. Note that Sgy and S have the same joint-
sparsity.
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The [,-SVD method proposed in [105] considers the sparse recovery problem when
there is no MC in the array model, i.e., Ysy = ASsy + Egy. In the following part,
we will develop a JSR algorithm to solve the problem in case of multiple snapshots

and MC.

5.4.1 DOA Estimation For Multiple Snapshots With JSR-MS

In this section, a similar approach as in JSR-SS is followed and a JSR algorithm is
presented for multiple snapshots. In order to write JSP; in linear form, (5.32) is

rewritten in the following form using joint-sparsity, i.e.,
Ysy = DXgy + Egy (5.33)

where D is the same dictionary matrix as in (5.12)). Xgy is an M N x K joint-block-

sparse matrix defined as

Clsgv Xg‘)/
CQSSV Xg‘)/
Xsy =¢c®Sgy = ) = ) . (5.34)
| cirSsv | i X(sjg) ]

Note that Xgy is composed of M subblock matrices. In Sec. joint-sparsity
is employed for vector quantities which are composed of subblocks with the same
sparsity pattern. In this part, we define joint-block-sparsity for Xy using triple mixed
l2.2 0-norm which exploits the joint-sparsity in both subblocks and columns of matrix
Xsy. In other words, [ 2 o-norm is the mixture of /5 p-norms defined for both vector

and matrix quantities. The definition of I3 ; o-norm is given as follows.

Definition 4 [, 5 o-norm of an MN x K joint-block-sparse matrix Xgy-, composed of

M subblocks of size N x K, is defined as

N
1Xsvll220 =Y Z(Xsv[i, ]ll2) (5.35)
i=1
X — XD x(2 (M) | Y - B}
where Xgv = | Xgy, Xgpr, ..., Xgy/ | is an N x MK matrix composed of the sub

blocks of Xgy/.
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Example 4 Consider the matrix P in Example 3 for {a;, c;,e;}2, # 0 and
{b;,d;, fi}2, = Owith M = 3 and N = 2. Then ||P||220 = 1 while ||P||s0 = 3 and
[1Pllo = 9.

In order to solve the problem in J.SP, using joint-block-sparsity, [3 2 o-norm should
be used. Since [y 2 o-norm is not convex, it is relaxed to [3 2 ;-norm which is defined

below.

Definition S Triple mixed l5 5 ;-norm considers M blocks of N x K matrices in l;-

norm and ||Xgy||2,2.1 is defined as

N M
Xevlbar =3 (z

i=1 m=1

1/2

Z Xsv(N(m —1) +14, k’)|2>

)th

where Xgy (i, 7) is the (4, 7)™ entry of Xgy .

Example 5 Consider the matrix P in Example 3. Then 3 5 1-norm of P for M =2

and N = 3 is given as

IP||22,1 = V/]a1]? + |as|? + |as|? + |di]? + [do|? + |d3]?

/101 ]2 + [b2]? + [b3]2 + |e1]? + [ea] + [es?

V ler? + [eal? + [es? + |12 + | fol® + [ 5]

The final form of the joint DOA and MC estimation problem for multiple snapshots,
i.e., JSR-MS, can be written similar to JSP; as

. 1
(JSPs)  min | Xsv|221 + §||YSV — DXsv |7

XSVE(CMNXK

where ), is the regularization parameter that balances the trade-off between the

normed terms. ||Xsy||22,1 is explicitly given as

N M
Xevlbas =3 (z

i=1 \m=1

K 1/2
> |cmsfv(k)|2> . (5.36)
k=1
s?V (k) is the (i, k)™ entry of N x K matrix Sgy .

In JSPs, joint-sparse recovery problem is given in case of multiple snapshots. J.S P
is a convex problem and can be solved effectively similar to .J.S P; with convex prob-

lem solvers [111]]. Once JSP; is solved, the M N x K matrix st can be obtained.
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Then the N x M K matrix isv can be constructed by stacking the subblocks of Xy
as in Def. {] In order to find the DOA angle estimates, the N x 1 indicator vector §
can be found as s = P{isvigv}. Then the estimates of the source DOA angles are
found from the indices of M x N dictionary A corresponding to the non-zero entries

of s.

5.4.2 Estimation of MC Coefficients From Multiple Snapshots

In Sec. [5.3.2] MC coefficients are estimated for a single snapshot. In this part, MC
coefficients are estimated using multiple snapshots where the array covariance matrix

is utilized. The covariance matrix of the array output can be written as
R, = YY" = UAU". (5.37)

U = [U,U,,] is the eigenvector matrix where U, and U, are signal and noise subspace
eigenvector matrices respectively. A is a diagonal matrix composed of the eigenvalues

of R,.

In the presence of mutual coupling, the true steering matrix becomes CA and the
columns of signal subspace eigenvector matrix U, span the same space with Ca(6y,)
for k = 1,..., K. Since the signal and noise subspaces are orthogonal [3], i.e.,
[UPU,||2 = 0, the following can be written, i.e.,

[Ufca(6,)||2 =0, k=1,...,K. (5.38)

In order to estimate the MC coefficients for arbitrary array structure, we first introduce

the following lemma.

