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RESUMO

Neste texto sao propostos algoritmos de filtragem adaptativa de baixo custo computa-
cional para o processamento de sinais lineares no sentido amplo e para beamforming.

Novas técnicas de filtragem adaptativa com baixo custo computacional sao desen-
volvidas para o processamento de sinais lineares no sentido amplo, representados por
numeros complexos ou por quaternions. Os algoritmos propostos evitam a redundancia
de estatisticas de segunda ordem na matriz de autocorrelagao, o que é obtido por meio
da substituicao do vetor de dados original por um vetor de dados real contendo as mes-
mas informagoes. Dessa forma, evitam-se muitas operacoes entre nimeros complexos (ou
entre quaternions), que sdo substituidas por operacoes entre reais e nimeros complexos
(ou entre reais e quaternions), de menor custo computacional. Andlises na média e na
variancia para qualquer algoritmo de quaternions baseados na técnica least-mean squares
(LMS) sao desenvolvidas. Também ¢é obtido o algoritmo de quaternions baseado no LMS
e com vetor de entrada real de mais rapida convergéncia.

Uma nova versao estavel e de baixo custo computacional do algoritmo recursive least
squares (RLS) amplamente linear também ¢é desenvolvida neste texto. A técnica é mo-
dificada para usar o método do dichotomous coordinate descent (DCD), resultando em
uma abordagem de custo computacional linear em relacao ao comprimento N do vetor de
entrada (enquanto o algoritmo original possui custo computacional quadrético em N).

Para aplicagoes em beamforming, sao desenvolvidas novas técnicas baseadas no algo-
ritmo adaptive re-weighting homotopy. As novas técnicas sao aplicadas para arrays em
que o niumero de fontes é menor do que o ntmero de sensores, tal que a matriz de auto-
correlagao se torna mal-condicionada. O algoritmo DCD ¢é usado para obter uma reducao
adicional do custo computacional.

Palavras-Chave — Filtros adaptativos de baixo custo computacional, processamento de
sinais lineares no sentido amplo, dichotomous coordinate descent, adaptive re-weighting
homotopy, beamforming



ABSTRACT

In this text, low-cost adaptive filtering techniques are proposed for widely-linear pro-
cessing and beamforming applications.

New reduced-complexity versions of widely-linear adaptive filters are proposed for
complex and quaternion processing. The low-cost techniques avoid redundant second-
order statistics in the autocorrelation matrix, which is obtained replacing the original
widely-linear data vector by a real vector with the same information. Using this ap-
proach, many complex-complex (or quaternion-quaternion) operations are substituted by
less costly real-complex (or real-quaternion) computations in the algorithms. An analysis
in the mean and in the variance is performed for quaternion-based techniques, suitable for
any quaternion least-mean squares (LMS) algorithm. The fastest-converging widely-linear
quaternion LMS algorithm with real-valued input is obtained.

For complex-valued processing, a low-cost and stable version of the widely-linear re-
cursive least-squares (RLS) algorithm is also developed. The widely-linear RLS technique
is modified to apply the dichotomous coordinate descent (DCD) method, which leads
to an algorithm with computational complexity linear on the data vector length N (in
opposition to the original WL technique, for which the complexity is quadratic in N).

New complex-valued techniques based on the adaptive re-weighting homotopy algo-
rithm are developed for beamforming. The algorithms are applied to sensor arrays in
which the number of interferer sources is less than the number of sensors, so that the
autocorrelation matrix is ill-conditioned. DCD iterations are applied to further reduce
the computational complexity.

Keywords — Low-cost adaptive filtering, widely-linear processing, dichotomous coordi-
nate descent, adaptive re-weighting homotopy, beamforming.
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1 INTRODUCTION

Signal processing techniques deal with restrictions, imposed by hardware and software
limitations. These restrictions are strongly related to energy consumption and processing
speed, which, in general, are antagonist variables. Since for many applications low energy
consumption and fast processing are required, modern engineering is always seeking for
ingenious alternatives to obtain a reasonable trade off, trying to satisfy them both. For this
purpose, one can improve hardware and/or the algorithms applied to signal processing.
In this dissertation, we focus on the improvement of algorithms, and we propose new

alternatives to reduce the computational cost of adaptive filters.

In the first part of this text, we focus on the development of low-cost widely-linear
(WL) adaptive filters [1,2], which are applied to signals represented by complex numbers
and quaternions [3]. WL algorithms were first proposed in the context of complex-valued
estimation, to improve the mean-square error (MSE). They are applied in cases where the
standard techniques are not able to extract full second-order information from the input
data [1,2,4]. The standard methods — also known as strictly-linear (SL) — aim to estimate

a complex-valued scalar d using a set of data a, through the linear relation
Ysi, = wima (1.1)

where wyg,, is a vector with the estimation parameters and (-)¥ stands for the Hermitian
transpose. This approach assumes that the autocorrelation matrix C = E{zx®} [5] is
enough to describe all second-order statistics of @, and the input is defined as proper [2].
However, there are cases — which are detailed in Chapter 2 — in which an additional matrix
P = E{xx’} is needed ((-) stands for transposition). P is the pseudo-correlation matrix

[1], and when it is also used, the estimate is given by
Ywr = wVIngw + ng,zw*' (1'2)

ywr, 1s called a “widely linear” estimate of d, since it depends linearly not only on @, but

also on x*.
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SL techniques are the standard methods in complex adaptive filtering problems. In
references [6] and [7], which assume @ proper, SL adaptive filters are applied to channel
estimation, acoustic echo cancellation, active noise control, adaptive beamforming, among
many other applications. WL adaptive techniques, on the other hand, can be applied to
enhance the estimation of the direction of arrival (DOA) in sensor arrays, if the signal
of interest or the interferers are improper [8]. Some modulation schemes applied in com-
munications also produce improper baseband signals, such as binary phase shift keying
(BPSK) and pulse amplitude modulation (PAM) [8,9], requiring a WL approach for the
best performance to recover the transmitted data. Additionally, signals obtained in func-
tional magnetic resonance imaging (fMRI) [10], and applied to predict the direction of
ocean currents and wind fields [11] are improper and also benefit from WL estimation.
Many other examples of complex WL adaptive filtering applications can also be found in

[10,11], in which this approach is carefully addressed.

Quaternion adaptive filters employ quaternion numbers to concisely represent mul-
tivariable data, which may not be possible with a complex-valued representation. They
naturally exploit the relation between the quaternion entries to improve their estima-
tion, which motivated the development of different SL. and WL techniques (for instance,
[12-19].) SL quaternion adaptive filters are applied to predict wind direction [14,19], de-
noising coloured images [17] and for data fusion [14]. Quaternion Kalman filters are also
applied to navigation problems [20,21], since a quaternion approach leads to a orientation
representation free of singularities (which does not occur when Euler angles are applied,
for instance). Quaternion WL adaptive filters are applied to improve wind modelling [14],
for channel prediction [22], and also to predict 3D noncircular and nonstationary body

motion signals [19].

Despite the improved MSE performance that can be obtained with WL algorithms,
the computational cost to compute yy,, is higher, since the vectors and matrices have their
dimensions multiplied by two (in the case of complex-valued representation) or by four
(when quaternions are applied). There is also redundant information in the WL input
vector, that can be avoided with no information loss. In this text, we develop techniques
that are able to exclude redundance, helping to reduce the computational cost. For this
purpose, we apply a real input vector with the same information of the WL input, ob-
tained stacking up the real and the imaginary parts of the original WL data vector. Using
this approach, we eliminate the redundant data and also replace many complex-complex
(quaternion-quaternion) computations by less costly real-complex (real-quaternion) oper-

ations in the estimation. In Chapters 2 and 3, we show that reduced-complexity (RC)
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techniques, obtained with the real input vector, have exactly the same performance as
their original WL counterparts. For the quaternion algorithms, we develop a general ap-
proach to describe quaternion gradients, and we use it to obtain mean and mean-square
analyses for any technique based on the quaternion least-mean squares (QLMS) algo-
rithm. The analyses are particularized for WL-QLMS algorithms with real-valued input,

and we obtain the fastest-converging technique for this case.

In the second part of this text (Chapters 4 and 5), we employ dichotomous coordinate
descent iterations (DCD) [23,24] to develop reduced-complexity techniques. The DCD is

an iterative algorithm for solving linear systems of equations such as
Rw = p, (1.3)

where R = R is a positive-definite matrix and w and p are vectors. The algorithm
computes an approximate solution w, that is obtained with low computational cost, since
it avoids multiplications and divisions, costly to implement in hardware. In adaptive
filtering, among many applications (for instance [25-31]), it is applied to obtain a low-
cost solution for the least-squares (LS) problem [25,28], the DCD-RLS algorithm. The
technique applies the solution of instant n — 1 as the initial condition to instant n, so
that DCD only requires a low number of iterations to compute the update of the solution.
Using this approach, DCD-RLS is implemented with computational cost linear in the
number of elements N of the input, while traditional RLS is quadratic in N. The solution
is numerically stable, since the technique does not propagate the inverse autocorrelation

matrix (as it occurs in the standard RLS [32]).

In this dissertation, motivated by the results of DCD-RLS, we use DCD in two appli-
cations. In the first, we modify the reduced-complexity WL-RLS algorithm, presented in
Chapter 2, to employ DCD iterations. Since RC-WL-RLS is an RLS-based technique, its
computational complexity is quadratic with the number of elements of the input vector,
and it also suffers from numeric instability. Modifying the technique to apply the DCD,
we obtain the DCD-WL-RLS algorithm. To further reduce the computational cost, we
apply the new technique for cases in which the entries of the real and the imaginary parts
of the input are tap delay-lines, so that a cheap update of the estimated autocorrelation

matrix can be employed. Using this approach, a low-cost (linear in N) and stable version

of WL-RLS is obtained.

In the second application using DCD, we develop algorithms for beamforming [7]. In

sensor-arrays, when the number of sources is less than the number of sensors, the auto-
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correlation matrix can become ill-conditioned. Since this matrix is required to compute
the beamformer, regularization must be added to reduce the condition number. There
are some techniques in the literature (for instance, [33-35]) that regularize the autocor-
relation matrix, allowing the computation of beamformers such as the MVDR (minimum
variance distortionless response) [7]. However, these methods are in general costly and
depend on the number of sensors, such that for a large number of sensors, the complexity
to compute the beamformer can become prohibitively high. Techniques such as the robust
Capon beamformer [33], for instance, have complexity cubic in the number of sensors, and

can be very difficult to implement for large arrays.

To develop low-cost techniques to regularize the autocorrelation matrix, we use an ¢;-
norm regularized approach, based on complex-homotopy techniques [36,37]. In general,
{1-norm regularized techniques are applied to exploit sparsity on systems of equations.
For our approach, we show that it allows us to add the minimum amount of regularization
to the matrix, leading to a low-cost solution and also improving the signal-to-interference-
plus-noise ratio (SINR). Based on the complex homotopy (CH) [36] and on the adaptive
re-weighted homotopy (ARH) [37] algorithms, we propose the complex ARH (C-ARH),
and we use it to develop low-cost iterative techniques to regularize the autocorrelation
matrix. It is shown that the techniques must solve a set of low-dimension system of
equations at each snapshot, which can be computed at reduced cost using DCD. We
show that the DCD-based techniques have quadratic complexity in the number of sensors
N, if the number of interferers does not increase with N. If the number of interferers
grows linearly with N, the complexity increases, but it is shown that our approach is still

advantageous for a range of values of V.

The publications that resulted from the research presented in this PhD dissertation

are the following:
1. The low-cost WL techniques developed in Chapter 2 were presented in the conference
paper [38].

2. The advances regarding reduced complexity quaternion WL adaptive filters were
presented in two conference papers ([18] and [39]), and a journal paper is being

prepared.

3. The DCD-WL-RLS algorithm of Chapter 4 was presented in the conference paper
[29].

4. Preliminary results with the beamforming algorithms appeared in the conference
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paper [40]. A journal paper [41] was accepted for publication in the IEEE Trans-
actions on Aerospace and Electronic Systems, and is expected to be published in

July.

1.1 Contributions of this work

The main contributions of this text are the following:

1. New reduced-complexity adaptive algorithms are proposed for complex-valued and
quaternion WL estimation. The complexity reduction is achieved by eliminating
the redundant second-order statistics from the autocorrelation matrix. The compu-
tational complexity of the new algorithms is shown to be equal to that of their SL

counterparts.

2. We obtain a general equation for the quaternion gradient, which allows us to study
the convergence and steady-state performance of any algorithm based on the quater-
nion least-mean squares technique (QLMS). The general gradient is applied to show
that gradients similar to the i-gradient [42] lead to a fastest-converging algorithm
when the regressor vector is real or when there is correlation between at most two

quaternion elements (for instance, the real entries and the elements in the 7 axis).

3. The general quaternion gradient is used to obtain a new WL quaternion LMS al-
gorithm. The proposed technique has about one-fourth of the computational com-
plexity of the standard widely-linear quaternion LMS filter, and is proved to be the

fastest-converging algorithm in its class.

4. A second-order analysis is proposed for the new quaternion algorithm. We obtain
simple equations to compute the steady-state excess mean-square error (EMSE) and
the mean-square deviation (MSD) [32], and also a second-order model to study the

convergence rate of the technique.

5. We show that our new quaternion algorithm and WL-iQLMS have the same conver-
gence performance. We also prove that the proposed technique corresponds to the
four-channel least-mean squares algorithm (4-CH-LMS) written in the quaternion

domain.

6. We obtain a low-cost and numerically stable DCD version of the RC-WL-RLS al-
gorithm, which is suitable for tap delay-line input. The technique has a cost pro-

portional to N, where N is the length of the SL input.
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7. We obtain new low-cost homotopy-based techniques for beamforming. The tech-
niques are proposed to regularize ill-conditioned systems of equations which appear
in the computation of the beamformer. Using this ¢;-norm regularized approach, we
obtain low-cost techniques, which achieve further complexity reduction when they

also apply DCD iterations.

1.2 Organization of the text

The dissertation is divided in two parts: in the first part, we propose low-cost tech-
niques which eliminate the redundant second-order information from the autocorrelation
matrix in complex and quaternion widely-linear adaptive filters. In the second part, we
propose WL adaptive filters and beamforming techniques which exploit DCD-iterations

to obtain low-cost algorithms, suitable for hardware implementation.

In Chapter 2, we study complex-valued widely-linear estimation, introducing some
basic concepts that will be used throughout the text. We compare SL and WL estimation,
and we show the conditions under which WL techniques are advantageous. We develop
two new techniques for complex-valued widely-linear estimation: the RC-WL-LMS and
the RC-WL-RLS algorithms.

In Chapter 3, we propose a universal description to quaternion gradients, which allows

us to develop a new reduced-complexity WL algorithm.

Chapter 4 starts presenting the DCD algorithm and its two versions. The DCD is
extended to solve the normal equations of the RC-WL-RLS, resulting in the new low-cost
DCD-WL-RLS algorithm.

In Chapter 5, we develop low-cost beamforming techniques based on the f;-norm
regularized adaptive re-weighting homotopy technique. DCD iterations are used to further

reduce computational complexity.
In Chapter 6, we list and discuss briefly some possibilities to continue the research.

In Chapter 7, we conclude the work.

1.3 Notation

We use lower case to describe scalar quantities (e.g.: a) and bold lower case to describe

column vectors (e.g.: b). Bold capital letters represent matrices (e.g.: A). a; stands for
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the [-th column of A, while a;,, denotes the entry of A in the I-th row and in the m-th
column. We use A“™P) to obtain the elements from the position I to m, in the p-th
column of A. For a vector b, we denote b, as its [-th element. The conjugation of a

T stands for transposition, while

complex or quaternion number is denoted by (-)*. ()
(1) indicates the transposition and conjugation of a complex or quaternion matrix or
vector. We define the operator diag(-) for two situations: when the argument is a matrix
A diag(A) denotes a column vector with the diagonal elements of A. When the argument
is a vector b, diag(b) denotes a diagonal matrix where the non-zero elements are given
by b. We use j to identify the imaginary unity (j = +/—1) in the complex field, and
we employ 2, 7 and k as the imaginary units in the quaternions case. The operations
Im{-} and Re{-} take only the imaginary and the real parts of a complex number or a
quaternion, respectively, and we use the subscripts R, I, J and K to identify the real and
the imaginary parts of a quaternion. E{-} is the expectation operator and Iy is the NxN

identity matrix. We use col(-) to define a column vector, and || - ||, is the £,-norm. 0/« n

correspond to an M x N matrix of zeros. The symbol ® denotes the Kronecker product.
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2 LOW-COMPLEXITY WIDELY-LINEAR
ADAPTIVE ALGORITHMS FOR
COMPLEX-VALUED SIGNALS

Widely-linear algorithms are employed to extract full second-order statistics, when

their strictly-linear counterparts are unable to access this information.

Strictly linear adaptive filters are the standard approach to adaptive filtering problems
in the complex domain. In the first applications of complex estimation, the SL approach
was sufficient ([8] states that only after the 1990s WL estimation started to attract more
attention). Therefore, important reference books such as [7] and [32] present adaptive
techniques in the complex domain following only the SL approach, under the assumption
that the autocorrelation matrix is sufficient for capturing all the relevant second-order
information. In this case, all the applications and examples presented in these books
use SL techniques. An example of application in which an SL approach can capture full
second-order statistics can be obtained from [32]: an adaptive channel equalization scheme
applied to recover a M-QAM (M = 4*) sequence of symbols (quadrature-amplitude mod-
ulation) corrupted by Gaussian noise. In this case, the autocorrelation matrix can fully
extract second-order information from the M-QAM sequence [9], so that an SL adap-
tive filter is the best approach for this problem. Another modulation scheme for which
SL filters are the best choice is 8-PSK (phase-shift keying) [9]. In the context of array
processing, SL algorithms also are adequate to estimate the direction of arrival (DOA)
when the signal (or signals) of interest are obtained from one of these modulations [8] —
or other inputs for which the pseudo-correlation matrix vanishes. However, other modu-
lation schemes applied in communications, such as binary phase shift keying (BPSK) and
pulse amplitude modulation (PAM) [8,9], cannot be properly processed by SL approaches.
The prediction of the direction of wind fields and of ocean streams [11] also achieve lower
MSE when performed by a WL adaptive filter. There are also other applications and
techniques developed for WL processing, such as [43] and [44], applied for beamforming,
and [29, 38], used for system identification, among many others. For all these cases, an

SL adaptive filter would lead to poor performance.
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The WL approach has a drawback when compared to traditional SL algorithms: the
complex WL regressor vector is twice as long as the traditional SL vector, since the WL
regressor consists of a concatenation of the SL regressor and its conjugate. This results
in an increase of the computational complexity, an increase in the excess mean-square
error, and possibly also (most importantly for LMS-based algorithms) a reduction in
convergence speed [2]. All these problems may overshadow the possible estimation gains

for some applications.

In this chapter, we present reduced complexity versions of the widely-linear LMS and
RLS algorithms. For this purpose, we introduce a real regressor vector obtained with the
concatenation of the real and the imaginary parts of the complex data. With this simple
modification, we exclude redundant second-order information from the autocorrelation
matrix, and the computational complexity of the WL filters is reduced back to almost
the complexity of strictly linear filters. We prove that the modified filters are equivalent
to their standard WL counterparts, only with a reduced complexity, and we give a few
examples for the modified WL-LMS and WL-RLS algorithms.

The specific contribution of this chapter is the following:

e We use a linear transformation to show that the redundant terms of the correla-
tion matrix can be avoided, without loosing second-order information. Using this
approach, we obtain new versions of the WL-LMS and WL-RLS algorithms, which
keep the same performance as the standard WL filters, but reduce the computational

cost by a factor of one half or less.

The chapter is organized as follows. We start with a brief review on adaptive filtering
algorithms in Section 2.1.1. In Section 2.1.2, we present basic results on SL and WL com-
plex estimation, and in Section 2.2, we propose new reduced-complexity WL techniques
based on real-valued regressor vector. In Section 2.3, we provide simulation examples,

and in Section 2.4 we present the conclusions of the chapter.

2.1 Preliminaries

In this section, we present some preliminary concepts required to develop our reduced-
complexity widely-linear techniques. We start with a brief description of adaptive filtering

techniques, and then we present some results about widely-linear estimation.
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2.1.1 Adaptive filtering

Adaptive filters [24,32,45] are applied when the specifications are unknown or cannot
be satisfied by time-invariant filters. The parameters of an adaptive filter continually
change to meet a performance requirement, using data extracted from the environment.
Some applications of adaptive filtering are noise canceling, echo cancellation, system iden-
tification, equalization, adaptive beamforming and control [7,24, 32, 45], among many

others .

In general, it is assumed in adaptive filtering that at the time instant n a scalar d(n)
and a vector x(n) are available. The expression that models the relation between d(n)
and x(n) is given by!

d(n) = w x(n) + v(n), (2.1)

opt

where w,,, is the set of optimum parameters, assumed constant here for simplicity, and

opt

v(n) is noise. The goal of the adaptive filter is to compute an approximation

H(n)x(n), (2.2)

where w(n) estimates w,,,. Using d(n) and y(n), an approximation error is defined, i.e.,
e(n) = d(n) —y(n), (2.3)

which is applied by the filter to adjust w(n), based on some optimization criterion that

minimizes a function of e(n) (for instance, f(e) = e?(n)) with respect to w(n) (see
Figure 1).
x(n) Adaptive
— ) .
Filter

/ e(n)

Figure 1: General description of an adaptive filter

There are different ways to update w(n), which gives rise to many techniques. When
f(e) = €*(n), the technique obtained is the least mean-squares (LMS) algorithm [45],
which is presented in Table 1. Using the LMS algorithm, an iterative update of w(n)

is computed at each instant n, where the update is weighted by a small constant pu,

Tt is assumed that we deal with complex quantities.
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Table 1: LMS algorithm

Initialization
w(0) =0
forn=0,1,2,3...
y(n) = w"(n)z(n)
e(n) = d(n) — y(n)
R ETORARED

the step size of the technique. When the function to be minimized is given by f(e) =
oo v he?(i), the recursive least-squares (RLS) algorithm [45] is obtained. The tech-
nique is summarized in Table 2, where ®(n) is the estimate of the inverse autocorrelation
matrix, while k(n) is the Kalman gain and +(n) is the conversion factor. v is the forgetting

factor and € is a small constant for initializing ®(n).

Table 2: RLS algorithm

Initialization
w(0)=0
®(0) =€l
forn=20,1,2,3...
v(n) = (v +z"(n)®(n)z(n))™

e(n) =
w(n +1) = w(n) + k(e (0
B(n+1) = —(®(n) - k(n)k" (n)(n))

Note that the techniques presented in this section assume that d(n) is modeled by
(2.1), such that (2.2) is a good approximation to d(n). These techniques are SL algorithms,
since the estimate is linear in &(n). On the other hand, WL approaches assume that d(n)

is better modeled by

d(n) =w? x(n)+w? x*(n)+ov(n), (2.4)

opt,1 opt,2

so that two times more coefficients are estimated, increasing the computational complexity
of the algorithms. In this text, we concentrate on WL techniques, but we propose alter-
native versions to reduce the number of computations. In the next section, we present
WL estimation in detail, which is the basis to develop the reduced-complexity techniques

proposed in this work.
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2.1.2 Complex-valued widely linear estimation

In this section, SL and WL estimation are presented based on the results of [1] and [2].
We start with SL estimation, and present some literature results which allow us to compute
the optimum mean-square error. We proceed similarly to present WL estimation, and then
we compare both approaches to show cases in which WL estimation is advantageous. A

time coefficient n is used in the variables to indicate that they are time-variant.

Assume that, at each time instant, we have access to a data vector @(n), which is

related with d(n) by the expression in (2.1). Using a SL estimator, d(n) is estimated with
Ysi(n) = wg(n)w(n), (2.5)

where wg;,(n) are the SL estimation coefficients. The optimum set of coefficients (in the

mean-square sense) is obtained through the minimization of the cost function [1]

Jsp(we(n)) = Eles,(n)[*}, (2.6)
where
esu(n) = d(n) — ys.(n). (2.7)

The minimization of (2.6) is equivalent to solving the system of equations
CwSL,opt - p? (28)

where

C = E{z(n)z"(n)} = (Run + Ry) + j(— Ry, + Rin), (2.9)

Ruy = E{za(n)zf(n)}, Ru= E{z:(n)z{(n)}, Ru = Ry = E{za(n)z{(n)},
(2.10)
is the autocorrelation matrix and p = E{d*(n)x(n)} is the cross-correlation vector [1].
Wqy, ., 1 the optimum SL solution to (2.8)%. A key property of wg, . is that the optimum

error is orthogonal to x, since

E{et (n)z(n)} = E{z(n)(d"(n) — " (n)wer o) }
= E{z(n)d"(n)} — E{z(n)z" (n) }wsr o

= p - CwSL,opt - 0

Using wyg,, .. and the orthogonality principle, we can compute the minimum value of

2The optimum solution to a quadratic problem such as (2.6) is also known as the Wiener solution [45].



the cost function, i.e.,

Tsr(Weronm) = E{les(n)]}
= E{(d(n) — ys.(n))"esu(n)}
= B{d*(n)es(n)} — E{yg (n)esc(n)}
= E{d*(n)es.(n)} — \E{mH(@eSL(n)};wSL,ON
Efegy,(n)a(n)}=0
= B{d*(n)(d(n) = ys.(n)}
= E{|d(n)[*} = E{d"(n)wg, . ®(n)}
= E{ld(n)P’} - wg . E{d"(n)x(n)}
—— ———

n

SL,opt
(C~1p)H p

= E{|d(n)P’} - p"C"'p,

30

(2.11)

which is a lower bound to the mean-square error performance of any technique that

employs the SL approach.

Note that to compute wg,, ..., We just required C' and p, obtained assuming that the

approximation yg; (n) linearly depends only on x(n). For a WL estimator, on the other

hand, yw.(n) depends on the extended vector
T
T () = [ 27(n) z(n) |

and is given by

B wWL,l(n)
yWL( ) [ wWL’Q(n)

N J/
-~

w\I;IVL (n)

In this case, the cost function used to obtain the optimum solution is given by

Jwr(wwi(n)) = E{|6WL(n)|2},
where
ews(n) = d(n) — yw.(n),

which is equivalent to compute the solution to the system of equations

CwWL,opt,l + PwWL,opt,Q =D

* * %
P Wwr,opt,1 T C Wwr,opt,2 — 4

where

P = (RRR - RII) + j(RRI + RIR)

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)

(2.17)
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and ¢ = F{d(n)x(n)}. P is known as the pseudo-correlation matrix [1]. Equation (2.16)

can also be written as

CWLwWL,opt = Pww» (2-18)
where we define

©r ] (2.19)

and
Py = [ P ] ) (2'20)

to shorten the notation.

In order to solve (2.18), assume that C and P are invertible matrices. To compute
Wyr, ope1, left-multiply the first equation of (2.16) by —P~! and left-multiply the second
equation of (2.16) by C~'*. Adding up the equations, one gets

(CH*P — P 'Clwypop = (P 'p+ Cq"), (2.21)
and left-multiplying (2.21) by — P, yields
(C — PC " P wyy . = (p— PC 1 q). (2.22)

Finally, to isolate Wy .1, multiply (2.22) by (C — PC~"*P*)~! from the left to obtain

1

Wyr,opn = |[C — PC™"P*|"" [p— PC "gq"]. (2.23)

A similar approach can be applied to compute Wy, 2, leading to the equation

1

Wyt = |C*— P*C™'P] " [¢" — P*C 'p]. (2.24)

Using the solution of the extended system of equations, we can compute Jyp, (W ope) tO
compare the minimum mean-square error achieved by SL and WL estimators. First, we
need to extend the orthogonality condition to the WL case and show that the optimum

error is orthogonal to x(n) and «*(n), that is

E{e*(n)x(n)} = E{(d"(n) — yy.(n))x(n)}
= E{d*(n)z(n)} — E{z(n)(@” (n)wwmpu + T (1) Wwiepe2) ) (2:25)
=P — (CwWL,opt,l + PwWL,opt,Q) =0,
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where we used the first equation of (2.16) to obtain the last equality, and

E{e*(n)z*(n)} = E{(d"(n) — yi.(n))z"(n)}
= E{d*(n)x*(n)} — E{z*(n)(x" (n)wwrops + 2" (0)Wwr0p2) }
=q" — (P*wWL,opt,l + C*wWL,opt,Q) =0,
(2.26)

where the last equality is obtained by applying the second equation of (2.16).

Equation (2.14) can be expressed as

Jwr (W opt) :E{‘QWL@)‘Z}
= B{(d(n) — ywn(m))*ewn (n)} (2.27)
= E{d"(n)ew.(n)} — E{y5.(n)ewn(n)},

so that we must apply the orthogonality conditions to compute E{ys, (n)ew.(n)}, ie.,

E{yi(n)ewn(n)} = E{ewi(n)yi.(n)}

= E{ew(n)(@" (n)Wypopes + T (1) Wi pe2) }

= E{eWL(n)ajH( )} Wwropa + E{ew(n )wT(n)}J Wiyp, opr2 = 0.
(n

-~

)w( )} =0 =E{ejyy, (n)z*(n)}# =0

=E{ejyL(n
(2.28)

Using this result, equation (2.27) reduces to

n)ew(n)}

n)(d(n) — yw.(n))}

1P} = E{d*(n)wy, ., ®(n)} — E{d*(n)w{, .z (n)}

WP} - wh, B (man)} —wh, L E{d (e (n)},
—_

~\~

P q*

Jo (wWL,opt> =

d*(
d*(

(
d(

(2.29)

which expresses the MSE lower bound for WL estimators.

We can express the difference between the optimum mean-square error obtained with
SL and WL estimators using (2.11) and (2.29),

AJ = JSL(wSL,opt) - JWL(wWL,opt)

Hv—1 H H * (2.30)
= _p C p + wWL,opt,lp + wWL,opt,Qq ‘

From the first equation of (2.16), we can write Wy ops = C~'p — C ' PWyy opeo. Sub-
stituting this relation in (2.30), after some algebra one gets

AJ =wi (¢- — PPC'p)

‘WL,opt,2

H o (2.31)
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Note that (2.31) can be simplified. Using the fact that C is hermitian and invertible,

such that C ™' is also hermitian, and showing that
P — B{a(n)a’ ()} = E{z* (2" (n)} = E{z(m)a” ()} = P*,  (2.32)

we can simplify

([c*—PCc'P] YT =([c*-PC'P]")!
[(CH) —PH(C (P (2.33)

[c*—PC'P],

and

AJ=[qg—PC'p]" [C" - PCT'P] ' [ - P'C'p]. (2.34)

Noting that [C* — P*C_lP} is a positive-definite matrix (since it corresponds to the
Schur complement [46] of C' in Cy,), AJ > 0 always. Therefore, the minimum mean-

square-error obtained with the WL estimator is never worse than that obtained with a

SL one.

To identify cases in which the WL approach outperforms SL estimation, or when they
achieve the same MSE performance, one must study the statistics of &(n) and d(n), and
verify how expression (2.34) is affected by them. For this purpose, we present some results
on the statistics of @(n) and d to define circularity — the condition for which SL and WL
estimator have the same MSE. Then, we present some examples of WL estimators and

how they are affected by different conditions on the statistics of &(n) and d(n).

2.1.2.1 Circularity and second-order circularity

A complex random variable © = xy + jx;, where xy and z; are real entries, is circular

in the strict-sense [2] (or only circular) if its joint probability density function (pdf)

fa&(x) - fa&R,xI(xRaxI) (235)

is invariant to rotations, i.e., if  and ze/® have the same pdf. Circularity is a strong
property and requires the pdf of z or all the moments [5] of f,(z) and f,(ze’?) to be
verified. Since these quantities are not available in general, a less restrictive criterion
can be used to verify if the variable is at least second-order circular or proper [2]. This
condition takes into account only second-order moments of the pdf, which may be easier

to access or to estimate.

To present the conditions for which second-order circularity holds, consider the N x 1
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complex random vector . Without loss of generality, assume that their entries are zero-
mean. The second-order statistics of & can be completely defined by two matrices, C
(see eq. (2.9) ) and P (see (2.17) )[1,2]. We define & as second-order circular [2] when

P = 0, which is equivalent to the conditions
R.. =R, and Ry, = —R (2.36)

simultaneously (see (2.10)). When @ is second-order circular, all the second-order statis-
tics can be obtained from C. However, when P # 0, both matrices are required to fully
exploit these statistics of . Additionally,  and d are jointly second-order circular when

the vector
[z d]" (2.37)

is proper, which implies P = 0 and the additional condition
qg = E{d(n)x(n)} =0. (2.38)

As shown in Section 2.1.2, SL estimators are unable to access P and q, while their WL
counterparts exploit all the second-order information, which can be used to reduce the
mean-square error [2]. In the next sections, we present some examples to show how WL

estimators perform for different conditions on P and q.

2.1.2.2 Jointly second-order circular case

This case occurs when P = 0 and g = 0, which implies AJ = 0 (see eq. (2.34)). In
this situation, SL and WL approaches have the same optimum mean-square error, since
P and g do not contribute to the estimation. However, since wyy,(n) has two times the
number of entries of wg,(n), the WL estimator is more costly to compute. Due to the
higher number of entries to estimate, one must also expect slower convergence rate in WL

estimators and higher excess mean-square error [2].

2.1.2.3 Second-order circular regressor

Assume that P = 0, but g # 0. Equations (2.23) and (2.24) simplify to

w opt,1 - Cil
Wiert, p (2.39)

Wwr,,0pt,2 — (C*)_lq*-

In this case, the vector w, ..., is equal to the coefficients estimated by the SL estimator,

but there is an additional vector Wiy, o2, Obtained by the WL estimator. Using eq. (2.39)
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in (2.34), AJ can be evaluated as given by
AJ=q"(C)'q"=4q"C g >0, (2.40)

which shows that the WL approach leads to smaller MSE than the SL estimation in this

situation.

2.1.2.4 Real-valued desired signal (real d(n))

When d(n) is real®, but (n) is still a complex vector, one can manipulate eq. (2.16)

*
WL,opt,1?

to show that p = q. Using this result in (2.23) and (2.24), one gets Wy, opio = W
which can be used in eq. (2.13) to obtain

Ywe(n) = wll x(n) + (wi )*x*(n) = 2Re{w!l x(n)}. (2.41)

WL,opt,1 WL,opt,1 WL,opt,1

Substituting (2.41) in the cost function (2.14), Jy(Wwy o) is given by

_ 2 H H *
JWL<wWL70Pt> - Ud - wWL,opt,lp - wWL,opt,Qp
——

w%—{/L,Opt,l (2 42)
= 0-2 - wV];éL,opt,lp - (wVI—éL,opt,l )*

= 0-2 - 2R€{wVI—5L,opt,1p}'

We can make a direct comparison of SL and WL estimation if we also assume that process

{z(n)} is second-order circular, which implies P = 0 *.

Assuming that P = 0, the first equation of (2.23) reduces to Cwyy, opn = P, sSuch
that Wy oo = Wy ope:- Applying this result in eq. (2.42), one gets

_ 2 H H X
Jwr(Wyp o) =05 — Wy, opt, 1P — (wWL,opt,l ) (2.43)
_ 2 H H * :
=04 — 'wWL,opt,lcwWL,OPt,l - (wWL,opt,lcwWLvoth) .
. H .
Recalling that wiy, ., C Wy e, results in a real number, (2.43) reduces to
_ 2 H
Jwr(Wwiope) =05 — QWWL,opt,lcwWL,opc,l (2.44)
— 52 — 2wl ’
- d WL,opt,1p7
such that the difference
H H
AJ = Jsi(Wspopt) = Jwi(Wwropt) = Wigp i P = Wagp, e s CWiyropen > 0 (2.45)

3This case is presented since it appears as an WL example in [2], and is also applied in a simulation
presented in this chapter.
“Note that even if P # 0, eq. (2.34) can also be used to compare WL and SL approaches.
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is always positive. Equation (2.45) proves that the WL estimator is also advantageous

when d(n) is real and P = 0, improving the MSE performance.

In this section, we presented WL estimation and gave some examples in which this
approach outperforms SL techniques. Based on these results, in the next section we
propose low-cost versions of WL adaptive techniques, and show that they achieve the

same MSE obtained with the original methods.

2.2 Reduced-complexity widely-linear adaptive filters

WL adaptive filters are direct extensions of their SL counterparts, only with twice as
large regressors and weight vectors. The WL versions of the LMS and the RLS algorithms,

for instance, are presented in Tables 3 and 4.

Table 3: WL-LMS algorithm

Initialization

wWL(O) = On 1
forn=0,1,2,3...
Ywe(n) = wi (n)Tw(n)
6WL(”) = d(n) - yWL(n)
Wy, (N + 1) = Wy (1) + pweely, (1) Twe(n)

end

Table 4: WL-RLS algorithm

Initialization
wWL(O) = Oonys
(I'WL(O) = elonyon
forn=20,1,2,3...
v(n) = (V + Ty, (1) Prer, (1) @i, (n))
kyi(n) = (n)wWL(n) (n)
ewe(n) = d(”) — Wy (
Wy (1 + 1) = wyi(n) + kwe(n)ey, (n)
(

B (1 4+ 1) = (B (1) — e ()1, () ()

end

Using the WL approach, we can recover full second-order information from C', since
both C' and P are available, as shown in Section 2.1.2. However, matrices Rpr, Ry and
Ry, appear redundantly in the block-matrices which constitute C\,., since each block

(C, C*, P and P") contains all these terms (see equations (2.9), (2.10) and (2.17)).
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The redundance can be avoided using a 2/N-real regressor vector which contains the same
information of the 2N-complex WL regressor vector. Below, we show that using this

approach one can obtain low-cost techniques for WL processing, and we propose reduced-

complexity versions of the WL-LMS and WL-RLS algorithms.

2.2.1 Avoiding redundant information in the autocorrelation
matrix

Considering (2.9) and (2.17), we can observe that the information contained in ma-
trices Rgr, Ry and Ry is repeated in C' and in P and, consequently, in Cly. This
argument intuitively leads to the idea of obtaining an equivalent real matrix for Cl,,
avoiding redundance. It is possible to redefine the regressor vector in terms of its real and

imaginary parts, i.e.,

(2.46)

Zro(n) = [ xr(n) ] _

x(n)

In this case, the autocorrelation matrix is given by

CRC _ RRR RRI )
RIR RH

Since @p-(n) and Cpge contain the same information as in @, (n), algorithms based
on xyzo(n) will access the same statistics accessed by standard WL filters. However,
the computational cost will be significantly lower: since the regressor is now real, an
algorithm based on xy.(n) will replace several multiplications of two complex numbers
by multiplications of a complex with real numbers, which require each 2 multiplications

and 2 sums less.

Considering the advantages that may be obtained with the real-input vector, our goal
is to propose algorithms which apply @ (n) instead of @y, (n). However, we first show the
relation between the optimum weight vectors obtained with both inputs, in order to prove
that they lead to the same estimation results. For this purpose, define the transformation
matrix

I 1l
U= [ NI ] (2.47)
In —gly

where Iy is the identity and UU"” = 2I. Note that

Zro(n) = Uz, (n) (2.48)
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so that one can write

C..=U"C,,U. (2.49)
The cross-correlation vector obtained with @y.(n) corresponds to
Prc = B{d(n)anc} = E{dn)U" "z} = U''p,,. (2.50)
The Wiener solution is given by
Wic = Oulpye = (U700 U0) " Ulpy, = S0 w0

so that the optimum coefficients obtained with @p.(n) are just a transformed version of

Wy, op, Which is applied in standard WL adaptive filtering.

Using a similar approach, we show the relation between the weight vectors and the

estimates obtained with both approaches. Applying U to (2.13), we obtain

1
Ywe(n) = §w\1;\I/L(n)UUHmWL(n)’
Defining
1

we note that the estimates computed using the transformed regressor and weight vector

are equivalent to those obtained with the original vectors, since

Ywi (1) = Yre(n) = Wi (n) e (n).

From these results, one can see that using the transformed regressor, we compute
the same estimate as obtained with @y, (n), and that both approaches achieve the same
optimum MSE. Next, we derive transformed versions of the widely-linear LMS and RLS

algorithms, obtained with matrix U in order to use real regressor vectors.

2.2.2 Reduced-complexity widely linear LMS (RC-WL-LMS)

Applying the transformation U to the WL-LMS equations (Table 3) and using the

real regressor vector @y (n), we obtain

Yne(n) = wre(n)aac(n),

erc(n) = d(n) = ync(n)
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and

Wre(n + 1) = Wre(n) + prelhe (M) Tre(n),

with the initial condition

'ch(O) = Oonr-

Note that the relation between the step sizes, firc = 2fiwr, comes from the transformation
U.

Indeed, ypc(n) and egc(n) are exactly the same as in the standard WL version, since
the transformation U does not affect them. Furthermore, the analysis of the WL-LMS
algorithm in [2] can be easily extended to the reduced complexity version. Since the
relation between wyc(n) and wyy,(n) is through a multiple of a unitary matrix (2.47), the

mean-square behavior of both algorithms is similar.

2.2.3 Reduced-complexity widely linear RLS (RC-WL-RLS)

We can also obtain a reduced-complexity version of the WL-RLS algorithm applying
the transformation U. For this purpose, recall the equations of WL-RLS, presented
in Table 4. We start showing that the estimate of the inverse correlation matrix is a
transformed version of its WL counterpart. To prove this, first note that using (2.49), the

inverse of the correlation matrix C'z. can be written as given by
C.l=u"c,l(unH. (2.52)

Using properties of the similarity transformation, i.e., U™' = U"/2 and (UH)_1 =U/2,

(2.52) can be rewritten as

L, u”_ U
Denoting by ®xc(n) the estimate of Cy, the following relation holds
u” U

Therefore, since matrix @y, (n) is initialized as @y, (0) = €I in the WL-RLS algorithm,
to ensure the equivalence to the reduced-complexity version proposed here, the matrix

®.(n) must be initialized as @y (0) = (¢/2)1.

Analogously, applying the transformation U to the conversion factor and the Kalman

gain, we arrive at

30 = v+ 2 D ) S ()| (2.55)
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and
UH
—ky(n). (2.56)

kpe(n) = 5

Now, using @y (n) and wge(n) as defined in (2.46) and (2.51), we obtain the RC-WL-
RLC, i.e.,

1(n) = (v + 246 (1) Bre(n)@rc(n))
kpo(n) = @pc(n)xrc(n)y(n),
enc(n) = d(n) — wig(n)zne(n),
Wre(n + 1) = wre(n) + knc(n)efq(n),

and

B+ 1) = o (®uc(n) — Kec () (1)1 (0)

Again, the transformation reduces the presence of complex numbers in the calculations,

which results in an algorithm with smaller cost.

Tables 5 and 6 show the computational cost of the SL, standard WL and RC-WL
algorithms based on LMS and RLS approaches, in terms of the number of real sums (+),
real multiplications (X ) and real divisions (+). We assume that the SL regressor vector

has N entries.

Table 5: Computational complexity for SL-LMS, WL-LMS and RC-WL-LMS in terms of
real operations per iteration

Algorithm + X -
SL-LMS SN | SN+2 | -
WL-LMS 16N | 16N +2 | -
RC-WL-LMS | 8N | 8N +2 | -

Table 6: Computational complexity for SL-RLS, WL-RLS and RC-WL-RLS in terms of
real operations per iteration

Algorithm + X -~
SL-RLS 6N?+ 14N —1 | TN* +2IN+1 | 1
WL-RLS 24N? 4+ 28N —1 [ 28N? + 42N +1 | 1
RC-WL-RLS 6N? + 11N SN? +14N +1 | 1

From Table 5, we notice that the RC-WL-LMS and SL-LMS algorithms have the
same complexity, which is almost two times smaller than that of the WL-LMS algorithm.
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Similarly, Table 6 presents the complexity results for RLS. In this comparison, we have
taken advantage of the symmetry of ®..(n) to compute only the elements in the main
diagonal and above it. We have used the approach of [32], p.201. Surprisingly, the
number of sums needed by the RC-WL-RLS algorithm is smaller than that of the other
two algorithms. The number of real multiplications is only a little higher than that of
SL-RLS.