Lemma 1 Given the M x 1 steering vector a(©;,) of an arbitrary array, the relation

between the M x M symmetric matrix C and M x 1 vector ¢ is written as
Tyc=Ca(0,), k=1,....K (5.39)
where the transformation matrix Ty is given as
Ty, = [15,...,7%]
™ =J.a(0), k=1,... K (5.40)
and J,, is defined as in (5.11)).
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Proof: If we consider the expression in (5.10), then the lemma can be easily proven

by writing (5.39) as

M
Tic= Y Jncna(®r), k=1,.. K
m=1

T
_ _ _ Co
= [J1a(©%), J2a(0y), ..., Jyra(Oy)]
| v |
=[r1,.... Thle (5.41)
where {T’ﬁn}le are the columns of M x M transformation matrix Tj. O

Once the DOA angle estimates {é 1 1<, are found by solving JS P, the transforma-
tion matrix defined in (5.40) is used and the following cost function [6] is obtained,

i.e.,

K
—c (Z THU, 0" Tk> c. (5.42)

In order to obtain a nontrivial solution, a constraint w’ ¢ = u is added to the problem.

Hence the following problem is obtained, i.e.,

min J(e) s.t. wie = u. (5.43)

ceCMx1
The closed-form solution of ¢ is given as

1

¢=G'w (WTG_IW)_ u (5.44)
where
K
G =) T/U,U/T, (5.45)
k=1

and wl'c = u is the constraint equation. A possible choice for w € CMx1 s w =

[1,0,...,0]" and u = 1 [6].
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5.5 Feasibility of the Problem

In this section, the feasibility conditions of the considered problem are discussed in
two parts. Firstly, the uniqueness condition for DOA estimation problem is intro-

duced. Then the MC estimation problem is investigated.

5.5.1 Uniqueness for DOA Estimation Problem

Since the considered problem in (5.13), i.e., y = As is underdetermined (M < N),
there are infinitely many solutions in general. However, if the solution of the problem
S is sparse, a unique solution can be obtained. In the following, both sparse and

joint-sparse recovery cases are examined in sequel.

5.5.1.1 Sparse Recovery Case

Theorem 1 If y = As has a solution satisfying ||s||o =K< spark(A)/2, then s is
the unique solution where spark(A) is defined as the minimum number of linearly

dependent columns of A.

Proof: Proof is by contradiction [[112}/113]]. Firstly, assume that there exists at most
one s where |[s||o = K and spark(A) < 2K. Then suppose that there exists an h with
||h|l[o = 2K and h € Null{A} i.e. the null space of A. This means that there exist
some set of at most 2K columns that are linearly dependent. Since ||h||, = 2K, we
can write h = s — ¢’ for ||s||o = ||s||o = K withs # s’. Using h € Null{A}, we have
A(s—s)’, in other words, As = As'. This leads to the fact that there exist two solutions
s and s’. However, this contradicts our assumption that there exists at most one s with
||s|[o = K. Therefore we must have spark(A) > 2K. Since spark(A) < M + 1,
K < spark(A)/2 leads to the final condition 2K < M. Then we can conclude that

the uniqueness condition for sparse recovery is 2K < M.
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5.5.1.2 Joint-sparse Recovery Case

In order to investigate the uniqueness for joint-sparsity, we first define the isometry
principle for the considered problem. The restricted isometry property for joint-sparse
case (JS-RIP) is investigated in [59] for 2 -sparse signals. In this study, M K -sparse
signal x is said to be K -joint-sparse if ||x||2 o = K. Then JS-RIP is defined as follows.

Definition 6 The dictionary matrix D is said to obey JS-RIP with joint-sparsity level
K, if there exists 05 € [0, 1) for all K-joint-sparse (M K -sparse) signals x € C MV
such that

(1= ax)[x[[3 < [[Dx][3 < (1 + 0 ) [[x]]3 (5.46)

holds for the JS-RIP constant dx.

The JS-RIP constant dx can be found as follows [|114]

min g s.t.(1 — 0k )||x||5 < ||Dx][3 < (1 + 0x)|[x|[5 (5.47)
5K€[071)

The uniqueness of the solution for the problem in JS P, can be treated in a similar
manner as in [59]. In our case, the problem involves the mixed norms of source
vector and MC coefficients and should be treated accordingly. The following theorem

describes the uniqueness property.

Theorem 2 Let s and ¢ be the solution to JSP; problem. If the matrix D obeys
JS-RIP with d5x < 1, then the solution is unique.

Proof: Let x be the solution to JSP; in (5.18]) with
x = [§7,c8" e8, L epsT ] (5.48)

Then, we can say that ||X||20 < ||x||2,0 < K since both X and x are the solution [115]].