2.3 Simulations

In order to compare the SL, WL and RC-WL algorithms, we show some simulations
considering the identification system model used in [2]. We defined a complex-valued
random process x(n) = V1 — a?x(n) + jax,(n), where x(n) and @;(n) are two uncor-
related real-valued Gaussian processes with zero mean. The factor « is chosen between 0

and 1. The process is circular if @ = 1/v/2. The system coefficients were defined as
Wepese = B(1 + cos(2m(k —3)/5) — 3(1 + cos(2n(k — 3)/10))), (2.57)

with £ =1,2,...,5 and g = 0.432. The desired signal included a Gaussian noise with 20dB
signal to noise ratio (SNR). The WL-LMS algorithm used a step-size piy; = 0.04. The
RLS forgetting factor was chosen as v = 0.999 and the initial condition ®,.(0) = 0.01L.
The regressor was generated using both o = 0.1 and a@ = 1/v/2. Note that we define
d(n) = Re{w! x(n)}, so the widely-linear solution achieves an MSE that is better than

that of the SL solution, even when the regressor is proper (since the regressor and desired

sequences will not be jointly second-order circular).

To ensure the same convergence characteristics, the step size of the RC-WL-LMS was
chosen as firc = 2pw, = 0.08 and the RC-WL-RLS initial condition used for ®,.(0) was
0.005I. In Figures 2 and 3, we observe different versions of the LMS and RLS algorithms,
considering the SL, WL and RC-WL estimation. These figures show that the WL and
RC-WL estimators are clearly better than the SL approach in this situation. It is also
important to notice that the WL and RC-WL algorithms also achieve the same MSE

levels, reaffirming the equivalence between those approaches.
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Figure 2: MSE for WL and RC-WL algorithms with circular input (o = 1/4/2). On
the top: SL-LMS, WL-LMS and RC-WL-LMS (urc = 2w, = 0.08). On the bottom:
SL-RLS, WL-RLS and RC-WL-RLS (®5(0) = ®,,(0)/2 = 0.005I)
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Figure 3: MSE for WL and RC-WL algorithms with non-circular input (o = 0.1). On
the top: SL-LMS, WL-LMS and RC-WL-LMS (ppc = 2pw, = 0.08). On the bottom:
SL-RLS, WL-RLS and RC-WL-RLS (®.(0) = ®,,(0)/2 = 0.005I)



43

2.4 Conclusions

In this chapter, we showed that, when using a real regressor vector constituted by
the real and the imaginary parts of the complex data, it is possible to reduce the number
of operations in WL algorithms. The RC-WL-LMS achieved the same complexity as the
SL-LMS algorithm, which is almost a 50% reduction compared to the standard WL-LMS.
Since the complexity of the standard RLS grows quadratically with the filter length, the
reduction obtained by RC-WL-RLS is even larger, almost a factor of four. The simulations
confirm the theoretical equivalence between the reduced-complexity algorithms and the

WL ones when the input is proper or improper.
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3 REDUCED-COMPLEXITY QUATERNION
ADAPTIVE FILTERS

Quaternion numbers [3] were invented by Hamilton in the 19th century, as a general-
ization of complex numbers to a higher-dimensional domain. They consist of one real part
and three imaginary elements, usually identified by 4, § and k, where i° = j2 = k* = —1
and 15k = —1. Quaternions appear in many fields, and their applications have been

spreading recently, since they can be used to concisely describe multi-variable data.

Quaternion algebra is traditionally employed to represent rotations in control applica-
tions and in image processing. In the first case, quaternion algebra provides mathematical
robustness to represent rotations. Its avoidance of the gimbal lock problem [47] (that ap-
pears when using Fuler angle representations) is exploited by attitude control systems
[48,49]. On the other hand, in image processing, many techniques employ a quaternion-
based model to describe images, allowing a concise representation of the color attributes
in a single entity [50,51], and leading to development of many quaternion-based tools,
such as [52-54]. In recent applications, quaternions have been applied to help studying
DNA structures [55], and to estimate quantities in neural networks [13], beamforming
[56] and adaptive filtering [12,14, 15, 18,57, 58], among many others. The last field has
experimented a large development lately, and a variety of algorithms has been proposed

for multi-variable estimation.

In recent years, different definitions of quaternion differentiation were proposed ([59],
[42] and [60]), giving rise to different quaternion adaptive algorithms. The first to be
proposed was QLMS [14], whose update equation contains an extra term (when compared
to the complex LMS update law [32]) to take into account the non-commutative nature
of quaternion multiplication. Later, after a new definition of the derivative to account for
quaternion involutions [59], a lower-cost and faster-converging technique emerged, iQLMS
[42]. However, both QLMS and iQLMS are designed for Q-proper data [61], for which
the autocorrelation matrix is sufficient to assess full second-order statistics [61]. When

the inputs are non Q-proper, these strictly linear algorithms are not able to account for
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full second-order statistics. In this case, widely-linear algorithms [15] can be applied to

improve performance.

In the quaternion case, the definition of WL processes has led to the augmented QLMS
[14] (which uses the original SL regressor vector and its conjugate as the WL input data)
and to WL-QLMS [58], where the SL data vector and three quaternion involutions are the
inputs. Later, WL-iQLMS [62] was also proposed as an improved WL-QLMS algorithm.
However, for all these WL methods, the input vector is four times the length of the original

SL data vector, and thus the computational cost is significantly higher.

Similar to the complex-valued WL algorithms presented in Chapter 2, quaternion WL
techniques have redundance of second-order statistics in the autocorrelation matrix. In
this chapter, we propose new WL quaternion algorithms which avoid redundant data and
thus reduce the computational complexity. To obtain the new algorithms, we develop an
unified description for the diverse quaternion gradients proposed in the literature, and we
use it to study the convergence of WL-QLMS-based algorithms. We prove that a class of
gradients which includes the i-gradient of [59] leads to the fastest-converging WL-QLMS

algorithm, under some conditions on the correlation of the input data.

We also use the general quaternion gradient to develop a further reduced-complexity
WL adaptive algorithm for real regressors — the RC-WL-iQLMS algorithm. For this pur-
pose, we replace the original WL input vector by a real vector, obtained with a concate-
nation of the real and the three imaginary parts of the SL input. We show that using this
approach, the redundant statistics are avoided, and many quaternion-quaternion compu-
tations are substituted by real-quaternion operations, leading to a low-cost technique. We
also prove that the fastest-converging WL-QLMS-based algorithm with real-regressor vec-
tor corresponds to the four-channel LMS algorithm (4-Ch-LMS) written in the quaternion

domain.

The contributions of this chapter can be summarized as follows:

1. We propose a general approach to describe the different quaternion gradients pro-
posed in the literature, and show that different definitions for the quaternion deriva-

tive may lead to the same quaternion gradient.

2. We obtain a general update law, which describes all the QLMS algorithms proposed
in the literature. We use it to study the convergence in the mean and in the variance
of WL algorithms. We show that gradients similar to the i-gradient of [59] and to
the gradient proposed in [60] lead to the fastest-converging WL-QLMS algorithms in
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two situations: i) when at most two of the quaternion elements in the input vector

are correlated; and ii) when the regressor vector is real.

3. Based on the general gradient, we propose a new technique which applies real re-
gressor vector: the RC-WL-iQLMS algorithm, with one fourth the complexity of
WL-iQLMS.

4. We show that the fastest-converging WL-QLMS algorithm with real regressor vector
is our new algorithm, RC-WL-iQLMS. We also show that RC-WL-iQLMS corre-
sponds to the 4-Ch-LMS algorithm written in the quaternion domain.

5. We develop a second-order model valid for any WL-QLMS algorithm with a real-
regressor vector. The analysis is suitable for correlated and uncorrelated inputs.
Concise equations to compute the EMSE (excess mean-square-error) and the MSD

(mean square deviation) [45] are also derived.

The chapter is organized as follows. We present a brief review on quaternion algebra
and Kronecker products (which are applied in our analysis) in Section 3.1. In Section
3.2, we present basic concepts of quaternion estimation and Q-properness, while Section
3.3 introduces our general approach to write quaternion gradients. We present the new
reduced-complexity algorithm in Section 3.3.2, and develop the analysis of QLMS-based
algorithms in Sections 3.4.1 and 3.4.2. Simulations are presented in Section 3.5, and in

Section 3.6 we conclude the chapter.

3.1 Preliminaries

In this section, we briefly summarize some properties of quaternion algebra and Kro-
necker products. These concepts simplify the analysis and the equations derived in this

chapter.

3.1.1 Review on quaternion algebra

A quaternion ¢ is defined as

q=qn+1iq +jq<] + kg,

where qg, ¢, ¢, and gk are real numbers and 2, 7 and k are the imaginary parts, which

satisfy 4° = j2 = k*> = ijk = —1. The main difference between a quaternion and a
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complex number is that the multiplication in the quaternion field Q is not commutative,

since [3]
ig=—-ji=k, jk=—-kj=1, ki=—1k=y7,
such that for two quaternions ¢; and ¢, in general, ¢;q2#q2q; .

Similar to complex algebra, the conjugate and the absolute value of a quaternion ¢

are given by

¢ =qr — g — Jq; — kg
and |q| = v/qq*, respectively. We can also define the following involutions of ¢!
- kQK

- kQK

1

q
qj
¢
The involutions are used in the definition of WL algorithms (e.g. [18], [58], [15]).

—1qt = Qg + ¢ — jQJ

lI>

_ij = qr — LG +qu

[I>

—kqk = qr — 1q; — Jq; + kgx.

>

These are the main definitions of quaternion algebra used in this chapter. See reference

[3] for more details.

3.1.2 Properties of Kronecker products

The Kronecker product [63] is an efficient manner to compactly represent some large
Given two matrices A and B, the Kronecker

matrices which have a block-structure.
product — which is represented by the operator ® — is given by

CLHB . alNB
: : (3.1)

ARB=2

aMlB CLMNB

For the purpose of the analyses performed in this chapter, the most relevant properties

of Kronecker products are
LA B+C)=A®B+A®C.

2. a(A®B) = (aA) ®B = A ® (aB).
3. (A®B)(C®D)=AC®BD, where the number of rows of C (B) and the number

of columns of A (D) are equal.

4. (A@B)'=A"1@BL

!Note that the conjugate of a quaternion g is also an involution of ¢
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5. (A@B)' = AT @B,
6. Tr(A ® B) = Tr(A)Tr(B).

7. The eigenvalues of (A ® B), where A is N x N and B is M x M, are given by
Aa B, for I =1,2,...,N and m = 1, 2,..., M, where \p, and Ag,, are the

eigenvalues of A and B, respectively.

These properties appear implicitly or explicitly in the analyses that follow. They
make the equations easier to manipulate and simplify the interpretation of the resulting

expressions.

3.2 Strictly-linear and widely-linear quaternion
estimation

In the context of complex WL estimation, the concept of second-order circularity or
properness is required to define when WL algorithms outperform SL ones (see Section
2.1.2.1). For quaternion quantities, this concept can be extended to Q-properness. In this
section, we present Q-properness and compare SL and WL quaternion estimation, based

on some results of [58] and [61].

Define the N x 1 quaternion data vector

q(n) = gx(n) +iq,(n) + jgq,(n) + kqy(n), (3.2)

where g (n), g,(n), g,(n) and g, (n) are real vectors. Given a desired quaternion sequence

d(n), the problem solved by a strictly linear estimator is the computation of wg,(n) in

ysu(n) = wg (n)g(n) (3.3)

which minimizes the mean-square error E{|es.(n)|*}, where

esi(n) = d(n) — ysi(n). (3.4)

From the orthogonality principle [32], it must be true that

E{q(n)eg.(n)} =0, (3.5)

and substituting eq. (3.4) in (3.5), we get

E{q(n)d"(n)} = E{q(n)ys.(n)}. (3.6)
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Using eq. (3.3) in (3.6), wg.(n) must satisfy
Cqwg.(n) = py, (3.7)

where Cyq = E{q(n)g" (n)} is the autocorrelation matrix and p, = E{q(n)d*(n)} is the

cross-correlation vector [1].
For a quaternion WL estimator, the data vector is modified to account for the invo-

lutions [12], and it is given by?

gy (n) = col(g(n), q'(n), ¢’(n) ¢*(n)), (3.8)

which is four times the length of the original vector g(n). For this approach, one must

find the vector wy, (n) which minimizes the MSE condition E{|ey.(n)|*}, where

ew(n) = d(n) — yw.(n), (3.9)

ywi(n) = Wy, (0)qy, (n). (3.10)

Again, the orthogonality condition implies that ey (n) must be orthogonal to all involu-
tions, i.e.,

E{qy.(n)eg.(n)} = 0. (3.11)

Using egs. (3.9), (3.10) and (3.11), we obtain

CowLwyw(n) = Py, (3.12)
and
Cq qu" quﬂ' quk
C'WL = E{qWL(n)qu(n)} = ;q{q ; 74 7 ) (313)
quj quqj qu quqk
H H H
i Coqv Cgigr Coigr Cor i
where
Co = E{aa™}, for a € {q(n),q'(n), @ (n), d"(n)} (3.14)
and
Cop = E{ap"}, for a,B € {q(n), ¢'(n), @(n), ¢ ()} and & £ B.  (3.15)

The matrices Cog are the cross-correlation terms between g(n) and their involutions.

2Note that other sets of four different involutions of g(n) can be chosen, since they provide similar
estimation performance [42].
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Py, 1S given by
Dy, = COl(pqa pqia pqia qu ) (316)

and p, = E{ad'(n)}, a € {q(n), q'(n), ¢’ (n), ¢ (n)}.

C\. and p,, have four times the dimension of their SL counterparts. Using (3.12),
we are able to exploit full second-order statistics of the input data, which may not be fully
available in (3.7). Equation (3.7) takes advantage of full second-order information only if
the data pair {g(n),d(n)} captures all relevant second-order statistics. In this case, g(n)
and d(n) are said to be jointly Q-proper. This happens under the conditions described

below.

3.2.0.1 Q-properness

Vector g(n) is Q-proper if all the cross-correlation matrices vanish [61], i.e.,

Cugt = Cagi = Cagp = Cyigp = Cqigr = Crge = 0. (3.17)

aq*® — q'q

When (3.17) holds, eq. (3.13) can be expressed as

cC, 0 0 0O
0 Cyi 0 0

Cy. = a : (3.18)
0 0 C,; O
0 0 0 Cgu
Recalling that
Cyo = B{q"q*"} = E{—aqa(~a)q"a} = —aF{qq" }a = —aCqa, (3.19)

for o € {1,7,k}, eq. (3.18) reduces to
Cw,=T(I,2C,)T", (3.20)

where T' = diag( 1, —i, —j, —k )®Iy.

Notice that for a Q-proper input, only the SL autocorrelation matrix Cy, is required
to access the second-order statistics of g(n), similarly to the complex-proper case reported
in Chapter 2.1. However, only this does not guarantee that full second-order information
of the pair {q(n),d(n)} is available for the SL estimator: d(n) and g(n) must be jointly
Q-proper for this to hold.



3.2.0.2 Joint Q-properness

Q-properness is related only to the input signal g(n).
also be jointly Q-proper [61], which implies the additional restrictions

E{q®(n)d*(n)} = 0, Yo € {3, j, k}.

Using eq. (3.21) in (3.16), we obtain

Py, = col(1, 0, 0, 0) ® p,,,

51

However, d(n) and q(n) can

(3.21)

and the system of equations that must be solved by the WL estimator simplifies to

C, 0 0 0 P,
0 C,; O 0
a Wy (n) = (3.22)
0 0 C, O
0 0 0 Cp

Since Cy,, is a block-diagonal matrix, we can define

Wy, = COI( 'wWL,l(n)> wWL,Q(n) wWL,S(n) wWL,4(n) )7

and compute the solution to (3.22) using four lower-dimension systems of equations, i.e.,

Cowy,(n) =p, Cpwyo(n) =0, Cguwys(n) =0, and Cypwy.(n)=0.
(3.23)
In the usual case, where Cy is full-rank, Wy, ,(n) = Wy s(n) = wWyra(n) = 0, so that
Wy, must satisfy (3.7). This result shows that the SL and WL approaches are equivalent
in terms of MSE performance when the input and the desired signal are jointly Q-proper.
However, from the point of view of implementation of algorithms, a WL approach is not
attractive in this case, since its computational complexity is much higher than that of a SL
technique. The EMSE is also expected to increase in this case. The EMSE is computed
as Tr(wy,(n)wi (n)). Since the algorithm will try to estimate each entry of wyy(n),
nonzero values can be obtained for weights that should be zero, so that errors can be
added to EMSE expression, increasing its value (when compared to the SL approach).
Finally, the convergence rate is also expected to be slower, since it estimates four times

the number of parameters computed by an SL approach.

In summary, when g(n) and d(n) are jointly Q-proper, SL and WL approaches achieve

the same MSE performance, but SL techniques are preferred since they are easier to
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implement and converge faster. On the other hand, when joint Q-properness does not
hold, a WL-based technique can extract full second-order statistics of the input data to

solve (3.12), improving the MSE performance.

3.2.0.3 Widely-linear estimation using real regressor vector

In this chapter, we propose low-cost WL techniques using a real regressor vector
instead of the original WL vector g, (n) of eq. (3.8). In this section, we explain the
advantage of this approach to avoid redundant second-order statistics in the correlation

matrix.

To show the data redundance in Cly,,, consider its first block-element C,. This matrix
is a sum of the correlations among the quaternion parts of g(n), and can be expressed as®
Cq =E{qq"} = E{anay + @4/ + 4,9; + @qi} +iE{—a:9] + aqy — 9,9% + 44} }

+3E{~4a.q; + 4.9 + 9,9x — 99} + kE{~q.9x — 4.9 +9,9] + 4.y }-
All the correlation and cross-correlation terms obtained with q, q,, q, and g, appear in

C,. but cannot be recovered individually from C, and (3.15). On the other hand, using

the real regressor vector

Gue(n) = col (qu(n). a,(n), a,(n), au(n) ), (3.24)

obtained stacking up the real and imaginary elements of g(n), the corresponding correla-

tion matrix is given by

CRCR CRCRI CRCRJ CR,CRK
CT CRC CRC CRC
CRC: E{q (n)q (n)} — RCRI I 1J RK , (325)
- - C,IP:CR] C,IR-’CL] CRCJ CRCJK
| C,IP:CRK C,IP:CIK C£C]K CRCK ]
where
CRCR, - E{qR(n)qg(n)}v CRCI = E{ql(n)qIT(n)}7
CRCJ = E{qJ(n)q?(n)}v CRCK = E{qk(n)qg(n)}v
CRCRI = E{qR<n>qIT<n)}7 CRCJK = E{qJ<n)q£<n)}7 (326)

CRCRJ = E{qR(n)q?(n>}7
CRCRK = E{QR(n)qg(n)}a

3We drop time coefficients to shorten the notation.

CRCIK = E{q1<n>q£(n)}7
CRCIJ = E{ql(n)q?(n)}
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and C'y. is real and contains full second-order statistics of g(n).

Using g,.(n) to design quaternion WL algorithms, we do not loose information, and
we also obtain techniques for which the real regressor allows the substitution of many
quaternion-quaternion operations by real-quaternion computations, less costly to com-

pute. We exploit it in Section 3.3.2 to develop low-cost WL algorithms.

3.3 Quaternion gradients

In this section, we propose a general definition for quaternion derivatives, which is used
to study the convergence of QLMS-based algorithms and to obtain the fastest-converging
WL-QLMS algorithm in two situations: 1) when at most two of the quaternion elements
in the regressor are correlated; and 2) when the WL algorithms use the real regressor
vector qg.(n). We also use the general gradient description to develop mean and mean-
square analyses for QLMS-based algorithms. This approach is later particularized to real-
regressor vector WL-QLMS algorithms, leading to accurate tools to design the algorithms

and evaluate their performance.

Throughout this section, we do not add indexes to identify SL and WL quantities,
since the derivation is applicable to both approaches. We use ¢(n) to define a general
quaternion regressor vector with dimension M, where M = N in the SL approach and
M = 4N in the WL case.

To obtain a general quaternion gradient, start with the definition of the cost function

where e(n) = d(n) —w" (n)ep(n). Regardless of the method to compute the gradient, and
based on the isomorphism between Q and R*, the quaternion gradients proposed in the

literature have the general form [59, 60]

_of . Of . Of of
Vuwl = aawR + zbawI + JC@'wJ + kdawK, (3.27)
for real {a, b, c,d}, and where
af  0Oe(n) de*(n)

ow,  ow ’ (3.28)
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and a € {R,I,J,K}. Using eq. (3.28) in (3.27), and defining

g=(a+b+c+d)
h=(a—b—c—d)

(3.29)

eq. (3.27) becomes
Vauf = —gp(n)ey, (n) — hew(n)e(n). (3.30)

From (3.30), one can check that the quaternion gradient of [59] is obtained when g = 1/2
and h = —1/4, and that the i-gradient of [42] appears when g = 3/4 and h = 0. We
also note that the recently proposed quaternion gradient [60] is obtained when g = 2 and
h = 0. Considering eq. (3.29), it is easy to note that the same g and h can be obtained for
different values of a, b, ¢ and d. Moreover, note that gradient-based adaptive algorithms

have a general update law given by [32]
w(n +1) = w(n) - uVaf, (331)

where g is the step size. In this case, from the point of view of the algorithm, it is not
important if the gradient uses g and h or scaled versions of them — as long as they are
both scaled by the same value — since the scale factor can be absorbed by p. This fact
emphasizes that different gradients and quaternion derivatives can be applied to define

the same QLMS-based algorithm.

Substituting eq. (3.30) in (3.31), we define the general form of a QLMS-like algorithm,
that is
w(n+1) = w(n) + plgp(n)e’(n) + he(n)e™(n)]. (3.32)

Note that using g = 1/2 and h = —1/4, the update equation of the WL-QLMS algorithm
is obtained from (3.32) when ¢(n) = q,.(n) (see Table 7). When g = 3/4 and h = 0, we
derive from (3.32) the update equation of WL-iQLMS (see Table 8).