Using the triangle inequality, the difference is bounded by 2K as

||x — X][|20 < 2K. (5.49)
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Since both x and x solve JSP; with equality, then y = Dx = Dx which results
D(x — x) = 0. We can use (5.49) in JS-RIP as follows

(1= dar)[lx — X[ < [[D(x — %)][; = 0. (5.50)
Then we can see that ||x — X||3 = 0 since dyx < 1 which concludes the proof. O
In case of multiple snapshots, JS-RIP can be written as follows
M M
(1= 3 IXf < (DX [ < (1+ 3 1] (5.51)

where X is a K -joint-block-sparse matrix defined in lb 6%\4) is the restricted
isometry constant for multiple snapshot case and it can be calculated as in [116].
Further information about the uniqueness of the solution in case of multiple snapshots

can be found in the literature for noiseless [117] and noisy scenario [116].

5.5.2 Uniqueness for MC Coefficient Estimation for A Single Snapshot

In case of a single snapshot, the MC coefficients are estimated from a linear set of
equations in least-square sense as in (5.26)). To obtain a unique solution for MC coef-
ficient estimation, (5.26) should be well-defined. Therefore, the solution is unique if

M < M is satisfied where M is the number of coupling coefficients.

5.5.3 Uniqueness for MC Coefficient Estimation for Multiple Snapshots

In order to estimate the MC coefficients in multiple snapshot scenario, the orthogo-
nality of signal and noise subspaces is used as in (5.44). The solution is unique if G
in (5.44)) is invertible that is only possible if

rank{G} < M — K (5.52)

is satisfied where rank{-} is the matrix rank operation. Hence the uniqueness condi-

tion is

M<M-K. (5.53)



5.6 Performance of The Joint-Sparse Recovery With MC

In this part, the performance bound of the proposed JSR algorithm is given in the

following theorem.

Theorem 3 Let y = Dx + e be the noisy measurement of M K -sparse X, and X is
the solution to .JS P, in (5.20). If D satisfies JS-RIP with d,, < v/2 — 1, then the

reconstruction error ||X — x|| is bounded as follows
Hf(—XHQ < Coe+C’1||x— (X)KHZ]_ (554)

where (X) is the best K -joint-sparse approximation of x and

ATy
1= (14 v2)dok
2(1 — by ) (MK) ™2
1— (14 V2)8,

Co

Cr = (5.55)
Proof: The proof is similar to the one presented in [90] where the performance bound
is considered for K -sparse vectors. For K -joint-sparse (M K -sparse) signals that are

considered in this work, the bound can be obtained by replacing K with MK in
[90, Theorem 1.2]. O

5.7 Simulation Results

In this section, the proposed methods, JSR-SS and JSR-MS are evaluated by sev-
eral experiments. The proposed approaches are compared with both conventional
CS methods (Basis Pursuit De-noising (BPDN) [110], Orthogonal Matching Pursuit
(OMP) [118], Modified OMP (MOMP) [117], which is the multiple snapshots ver-
sion of OMP) and subspace-based methods such as the MUSIC [3] algorithm with
and without known MC as well as the unconditional Cramer-Rao lower bound (CRB)
[6]. Note that the MUSIC algorithm with known MC (MUSIC w/ MC) corresponds
to the case that the MC matrix is perfectly known and used in the MUSIC algorithm
[28]. In the first part, the simulation results are presented for the scenario where the

sources and antenna array are in the same plane in order to have a comparison with
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Figure 5.1: The placement of the antennas in the array for a single realization. Dot:
the positions of the fixed antennas, Circle: the positions of the randomly changing

antennas.

the previous studies [32,48-50]]. These are 1-D DOA and MC coefficient estimation
results. In the second part, a DF scenario where the sources are located with different
elevation angles is considered. In this case, 2-D DOA and MC coefficient estima-
tion results are presented. In the third scenario, a DF scenario is considered where
the array data is corrupted by gain/phase mismatches (GPM) instead of MC. In this

scenario, 1-D DOA and GPM parameter estimation results are presented.

Throughout the simulations, three sources located at 32.375°, 50.714° and 75.215° in
azimuth plane are considered. The elevation angle is assumed to be 90° if the sources
and the antenna array are located in the same plane. Otherwise, the elevation angles of
the sources are selected as 43.251°, 52.852° and 62.734° respectively. In order to deal
with the off-grid target locations, the dictionary matrix A is constructed with a coarse
resolution, i.e., Ay = 3°, then multi-resolution grid refinement 105, Sec. 6] is used
for all the algorithms. Note that the conventional CS algorithms use the dictionary
matrix A whereas the new dictionary matrix D is used for the proposed approaches,
namely, JSR-SS and JSR-MS respectively. The regularization parameters, ;g and

war are selected as described in [110, Sec. 5.2]. 100 Monte Carlo trials are done for

78



each experiment. In each trial, the positions of the antennas in the array are updated.
There are M = 16 antennas positioned randomly in the xy-plane. The positions of
the antennas (z,,,y,,) are sampled from a uniform distribution and x,, € [—\, \],
Ym € [=A\, A and z,,, = 0 form = 1, ..., M. In order to avoid from a dense antenna
positioning, each antenna is assumed to be placed randomly in a box in the xy-plane.
The zy-plane is divided into M/ = 16 boxes as shown in Fig. where a single

realization for the positions of the antennas is presented. The position of the first

=3\ 3

two antennas are fixed with a half wavelength spacing, namely (z1,11) = (==,

and (25, y2) = (=2, 2). While this is not required for the proposed approaches, this
selection is used to avoid spatial aliasing. The other antennas are distributed such that

there is a single antenna in each box.

In order to generate the MC matrix, a similar approach in [6] and [50] is followed
where MC coefficients are selected randomly based on the distance between antennas.
Note that it is assumed that there are at most M unknown coupling coefficients so
that the problem in (5.26)) is well-posed. The coupling coefficients corresponding

to the antenna pairs with d,, > A are assumed to be zero [[16,/17]. The gain and

the phase terms of MC coefficients are selected as ¢,, = & exp (jc?) where & ~
SN2 _

N (L, (‘é—*g) ) and ¢ ~ N(0, (118)2) for m = 2,..., M respectively. Note that

¢n=1landcy =0form = 1. d = [do,....dy] = gz is (M — 1) x 1 vector

composed of the normalized distances. Hence, the coupling coefficient, c,,, will be

close to 1 in magnitude as |d,,| — 0 and it will be close to 0 as |d,,| — 1.

5.7.1 Scenario 1: 1-D DOA and MC Coefficient Estimation

In this scenario, the sources and antenna array are assumed to be in the same plane.
In Fig.[5.2] DOA estimation performance of the algorithms is presented for a single
snapshot. As it is seen, JSR-SS asymptotically follows the CRB while the other
algorithms do not give accurate estimation results. The MUSIC algorithm also fails
due to rank-deficiency. While BPDN and OMP are very effective algorithms for MC-

free measurements, their performance is not satisfactory when there is MC.

We present the multiple snapshot DOA estimation performance of the JSR-MS in
Fig. [5.3| for different SNR levels. As it is seen, JSR-MS follows the CRB while the
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Figure 5.2: 1-D DOA estimation performance for a single snapshot, 7' = 1.
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Figure 5.3: 1-D DOA estimation performance for multiple snapshots, 7' = 100.

other algorithms do not perform well except MUSIC with known MC coefficients.
When the MC is unknown, MUSIC does not perform well. The other CS algorithms,
[1-SVD and MOMP cannot achieve good performance due to MC.

In Fig. root mean square error (RMSE) for the gain and phase term of the

MC coefficients is presented for single snapshot case. Note that the phase estimates
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are given in radians. JSR-SS has significantly better performance compared to the
alternative methods. While JSR-SS performs better for gain estimates, the margin

between JSR-SS and the CRB is larger for phase estimation.

In Fig. [5.4b] RMSE for the gain and the phase term of the MC coefficients is pre-
sented for multiple snapshot case. As it is seen, JSR-MS achieves better estimation

performance in comparison to the other algorithms.

Since the previous approaches, which involve MC mitigation, require fixed array ge-
ometries [[15,{107,|/108], the proposed method is evaluated in a ULA with M = 16
antennas and compared with [107] and [108]]. The distance between antennas is A/2
and the number of snapshots is 7" = 200. There is a single coupling coefficient and
M = 2. The results are shown in Fig. As itis seen, JSR-MS performs better than
the other algorithms including the methods in [[107]] (Dai et.al.) and [108] (SBAC)
where MC effect is taken into account. The disadvantage of [107] is array shrink-
age where some of the antenna outputs are discarded in order to obtain a special MC
matrix in the array model. SBAC is an expectation-maximization algorithm which
iteratively estimates the MC coefficients, source signals and noise variance. While
SBAC has similar estimation results with JSR-MS for SNR<15dB, it has a certain
performance loss after SNR=15dB and its performance gets worse as SNR increases.
SBAC algorithm requires noise variance estimate and the accuracy of this estimate

degrades as SNR increases.

5.7.2 Scenario 2: 2-D DOA and MC Coefficient Estimation

In the second scenario, it is assumed that the sources have different elevation angles
so that 2-D DOA estimation is required to accurately estimate the source locations. In
2-D DOA estimation with sparse recovery, the dictionary matrix should be generated
such that it covers both azimuth and elevation planes. Since this task is computation-
ally inefficient, a sequential grid refinement is considered and the following procedure

is used.

1. The azimuth and elevation angles of the sources are estimated roughly with a

coarse resolution in the dictionary, namely A, = 3° and Ay = 5° are selected.
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Figure 5.4: MC gain and phase estimation performance for 1-D scenario with a single
(a) and multiple snapshots (7" = 100) (b). Note that the phase estimates are given in
radians. Gain estimation results are denoted with solid lines whereas phase estimates

are denoted with dashed lines.

82



—se— JSR-MS
—p— 1,-SVD
—xp— SBAC

—@— Dai et.al.
—8— MOMP

—©— MUSIC w/o MC
—&— MUSIC w/ MC ]
CRB

— x ;
—

10"

RMSE DOA [DEGREES]

10

0 5 10 15 20 25 30
SNR [dB]

Figure 5.5: 1-D DOA estimation performance vs SNR for ULA when 7" = 200.

2. Then multi-resolution grid refinement is performed in azimuth and elevation
dimensions one by one. First, elevation angle is kept fixed and dictionary matrix
composed of only the azimuth angles is used. Hence the azimuth angles are

found in this step.