Table 7: WL-QLMS algorithm
dWL(”) = ng(”J)?WL(n)

Wagn (1 + 1) = Wass (1) + fius [qwm _ewel) o

Recalling that

gpn)e’(n) + he(n)™(n) = (g + h)p(n)e’(n) — 2hIm{p(n)e’(n)}, (3.33)
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Table 8: WL-iQLMS algorithm

diQ (n) = wg(”)qAWL (n)
eiq(n) = d(n) — dig(n)

3
wiQ(” + 1) = wiQ(”) + ZluquWL<n)e;kQ (n)

and using eq. (3.33) in (3.32), one gets
w(n+1) = w(n) + (g + D) (n) — 2hTmipm)e ). (334)

In order to study the mean behavior of (3.34), define the optimum set of coefficients wt,

and assume that d(n) can be modeled as
d(n) = wl,p(n) +v(n), (3.35)

where the elements of v(n) are i.i.d., independent of ¢(n), E{v(n)} = 0, and E{|v(n)|*} =
o2. Subtracting (3.34) from w,, one gets
do(n+1) = d(n) — pl(g + Be(n)e(n) — 2WTm{p(m)e ()}, (3:30)
where
w(n) = Wepr — w(n). (3.37)
Using (3.35) in (3.36), we obtain
w(n + 1) =w(n) — p(g+h) [p(n)e" (n)w(n)+e(n)v(n)] (3.38)
+ 24 Tm { ()" (n)o(n) +ep(n)o" (m)}

In terms of W(n), this is a nonlinear recursion (due to the ZmJ{-} operator). In order to
obtain a linear recursion, we rewrite the recursion separating the real and the imaginary

parts of ¢(n), defining a set of extended variables. Define the extended 4M x 1 w(n)

W, (n) = col(Wwg(n), wi(n), w;(n), wg(n))

and the extended version of @(n)e™ (n)w(n), which is given by C.. .. (n), with

’ié, ~T jT "cT
~ ~ ~ T ~
5 I R K
C..=1|"~_. _ . ‘7T € R*M, (3.39)
J K R I
7 I R

Matrix R contains the real elements of ¢(n)y (n), while Z, J and I are the imaginary



parts for 4, j and k, respectively. R is a symmetric matrix, and Z = —.’~ZT, T =-J g
and K = —K . These matrices are given by
R = 001 +Pp1 + 0,01 + Puprs
i = SORLIOI + LIOISOR ®; 903: + SOKQO?a
T = —pup] + 9,04 + Pipi — PPl
K = —pupn + orpn — 0101 + 0,01
Using the extended entities, Zm{e(n)p (n)w(n)} is replaced by C.w(n), where,
CI = [diag(0, 1, 1, 1) @ 1] C..,. (3.40)
The extended version of ¢(n)v*(n) is given by
’f’ext - nextl + nextQ + rf'ext;g + rf'ext47 (341)
where
Moty = OL( vr(n), —uvi(n), —vs(n), —vk(n) )@ ep(n)
Ny = €L 0i(n), vr(n), wvk(n), —vs(n) ) ®@y(n) (3.42)
’f]extg = COI( U1<n>7 _UK(n)u UR<n)7 (n> )®901( )
Nexry = €Ol vk(n), v5(n), wi(n), (n) ) ® pi(n)
(3.43)
and the extended vector of Zm{pv*(n)} is
ner = [diag(0, 1, 1, 1) @ Iy|n.,,. (3.44)

Using eqs. (3.39)—(3.44), the extended version of (3.38) is given by
ibext (n _'_ 1) = ﬁ)ext <n> - /’L(g _'_ h) [éextibext (n) _'_ If’ext] _'_ 2/’Lh[éir;ﬁjext( ) _'_ T’ext] (345)

Considering the structure of C.,, and C’IZ (and also of i, and 7)) this equation can

be simplified to
ibext(n + 1) = ’[Uext(n) — 1G o [éextﬁ’ext(n) + ﬁexc]a (3-46)

where

G.=Goly (3.47)
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and
G = diag((g+h), (g —h), (g —h).(g—h))-

Define w.,.(n) = E{w..(n)}. Taking the expectation of (3.46), one gets
ﬂ)ext(n + ]-) - ﬁ’ext(n) - uGextE{éextibext(n)}v (348)

where we used the assumptions for v(n) to compute E{n_.} = 0.

To evaluate E{C,. w..(n)}, we recall the independence approximation usually ap-

plied to study LMS-like algorithms [32],
E{p(n)@" (n)w(n)} ~ E{p(n)e" (n)}w(n).
For the extended version of E{@(n)p(n)w(n)}, it leads to
E{Coeus(n)} R Coa Wi (), (3.49)

where

i R 0 g7 KT }
. I R KT

Cext = E{Cext} - j . (350)
J K R I'

K J' T R

and R = E{R}, T = E{T}, J = E{J} and K = E{K} (see (3.39)). Using (3.49) in
(3.48), one gets
We(n+ 1) = (L) — PG C o) Were(N). (3.51)

The product G.,,C.,, is the extended quaternion autocorrelation matrix, which is obtained
when the quaternion entries of (3.38) are mapped to the real field. G.,,C.,, can be used to
study the convergence of the algorithms, which is assessed through its eigenvalue spread.
Note that C.,, is a non-negative definite matrix, as we prove in Appendix A (see page
79 ). We also show in the appendix that the entries of G.,, must be non-negative for the
recursion (3.38) to be stable.

In the next section, the convergence of (3.51) is studied in two situations, where we
prove that a gradient with h = 0 provides the fastest-converging algorithms. We start
with the case when at most two quaternion elements are correlated, and then we study

quaternion algorithms using a real regressor vector.
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3.3.1 Case one: signals with correlation between at most two
quaternion elements

Consider the general expression (3.51), and define a = (g+h)/(g — h). Assume that?
J = K =0, such that G_,C.,, is written as

<g—h>[Af) = - meu, (352)
where
aR oI’
A(a):[ I R ]

and B = A(1). In addition, recall that the spreading factor of a non-negative definite

matrix is given by

SF = MMax (3.53)

AMin
where Avax and Ay, are the largest and the smallest eigenvalues, respectively. Define the
spreading factor of A(a), B and C.,,(«) as SFa, SFg and SF¢,,,. We want to show that
the smallest condition number of (3.52) is obtained when o = 1. For this purpose, we first
consider A(«) to show that it has the minimum condition number when o = 1. Then,

we show that the smallest condition number of C.,.(«) is also obtained when a = 1.

First, consider A(«). A(«) corresponds to a row scaling of B, since it can be written

as

where D(«) is the scaling matrix, given by D(«a) = diag(a, 1)®1I,,. In [64], the problem of
determining the row scaling of a matrix which minimizes the Euclidean condition number
is addressed, and it is shown that this problem is convex. With this information, we know

that there is a value of a which minimizes the condition number, which we now find out.

Studying matrix A(«), one can show that the condition number of A(«) is equal to
that of A(1/«). For this purpose, we use an unitary transformation [46] — which does
not change the eigenvalues of a matrix — to show that the spreading factors of A(«) and

A(1/a) have the same value, since

[ 0 IQM]A(@[ 0 _IQM]:aA(l/a),

Iy O Lons 0

where we also have used the fact that Z = —ZT. Notice that when ov — oo or when o — 0,

4The results would be similar if any two terms in (Z,J,K) were zero.
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the condition numbers of A(a) and A(1/a) both go to co. Since SFa(a) = SFa(1/a),
and SFa(«) is a convex function, the minimum condition number must be at the point

which defines the axis of symmetry of the problem. This point corresponds to a = 1,

where SFy = SFg. For different values of o, SFo > SFg.

Using the result for A(«), we can evaluate the condition number of matrix C.,,(«) in

eq. (3.52). SFg,,, is given by®

_ max { \viax (A(@)), Avax(B) }
min {)\Min(A(a))a )\Mm(B)} ’

(3.54)

where A\yax(A(@)) and A\yax(B) are the maximum eigenvalues of A («) and B, respectively,
and Avin(A(a)) and Ay (B) are the minimum eigenvalues. Using (3.54), it is possible to

list the cases which can appear in the computation of SF¢_,, i.e.,

1. Antax(A() > Atax(B) and Myin(A (@) < Aain(B).

In this case, SFc,,, = Amax(A(@))/Avin(A(a)) > SFs.

2. Max(A(@)) > Aax(B) and Aygin(A(@)) > Auiin(B).
In this case, SFe,,, = Aax(A(@))/Avin(B) > SFs.

3. )\MaX<A(a)) < )\Max<B) and )\Mm<A(CY)) < )\M1n<B>
In this case, SFe,,, = Avax(B)/Avin(A(@)) > SFs.

4. )\Max(A(a)) = )\Max(B) and )\Mln(A(a)) = >\M1n(B)
In this case, SF¢,,, = SFB.

Notice that the condition Ayax(A(a)) < Avax(B) and Ayin(A(a)) > Avin(B) is not

possible, since we have shown that SFx > SFg always.

For the three first conditions, the eigenvalue spread is always increased, while the last
possibility reveals that the minimum value of SF¢,, occurs when A(«a) = B, for a@ = 1.
Recalling that o = (¢ + h)/(g — h), we conclude that h must be zero, showing that the
minimum eigenvalue spread is obtained with a gradient similar to that of [42] or [60], for

any QLMS-based algorithm.

5The constant (g — h) does not affect the eigenvalue spread of eq. (3.52), since it multiplies all the
eigenvalues.
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3.3.2 Case two: Widely-linear algorithms using real data vector

Consider a WL quaternion algorithm, implemented with the real-regressor vector
gnc(n). In this case, the general expression applied to the mean analysis in (3.51) can
be particularized to an equation easier to manipulate, since 7, (see eq. (3.41)) and C.,,

(see eq. (3.39)) have simplified expressions. Below, we show how the expressions of i

ext

and C.., are modified when q..(n) is employed, and how the study of G,,,C.,, benefits

from this approach.

When the regressor vector is q,.(n), 7., is simplified to

7~7ext = COI( Ugr, —U, —VU; —Uk )® ch(”)v (3'55)

since M., Moo, and 70, of eq. (3.42) vanish, and ¢, (n) = gg.(n). It still holds that
E{’f’ext} - O

éext is real-valued for this approach, given by éext =1,® éRC, so that the extended

autocorrelation matrix reduces to
CRCext = I4 02y CRC) (3'56)

where C'y. is computed as presented in (3.25).

Replacing C.,, by (3.56) in equation (3.51), we obtain
W (N + 1) = (Lun — pwrG e Creoy) Wesi (D). (3.57)
so that the convergence in the mean can be studied through matrix
GoiCroui = (GR Iin) (14 ® Cre) = G ® Chg,

which has a known structure that can be exploited in the analysis.

The product G.,,Chrc,,, is a block-diagonal matrix, in which one block-matrix is (g +
h)Crc and the other three blocks are (g —h)Chre. N eigenvalues of G.,,Clpc.,, correspond
to the eigenvalues of Cy., multiplied by (g + k). The other 3N eigenvalues correspond
to the eigenvalues of Cy, multiplied by (¢ — k) and with multiplicity 3 each one. The

minimum and the maximum eigenvalues of G.,,Cxc.,, are

Miax(Gex Cre., ) = max{(g + h), (¢ — h) }Amax (Cre) (3.58)
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and
Min(Gexi Cree) = min{ (g — h), (g + ) FAmin(Cre), (3.59)

where Ayax(Cre) and Ayin(Cre) are the largest and the smallest eigenvalues of Che,

respectively. The spreading factor is then computed with

_ max{(g + h)v (g - h)})\MaX(CRC)

SFe. _ e : 3.60
Goxe e min{(g — h), (9 + ) Putin(Clac) o
that can be simplified to
(g + h) (g — h) } )\Max<CRC>
SFe.., = max ) ' 301
ot Ot { (g—=h) " (g+7) ] Aniin(Chre) oo

The best choice for g and h is again obtained when (g + h)/(g — h) = 1, so that h =0
and a = b+ c+d.

Based on this result, in the next section we propose the fastest-converging WL-QLMS
algorithm with real-input, which is also a low-cost version of WL-iQLMS: the reduced-
complexity WL-iQLMS algorithm.

3.3.2.1 The RC-WL-iQLMS algorithm

The reduced-complexity WL-iQLMS algorithm, presented in Table 9, is obtained
with® ¢ = 3/4 and h = 0 in eq. (3.32), therefore guaranteeing the minimum eigen-
value spread in G.,,Cpc,,, and the fastest-converging performance among the WL-QLMS
algorithms with real input. It has exactly the same performance of WL-iQLMS, which
can be verified by obtaining a transformation to map the entries of g, (n) in q, (n), and

then using it to compare the equations of the techniques. For this purpose, recall the
WL-iQLMS (see Table 8, page 54). Define

1 @+ 5 k
1 @+ -5 =k
F = ®IN7
1 = 7 =k
1 — —5 k

and note that FF" /4 = F¥F /4 = I,5. One can show that

qWL(”) = Fch(”)' (3'62)

60ther values to g could have been used, since the constant that appears in the second term of the
right-hand side of the update equation can be absorbed by the step size. We choose this value to make
easier the comparison with WL-iQLMS of Table 8
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The system of equations which defines the optimum solution wq . of the WL-iQLMS

algorithm is given by

E{ @y, (1) @i, () }Wig o = E{ g, (n)d"(n) }.

Left-multiplying both sides by F¥ /4 and using (3.62), one gets

FH T H FH *
TFE{ch(n)ch(n)}F ’wiQ,opt:TFE{QRc(n)d (n)}
SN—— S——

I4N I4N

Recognizing E{q..(n)ql.(n)} and E{q..(n)d*(n)} as the autocorrelation matrix and

cross-correlation vector of the algorithm proposed in Table 9, then
wRCiQ,Opt - FHwiQ,opt or wiQ,opt - FwR,CiQ,opt/47 (363)

where we used subscript RC,, to identify quantities related to RC-WL-iQLMS.

Based on (3.63), define
wig(n) = FwRCiQ (n)/4
to show that

. u, F'F = .
diQ(n) :wiQ(n) TqWL(n) :chiQ (n)ch (n) :dRCiQ (n)>

and notice that e4(n) = erc,y(n). Finally, left multiplying the update equation of WL-

iQLMS by F* we obtain

J N v 4

-~ -~

3 .
FHwiQ<n + 1) = FHwiQ(n> +_/~L1QFH qWL<n) 61Q<n> .

WRC;q (n+1) WRC;q (1) Farc(n) e, (n)

Defining pipc,, = 4ftiq, we show that the new technique and WL-iQLMS have exactly
the same performance. The new technique is low-cost since it applies the real input,
which replaces many quaternion-quaternion operations by real-quaternion calculations in
the update equation, and also in the computation of the estimate of d(n). Since each
quaternion-quaternion multiplication requires 16 real multiplications and 12 real addi-
tions, while a real-quaternion product uses only 4 real multiplications, the RC approach

can lead to a considerable reduction in the number of computations (see Table 10).

Note that another low-cost technique based on real-input data was proposed in our
initial research on WL-QLMS-based the algorithms. In [18], we developed the RC-WL-
QLMS algorithm, which is obtained choosing g = 1/2 and h = —1/4. The resulting update
equation is similar to that of WL-QLMS. Since h # 0, RC-WL-QLMS is outperformed
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by RC-WL-iQLMS in the convergence rate. RC-WL-QLMS is also more costly, since its
update law has an additional term. For these reasons, in this text we concentrate only

on RC-WL-iQLMS, which is a better alternative.

Table 9: RC-WL-iQLMS algorithm

3.3.2.2 Comparing the RC-WL-iQLMS with the 4-Ch-LMS algorithm

To show that the RC-WL-iQLMS algorithm corresponds to the 4-Ch-LMS algorithm
written in the quaternion domain, we must rewrite the equations of Table 9 to separate

the imaginary numbers ¢, 7 and k from the real terms.

Define the extended vectors

v (n) = col (vg(n), vi(n), v;(n), vg(n))

and note that d(n) = td,,(n) and v(n) = tTv’_(n), where

tzcol(l, i, 7, k) (3.64)
Assume that d(n) is modeled as

d(n) = w!! (n) + v(n),

RCiQ,opthC

which can be expressed as
td.(n) = £ (Wi amac(n) + v, (0) )
WRCiQ,Opt is the 4N x 4 real matrix, given by

W RCiQ,0pt — [wRCiQ,optR - wRCiQ,optI - wR,CiQ,oth - wR,CiQ,optK] .

Define the extended vectors

€ncinn (1) = 01 ( ercign (1), encig, (1), acig, (1), rcig(n) ) (3.65)

e, () = 0L (g (0), ducig, (1), dicyg, (0), dncig (n) ) (3.66)
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Using (3.64), (3.65) and (3.66) in the equations of Table 9, one gets

W1t = (WO et )€l () ) (3.67)
t enc,. (n) = " (dext(n) — dc (n)) (3.68)
and
e, (1) = £ (W (1)gye(n) (3.69)
where

W(n) = [ wRCiQR(n) _erCiQ1<n> _wRCiQJ (n) _wRCiQK<n>
Removing the multiplication by ¢ in (3.67), (3.68) and (3.69), we obtain the 4-Ch-LMS
algorithm. Thus the proposed algorithm is a rewriting (in the quaternion domain) of the

4-Ch-QLMS algorithm, just as the RC-WL-LMS of [38] is a rewriting of the 2-Ch-LMS
algorithm [24].

In Table 10, we present the computational complexity of some QLMS-based techniques
proposed in the literature and the 4-Ch-LMS algorithm. The WL-QLMS and WL-iQLMS
algorithms are about 4 times more costly than their SL counterparts (QLMS and iQLMS,
respectively). The RC-WL-LMS technique is less costly than WL-QLMS and WL-iQLMS,
and has almost the complexity of iQLMS. The 4-Ch-LMS, iQLMS and the RC-WL-iQLMS

algorithms have the same complexity, and they are the less-costly techniques in the table.

Table 10: Computational complexity in terms of real operations per iteration (N is the
length of the SL data vector)
Algorithm + X
QLMS 48N 48N + 9
WL-QLMS 192N | 192N +9
RC-WL-QLMS | 32N +4 | 32N +8
iQLMS 32N 32N +4
WL-iQLMS 128N | 128N +4
RC-WL-iQLMS 32N 32N +4
4-Ch-LMS 32N 32N +4

3.4 Analysis of QLMS-based algorithms

In this section, we study the convergence of WL quaternion algorithms based on the

QLMS technique. Using our general description of the quaternion gradient, we obtain
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mean and mean-square analyses results for any QLMS-based technique, which we later

particularize for the case of real-input algorithms.

3.4.1 Designing the step size to guarantee the convergence in
the mean of real-regressor vector techniques

Similar to the analysis applied to study the LMS algorithm [32], we can use G.,,Chrec.,,
(see eq. (3.57)) to define bounds for the step size which guarantee the convergence in the
mean. From (3.57), we can study the eigenvalues of Iy — fyw G e Creer. To guarantee
the convergence in the mean, the absolute value of each eigenvalue must be less than 1.

Applying this condition, we obtain

2 2
0< < - )
: Miax(Gext Cree)  ¥(95 ) Aax(Cre)

where (g, h) = max{(g + h), (¢ — h)}. For RC-WL-iQLMS, the bounds are

0< :uRCiQ < 8/[3)\Max(CRC)]7

and the spreading factor is given by

SFRCiQ = AMaX(CRC)/AMin(CRC)- (3.70)

3.4.2 Mean-square analysis of QLMS-based algorithms

In order to perform a general second-order analysis, suitable for any QLMS-based
algorithm, we use a general equation, where ¢(n) is applied to represent any quaternion
regressor vector. We particularize the results for real-input WL-QLMS-based techniques

in the end of the section.

To start the analysis, recall eq. (3.46) (see page 56). Similarly to the traditional
analysis of the LMS algorithm [45], multiply this equation by its transpose and take the
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expectation, to obtain

E{i,.(n+ D7, (n + 1)} = E{i..(n)@, (n)}

ext

5(5;1) SE;L)
— p B{w ()W, (1) Cext Gor} =1 E{Go O W ()W, (1)}
A B

+ :uz E{Gext éextﬁ)ext/&)it (n> éextGext}J +,u2 E{Gextnextnit Ge"t}; (371)

< D
— WE{GLm, ()@, (n)} —p E{d.. ()", (1) G}

£ F
+ MQ \E{Gext’r’ext (n)ibext (n)éext Gext }; +M2 \E{Gextéextwext (n)rr’z;tGext (n) };7
g #

where we define S(n) = E{w..(n)w’, (n)} to simplify the notation. From eq. (3.71)
the second-order model for small step-sizes is derived. However, some approximations are

required to proceed with the analysis, which are presented in the Assumption I next.

Assumption I: Assume that the sequence {¢(n)} is Gaussian, stationary and zero-
mean, and that {¢(n)} and {v(n)} are independent from each other. Additionally, assume
that E{v...(n)vL (n)} = 021, and that p is small enough such that ¢(n) and w(n) are

approximately independent.

Based on Assumption I, the terms of eq. (3.71) are studied as follows:

1. Term A — This term can be approximated as

A = E{ﬁ)extﬂ’icéeXJSO}Gexc
~ E{E{’a,extibT }éext}Gext (372)

ext

= S(n)CeXtGext7
where we used E{é’ext} =C.,..

2. Term B — Similarly to A, term B reduces to

B=G..C.Sh).

3. Term C — This term can be rewritten as

c - GextE{éextﬁ)extﬁ)T éext}Gext

ext

: ! (3.73)
= GextE{CextS(n) CeXt}GeXt'

"Note that we drop the time coefficient to simplify the notation.
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4. Term D — Recalling equations (3.41) and (3.42) (see p. 56), D is given by

D = Gex:E{nex:(n)nT (n)}Gext

ext

4 4
=G E{) Y n...(nl, (n)}G...

m=1 (=1

(3.74)

For a general case, D is not structured, such that a simple analytical expression
is difficult to obtain. However, with knowledge on the statistics of the noise and
of the quaternion vector ¢(n), D can be computed with a computer program.
When the input is g,,(n), a simple expression can be obtained for D. We present
this expression later, when we particularize the analysis for real-input WL-QLMS

algorithms.

5. Terms €, F, G and H — From Assumption I, the elements of v.,, are zero-mean
random variables and are independent of ¢(n) and w,,,. Using this argument, &,

F, G and H result in 4M x 4M null matrices.

With these approximations, the recursion for S(n) results
S(n+1) ~ 8(n) + pu’C — n[S(n)C..G... +G...C..Sn)+ p*D. (3.75)

Note that the three first terms on the right-hand side are linear in S(n). Assuming that

the step size is small enough so that ;?C can be neglected, we obtain the simplified model
Sn+1)~ S(n) — uSn)C.o.G.ow — PG C...S(n) + 1*D, (3.76)

where the initialization corresponds to S(0) = .., (0)w”, (0).

ext

Using (3.76), two theoretical quantities can be calculated at each time instant: the

excess mean-square error (EMSE) [32],

¢(n) = E{le(n)|’} = Te(S(n)C.),
and the mean-square deviation (MSD) [32]

X(n) = E{||[e(n)|[5} = Tr(S(n)).

From the small step-size model, we can also deduce the steady-state EMSE for general
case. The steady-state MSD cannot be computed in our general approach, since Tr(S(c0))
cannot be isolated in the general expression. However, it can be computed for real-input
WL-QLMS-based techniques, as we will show in Section 3.4.3.
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To compute the steady-state EMSE, assume that for n — oo, S(n + 1) = S(n) =
S(00), such that eq. (3.76) reduces to

S(0)C G + G C . S(00) = uD. (3.77)

Multiply eq. (3.77) by G} from the right and take the trace. Using the trace property
Tr(AB) = Tr(BA), we obtain

C(o0) = uTr(DGY) /2, (3.78)

ext

which only depends on D (that captures the relation among the noise and the input) and

G..., that depends on the algorithm that is applied.

ext)

Using our general approach to study QLMS-based algorithms, in this section we ob-
tained a small step-size model to iteratively compute the MSD and the EMSE of any
QLMS-algorithm. We also derived an analytical expression for the steady-state EMSE.
In the next section, we particularize these results for real-regressor WL-QLMS-based

techniques.

3.4.3 Mean-square analysis of WL-QLMS algorithms with real
input

When the input of a WL-QLMS-based algorithm is a real vector, the analysis pre-
sented in Section 3.4.2 can be simplified, leading to expressions easier to manipulate and
interpret. In this section, we exploit it to obtain an accurate model and relations to help

the design of the algorithms.

For this purpose, initially consider the expectation of the terms used to compute S(n)
in (3.71). Note that when the input vector is given by g, (n), the extended autocorrelation
matrix C,,, is replaced by Cpgc.,, in A, B and C. Additionally, recall that when the

regressor vector is real, n_, simplifies to (3.55) (see p. 60,) and term D is given by

ext

D = GextE{next(n)nT (n)}Gext

ext

(3.79)
- GextE{<v8Xt ® qRC) (vz:ct ® ng)}GEXt'

Using property 3 of Kronecker products and Assumption I, we simplify eq. (3.79) to

D =G.. (E{’Uexc’vit} ® E{chqgc}) G
= UgGexc (14 & E{qRngC}) Geu
- OgGextCRCexg Gext)
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where we have used (3.56) to identify Cpgc. . The other terms €, F, G and ‘H are equal

to zero matrices.

Note that all the results obtained in the analysis for any QLMS-based technique still
hold when the input is g, (n). Using (3.4.3), the steady-state EMSE expression, simplifies
to

((00) & 105 T1(G o Creo G G ) /2 = 10, Tr (G O ) /2- (3.80)

ext

Using (3.47) and (3.56) to write G, Crc.,, = G ® Chre, and applying the trace property

of the Kronecker product, one gets

o Tr(G)Tr(Cre)
- 2

((0) = (29 — h)puo2Tr(Chre).

The steady-state MSD is computed by right-multiplying both sides of eq. (3.77) by
(G..Chre.,.) ! and taking the trace to obtain

X(00) & 1oy Tr(G) /2
= 4N(2g — h)po?.

In this case, the steady-state MSD can be easily obtained, since the structure of Chye,,,
and G.,, helps us to isolate Tr(S(oc0)) in equation (3.77). For other matrices, a closed

expression may not be obtained.

Notice that we obtained simple equations to calculate the EMSE and the MSD for
small step size, which depend only on N and on matrix Che, similarly to the LMS steady-
state equations. In the next section, we improve the second-order model and obtain a

range of values for p which guarantee the convergence in the variance.

3.4.3.1 Choosing the step-size

Recalling eq. (3.75) and assuming that all variables are Gaussian, we can use proper-
ties of fourth-order Gaussian vectors [32] to obtain an approximation for C (see eq.(3.73))
and improve the accuracy of the proposed model when the input vector is real-valued.
For this purpose, assume that q,.(n) is a correlated Gaussian vector, and recall that the
autocorrelation matrix Cpe is symmetric and non-negative definite. This fact implies that

there exists an orthogonal matrix Z, such that

ZZ' =277 = I,n,
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which diagonalizes C'x¢, as given by
Cre = ZAZ", (3.81)

where A is a diagonal matrix, diag(A) = [A\ Xo... \n]T, and \; > 0,4 =1, 2,...,4N
are the eigenvalues of Cy.. Defining q’..(n) = Z7 q,..(n), then

E{q}o(n)qhc(n)}=E{Z" qy.(n)qo(n) Z}=Z" Cro Z=A.

Since a linear transformation of a Gaussian vector is also Gaussian, g}, (n) is a Gaussian
vector whose elements are independent from each other. Define the extended matrix

Z..=1,® Z. Multiplying C by Zit on the left and by Z.,, on the right, we obtain

C'=2.CZ. =7 G.E{ (I4®Qch§c)S(n) (I4®Qchgc)}Gechext (3.82)

Defining S'(n) = Z*S(n)Z and noting that

z! GoiZ..=Us® ZT)(G QIN) Iy ® Z) =G,

ext

and
Zz;c (I4®chqgc) 7z = (I4®Z)T(I4®qRCq£C)(I4®Z)

= I4®ZTchq§cZ
= Li® g dhe,
we rewrite (3.82) as
C'=G..E{(1,®q,qdn) S (n) (1,0q, qr) } Gee. (3.83)

Each element of the matrix in the argument of (3.83) can be expressed as sums of terms

Eftre,,, (N)the,, (M) re,,, () dhe,, (1) }53;(n), (3.84)

/
ij
the elements of q),.(n) are independent and zero-mean, eq. (3.84) is different from zero

where the g;, (n) represent the elements of gj,.(n). s;;(n) are the entries of §’(n). Since
only if m; = my = m3 = my, or my = mg and mg = my, or m; = mgz and my = My, or
my1 = my and mg = mg. Using this result and eq. (3.81), after some algebra, eq. (3.83)
reduces to

C =G [ATr (S'(n)A..) +2A.,.5' (n)A ] G
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where A.,, = I, ® A. Multiplying (3.75) by Z~ on the right and by Z.,, on the left, one
gets

S'(n+1)~8"(n) — 1S N)AueGore + G oS’ (n)] + 11202 G o At G

(3.85)
+ 1*G... (A Tr(S'(n)Au) + 2A..S' (n)A ] G,

with initialization §’(0) = Z» w..(0)w” (0)Z.,. Taking only the diagonal s'(n) =

ext ext

diag(S'(n)) in eq. (3.85), we obtain a simplified recursion

sn+1)= [IIGN — 2uAN G + uszxteextﬁit + 2M2GitAe2xt

] Sl(”) + M20-3ngt‘eext7
(3.86)
where
L. =col(l, 1, 1, 1) ® diag(A)
and s'(0) = diag(S’(0)).

We can study the system matrix of eq. (3.86), i.e.,

I' = IIGN - 2,u-AextCTYext + MQGtheextzz;: + QMQGthAth
— (I16N - MAextGext)Q + MQszg’eext'eZ;t + ILLQsztAzxt

to define a bound for the step size which guarantees the stability in the variance. Using
the ¢;-norm [46], we can find an upper bound for the largest eigenvalue Ar, of I, i.e.,
16N

meax || < [T = max > |y,
1<I<16N 1<II6N £~

where 7, are the elements of I'. A conservative range of values for u, which guarantees

stability, requires that ||T'||; < 1. Observe that the I-th column of I" has entries

{ M2g§x:l’l)\extl)\extm7 lf l 7é m (3 87)
N . :
(1 - Mgextl’l)\extl>2 + NQQSXWJ)‘EX” + /’L2g§xtl’l)\extl 2717?:1 )\extm7 lf l = m7
where g..,, are the diagonal elements of G.,,. Note that
16N 16N
D himl = (1= feree)” 1720, <Ai% Ay D Ae*m)
m=1 m=1 (388)

- (]‘ - /J[’gext[,l)\extl)2 + /JLQgeQXW’l (Agxtl + )\ethTr(AeXt)) .

Thus, the recursion in eq. (3.86) is stable if

(]' - /J[’gextl,l)\extl)2 + uQ-gethlJ (>\2 + )\ethTr(AeXt)) < 1’

exty
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for 1 <1 < 16N. Recalling that
Tr(Chrey,,) = Tr(Ay) = Tr(I4 ® Cre) = 4Tr(Chre)
and after some manipulation, the condition simplifies to

/j’ < 1/gextl,l()\extl + 2Tr(CRC))7 ]. S l S ]_6N

The smallest bound occurs for gey,, = max{(g + h), (g — h)} and A\, = A

extmax *

< 1/(max{(g + h), (g = h) }Aetmax + 2T0(Crc)))- (3.89)

Replacing A by Tr(Cyc) we obtain a simpler but more conservative condition for

extmax

stability,
0<p<1/(3Tr(Cre)max{(g+h), (g —h)}),

which guarantees stability in the variance. For RC-WL-iQLMS, the step-size selection

must respect

0 < pnog < 4/9Tr(Cho), (3.90)

since max{(g + h), (g —h)} = 3/4.

Note that the analysis proposed in this section is valid for uncorrelated and correlated
input. The results presented here can be extended to other real-regressor quaternion

algorithms.

3.5 Simulations

To compare the algorithms and show the accuracy of the proposed model, we per-
formed some simulations using Q-improper processes. For this purpose, we define the

elements of g(n) as given by

g V0.58p;(n) + 0.5p,(n) + 0.4p5(n) + 0.1p,(n)) /4
0.2p,(n) + 0.9p,(n) + 0.3p5(n) + V0.06p,(n)) /4
0.4p,(n) + 0.5p,(n) + 0.7p5(n) + V0.1p,(n)) /4
(n)

0.3p1(n) +0.1p5(n) + 0.2py(n) + V0.86p,(n)) /4,

q,\n

(n) = (
(n) = (
q,(n) = (
i (n) = (

where each p;(n) is a 4 x 1 vector. The elements of each p;(n) are zero-mean, Gaussian,
ii.d. and with unitary variance. p;(n) and p,,(n) are independent from each other

VIl # m. Using these values for the input, the components of each quaternion in q(n) are
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correlated, but different quaternions are uncorrelated. One can check that for this input,
Cuyi = Cugi = Cgigi # 0, such that g(n) is Q-improper. We also define d(n) so that d(n)
and q(n) are jointly Q-improper processes. d(n) is obtained with (3.35), and to compute
the 16-entry column quaternion vector Wy ,pe = COl(Wopt.1, Wopt2, Wopt,3: Wopt.d), WE
define

f(l,b,¢) =1—cos(2m(l — b)/4c), (3.91)

to obtain

Wopt,1, =01 (f(1,3,1) =i f(1,3,3) =3 f(1,3,5) =k f(1,3,7))
Wopt,2,=P2(f(1,5,1) =i f(1,5,3) =3 f(1,5,5) =k f(1,5,7))
Wopt,3, =Fa(f(1,7,1) =i f(1,7,3) =3 f(1,7,5) =k f(1,7,7))
Wopt,4, = a(f(L11,1) =2 f(1,11,3) — 5 f(1,11,5) =k f(I,11,7)),

where Wopt m, is the I-th (I = 1,...,4) entry of wopem. = 1/||wopt.1]]2 and B, =
0.1/[|wopt.m||2, m = 2,3,4. Note that we choose these values for the entries of Wy, o,

since this results in an example for which the SL filter still has reasonable performance.

The quaternion elements of v(n) are zero-mean, Gaussian and i.i.d, with equal variance

o2 =107"/4, a € {R, I, J, K}. We perform 200 simulations to observe the EMSE and the
MSD. We compare QLMS, WL-QLMS, WL-iQLMS, RC-WL-QLMS, RC-WL-iQLMS and
4-Ch-LMS, and we plot our model for RC-WL-iQLMS and RC-WL-QLMS. We perform
two simulations. In the first, we adjust the WL-iQLMS and the QLMS algorithms to have
the same convergence rate, and adjust the other WL-algorithms (and the 4-Ch-LMS) to
achieve the same steady-state EMSE achieved by WL-iQLMS. In the second simulation,
we adjust all the WL techniques (and 4-Ch-LMS) to achieve the same steady-state MSD

performance. Table 11 shows the step sizes used in our simulations.

Table 11: Step-sizes used in the simulations (u = 1073)

Algorithm | QLMS | Wi~ | WL- | RC-WL- | RC-WL- | 4-Ch-
QLMS | iQLMS | QLMS | iQLMS | LMS
Step size (1 case) 1 2.44 24 9.6 81 m
Step size (2" case) 1 9.6 241 9.6 81 614

Figures 4 and 5 show the results for the first scenario, while figures 6 and 7 present

the results in the second approach.

Note that in both scenarios the WL algorithms achieve lower EMSE and MSD per-
formances than QLMS, as expected, and that the WL-iQLMS, 4-Ch-LMS and RC-WL-
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Figure 4: EMSE performance comparing QLMS, WL-QLMS, RC-WL-QLMS, RC-WL-
iQLMS, WL-iQLMS, 4-Ch-LMS and the proposed second-order model, when the WL
techniques are adjusted to achieve the same steady-state EMSE. The steady-state EMSE
corresponds to -65 dB for RC-WL-QLMS and RC-WL-iQLMS. — Average of 200 simula-

tions.
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Figure 5: MSD performance comparing QLMS, WL-QLMS, RC-WL-QLMS, RC-WL-
iQLMS, WL-iQLMS, 4-Ch-LMS and the proposed second-order model, when the WL
techniques are adjusted to achieve the same steady-state MSD. The steady-state MS cor-
responds to -47dB for RC-WL-QLMS and RC-WL-iQLMS. — Average of 200 simulations.

iQLMS have the same convergence rate. In the first scenario (see figures 4 and 5), when all
the WL techniques are adjusted to achieve the same EMSE steady-state, RC-WL-iQLMS
is the fastest-converging technique, but in terms of MSD steady-state performance, it
is outperformed by WL-QLMS. In the second scenario, (see figures 6 and 7), the step
sizes of the WL algorithms are adjusted to achieve the same steady-state MSD. The
RC-WL-iQLMS algorithm again is the fastest-converging technique in both figures, but
the WL-QLMS algorithm has a convergence rate much closer to that of RC-WL-iQLMS.
However, the steady-state EMSE performance of WL-QLMS is poor in this case. The
proposed model (presented in the figures as a black dashed line) is accurate to describe
the performance behavior of both the RC-WL-QLMS and the RC-WL-iQLMS algorithms.
We can also verify that the model is accurate to predict the faster convergence rate of the
RC-WL-iQLMS algorithm when compared to RC-WL-QLMS.
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Figure 6: EMSE performance comparing QLMS, WL-QLMS, RC-WL-QLMS, RC-WL-
iQLMS, WL-iQLMS, 4-Ch-LMS and the proposed second-order model, when the WL
techniques are adjusted to achieve the same steady-state MSD. The steady-state EMSE

corresponds to -65 dB for RC-WL-QLMS and RC-WL-iQLMS. — Average of 200 simula-
tions.
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Figure 7: MSD performance comparing QLMS, WL-QLMS, RC-WL-QLMS, RC-WL-
iQLMS, WL-iQLMS, 4-Ch-LMS and the proposed second-order model, when the WL
techniques are adjusted to achieve the same steady-state MSD. The steady-state MS cor-
responds to -47dB for RC-WL-QLMS and RC-WL-iQLMS. — Average of 200 simulations.

3.6 Conclusions

In this chapter, we developed a general representation to quaternion gradients and
we used it to prove that different gradients can be applied to obtain the same QLMS-like

algorithm.

We showed that the class of gradients to which the i-gradient belongs part provides the
fastest-converging WL algorithms when there is correlation only in two axis, or when the
WL regressor vector is real. Using the general gradient, we devised the fastest-converging
WL-QLMS algorithm with a real regressor vector, and we showed that it corresponds to a
RC version of WL-iQLMS and also to the 4-Ch-LMS algorithm written in the quaternion
domain. The RC-WL-iQMS technique has one-fourth of the complexity of WL-iQLMS,
and has the same cost of the 4-Ch-LMS algorithm

We developed a mean and a mean-square analysis for any QLMS-based algorithm,
and we applied it to study WL-QLMS algorithms using real data vector. The proposed
analysis is suitable for correlated and uncorrelated input. We obtained simple equations to

compute the steady-state EMSE and MSD, and a range of step sizes for mean and mean-
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squared convergence. We also proposed a model to study the convergence performance
of any WL-QLMS-based algorithm using real regressor vector, which was particularized
for the RC-WL-iQLMS technique. Simulations comparing the algorithms and the model

showed the accuracy of the analysis.
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Appendix A: Conditions to guarantee the positive
semi-definiteness of G,C ...

In this appendix we show that C,, is a positive semi-definite matrix. Then, we use
this to prove that the diagonal entries of G., must be non-negative to make G, C .

always positive semi-definite .

Initially, notice that for any quaternion vector x with the proper dimension,

x"E{p(n)e" (n)}x = E{|e" (n)x|*} >0, Vx. (3.92)

Define vector x,.. = col(x, X1 X,» Xx)» and consider the product X2.CoiX.i for
o € R*™ | Tt then holds

XL CoeXow = X E{p(n)p™ (n)}x > 0.

To define the conditions on G.,,C.,, which lead to stable (3.51), we must find values for
which the diagonal entries of G.,, make the product of matrices positive semi-definite.

First, note that using the similarity transformation [46]

G *(G..C..)GY? =Gl2C, . GY/? (3.93)

ext ext 7

the eigenvalues of G.,,C.,, are preserved in

Gl/2C,. G2 (3.94)

ext ext

In this case, we just need to define the conditions on which (3.94) is positive semi-definite
to show that the elements of G.,, should be non-negative. For this purpose, we use x

ext

to check on which cases

Xelit G1/2 Cext G1/2Xext Z O .

ext ext

We start showing that if G, has at least one negative diagonal entry, then it is possible
to find one vector for which Xg tGi,{tQCextGi,{fxext < 0. For this purpose, assume that only
the m-th entry g..,.,. of G.. is negative, such that

Gel:{t2: diag(\/gextl,m ot .7 V |gextm,m|7 ct \/gext4M,4M >’

where 3 = +/—1. Using x.,, = €n, where ¢€,, = 1 and the other entries are set to zero, one
can easily show

T 1/2 1/2 _
6WLG’ext CeXtGext €m = gextm,mCeXCm,m < 0

so that (3.94) is not positive semi-definite. When G.,, has more negative diagonal entries,
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the proof that (3.94) is non-positive is straightforward. In this case, all g.,,,, must be
non negative, 1 < m < 4M, to guarantee G.,,C.,, positive semi-definite always. The

condition for this is (g +h) > 0 and (g — h) > 0.



PART 11

LOW-COMPLEXITY TECHNIQUES USING THE
DCD ALGORITHM
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4 LOW-COMPLEXITY WIDELY-LINEAR
ADAPTIVE FILTERS USING THE
DICHOTOMOUS COORDINATE DESCENT
(DCD) ALGORITHM

It is well-known that the RLS algorithm [32] converges faster than the LMS algorithm
[32], and that RLS is also less sensitive to the eigenvalue spread in the autocorrelation
matrix. However, while the LMS has linear computational cost, traditional implementa-
tions of the RLS (for instance [32], p.201) have quadratic computational complexity with
the regressor vector length N (O(N?)). Additionally, the RLS algorithm suffers with

numerical instability [24], requiring a careful implementation to avoid divergence.

There are faster ways to implement RLS, such as the Fast Transversal Filter (FTF)
[6,65], lattice approaches [65] and techniques using the QR decomposition [65,66]. How-
ever, even these methods have limitations. The FTF is the less costly technique (its
computational cost is proportional to 7NN), but it is numerically unstable. The lattice
approaches (with complexity about 13N) and the QR-based techniques (which can be
implemented at cost O(N) if the input is a tap delay-line) can be implemented in stable
ways, but they require a careful implementation. Additionally, lattice algorithms compute
only the error e(n): they do not explicitly compute the weight vector w(n), such that
they cannot be applied to problems which require w(n).

A low-cost and stable alternative to these techniques was proposed in [25], based on
the dichotomous coordinate descent algorithm (DCD) [23,28]. The DCD is an iterative

method to solve a system of equations given by
Rw = p, (4.1)

where R is a positive definite matrix, p is vector, and w is unknown. It is designed to
avoid multiplications and divisions, costly to compute. These operations are replaced by
additions, comparisons and bit-shifts, thus DCD is suitable for fixed-point implementation

in hardware, such as in FPGAs [25]. For the RLS problem, it can be directly applied to
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solve the normal equations at each time instant n. However, this approach is costly, since
many DCD iterations are required to approximate the solution, and is avoided. To solve
the RLS problem, the DCD-RLS technique [25] uses the solution obtained in the previous
instant n — 1 as the initial condition at instant n, such that only a low-cost update
to the previous solution can be computed with a reduced number of DCD iterations.
Avoiding costly computations, the DCD-RLS can be implemented with a cost linear in
N. Additionally, it does not propagate the inverse autocorrelation matrix, thus avoiding

the numerical instability of the traditional RLS algorithm.

Prior work also reports the use of DCD iterations to obtain a low-complexity affine
projection (AP) algorithm [27], which incorporates the DCD to update the filter weights,
resulting in a method less costly to implement than NLMS [45]. In [67], the DCD is used
to implement the MVDR, beamformer, and in [68], a DCD-homotopy technique based on
the algorithm of [69] is also proposed to recover sparse signals, in system identification
problems. All these results from the literature motivated us to study and propose low-cost

techniques using DCD iterations, as presented in [29,40].

In this chapter, we use DCD iterations to further reduce the complexity of the RC-
WL-RLS, presented in Chapter 2. In that chapter, we used a linear transformation to
rewrite the complex WL input data vector as a real-valued vector, which helped us to
avoid redundance in the the autocorrelation matrix. Using this approach, we arrived
at algorithms with the same MSE performance as that obtained with the original WL
techniques, but less costly. Despite the complexity reduction achieved by RC-WL-RLS,
it is still costly, since it uses O(N?) computations (see Table 6, in page 40). Additionally,
the numerical instability problem of WL-RLS remained unsolved for RC-WL-RLS. To
improve this technique, we modify it to use DCD iterations, and a lower-complexity
and also numerically stable method for widely-linear processing is obtained. The new
technique is adequate for cases where the real and the imaginary entries of the input
vector are tap-delay lines, so that a low-cost update of the estimated correlation matrix
can be applied. We compare the proposed technique (the DCD-WL-RLS algorithm) with
RC-WL-RLS, and show that the former can be designed to achieve almost the same
performance MSE of RC-WL-RLS, but with complexity proportional to N.