3. After the finer azimuth angle estimates are obtained, the azimuth angle is kept

fixed and the elevation angles are found.

4. This process is performed until a fine resolution is obtained.

It is observed that the above search procedure has less complexity than the use of a

single dictionary matrix with fine resolution in both azimuth and elevation planes.

In Fig. [5.6a and [5.6b] 2-D DOA estimation performance for azimuth and elevation
angles is presented for both single and multiple snapshot cases. In Fig. [5.6a JSR-
SS AZ and JSR-SS EL denotes the azimuth and elevation performance of the JSR-SS
method respectively. In Fig. [5.6bl JSR-MS AZ and JSR-MS EL stand for the azimuth
and elevation performance of JSR-MS method respectively. As it is seen, JSR-SS and
JSR-MS perform better than the other algorithms. Note that, in 2-D DOA estimation
scenario, the margin between the proposed methods and the CRB gets larger as SNR

increases. This is due to the coupling between the azimuth and elevation angles. Fur-
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thermore, the proposed methods like the other CS methods produce biased estimates

[103].

In Fig. and Fig. estimation results for the gain and phase components of
coupling coefficients are shown for both single and multiple snapshots respectively.

As it is seen, the proposed methods, JSR-SS and JSR-MS provide better results and
outperform the other algorithms. When Fig. are compared with Fig. [5.4a}

[5.4b|where 1-D results are presented, there is a certain performance loss. This is again

due to azimuth and elevation coupling and biased estimation.
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Figure 5.6: 2-D DOA estimation performance for a single snapshot (a) and mul-
tiple snapshots (7' = 30) (b) respectively. The DOA angles of the sources are
(32.375°,43.251°), (50.714°,52.852°) and (75.215°,62.734°). Azimuth estimation
results are denoted with solid lines whereas elevation estimates are denoted with

dashed lines.
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Figure 5.7: MC gain and phase estimation performance of 2-D scenario for a single
snapshot (a) and multiple snapshots (7" = 30) (b) respectively. Gain estimation results
are denoted with solid lines whereas phase estimates are denoted in radians with

dashed lines.
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5.7.3 Scenario 3: 1-D DOA and Gain/Phase Mismatch Estimation in Multipath

Environment

In this part, the performance of the proposed JSR-MS is evaluated in case of
gain/phase mismatches and multipath. The signal model and the modifications to
JSR-MS method are provided in Appendix Bl The selection of the dictionary matri-
ces A and D is the same as in the previous scenarios. 100 Monte Carlo trials are
run for each experiment. In each trial, the positions of the sensors and the mismatch
coefficients are updated. Note that the mismatch parameters are 7,, = a,,,e?*m for
m = 1,..., M. The gain and the phase terms of mismatch parameters are selected
as a, ~ N (o, 02) and B, ~ N (g, 03) respectively. Here fiq, 15 and 07, 03 are

mean and variances of «,,, and f3,, respectively.
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Figure 5.8: DOA estimation performance vs SNR when 7' = 100, y, = 1, 0, = 0.5
and Hpg = 00, 0p = 20°.

DOA estimation performance of the proposed method for different SNR levels is pre-
sented in Fig. [5.8] As it is seen, JSR-MS closely follows the CRB whereas other
algorithms provide large errors. While [;-SVD and MOMP are effective sparse re-
covery methods for DOA estimation, they fail in case of array imperfections. The
MUSIC algorithm also fails in this scenario since the array covariance matrix is rank-

deficient due to coherent source signals. Note that MUSIC w/ GPM and MUSIC w/o
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GPM correspond to the MUSIC algorithm with and without known GPM parameters

respectively.

In Fig. [5.9] RMSE for the estimation of gain mismatch is shown. As it is seen, JSR-
MS performs better than the other algorithms while there is a small gap between JSR-
MS and the CRB. In Fig. RMSE for the phase term of mismatch coefficients is

given. Similar behavior can be observed in this figure in comparison to Fig. [5.9]
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Figure 5.9: RMSE for the gain term of the mismatch coefficients when 7' = 100,
o = 1,0, =0.5and ug = 0°, o5 = 20°.

5.7.4 Performance of JSR-MS For Correlated Source Signals

In this experiment, DOA estimation performance is evaluated when two of the

source signals are correlated. The source signals are jointly-Gaussian and selected

as | sy(ty) | ~N| 0], p 10 fori = 1,...,T where p € [0,1] is
s3(ti) 0 00 1

the correlation coefficient. There are 7' = 100 snapshots and SNR = 10dB. The re-
sults are shown in Fig. [5.T1] The figure shows that the performance of sparsity-based

algorithms are not affected much by the correlation between the source signals and

88



10

!
[N

=
o

RMSE PHASE MISMATCH [RADIANS]

10

—sfg— JSR-MS
—— Il—SVD

—f— MOMP
—0— MUSIC w/o GPM
CRB
0 5 10 15 20 25 30
SNR [dB]

Figure 5.10: RMSE for the phase term of the mismatch coefficients when 7" = 100,

to = 1,0, =0.5and pg = 0°, 05 = 20°.

JSR-MS outperforms the other algorithms. This observation is similar to the results

given in [105]. While MUSIC w/o MC provides large errors similar to the results in

Fig. [5.3] the performance of MUSIC w/ MC gets worse as p — 1.
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Figure 5.11: 1-D DOA estimation performance for correlated source signals, 7" = 100

and SNR=10dB.
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5.7.5 Computational Complexity

In this part, the computational complexities of the proposed methods are compared
with the previous methods. The sparse recovery algorithms, /;-SVD [[105] and Basis
pursuit [110], have O ((K N¢N9)3) and O ((N¢N9)3) complexities respectively for
2-D scenario when there is no mutual coupling. Note that Basis pursuit solves the sin-
gle snapshot problem while the complexity of /;-SVD is given for multiple snapshots.
The complexity of 2-D MUSIC algorithm is O (M?3N4sN,). When MC is taken into
consideration, the proposed methods, JSR-SS and JSR-MS have O <(M N¢N9)3>
and O ((K M N¢N9) 3) complexities respectively. Note that they have the same com-

plexity with Basis pursuit and /;-SVD when there is no mutual coupling (i.e., M = 1).

The complexity of the proposed methods is higher than the subspace algorithms such
as the MUSIC. However, the MUSIC cannot be used in case of a single snapshot and
additional techniques should be employed when there is mutual coupling for multiple
snapshots increasing the complexity. In case of arbitrary array geometries, the use of

the MUSIC becomes harder for unknown mutual coupling.

90



5.8 The Advantages of The JSR-SS and JSR-MS

The advantages of the proposed methods are as follows:

e The proposed methods work well in case of mutual coupling for arbitrary struc-
tures while most of the algorithms in the literature require fixed and uniform

array structures.

e JSR-SS works well when there is only a single snapshot so that it can be used

for online array calibration.

e The proposed method can estimate 2-D DOA angles of the unknown source

locations with satisfied accuracy.

e The proposed methods are not effected by the correlation between the received

source signals. Therefore, they perform well in case of multipath signals.

e The proposed method also woks well in case of gain/phase mismatches and

multipath.
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CHAPTER 6

CONCLUSIONS

In this thesis, major error sources in DF applications are investigated in detail and
three new methods are proposed in order to overcome these distortions and obtain

satisfactory DF performance.

In the first problem, an offline calibration technique is proposed for the antenna arrays
mounted on aeronautical vehicles. The calibration procedure is performed when the
vehicle is on the ground. In this scenario, the reflections from the ground and the
platform are the main distortions for DF operation. The scenario is modeled in a
numerical electromagnetic simulation tool, FEKO, and the array data is obtained.
When the received signals from the antennas are examined, it is observed that they are
composed of two parts, namely, the desired signal component and the reflected signal
from the ground. In order to mitigate the ground reflections, a time-gating approach

is employed using a windowing technique to extract the desired signal component.

In the calibration process, the selection of the setup parameters are very important
since their values determine the lengths of the direct path and the ground reflections.
These parameters are the heights of the transmitter source and the vehicle as well as
the distance between the array and the transmitter. The setup parameters should be
selected so that the desired signal and ground reflections can be separated in time by
using time-gating. When the desired signal components are gated, sufficiently clean
calibration data is obtained. The evaluation of the proposed calibration technique is

done by using both correlative interferometer and the MUSIC algorithm.

Since FEKO, the EM simulation tool used to implement the scenario, works in fre-
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quency domain, the antenna impulse response is obtained firstly in frequency. Then
it is transformed to the time domain for time-gating. In a practical scenario, the
proposed method can be applied both in time and frequency domain. In frequency
domain application, the calibration data can be collected in the same way as it is ob-
tained in this work. In time domain application, a pulse signal can be transmitted
from the transmitter antenna and the array impulse response can be obtained. After
time-gating is applied, calibration data is collected in time domain. Then, time-gated
signals can be transformed to the frequency domain and the calibration data can be

obtained for different frequencies.

The proposed method is simple and time-efficient as compared to other calibration
techniques such as the ones performed when the vehicle is airborne. Another ad-
vantage of the proposed method is its accuracy. Since the ground reflections and
gain/phase mismatches due to the reflections from the platform are effectively elimi-
nated, the DF performance is improved significantly as compared to the uncalibrated
scenario. In addition, the proposed calibration technique offers to use the collected
calibration data for a wide range of frequencies since the it is performed in time and
the calibration data for a certain frequency can easily be obtained by inverse Fourier

transform.

In the second problem, far-field DOA estimation and near-field localization of mul-
tipath signals is considered. In this scenario, there is a single far-field source with
its near-field multipath reflections leading to model mismatches. A new method is
proposed for the estimation of DOA angle of the far- and near-field signals and near-
field ranges. In order to estimate 2-D DOA angles of the far-field source, a circular
array is employed. A calibration technique is used and the collected calibration data

is utilized in the MUSIC spectrum for DF operation.