The main contributions in this chapter are summarized as follows:

1. We extend the DCD algorithm so it can be applied to WL-RLS algorithms.

2. We develop a O(N) numerically stable version of the RC-WL-RLS algorithm.
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The chapter is organized as follows. In Section 4.1 we present the DCD algorithm.
Based on the RC-WL-RLS algorithm, in Section 4.2 we obtain the DCD-WL-RLS algo-
rithm, and we also evaluate its computational complexity. Simulations are presented in

Section 4.3, and the results of this chapter are summarized in Section 4.4.

4.1 The DCD algorithm

The DCD method has the goal of minimizing the multi-variable cost function [24]

1
J(w) = §wTRw —p'w+e, (4.2)

where R, p and ¢ are assumed constant. R is a positive definite matrix, such that J(w)

is a convex function.

Assume that an initial approximation to the solution w(0) is available, and define
'[U(O)(O) = w(0). DCD searches for a better nearby approximation, updating one entry of

w at a time. The first step is to evaluate
AT, = J(w(0) + e, H) — J(w(0)) (4.3)

and
AJ_ = J(w(0) — e H) — J(w'”(0)), (4.4)

where H > 0 is a step size and €, is an N X 1 vector, where all entries are 0, except for
the element in position k, which is equal to 1. Denote wW (0) the improved estimate after

@ (0). The update is obtained as follows:

1. If AJ, < 0, then the new estimate is w™(0) = @'V (0) + €, H.
2. If AJ_ < 0, then the new estimate is @™ (0) = ¥ (0) — €, H.
3. When AJ, and AJ_ are both positive, then @V (0) = @ (0) and the algorithm

moves to the next entry of @ (0), to verify if it needs to be updated.’

Figure 8 shows the first iteration when w is a scalar and (4.2) reduces to finding the

minimum of a parabola.

Once wV(0) is computed, w*(0) can be obtained, checking J(w™(0) + e H) —

J(w™(0)). After that, one can use the same steps to calculate @w® (0) from @w® (0),

'Note that AJ; and AJ_ cannot be simultaneously negative, since J(w) is a convex function.
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AJ+>0
AJ_ <0

Wopt 1;9(())(0) —H %00 O (0) + H

Figure 8: First DCD iteration when w has only one element and the minimization problem
reduces to obtaining the minimum of a parabola. The algorithm starts with @ (0) and
computes AJ, = J(w(0) + H) — J(@?(0)) and AJ_ = J(@O(0) — H) — J(@(0)).
Since AJ, >0 and AJ_ <0, w(©(0) — H is chosen as the improved solution w®(0).

and so on. The algorithm continues the computation of w® (0) (for k =1,2,---N) until
w™)(0) is obtained. In this case, we let w® (1) = w™)(0), and repeat the procedure. If
at least one update occurred, the step size is kept with the same value. Otherwise, H is

reduced to H/2, and the update continues.

Note that the computation of AJ, and AJ_ in each step is costly, since to obtain the

i-th update w**V (i) we must compute?

AJ, = % (@) + HekH)T R (0" () + Herwr ) = p" (@) + Hep )
- <%ﬁ)(k)T(i)Rfv(“ (i) — pT ™ (z’)) (4.5)
= Hel', Rw™ (i) + %H%gﬂRekH — Hp" €11,
and, similarly,

YRR
AJ_ = —Hel, , Rw™ (i) + QHQeZHRekH + Hp" €4 1. (4.6)

For AJ,, the term €. +1R’tfv(k) (i) is computed with N multiplications and N —1 additions,

2We assume that R and p are real quantities in the following equations. The extension to the complex
field uses a similar argument.
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since it is equivalent to the product of the k+1-th row of R by w® (7). We use one addition
and one multiplication to obtain H (efﬂRQb(k) (i) — pTekH) , and one more addition and
one multiplication to add (H?/2)ef, Repi1 = (H?/2)Ryi1441° to the result, where we
assume that (H?/2) is pre-computed, and Ry, x1 is the element of R in the (k + 1)-th
column and (k + 1)-th row.

To compute AJ, and AJ_ with low cost, we define a residue vector r, that is updated

at each step. The initial residue is given by
r®(0) = p — Rw(0), (4.7)
and we compute

r(0) =p— Rw"(0)
p—R(w0)+ He, ) = r©(0) — HRey, if AJ, <0
=9 p—R(w0) - He; ) =7©(0) + HRey, if AJ_ <0

r(©(0), otherwise.

(4.8)

Note that to obtain () (0), we still need N multiplications and N additions. However, if
we use a fixed-point implementation and choose H to be a power of two, we can exploit
hardware properties to use only N bit-shifts and N additions. In this case, we reduce
the complexity, since multiplications are more costly than bit-shifts. But there is a better

way to obtain the estimation, which avoids the direct evaluation of (4.5) and (4.6).

Recall equations (4.5) and (4.6). Using the residue definition, one can write
AJ. = —Hef ;7™ (i) + %HQEgHREkH = _Hri(ﬁ1<i) + %H2Rk+1,k+1 (4.9)
and
AJ_ = Hel, r® (i) + %H%{HREM = Hri), (i) + %HQRHMH, (4.10)

where T,i?l(z) is the (k + 1)-th entry of »)(4).

Using (4.9) and recalling that H > 0 and that R is positive-definite, AJ, < 0 only if

, 1
r) (i) > S Riien 2 0. (4.11)
Similarly, AJ_ < 0 only if
, 1
—7’](::1 (’l) > 5HRk+1’k+1. (412)

3To denote the k + 1-th diagonal element of R, we use Rj;41,k+1 instead of 741, k41 to avoid confusion
with the entries of r, which is the residue.
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Note that we can define a unique condition which covers both (4.11) and (4.12), i.e.,
, 1
) (6)] > S H Rii e (4.13)

Using the condition (4.13), we update the estimate and the residue with

W™ () = w™ (i) + Hsign(rl?), (i) e (4.14)
and
rED () = ¢ ® () — Hsign(r™ (1)) Re 4.15
g Tg {4y k+1,

where sign(«) is equal to 1 if & > 0 and —1 otherwise.

Using equations (4.13), (4.14) and (4.15), the update requires only one comparison,
N + 1 additions and N + 1 shifts. Choosing H as a power of two, further reduction
of complexity can be achieved, since many multiplications are replaced by shifts and
additions, less costly to compute. Since the algorithm cyclically updates the solution
coefficients, it is namely the real-valued cyclic DCD, and it is presented in Table 124,

where R VD denotes the first column of R and 0y, is the k-th element of .

The DCD performs a bitwise update of the w entries, which we assume that are
represented with M, bits. The update is performed from the most to the least significant
bits. When the condition (4.13) is not fulfilled, there is no update. In this case, we say
that the iteration was unsuccessful and the steps 4 to 6 (see Table 12) are avoided. When
the algorithm updates w, we have a successful iteration. The technique uses a maximum

number of successful iterations — given by N, — that determines when the algorithm stops.

The computational complexity of the real-valued cyclic-DCD algorithm is a random
variable, which motivates the computation of the worst case complexity. In the worst
case (which occurs when the for loops are executed until m = M, and k = N, and the
condition in step 3 is met N, times), step 1 updates o M, times, using shifts. Step 2
can be disregarded, since it just attributes a value to a flag. Step 3 uses one comparison
(expressed by the operator >) and one shift to compute (a/2) Ry x, assuming that both «
and Ry are represented as a power of 2. When both for loops are completely executed,
the total cost of step 3 is 2N M,. In the worst scenario, steps 4, 5, 6 and 7 are computed
N, times (these steps are executed only N, times, since the algorithm stops when ¢ = N,
in step 7). Step 4 computes only one addition per iteration, since sign(ry)a is just a sign

change. Step 5 uses N shifts to obtain the term aR*™Y and N additions to update r

4The number of multiplications is omitted since the algorithm only uses additions, comparisons and
shifts.
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Table 12: Real-valued cyclic-DCD algorithm

Step | Equation Number of additions,
shifts and comparisons
Initialization: w = 0Ny, 7 =P
a=H,q=0
form=1,..., M,
1 a=a/2 1
2 flag=10 0
fork=1,...,N
3 if |7x| > (a/2) Ry 1, then
4 Wy, = Wy, + sign(ry)a 1
5 r = 1 — sign(ry,)a RN 2N
6 g=q+1, flag=1 1
7 if ¢ > N,, the algorithm stops 1
8 if flag = 1, then repeat step 2 1
Total: (worst case) < (2N +2)M, + N, (2N + 3)

at each iteration. Step 6 only requires one addition to update ¢, while step 7 uses one
comparison to verify if the algorithm stops. Step 8 uses one comparison, and in the worst
case is repeated N times. The total computational cost for the worst case corresponds to
P,, = 0 multiplications and P, = (2N + 2)M, + N, (2M + 3) additions, comparisons and
shifts, which are presented together since all these operations require approximately the
same of the hardware. This complexity is a pessimistic bound, since in general this upper

bound is not reached.

A complex-valued extension of the cyclic-DCD was proposed in [70] (see Table 13).
Different from the real-valued algorithm, the complex-valued cyclic-DCD has two values
to be updated at every iteration, which correspond to the real and the imaginary parts
of the k-th entry of w. The algorithm starts with the real part of an entry w;, and
then proceeds to update Zm{wy}. To verify if Re{w;} must be updated, a condition
based on the real part of the k-th entry of r is verified (see step 3 of Table 13). If
it holds, then Re{w} is updated, following the same approach used in the real-valued
cyclic-DCD. If the criterion is not met for the real part of wy, then the algorithm proceeds
with the update of the imaginary part. After updating the real and imaginary parts of
wyg, the technique proceeds to the next entry wgy;, and it continues with the update
until some stopping criterion holds. Only a few modifications are required to obtain
the code of the complex-valued technique, as presented in Table 13 (see the first line
of step 3 and step 8). The conditions added to account for the imaginary parts of the

solution increase the computational complexity of the technique. However, only additions,
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comparison and shifts are added to the code, so that the complex-valued algorithm can

also be implemented at low-cost.

Table 13: Complex-valued cyclic-DCD algorithm

Step | Equation Number of additions,
shifts and comparisons
Initialization: w = O0nyx1, 7" =P
a=H,q=0,s=1
form=1,..., M,
1 a=a/2 1
flag=10
fork=1,...,N
3 if s =1 then 74,, = Re{ry}, else ryn, = Im{ry} 3
if ‘Ttmp| > (05/2>Rk,k then
4 Wy, = Wy, + SigN (T ) S 1
5 T = 1 — sign(rym,)sa RN 2N
6 g=q+1,flag=1 1
7 if ¢ > N,, the algorithm stops 1
8 if s =1, then s = 7, go to step 3; else s =1 2
9 if flag = 1, then repeat step 2 1
Total: (worst case) < My(8N + 2)
+N,(2N + 3)

The cyclic-DCD algorithm updates the entries wy, cyclically, from k£ =1,..., N. Since
the number of successful updates is determined by /N,, which is generally chosen low
(N, < N), the first elements of w are more likely to be updated. However, these terms are
not necessarily the terms which are related to the main features of the residue, such that
these update choices may not be the better ones. This fact motivated the development of
the leading-element DCD algorithm [26], which modifies the criterion to choose the entry
of w which will be updated.

The complex DCD with a leading-element (presented in Table 14) first updates the

entries of w which make the residue higher. For this purpose, the criterion

[k, s] = arg max,_;  n{[Re{rp}[, [Zm{ry}|} (4.16)

-----

is applied at each iteration to determine the index p of the real or imaginary element
of » with the highest value (which is stored in variable k). Updating wy, we improve
the estimation of w by reducing the error in the direction that contributes the most to
the residue. s is used to determine if the real (s = 1) or the imaginary (s = j, where
j = v/—1) part of the k-th entry of @ will be updated.
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This version of DCD is advantageous when the number of successful iterations N, is
low, since it concentrates on reducing the main features of the residue. For larger values
of N,, the solution computed by both techniques is expected to have similar values for
the entries. When N, — oo, all entries of w will be updated in both versions of the

algorithms, and the same w will be obtained.

Table 14: Complex-valued leading-element DCD algorithm

Step | Equation Number of additions,
shifts and comparisons
Initialization: w = Oy, 7 =p,a=H,q=0
form=1,..., N,
T [k 5] = arg max,,_~Relry } Em{r, 11} 2N
go to step 4
2 g=q+1,a=a/2 2
3 if ¢ > M, the algorithm stops 1
4 if s =1 then 74, = Re{ry}, else 1y, = Im{ry} 3
if |74mp| < (o/2) Ry then go to step 2
5 Wy = Wy, + SIN(riymyp ) SO 1
6 T =1 — sign(rym,)saRTNY 2N
Total: (worst case) < 6M,+ (4N 4+ 4)N,

The DCD was used in [25] to obtain a numerically stable and low-cost (O(N)) version
of the RLS algorithm. In the next section, we adapt the technique of [25] to the RC-WL-
RLS algorithm.

4.2 The DCD-WL-RLS algorithm

In this section, we modify the RC-WL-RLS to develop the DCD-WL-RLS algorithm
with complexity linear on N. We start presenting a low-cost update of the estimated
autocorrelation matrix, obtained when the entries of the input vector arise from a tap

delay-line. Then, we adapt RC-WL-RLS to apply DCD.

Recall that the RC-WL-RLS algorithm uses a 2N x 1 real input vector, given by

za (1) ] |

417
() (4.17)

Trc(n) = [
In the n-th iteration, RC-WL-RLS computes the solution for the normal equations

R(n)w(n) = p(n), (4.18)
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assuming that the estimated autocorrelation matrix R(n) and the cross-correlation vector

p(n) are updated as given by

R(n) = Z V' o)l (1) = vR(n — 1) + @pe(n) k. (n), (4.19)
and .
p(n) = Z V(1) e (1) = vp(n — 1) + d(n)xre(n), (4.20)

where v is the forgetting factor. R(n) is real and symmetric, with dimension 2N x 2N,
and p(n) is a 2N x 1 vector. Note that in the general case, the estimation of R(n) requires
the computation of 2N? — N entries at each iteration (the elements of the main diagonal
and above it). However, when x(n) and x;(n) have a known structure, this complexity

can be reduced.
When both xg(n) and @(n) come from tap-delay lines, i.e.,
T
wg(n) = [ ar(n) agp(n—1) - zp(n—N+1) } (4.21)
and
T
xi(n) = [ zi(n) x(n—1) - a(n—N+1) ] : (4.22)

a low-cost update of R(n), linear on N, can be applied. To show this, rewrite R(n) to

explicit the contribution of @y (n) and x;(n),

() = [ Ri(n) Ru(n) ] |

R (n) Ri(n)

where
R (n) = Z V' i ()2l (1) = vR(n — 1) + xp(n)xk (n), (4.23)
R,(n) = ‘ V'l (Dl (i) = vRy(n — 1) 4+ o (n)x] (n), (4.24)
and .
Ry (n) = Z V' (D! (i) = vRy(n — 1) + za(n)z! (n), (4.25)

and note that Ry(n) and R;(n) are symmetric matrices, but Ry, (n) is not symmetric in

general. Ry(n) and R;(n) can be evaluated using a low-cost update, as employed in [25]:

Ry (n) pi(n)
R;(n) = , 4.26
7] ) REVEOG) )
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where the notation RZ?N)(n) stands for a matrix with the elements of Ry(n) from row

2 to N and from column 2 to N. Ry(n) is a real number and p,(n) is an (N —1) x 1

vector. Recalling that :BSZN_l)(n —-1)= o) (n)5, the elements of (4.26) are given by

Ru(n) = 302 (i),

n

pu(n) =Y vy (e V(i - 1), (4.27)
=0
and .
REN*N(m) = v iad™ (e ™ (i)

e S I (R PP M (R

_ . N . N—1T ,.
=g e @0a )

_ ngl:Nfl,l:Nfl)(n _ 1)

(4.28)

From eq. (4.26), note that only the first column of Ry (n) needs to be updated, since
RWN-LEN=D (h _ 1) is available from the last iteration and Rg(n) is symmetric. In order
to obtain the first row of Ry (n) we only need to copy the values of the first column. Thus,
we calculate only the first column of Ry (n) — that is R™YV'D(n) — to update eq. (4.26),
ie.,

RS:N,l)(,n) _ I/RS:N’U(” _ 1) + xR(n)IL’R(n)

Similarly, we update the first column of eq. (4.24) using
RNV (n) = yRYNY (0 — 1) + 2,(n)x(n).

To update Ry;(n), write (4.25) as the matrix

Ry (n) P£1(”)
Ryi(n) = : 4.29
W] ) RENEOG) )
where .
Rpi(n) = V" g (1) 1, (7),
pualn) = S v (i 1), (4.30)
pr(n) =) V' (i)ze(i — 1) (4.31)

1:N71)(

5Note that it also holds ! n—1)=z;""(n).
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and note that RZM?M(n) can be related to Ry (n — 1) as follows

R(2:N,2:N) (n) _ E:‘L:O Vn7i$g2:N) ('L')ml(Q:N)T (Z)

RI
e S (RS PP TR M ()
_ E:L;OI Vn,i,lmglzN—l)(i)mﬁlzN—l)T (2)

— RSI:N—l,l:N—l)<n o 1)

(4.32)

Therefore, RZM#N(n) is a block matrix obtained from iteration n — 1, which does not
need to be updated. Equations (4.30) and (4.31) show that, in general p,, # p,,, which
means that they need to be calculated separately. To obtain the first column of Ry, (n),

define the column vector

RE() = [ Ruln) phin) |
= Yo V" m (i) (d) (4.33)

Il
()

<
5
=
8
=
<
+
5
=
8
Z
S

= vRIND (n — 1) + z(n) e (n),
which is recursively updated. The first row of Ry, (n) is updated in a similar manner, i.e.,

R2ZN () = yREZN (n — 1) 4 2 (n)2 N (). (4.34)

RI

In eq. (4.34) we do not calculate the first element of the row, since it is already computed
in eq. (4.33). Using this approach, the matrix R(n) is computed with the update of three
N x N block-matrices. Recall that for each block-matrix, we only need to update the
first row — in the case of Ry(n) and R;(n)— or the first row and the first column (in the
case of Ry (n)). We use this low-cost form to update matrix R(n) in the DCD-WL-RLS
algorithm (see Table 15).

Assume that the matrix R(n) is updated with the procedure shown before. To obtain
the DCD-WL-RLS, recall eq. (4.18), but in the instant n — 1, i.e.,

R(n—1)w(n—1)=p(n—1). (4.35)

Assume that an approximate solution w(n — 1) is available. We define the residue of the

normal equations, after obtaining an approximate solution w(n — 1), as the vector
C(n—1)=pn—1)—R(n—1)w(n—1). (4.36)

Moreover, define

AR(n) = R(n) — R(n — 1), (4.37)
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Ap(n) = p(n) —p(n — 1), (4.38)

and

Aw(n) = w(n) — w(n — 1). (4.39)

Substituting eqs. (4.37), (4.38) and (4.39) in (4.35), after some manipulation, we obtain
R(n)Aw(n) = By(n), (4.40)

where

Bu(n) = ¢(n — 1) + Ap(n) — AR(n)ib(n — 1). (4.41)

The DCD is used to solve equation (4.40) instead of (4.18), which is a way of taking
advantage of the previous solution w(n — 1) to reduce the complexity of the algorithm.
This is due to the iterative structure of DCD — solving (4.40) is equivalent to starting
DCD with w(n — 1) as initial condition, reducing the number of DCD iterations (and the
complexity) necessary at each time instant. We apply the DCD algorithm to iteratively

solve (4.40) and obtain the approximate solution
w(n) =w(n —1)+ Aw(n). (4.42)

Equation (4.36) is also updated in terms of 3,(n) and Aw(n), using eqs. (4.41) and
(4.42), i.e.,

¢(n) = By(n) — R(n)Aw(n).
Recall (4.37) and (4.38). Using the second identity of (4.19) and (4.20) in eqs. (4.37) and

(4.38), respectively, we can express

AR(n) = (1 —v)R(n — 1) + xpe(n)zi.(n) (4.43)
and
Ap(n) = (1 =v)By(n) + d(n)zxc(n). (4.44)

Define the filter estimative
y(n) = i (n)w(n —1).

Using (4.43) and (4.44) in eq. (4.36),
AR(n)w(n—1) = (v = 1) [p(n = 1) = {(n = D] + @rc(n)y(n), (4.45)
which can be used in (4.41) to obtain

Bo(n) = v€(n — 1) + e(n)@xc(n),
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where e(n) = d(n)
is summarized in Table 15, where we also provide the initialization of the algorithm. The
DCD algorithm is used to solve step 9 of Table 15. Note that ((n) corresponds to the
residue r computed by the DCD method, so that in step 9 we obtain both Aw and ((n).

—y(n) corresponds to the a priori error. The DCD-WL-RLS algorithm

Table 15: DCD-WL-RLS algorithm

Step | Equation
Initialization:
A’ﬁJ(O) - 02N><17 C(O) - O2N><17 RR. - 5IN7 RI - 5IN7 RR.I - ON
forn=1,2,.
1 Rg’l:N)(n) VR 1 L N)(n 1) + zr(n)xg(n)
2 Rl(l’l:N)(n) VR 11N)(n 1) + x(n)x;(n)
3 RN () = y RN (n — 1) 4 2, (n) @y (n)
4 RZNY(n) =vR 2N1)(n 1)+ zg (n)w1(2 N) fn)
5 Ry (n), Ri(n), Ry(n) = R(n)
6 | yn) ==l (mwn—1)
7 e(n) = d(n) —y(n)
8 Bo(n) = v¢(n — 1) + e(n)zxc(n)
9 R(n)Aw(n) = By(n) = Aw(n), {(n) (solved using DCD)
10 w(n) =w(n—1)+ Aw(n)
end

Table 16 compares the complexity of the developed algorithm with the SL, WL and
RC-WL-RLS. There are two rows referring to the DCD-WL-RLS. The first presents the
complexity considering that v can be any real number such that 0 < v < 1. The second
assumes that v = 1 — 27, m € N, which allows the substitution of multiplications by

bit-shifts and sums in steps 1, 2, 3, 4 and 8 in Table 15.