In far-field DOA estimation, calibration data is collected for the elevation interval of
[85°,95°] whereas the effect of multipath differs as the elevation angle of the source
changes. Therefore, the calibration data should be collected for a large range of ele-

vation angles in order to obtain satisfactory DF results in a practical scenario.

Once the far-field source parameters are estimated, a near-to-far field transformation

is used and it is applied to the array output. This transformation process has two
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properties. Firstly, it transforms the near-field signal components of the array data to
far-field. In this case, the far-field signal components will be suppressed and seen as
an interference. Secondly, it transforms the circular array data to virtual array with
linear geometry so that spatial smoothing can be applied for accurate DOA estimation
of near-field sources. The selection of the inter-element distance of this virtual array
is an important issue for accurate parameter estimation. When the distance between
the antennas in the virtual array is large, it provides higher DOA estimation accuracy
for a narrow angular sector. If the array spacing is small, there is a slight performance
loss in DOA accuracy but it is established for a larger angular sector. This trade-
off should be solved for a better DF operation. In this study, the selection of the
virtual array spacing is examined for 360° operation and the best spacing is found by
evaluating the possible inter-element spacing in terms of DF accuracy. Once the DOA
angles are found, the near-field range parameters are estimated by using a compressed
sensing approach. In this case, a dictionary matrix is constructed by stacking the far-

and near-field steering vectors with estimated DOA angles.

The performance of the proposed method is evaluated by using numerical electro-
magnetic simulation tools and it is shown that parameters of both far- and near-field
sources can be accurately estimated. Another advantage of the proposed method is

that it has a robust performance in case of multipath.

In the third problem, 2-D DOA and MC coefficient estimation is considered for ar-
bitrary array structures. In this scenario, both single and multiple snapshot cases are
investigated and a new method is proposed for parameter estimation. A compressed
sensing approach is used where the sparsity of the spatial source directions is utilized
together with the MC coefficients. As a result, a joint-sparse recovery algorithm is
proposed where both source signals and the MC coefficients are jointly embedded into
a joint-sparse vector. This joint-sparse structure is used together with a new dictionary
which is constructed by the augmentation of sub-dictionary matrices corresponding

to each MC coefficient.

The size of the dictionary matrix is an important issue since it directly affects the
computational complexity of the problem. For instance, when an M x N conventional

dictionary matrix which is composed of steering vectors is used, the size of the new
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dictionary matrix becomes M x M N for M MC coefficients. When a coarse grid is
used for the dictionary which reduces the size, the resolution of the solution will be
decreased. On the other hand, when a fine dictionary is used, the size of the dictionary
and the complexity of the problem will increase significantly. Therefore, selection of
the dictionary size is important and designing a dictionary matrix is still an open

problem in the literature.

In order to solve the considered problem for multiple snapshots, a new sparsity struc-
ture, namely joint-block-sparsity, is introduced to take advantage of the structure in
the composite matrix involving both DOA and MC coefficients. In this case, instead
of a joint-sparse vector, joint-sparse matrix blocks are utilized. In order to use the
joint-block-sparsity in the optimization problem, new norm structures, namely I3 5 o-
and [y 1-norms are proposed. In addition to the MC coefficient estimation, joint

DOA and gain/phase mismatch estimation is performed in case of multipath.

The proposed method is advantageous since it does not depend on the array structure
for joint DOA and MC coefficient estimation. It is shown that the proposed method
effectively estimates the DOA angles and mismatch parameters. It can work for both
single and multiple snapshot scenarios. The proposed method can ve seen as an on-
line calibration technique in the sense that it does not require calibration before DF
operation. Moreover, the proposed method can estimate 2-D DOA angles effectively
without a pairing problem which exists in parameter estimation problems with arbi-

trary array structures.

Some of the future works for this research can be summarized as follows:

e In the second problem, only a single far-field source is assumed for DOA esti-
mation. While this is usually the case in HF DF scenarios, the proposed method

can be modified for multiple far-field source case.

e In the third problem, the parameter estimation is done by using compressed
sensing strategies where a dictionary matrix is used. In the proposed method,
an augmented dictionary structure is employed so that the source parameters
are estimated with convex optimization. The complexity of these techniques

directly depends on the size of the dictionary. Therefore, compact dictionary
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structures can be used so that the size of the dictionary and eventually the com-

putational complexity is reduced.

In the third problem, the antenna patterns of the array elements are assumed
to be isotropic which leads to direction-independent MC matrix. In a practi-
cal scenario, antennas have directional patters so that the MC matrix becomes
direction-dependent. In this case, there are K M MC matrix parameters for K
sources and M unknown parameters in each MC matrix. Hence, there are more
unknowns than the number of antennas in the array for arbitrary array struc-
tures. However the number of parameters can be reduced for uniform array
structures. As a result, a DF scenario in the presence of direction-dependent

MC can be considered as a future work.
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APPENDIX A

RMSE DEFINITION FOR AZIMUTH ANGLE

One far-field and N — 1 near-field sources are considered for J7 trials and a range of
[ € [A/300, A/30]. In each trial, the near-field sources are fixed and the DOA of the
far-field source is changed. The observed array output for the j* trial is constructed

as

a(0;,d;)s t=1,... E. (A.1)