Table 16: Computational complexity of the SL-RLS, WL-RLS, RC-WL-RLS and DCD-
WL-RLS per iteration

Algorithm | Additions and shifts X =
SL-RLS 6N? + 14N — 1 TN? +21IN +1 |1
WL-RLS 24N? + 28N — 1 28N? + 42N +1 | 1

RC-WL-RLS 6N? + 11N SN? +14N +1 | 1

DCD-WL-RLS 16N+ P, —1 20N+ P, -2 | -
DCD-WL-RLS 32N+ P, —3 2N+PFP,—1 | -
(v=1-=-2"m)

Note that in Table 16, P,, = 0 and P, < M,(8N + 2) + N, (2N + 3), if the complex-
valued cyclic DCD is applied, and P,, = 0 and P, < 6M, + N, (4N +4) if complex-valued
leading-element DCD is used.
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4.3 Simulations

In this section, we compare DCD-WL-RLS using the DCD with a leading element
with the RC-WL-RLS and the SL-RLS algorithms. For this purpose, we consider a system
identification problem based on the approach of [38], and we assume that the input signal
is given by

x(n) =vV1—"12xs(n) + jra(n), (4.46)

where xy(n) and x,(n) are two real-valued uncorrelated complex-Gaussian processes,
with zero-mean and variance 02 = 02 = 1. 7 is used to define a non-circular input: when

7 =1/+/2, x(n) is second-order circular. Otherwise, it is non-circular.

To show the DCD-WL-RLS algorithm performance, we consider three scenarios:

1. In the first scenario, the system to be identified has 30 coefficients. The parameters

are given by

Wopt,1,i = P1[(1 + cos(2m(i — 3)/30) — 5(1 + cos(2m(i — 3)/60))], fori=1,2,...,30
(4.47)
where 81 = 1/||wopt.1]|2 is used to normalize the wep ;. For this case, we assume

that the desired signal d(n) is given by
d(n) = Re{wep 2(n)} + 1(n), (4.48)

where 7(n) is zero-mean Gaussian noise, i.i.d, and the SNR=40dB. 7 = 1//2,
such that WL techniques are expected to achieve better MSE performance when

compared to SL methods, as presented in Section 2.1.2.4.

2. In the second scenario, we assume that 7 = 0.3 and that
d(n) = ngt,lm(n) + wi)ma:* (n) +n(n), (4.49)
where

Wopt,2. = P2[(1 + cos(2m(i — 7)/30) — j(1 + cos(2m(i — 7)/60))], for i =1,2,...,30

(4.50)
and (3 = 0.4/||wept 2||2. Since the contribution of the real and the imaginary parts
of &(n) are weighted differently, a(n) is non-circular. Recalling that @y (n) and

x;(n) are uncorrelated Gaussian noise, one can verify that the autocorrelation and
pseudo-correlation matrices are given by C = I and P = (V1 —0.32 — 0.3) L.
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Additionally, using C, P and the values of wgp1 and wepg 2, one can verify that

q* # 0, such that the WL estimation is required to fully extract second-order data.

3. In the last scenario, we evaluate the tracking performance of the DCD-WL-RLS
algorithm, when the set of optimum coefficients change. For this purpose, we use
the same scenario of the second group of simulations, but we assume that d(n) is
given by (4.49) only in the first half of the iterations. After that, the coefficients
change, and d(n) is given by

d(n) = wg)mm(n) + wi)t’?)a:* (n) +n(n), (4.51)
where
Wopt,3,i = P3[(1 + cos(2m(i — 7)/30) — 5(1 + cos(2m(i — 7)/60))], fori=1,2,...,30

and 3 = 0.6/|wopt,3|2-

For all scenarios, we define the RC-WL-RLS forgetting factor vge = 1 — 27% and we
initialize ®5.(0) = 5-1073Ig. vpep-rLs is chosen equal to vge, and H = 1. The SL-RLS
uses the same forgetting factor used by the other techniques, but it is initialized with
D, (0) =1-1072I3,. We compare the mean-square error (MSE) of the techniques in two

situations:

1. Fixing the value of N, = 8 in the DCD-WL-RLS and varying the number of bits
M, as 2, 4, 8 or 16;

2. Setting M, = 16 bits and choosing N, to be 1, 2, 4 or 8.

The curves are obtained with mean of 300 realizations. Figures 9 and 10 show the results
for the first scenario, while figures 11 and 12 present the curves for the second case. The

tracking performance is presented in figures 13 and 14

From figures 9 and 11, we note that for a fixed N, the precision of the DCD-WL-RLS
algorithm increases as the number of bits M, increases, when compared to the RC-WL-
RLS implemented with Matlab precision. With this information, we can choose M, to
guarantee an specific MSE — of course bounded by the SNR — and use the algorithm with
the minimum number of bits necessary for a given implementation. We also verify that
the SL-RLS is outperformed by the RC-WL-RLS and by the DCD-WL-RLS algorithms,
when the number of bits is 8 and 16. When M, is low, the MSE is limited by the number
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Figure 9: MSE comparison between the RC-WL-RLS, DCD-WL-RLS and SL-RLS algo-
rithms using N, = 8 and M, = 2, 4, 8, 16, for the first scenario. Mean of 300 realizations.
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Figure 10: MSE comparison between the RC-WL-RLS, DCD-WL-RLS and SL-RLS algo-
rithms using M, = 16 and N, = 1, 2, 4, 8, for the first scenario. Mean of 300 realizations.
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Figure 11: MSE comparison between the RC-WL-RLS, DCD-WL-RLS and SL-RLS al-
gorithms using N, = 8 and M, = 2, 4, 8, 16, for the second scenario. Mean of 300
realizations.
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Figure 12: MSE comparison between the RC-WL-RLS, DCD-WL-RLS and SL-RLS al-
gorithms using M, = 16 and N, = 1, 2, 4, 8, for the second scenario. Mean of 300
realizations.
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Figure 13: MSE comparison between the RC-WL-RLS, DCD-WL-RLS and SL-RLS al-
gorithms, when the coefficients change after 900 iterations. N, = 8 and M, = 2, 4, 8, 16.
Mean of 300 realizations.
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Figure 14: MSE comparison between the RC-WL-RLS, DCD-WL-RLS and SL-RLS al-
gorithms, when the coefficients change after 900 iterations. M, = 16 and N, = 1, 2, 4, 8.
Mean of 300 realizations.
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of bits used by DCD, and the performance is poor. The SL-RLS algorithm diverges after

870 iteration, in both simulations.

In Figures 10 and 12, we see that, for a fixed number of bits, when N, increases, the
convergence of the DCD-based techniques is accelerated. We note that the convergence
for N, = 1 and N, = 2 is slower than that of the DCD-WL-RLS algorithms, and the
steady-state performance with these first two values of N, is not presented in the figures.
In general, the DCD-WL-RLS achieves the same steady-state MSE performance of the
RC-WL-RLS algorithm. However, the convergence is slower than that of the RC-WL-
RLS algorithm. When we apply the DCD to solve the normal equations, we reduce
the complexity to O(N), but the trade-off for the low-cost is the additional number
of iterations to achieve the steady-state MSE. Since we control the additional number
of iterations by choosing a convenient N,, this approach is very attractive for low-cost
implementations. As expected, the SL-RLS is outperformed by the WL techniques in

both simulations.

Figures 13 and 14 show the tracking performance of the new method when the set
of optimum coefficients changes. Note that when N, = 8 and M, varies (see Fig. 13),
using low values of M, (2 and 4), the DCD-WL-RLS technique is not able to achieve the
same tracking performance of the RC-WL-RLS algorithm, since the MSE performance is
affected by the low number of bits. When M, = 8 or 16, the DCD-WL-RLS has a tracking
performance close to that obtained with RC-WL-RLS. When M, has a fixed value and
N, varies (see Fig. 14), we notice that the tracking performance is improved when the

value of N, increases. In both simulations the SL-RLS algorithm diverges.

4.4 Conclusions

In this chapter, we presented the DCD-WL-RLS algorithm, a low-cost and numerically
stable version of WL-RLS, since it uses DCD to solve the normal equation, avoiding the
propagation of the inverse autocorrelation matrix. The DCD-WL-RLS is applicable for
problems where the entries of the real and imaginary parts of the input are tap-delay lines,
such that the autocorrelation matrix can be updated in a low-cost manner. Combining
the DCD and the cheap update of the autocorrelation matrix, we obtained an algorithm

with cost linear on V.

The first two scenarios considered in our simulations showed that the convergence of

the proposed algorithm is affected by the values of N, and M,. When N, is a large number,
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the convergence is accelerated but the computational complexity is also increased. When
M, is low, the MSE is limited by the number of bits used in the representation, and the
estimation error increases. The tracking performance simulations showed that the DCD-
WL-RLS is able to track the non-linear perturbation caused by a change in w,p, even for
low values of N,. There is a relation between the value of N, and the convergence rate
after the non-linearity: the technique converges slower when NN, is low. As expected, we
verified again that M, limits the steady-state MSE, when M, is low. From our simulation
results, we conclude that a proper design of N, and M, (in our examples, N, = 8 and
M, = 16 bits) is required to keep the cost low and the MSE performance close to that
obtained with the RC-WL-RLS.
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5 LOW-COMPLEX ADAPTIVE
BEAMFORMING USING THE HOMOTOPY
ALGORITHM

Adaptive beamforming techniques are used in sensor arrays to enhance the reception
of a signal of interest and suppress interference [7]. They implement techniques such
as the minimum variance distortionless response (MVDR) beamformer [7] using data
collected from sensors, since the second-order statistics required to compute the MVDR

beamformer, in general, are not available.

Although many fields apply adaptive beamforming techniques, such as radar, sonar
and wireless communications [7], it is challenging to implement traditional approaches in
large arrays. Techniques such as the LMS, the conjugate gradient (CG), and the RLS
algorithms [7,24,45] have their convergence and tracking performances affected by the size
and/or the eigenvalue spread of the input correlation matrix [45]. This performance can
also degrade due to mismatch and modeling errors. Therefore, beamformers with many
parameters may require many snapshots to converge, which can be incompatible with
the requirements of some applications (for instance, space-time adaptive processing for
airborne radar [71-74], where the amount of data involved requires a high computational

cost to implement the beamformer).

As an alternative to traditional methods, robust adaptive beamformers were proposed
to reduce the performance degradation caused by steering vector uncertainties and also to
enhance interference cancellation. Recent advances also include techniques such as [75],
[76] and [77], which use a distributed approach to compute the beamformer. Techniques
such as adding a diagonal loading to the correlation matrix [78-81], the robust Capon
beamformer of [33,35] (RCB), which uses the eigenvalue decomposition of the correlation
matrix to compute the beamformer, and techniques based on worst-case performance
optimization [34, 35] are some examples of robust beamformers. Many others can be
found in the literature, (see [35] and references therein, for instance). However, most of

these techniques are costly to compute (for instance, the beamformers of [33] and [81]
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have cubic computational complexity in the number of sensors in the array), which make

them difficult to implement.

In this chapter, we focus on arrays for which the number of signal sources is less
than the number of sensors, such that the correlation matrix can become ill-conditioned
when the ratio of the source to the noise power is high. We propose ¢;-norm regularized
algorithms to regularize the matrix, and we show that this approach enhances the signal-
to-interference-plus-noise ratio (SINR) performance at a low computational cost. The use
of ¢; regularization has the additional advantage of making the algorithm robust against
sensor failure. For this purpose, we employ a modified version of the homotopy algorithm
[69], which is an ¢;-norm regularized technique used in many applications, such as recovery
of sparse signals from noisy measurements [37] and channel estimation [36]. Homotopy
is generally applied to solve sparse systems of equations, and it helps the selection of the
minimum amount of regularization required to compute the solution, reducing the bias.
In the approach of this chapter, the homotopy strategy is not applied to sparse systems
of equations, but to regularize the correlation matrix in a low-cost way. The proposed
algorithms are extensions of the adaptive re-weighting homotopy (ARH) of [37] to the
complex domain (C-ARH). We also develop new low-cost iterative versions of the C-ARH
algorithms, suitable for adaptive beamforming. We show that we obtain techniques that
can be applied at cost O(N?) (where N is the number of array elements), if the number
of interferers remains constant with an increase of N. This case could model radar and
sonar applications [82], assuming that the number of targets is approximately constant.
In applications for which the number of interferers grows linearly with the increase of N,
such as in MIMO communications [83], for which larger arrays are designed to serve a
higher number of users, we show that the computational complexity increases, but our

approach is still advantageous for a range of values of .

In this text, we present the C-ARH and the multi-candidate (MC)-C-ARH algorithms,
which we proposed in [40], and the iterative versions of these techniques, developed in
[41]. We show that the iterative approach is doubly advantageous, since it improves the

SINR performance and also reduces the computational complexity.

The contributions presented in this chapter are summarized as follows.

1. We extend the ARH algorithm of [37] to the complex domain, and propose a modi-
fication with better performance (but higher computational complexity), the multi-

candidate C-ARH.

2. We devise the iterative C-ARH (It-C-ARH) and the iterative MC-C-ARH (It-MC-C-
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ARH) algorithms to further improve the SINR performance with a reduced compu-
tational cost. We show that the iterative approaches outperform their non-iterative

counterparts, improving the steady-state SINR.

3. We show how the DCD algorithm (presented in Chapter 4) can be used to further
reduce the computational complexity of the C-ARH-based algorithms. For beam-
forming applications, its is shown that the iterative techniques applying DCD have
computational complexity proportional to O(N?), if the number of interferers does
not increase linearly with N. We also show that our approach is still advanta-
geous for a range of values of NV, if the number of interferers increases linearly with
the number of sensors. In this case, the computational cost is O(N?), but N° is

multiplied by a low value.

4. An analysis of properties of the proposed algorithms is presented along with an

assessment of their computational complexity.

5. We present a simulation study comparing the proposed algorithms to existing robust
techniques. We show that the iterative algorithms using the DCD present a small
SINR performance degradation when compared to the RCB of [33], the adaptive
beamformer with variable loading (VL) of [80] and the general-linear-combination-
based robust Capon beamformer (GLC) [81] algorithms, but under some conditions
on the relation between N and the number of interferers, the iterative algorithms
require less computations, and are also robust against sensor failure, a property that

these methods do not have.

This chapter is organized as follows: Section 5.1 presents the system model and the
problems for which the C-ARH-based techniques are proposed. In Section 5.2, we present
the C-ARH and MC-C-ARH algorithms. In Section 5.3, we propose the iterative versions
of C-ARH and MC-C-ARH, while in Section 5.4 we use the DCD algorithm to obtain
low-cost algorithms. Section 5.5 presents the analyses of the algorithms, and Section 5.6

shows simulation results. We conclude the chapter in Section 5.7.

5.1 System Model and Problem Statement

Consider a uniform linear array (ULA) with N sensors, and assume S signals, where
one arrives from the desired direction of arrival 64, and the other S — 1 signals are inter-

ferers, as described in Figure 15. Additionally, assume that the signal of interest and the
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ULA

> N sensors

Y
S sources _J

Figure 15: Uniform linear array

interferers are uncorrelated and that 64 is known. Define the N x S matrix B, where each

column by, corresponds to a steering vector [7] as given by
by = [1 e im0 | o~it(W-Dsin®))T | < | < g,
At snapshot n, the sensor array data are modeled as
u(n) = Bs(n) +n(n), (5.1)

where s(n) contains narrowband analytic signals produced by the S sources. m(n) is a
vector of zero-mean, independent and identically distributed (i.i.d.) Gaussian noise with
variance 072]. The noise in each sensor is also assumed independent from the noise in other
array elements. Without loss of generality, define 83 = #; and bq = b;. The coefficients

of the MVDR beamformer [7] are given by

WMVDR = WhvDR/ DY WaMvDR, (5.2)

and wyvpr is the solution to

RthVDR = bd. (53)

Ry is the theoretical N x N correlation matrix [7], which is defined as

R; = E{u(n)u”(n)} = Ry.. + R,), (5.4)
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where

R... = BE{s(n)s"(n)}BY (5.5)

and
R, = E{n(n)n"(n)} = o7Ly. (5.6)

Express (5.1) explicitly in terms of the direction of interest (subscript d) and the inter-

ference (subscript Int), i.e,
ll(’I’L) = bd Sd(n) + BInt SInt(n) + n(n), (57)

to write Ry, as

RdInt = Rd + RInt7 (58)

where Rq = 03bgb¥, Ry, = B F{sn.(n)sf (n)}B! and 03 is the variance of the signal

of interest.

Note that the computation of the beamformer requires the solution of a linear system
of equations. When the number of sources is smaller than the number of sensors, Ry
can become ill-conditioned, requiring some form of regularization to compute wyvpr.
In addition, if the measurements of some sensors are not available (if a sensor fails), a
dimensional-reduction of the system of equations can be made before the introduction
of the regularization, reducing the computations to obtain the beamformer. We consider
both situations and show that by using the ¢;-norm regularized algorithms presented in
this text, one can estimate the beamformer and improve the SINR performance with
only O(N?) computations (if the number of interferers does not increase with N), while
techniques such as [33] require O(N?) computations. The proposed ¢; algorithms are also

shown to be robust against errors in estimating faulty sensors.

5.1.1 Small number of interference sources

Consider that the number of interferers plus the source of interest is S, and that
S is smaller than the number of sensors N. Assume that the interference sources are
uncorrelated among each other, such that rank(E{ss”}) = S, and assume that the angles
0. are selected such that rank(B) = S. Using properties of the rank of matrices (see [46])
one can show that!

rank (R, ) = rank(BE{ss” }BY) = S. (5.9)

Note that we drop here time indices to simplify notation.
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Since rank(Ryy,,) = S < N, the eigenvalue decomposition [46] of Ry, is given by

D 0 _

Ruw = V [ ’ NS ] v, (5.10)
Onv—s)xs Ov—s)x(v—5)

where the columns of V are the eigenvectors of Ry, and Dy is a diagonal matrix con-

taining the S non-zero eigenvalues of Ryy,,. Recalling that VV# = I, and using (5.6)

and (5.10) in (5.4), we obtain

R, =V (5.11)

Dy +07Is Osx(n-s) ] Vv

On—s)xs oil(n—s)

Using eq. (5.11), it is easy to see that the condition number [46] of Ry is given by

K’(Rt) = (dOMAX + 0727)/02

777

(5.12)

where dp,, .« stands for the maximum eigenvalue of R,;,,. Equation (5.12) shows that R;
becomes ill-conditioned if the noise power is much smaller than dy,,,.. In this case, a
regularization can be added to Ry to improve the computation of wyypg in (5.2). While
this is usually done using fo-norm regularization (diagonal loading) [78], we will show
that our ¢;-norm regularized algorithms also reduce the effects of the ill-conditioned Ry,
improving the computation of the beamformer and leading to low-cost algorithms. In
addition, the use of homotopy allows our algorithms to choose just the right amount of

regularization, reducing bias.

5.1.1.1 Reducing the system of equations when there are faulty sensors in
the array

When a sensor j is not working properly, its measurements should be discarded.
This information can be incorporated into the model with a modification of eq. (5.7), by

introducing an N x N diagonal matrix E, i.e.,
u(n) = E (bgsa(n) + B, s (n) +n(n)), (5.13)

where the diagonal entries of E are equal to 0 for faulty sensors that do not contribute
to beamforming, and 1 otherwise. When ¢;; = 0, we zero the j-th element of all steering
vectors, which eliminates the signal produced by sensor j. Using (5.13) to compute the

correlation matrix, we obtain

Rt — E (Rdlnt + Rn) E (514)
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Assuming that the array has F' < N faulty sensors (but that there are still more working
sensors than sources, i.e, N — F > S), and that these sensors are grouped such that E
has the last F' diagonal elements equal to 0, R; is given by

R Ov-
Rt: RR (N=-F)xF : (515)

Orx(N-F) Or
where Ryr = f{dm + agl ~N_r and f{dm is a matrix obtained from the first N — I’ columns
and the first N — F rows of Ry,,. Ideally, if we know matrix E, we can define byy
as the entries of by related with the N — F' working sensors, so that we can solve the

lower-dimension system of equations

where w contains the N — F non-zero entries of wyvpr. Matrix Ryy will still be ill-
conditioned when the eigenvalues of R, are much higher than the noise power, and
regularization might be necessary to reduce the condition number and improve the com-

putation of w.

From (5.15) and (5.16), we see that matrix E is required to obtain Ryy. In general, E
is unknown and has to be estimated beforehand. In this text, we use the energy detection
method [84] to estimate the faulty sensors. However, we show through simulations that
our ¢;-regularized algorithms are robust against errors in detecting faulty sensors, so that

one might choose not to check for sensor failure.

5.2 Proposed complex homotopy algorithms

The complex homotopy algorithm (CH) was proposed in [36] as an extension of the
real-valued homotopy technique [69] to the complex field. For both cases, the algorithm

solves the optimization problem?
minimize||Aw — y/||3/2 + h||w]|1, (5.17)

where w is a column vector with M entries, A is a P x M matrix, y is a P x 1 vector,
|w|]; = M, |w;] and h > 0 is a regularization parameter. The initial value of h should

be large at first, but is reduced till h = 0 to compute w, as we explain below.

2Note that we introduce the algorithms for a general P x M matrix A. For our beamforming approach,
M = P = (N — F) (the number of working sensors), A is an estimated version of Ry and y corresponds
to bgg.
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The CH algorithm iteratively solves (5.17) using a support set I' that is updated at

every iteration. The solution to (5.17) is obtained defining the function
F(w) = |Aw — y|}/2 + bl (5.18)
and then computing the subgradient [85] of f(w), that must be equal to zero, that is
of (w) = —A"(y — Aw) + ho||w||, = 0. (5.19)

The subgradient of J||w;||; of the i-th element is given by

will; = { /e 7 (5.20)

0, otherwise.

Using (5.20), then eq. (5.19) can be written equivalently to two optimality conditions [36]

a’(Aw —y) = —hz, foralli el

5.21
laf (Aw —y)| < h, for alli e T¢ (5.21)

where I'c is the complement of I', and z; is the i-th entry of the vector z, which is
obtained applying the sign function elementwise on w. a; is the i-th column of A. For a
large enough h, the solution of (5.17) will be w = 0. The algorithm starts by computing
max;(|af (Aw — y)|), used to initialize i with the largest value for which T' is non-empty.
At each iteration, one element is added or removed from I', and A is moved to h — e, where
€ is chosen so that h — € is a breakpoint, i.e., the first point for which the new solution to
(5.21) will need to add or remove an index to I'. Denoting the new solution by w + edw,
(5.21) becomes
AH(Arwr — yr) + A Ardwr = —hzr + ezp | (5.22)
la (Aw —y) + cal Adw| < h —¢,i € T
where we use subscript I' to define Ar as a matrix that contains only the columns of A

for which the indices are in I'. Similarly, wr, Awr, yr and zr contain only the entries of

w, Aw, y and z with indices in I', respectively.