Mz

Yj<)

=2
After the far-field source DOA @Jl is found as described in Sec. the NFT matrix

is constructed for ¢** index of [ (ly) as
T, =V,U' (A.2)

where V, is the far-field data set computed for the element spacing [, and U is the

near-field data set. The array output is transformed to virtual ULA as

S’qj(t> =T, Yj(t> (A.3)

Then the near-field source azimuth angles for [, and ;' trial {gzgqij}évzz are estimated

as described in Sec. Finally the RMSE for [, is computed as

=z

Jr
RMSE(lq) = JT — 1 ZZ quij — ¢ij’2 (A4)

=2

where ¢,;; and qigqij are the true and estimated azimuth angles respectively.
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APPENDIX B

DOA ESTIMATION IN THE PRESENCE OF GAIN/PHASE
MISMATCHES AND MULTIPATH

In this appendix, the signal model and the modifications to the JSR-MS method are
presented in the presence of gain/phase mismatches and multipath. In this case, the

signal model is given as follows

K
y(t:) =T a(O)s(t;) +e(t:), i=1,...,T (B.1)
k=1

where 7 is the number of snapshots, e(t;) is the spatially and temporarily white, zero-
mean Gaussian noise. s;(1;) is the k' coherent source signal. The source signals are
related to each other as sy, (t;) = Mk ko Sky (t;) fori =1,... T and ky, ke = 1,... | K
where ki # ko and 7,1, is a complex scalar. O, represents the direction-of-arrival
(DOA) angle of the k' source. a(6y) is an M x 1 nominal array steering vector for
the k" source. The mismatch matrix is denoted by I' = diag(v1, 2, - - . , Yar) Which
is direction independent and it represents the array gain and phase uncertainties [6].
The entries of T are in the form of ~,,, = a,,,e’®" where a,,,, f,, € R are the gain and

phase mismatch terms for m = 1, ..., M respectively.

In order to estimate source DOA angles with JSR-MS method, the array output is

written in compressed sensing (CS) context as
Y=TAS+E (B.2)

where Y = [y(t1),y(t2),...,y(tr)] is the M x T observation matrix and E =
le(t1),e(ts),...,e(tr)]. S = [s(t1),s(t2),...,s(tr)] is an N x T matrix whose
each column is a K -sparse vector, namely, all the entries of s(t;) but K are zero

for i« = 1,...,7T. The number of non-zero entries of S is denoted by /y-norm as
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IIS|lo = [{n,i : su(t;) # 0}| where n and i correspond to the source direction and
snapshot indices respectively. Note that S has K non-zero rows and the other rows
are zero. In order to find the source DOA angles and mismatch parameters, the CS
problem can be written as

min 1IS|lo s.t. ||Y — TAS||% < ¢ (B.3)

SERNXT,PGC MxM

Above problem is non-linear due to the unknowns S and I'. Moreover, the computa-
tional complexity of P; increases with T". In the following part, firstly, the dependence
of complexity on 7' is removed using the SVD of the measurement matrix Y [[105].
Then the joint-sparsity is utilized to formulate the problem in convex and linear form
so that can be solved effectively. Therefore we first consider the SVD of Y as
Y = UXV# where U and V are left and right singular vector matrices of Y respec-
tively. 3 is an M x T' diagonal matrix composed of the singular values of Y. While
there are K source signals, there is a single dominant singular value in ¥ due to co-
herent source signals. Therefore, the M x 7' measurement matrix Y is reduced to an

M x 1 vectory as
y=TAs+e (B.4)

where § = UXz = YVz, § = SVzand E = EVz. z = [1,0,...,0]T is T x 1
vector whose all entries are zero but the first entry is one. Note that the row indices
of the non-zero terms in S and S are the same. Now the reduced model in (B.4) can

be rewritten in the following form, i.e.,
M
V= YmInAS+eé (B.5)
m=1

where J,, is an M x M matrix whose all entries are zero but only the m!" diagonal

entry is one.

In order to obtain a linear optimization problem, the model in is further modified

so that the unknown terms are inserted into a vector as
y=Dx+e (B.6)

where the M x MN dictionary matrix D is defined by stacking A as D =
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[J1A, oA, ..., JyA]. The MN X 1 vector X is defined as

- . . T
X=y®8§= |18, 78", .., 78]
_ [gﬂ)T,i(?)T,...,i(M)T]T (B.7)
where ® denotes the Kronecker product and v = [vy1,...,yx]". X is the m

subblock of x. Since s is K -sparse, X becomes an M K-sparse vector where s and
mismatch parameters ~ are embedded together. After some manipulations as in Sec.

5] the final form of the optimization problem is given as

. . . .
min | Clxl21 + 511y — DX|[; (B.8)

XECMNx1

where ( is the penalty term that balances the trade-off between /5 ; /I normed terms.

The mixed /5 ;-norm ||X||2; is explicitly given as

N M 1/2
2= (Z (wmén!f) (B.9)
n=1

m=1

|Ix

Once is solved, the source DOA angles and the mismatch parameters can be

found in the same way as in Sec. [5
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