For a sufficiently small €, Qw is constant, so that we can use the first equation of
(5.22), to compute Qwr — which corresponds to update only the entries of dw for which
the indices are in the support set, while the other entries remain equal to zero — as the

solution of the linear system of equations
AZ Arowr = zr. (5.23)

To obtain the smallest value of € for which the support must be updated, we substitute
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Ow in the second equation of (5.22). Then, we update h with
heh—e (5.24)

The algorithm continues until A = 0 or some stopping criterion is met. References [69]

and [36] present a detailed description of the algorithm.

5.2.1 The Complex Adaptive Re-Weighting Homotopy
Algorithm

In [37] the real-valued homotopy algorithm was modified to solve the ¢;-weighted
optimization problem
M
minimize||Aw—y||§/2+2hi\wi\, (5.25)
* i=1
where h; are positive weights. The motivation to modify the optimization problem and
solve (5.25) instead of (5.17) was the possibility to adjust different weights to penalize the
solution coefficients, which could be applied to reduce bias in the estimation of nonzero

coefficients [37].

The ARH algorithm applies a re-weighting approach to quickly compute w, when the
column vector h, which contains the weights of (5.25), is replaced by a re-weighting vector
h. The idea behind the algorithm is that the solution moves to w + d0w when h moves
towards h along a straight line (1 —0)h+ dh, for § € [0, 1], where dw does not depend on
0. The re-weighting is adaptively adjusted after every homotopy iteration, according to
the changes in the solution and on the support set. Each h; can be adjusted separately
from the others, such that the weights given to the elements in I' can be set to shrink
at faster rate than the other elements of w, reducing the bias and also accelerating the
convergence to the solution. The criterion to select the re-weighting can follow a number
of heuristics [37], but should favor the quick shrinkage of the weight of the parameters in
" for faster convergence. Simulation results in [37] have shown that ARH yields better
performance and reconstruction accuracy than ¢;-based solvers (YALL1 [86], SpaRSA
[87], SPGL1 [88]) used for recovering sparse signals from noisy measurements, while it

requires lower computational complexity.

To present the C-ARH technique, and later introduce the multi-candidate C-ARH
algorithm, assume that A, w and y are complex entities. For convenience, also assume
that & € [0,0]. In Section 5.2.2, we use different values of § to construct a diverse set

of possible solutions, which is exploited by the multi-candidate algorithm to improve the
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performance. Considering these assumptions, we can use an approach similar to that

applied to derive the CH algorithm. For this purpose, define the function

flw) = lAw —y[[3/2+ ) hilw]. (5.26)

i=1
Using the subgradient of f(w) and setting it equal to zero, we can rewrite the resulting

expression as the optimality conditions

AIH(AF'wF - YF) = —Hzr

(5.27)
laf’(Aw —y)| < h; € Tc

where H = diag(hr), and z is a vector whose entries are the signs of the corresponding
entries in w. When h moves to (1 — §)h + 6h, (5.27) changes to
A#(Ar’wr — yF) -+ 5AIHAF6’U7F = —HZF + 5(H — ﬁ)ZF

~ )

|aZH(Aw — y) + 5afA8'w| < hz + 5(h2 — hz),’L c PC

and H = diag(flp). To compute dw, we solve the system of equations

(A?Ap)ﬁwp = (H - ﬁ)Zp, (528)
where 2; = al’(Aw — y)/h;,i € T, and the elements of Jw outside the support are set to

Z€ero.

We have to check if a breakpoint occurs to update the support. A breakpoint occurs in
two situations: when an element of w € I' changes sign, or when one inequality becomes
an equality in (5.21). When an element changes sign, it must be removed from I'. Recall

that w is updated as w < w + dJ0w. An element of w crosses zero when
d = —w;/O0w;, for some i € I (5.29)

Define wy = Re{w}, w, = Im{w}, dy = Re{ow} and d, = Zm{Ow}, and recall that
9 must be a real number in the interval [0, 5] The parameter 0 has a real value in eq.
(5.29), only if

Wy, [dy, = wy, /dy.,i €T (5.30)
An element ~~ is removed from T if (5.30) holds for some 4, and if (5.29) is in [0, 6], for

the same breakpoint. If two or more breakpoints fulfill the restrictions, the smallest one

is removed, which can be defined using

g = miny (—wg, /dg,), for all wg, /dy, = w, /dy,i €T
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where min (+) returns the smallest positive value in the argument. When g is empty, no
term is removed, and C-ARH proceeds by choosing an element 4t that must be added to

I'. In this case, v is chosen by

7T = argmax|a’ (Aw —y)|. (5.31)
i€l

The last step is the update of h; € ', which is given by

h; + max |al' (Aw —y)|, for all i € I'c. (5.32)
J

The algorithm stops when the maximum h; € I' is smaller or equal to a pre-defined

parameter 7. We summarize the algorithm in Table 17.

5.2.1.1 Re-weighting choice

We compute the re-weighting with
h; = min (s,</olw;|), for alli € T, (5.33)

where ¢ = Nl|w]|[3/[|w||} and we use ¢ = 207 in the algorithms proposed in this text®.
This re-weighting is based on an approach proposed in [37]. We chose (5.33) since it
allows the selection of different re-weighting values, but with a maximum pre-defined re-
weighting of ¢. Term p introduces information of how the support size changes through
the iterations. As w converges to the solution and elements are added to the support
set, the value of the relation ||w||3/||w||? decreases. This information can be exploited
to measure changes in the support set, and to update hs. |w;| captures the influence of
the solution entries in the re-weighting: for larger values of w;, the less is the value of the

re-weighting, which helps to reduce bias.

We tried different re-weightings in the simulations presented in Section 5.6, and we

selected (5.33) since it provided the best SINR performance for our beamforming scenario.

5.2.1.2 Computational cost

The main contribution to the computational cost of each C-ARH iteration comes from
computing

A (y — Aw) = Ay — AT Aw (5.34)

3Note that other values of ¢ and other re-weightings can also be applied.
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and Jw. The term (5.34) does not explicitly appear in Table 17. However, if we consider
the steps 2 and 9 (or 2 and 10, if the “else“ condition of step 9 does not occur), we see that
at every iteration, step 2 uses the elements of (5.34) computed with a;, i € I, while step
9 (or 10) uses the elements which are calculated with the remaining a;. Recalling that
steps 2 and 9 (or 2 and 10) occur at every iteration, we notice that (5.34) is computed
every C-ARH step. This computation is costly in general, but it can be done with lower

cost if some a priori information about A is available.

Table 17: C-ARH algorithm

Input: A, y, 7,9 Output: w, I’
Initialize: Jw = 0, w = 0, h; + max; |al’y| for all i, [ < argmax; |aly]|
Repeat:
1 Select h
2 For all i € ', compute z; = a (y — Aw) /h;
3 Solve (A# Ap)owr = diag(hy — hr)zr
4 Compute wy = Re{wr}, w, = Im{wr}, dy = Re{dwr} and d, = Zm{Jdwr}
5 g = miny (—wg, /dg.), for all wg, /dy. = w, /d,
6 6 = min(g, 9)
7 w = w + 0w
8 hF:hr+5(hr—hF)
9 | ifd<d
[T\~ > Remove an element from I’
else
T = argmaxier,. |af (Aw —y)|
<~ Tu~yt > Add a new element to I’
end
10 | h; < max; )’ (Aw —y)|, forallie ¢
until max;(h;) < 7

In a general approach, A can vary during the algorithm computations, requiring
A A and Afy in (5.34) to be re-computed at every iteration. Using the fact that A% A
is symmetric, both terms are computed with P(2M?+6M) additions and P(2M?+6M ) —
(M?+3M) multiplications. On the other hand, when A is invariant through the iterations,
pre-computation of A7y and A¥ A can be used to reduce the number of operations. In
this case, A¥ (y — Aw) uses a matrix-vector product and the addition of two vectors,
achieving a lower cost proportional to |I'|M per iteration (where |I'| is defined as the
cardinality of I'). The maximum cost per C-ARH iteration corresponds to 4|I'|M + 5|T|
multiplications, 4|['|M + 5|T'| additions and 3|I'| divisions, plus the computation of dw

(which is the solution to a |I'| x |I'| system of equations), and the cost to obtain h. The
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re-weighting applied in this chapter uses an additional cost of 3|I'| + 2 multiplications,

3|T"| — 2 additions, |I'| + 1 divisions and |['| square-roots per iteration.

To compute the solution to (5.25), C-ARH executes a number of iterations, where it
adds or removes elements to the support of w. Assuming that K is the total number of
non-zero entries in the solution, the minimum number of iterations required to compute
w is K. In this case, the algorithm only adds elements to the support, and the solution
is obtained with (K? + K)(2M + 4) — 2K additions, (K? + K)(2M + 4) + 2K multipli-
cations, 2K? + 3K divisions, (K? + K)/2 square-roots, plus the solution of K systems of
equations with dimension p X p, where p starts at 1 and linearly increases up to K during
the iterations. Note that when the algorithm removes elements from I', the number of
iterations increases. To check how frequently elements are removed from the support,
we used C-ARH to solve a large number of examples with different values for A and y.
We compared the number of elements removed with the total amount of iterations used
to compute the sparse vector w, and we noted that these events occur rarely (in less
than 1% of the iterations). Therefore, we assume that the minimum complexity we just

derived can be used as a reasonable approximation to the number of computations used

by C-ARH.

5.2.1.3 C-ARH applied to beamforming

The algorithm presented in Table 17 can be applied to sparse systems of equations in
general. For the purpose of this text, we use the C-ARH to obtain a low-cost method to
regularize eq. (5.3) and compute the MVDR beamformer.

Let R(n) be an approximation to Ry and Ryz(n) be an approximation to Ry at
snapshot n. For beamforming, we solve eq. (5.25) using A = Rur(n) and y = bgg,

resulting in the following system of equations
Rir(n)w(n) = bgg, (5.35)
where the solution w(n) is used in

wrr(n) = w(n) /b w(n) (5.36)

RR

to compute the beamformer.

To solve (5.35), we first need to obtain R(n) and E, so that the diagonal entries of

E can be used to access the contribution of the working sensors, allowing us to obtain
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Ryr(n) and bgr. We assume that R(n) is iteratively updated with
R(n) = vR(n — 1) + u(n)u”(n), (5.37)

where 0 < v < 1 is the forgetting factor. Note that (5.37) can be written as
R(n) = _v"[u(j)u”(j) + <1, (5.38)
=0

where I is the initial regularization. Taking the expectation of (5.38) and recalling that
F{u(j)u”(j)} = Ry, one can show that [45]

E{R(n)} = R:/(1 —v), when n — oc. (5.39)

Due to normalization in (5.36), the constant (1 — v) does not affect the computation of

the beamforming solution, allowing the use of R(n) in (5.35).

The estimate of E can be obtained from the diagonal elements of R(n), using a
technique based on the energy detection method [84]. To explain this approach, recall
equations (5.15) and (5.39). It is easy to see that there are only two possibilities for the

diagonal elements of R(n), when n — oo, i.e.,

U%/(l —v), if the j-th sensor is faulty
(P2 + 03)/(1 —v), otherwise.

dIntjj

Tjj(n%OO)%{

Assuming that the sources are uncorrelated, fglmjj is given by
S
2 2
7/‘dIntjj - Z O-Si7 (540)
i=1

where each o2 corresponds to the variance of the i-th source, and o2 = 03. In this case,
one expects that the diagonal entries related to faulty sensors must have smaller variance,

since they only measure noise [40,89,90]. We exploit this fact to estimate E.

To define if a sensor is faulty, consider that after a few snapshots it is possible to
perceive that some diagonal entries of R(n) have higher values than others. The faulty
sensors are identified using a threshold, based on the maximum r;;(n). We assume that
if an element r;;(n) is at least 6dB smaller than the maximum entry, then the j-th sensor

is faulty. The threshold is computed with
Thr = 10~ %%max; (r;;(n)), (5.41)

and all the diagonal entries of R(n) are compared to (5.41). If 7;;(n) is smaller than Thr
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for some j, then the j-th sensor is faulty, and e;; is set to 0. Otherwise, we set ej; = 1. This
technique is easy to implement (it only requires one multiplication and N comparisons)
and is efficient for finding the faulty sensors, as can be seen in our simulation results. To
further reduce the complexity, we can apply (5.41) only for the first ¢ snapshots, turn the
estimation of E off, and then use the last estimated matrix E for the remaining snapshots.
Using this approach, we assume that ¢ snapshots are sufficient to obtain a good estimate

of the faulty sensors.

The C-ARH algorithm applied to beamforming is summarized in Table 18. Recalling
that Ryr(n) and R(n) are M x M and N x N, respectively, the computational complexity
corresponds to the cost of the algorithm in Table 17, plus the cost to update R(n) and to
compute E and wo(n) — steps 1, 2 and 4 in Table 18. These steps require the additional
cost of 3M? +5M + 3N + 5 multiplications, 2M? +4M + 2N — 1 additions and 1 division.

Table 18: C-ARH algorithm applied to beamforming

Input: by, &, u(n), v, 0, 7, t Output:h(n)
Initialize: R(0) = &I, w(0) =0
forn=1,2,---

1| R(n)=vR(n—1)+u(n)u(n)
2| if n <t then compute Thr = 10~%max;(r;;(n))
and estimate E to obtain Ryr(n) and bRR

RR
3| Used and 7 in C-ARH to solve Rug(n)w(n) = byy = w(n) (see Table 17)
4| w@(n)=w(n)/bgw(n)
end for

5.2.2 Multi-Candidate Complex Adaptive Re-Weighting
Homotopy

In the C-ARH algorithm, when we choose 5 = 1, h moves towards h. However, we
can choose a different ¢ and define a re-weighting scheme that is a linear combination of h
and h. Since in general there is no information about the weighting vector that generates
the most accurate w, the combination of the two weighting vectors can be a better option

than only h. In this context, MC-C-ARH is proposed to exploit multiple weight choices.

We start with the definition of a set A of Ng candidates for . For each 6 € A =
{61,02...9n.} the algorithm computes the corresponding solution w;(n). A comparison

criterion (e.g., the MSE or the SINR) is used to define the best solution computed for
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each snapshot. The candidate with the best figure of merit is selected. In Table 19 we

summarize the algorithm, applied to beamforming.

In general, Rq, Ry, and R,, are not available, and an indirect method is required to
select the candidate which provides the highest SINR. Define R, = R;,, + R, and recall
that Rq = 03bgb} and bf zz;(n) = 1. The SINR for the i-th candidate is given by

w! (n)Rawi(n) o3
@l (1) Ropeyei(n) ! (1) Ry (n)’

SINR;(n) = (5.42)

and it is maximized when @ (n)Ry,,,;(n) is minimum. Since Ry,,, is unknown, (5.42)

cannot be directly minimized. As an alternative, we note that the minimization of
H 2 H
w; (n)Rywo;(n) = o; + @, (n)Ru,@i(n), (5.43)

also maximizes the SINR, and an estimate R(n) of Ry can be used to compute (5.43).
However, the computation of (5.43) is costly, proportional to O(N?). To reduce the

number of computations, we propose a simpler method, with cost O(N).

Defining R, = Dy, + G, where D, = o2 T has the diagonal entries of R,..,, and

Intn

G contains the other elements, we can write

1
(0t /oD w@i(n)][5 + (1/08) ]! (n)Geoi(n)

Intn

SINR;(n) = (5.44)

If we consider only two candidates, and that SINR;(n) > SINRy(n), then we obtain

w1 (Il < [l@2(n)|f; + @3 (n)Geoa(n) — @i (n)Geor(n)]/o7,,.

(5.45)

Assuming that G is small compared to o, I, then the second term on the right-hand side
of (5.45) can be neglected. Extending the idea to N, candidates, we obtain the proposed

selection algorithm
wax(n) = wi(n) when k = arg min,(||w;(n)|]3), i =1,2,..., N.. (5.46)

Our simulations show that MC-C-ARH improves the SINR performance, when compared
to C-ARH.

5.2.2.1 Computational cost

MC-C-ARH starts with the update of R(n) (step 1, Table 19) and the computation of
E (step 2, Table 19). Then, the algorithm computes the C-ARH solution w;(n) (step 3,
Table 19), @;(n) (step 4, Table 19) and ||zo;(n)||3 (step 5, Table 19) for each candidate.
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Recalling that N x N is the dimension of R(n), while M x M is the dimension of Ryg(n),
R(n) is updated with 3M? — 3M + 3N multiplications and 2M? — 2M + 2N additions.
The cost to compute zo;(n) is 8M + 4 multiplications, 6 M — 1 additions and 1 division,
while the computation of ||z=;(n)||3 uses 2M multiplications and 2M — 1 additions for
each candidate. The total computational cost is 3M? + M (10N, — 3) + 3N + 4N, + 1
multiplications, 2M? + M (8N, — 2) + 2N — 2N, additions, N, divisions, plus the cost to
solve the C-ARH algorithm N, times.

Table 19: MC-C-ARH algorithm applied to beamforming

Input: by, &, u(n), v, A, 7, t Output: woyax(n)
Initialize: R(0) = &I, w;(0) =0, V), € A
for n=1,2,---

1| R(n)=vR(n—1)+u(n)uf(n)
2| if n <t then compute Thr = 10~ %%max;(r;;(n))

and estimate E to obtain Ryr(n) and bry
for all 9, € A :

3 Use C-ARH with § = §; and 7 to solve Ryg(n)w;(n) = by = w;(n) (see Table 17)
4 Compute w;(n) = w;(n)/b w;(n)
5 Compute ||z;(n)||3 for all
end for
6 | m = argmin{||co;(n)||3} > Find the best candidate
7| wuax(n) =wn(n)
end for

5.3 Iterative algorithms using the C-ARH method

In this section, we propose iterative algorithms based on the C-ARH technique. The
idea behind these approaches is that we can compute the solution at snapshot n by adding
an update term to the solution obtained at snapshot n — 1, reducing the computations to
obtain w(n). For this purpose, consider that the solution to (5.35) at snapshot n is given
by

w(n) =w(n — 1)+ Aw(n), (5.47)
where Aw(n) is the updating term. Since w(n — 1) is known at snapshot n, we use (5.47)

in (5.35), to obtain
Rir(n)Aw(n) = B(n), (5.48)
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where we define
B(n) = brr — Rpr(n)w(n —1). (5.49)

In this case, we can write the minimization problem
M
minimize||Run (1) Aw(n) — B(n)||3/2 + > hil Awi(n)], (5.50)
w i=1

which is similar to the minimization problem solved by C-ARH in (5.25). Therefore, we
can define A = Ryp(n), y = B(n) and w = Aw(n), and use C-ARH to compute Aw(n).
The result is then applied in (5.47), to compute w(n). We call this approach the iterative
C-ARH (It-C-ARH) algorithm.

The It-C-ARH algorithm computes 3(n) at every snapshot, which requires the com-
putation of a complex matrix-vector product and the addition of two complex vectors.
Using this approach, the total number of operations corresponds to 4M? multiplications
and 4M? additions. However, the computation of 3(n) at snapshot n can be implemented
less costly, using quantities computed in the previous snapshot. For this purpose, assume

that R(n) is updated as presented in eq. (5.37), and use it in (5.49) to write

B(n) = by — [VRar(n — 1) + upp(n)ufl (n)] w(n — 1)
= (1 — v)bgg + vbrg — VRir(n — Dw(n — 1) — ugp(n)ull (n)w(n —1)  (5.51)
= (1 — v)bgg + v[brr — Rpr(n — Dw(n — 1)] — ugr(n)ull (n)w(n — 1)

RR

where ugp(n) contains only signals obtained from sensors working properly. We define

the residue

¢(n—1) = by — Run(n — Dw(n — 1) (5.52)
and
2(n) = w" (n = 1)t (n) (5.53)
to write
B(n) = (1 — V)bgn + vC(n — 1) — tnn(n)2* () (5.54)

Using (5.51) and (5.47), {(n) can be written in terms of the Aw(n), i.e.,
¢(n) = brr — Rgr(n)(w(n — 1) + Aw(n)) = B(n) — Rer(n)Aw(n), (5.55)

which can be efficiently computed to reduce the computational cost. When C-ARH com-
putes Aw(n), it computes only the K entries in the support of Aw(n). In this case,
C-ARH gives us perfect knowledge of the K non-zero entries of Aw(n). With this infor-

mation, we can exclude the columns of Ryg(n) that are multiplied by the zero entries of
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Aw(n) in (5.55), such that the residue can be computed with 4K M multiplications and
4K M additions. Using this result to compute (5.51), the computational cost to calculate
B(n) corresponds to 4K M + 6M multiplications and 4K M + 6M additions.

In Table 20 the It-C-ARH algorithm is presented, and in Table 21 we describe the
iterative MC-C-ARH algorithm, introducing multiple candidates for 6. Notice that we
use the same criterion applied by MC-C-ARH to select the best candidate in the iterative

multi-candidate technique.

Table 20: It-C-ARH algorithm applied to beamforming

Input: by, &, u, v, d, 7, t Output: = (n)
Initialize: R(0) = ¢I,w(0) =0, {(0) =0
for n=1,2,---

1| R(n)=vR(n—1)+u(n)ul(n)
2| if n <t then compute Thr = 107"%max;(r;;(n))
and estimate E to obtain Ryr(n) and byy
2(n) = w(n — 1)ugg(n)
B(n) =v¢(n—1) - ure(n)2"(n) + (1 — v)bge
5| Use C-ARH with ¢ and 7 to solve Ryr(n)Aw(n) = B(n) = Aw(n), T’
(see Table 17)
6 | Compute w(n) =w(n —1)+ Aw(n)
Compute ¢,(n) = B(n) — Ruu(n)Aw(n)
8 | Compute w(n) = w(n)/bLw(n)
end for

- w

~J

Computational cost of the It-C-ARH algorithm: Compared to C-ARH (see
Table 18), the iterative technique requires the additional computation of z(n), B(n),
w(n) and ¢(n) (respectively steps 3, 4, 6 and 7 in Table 20). The term (1 — )by does
not change through the snapshots and can be pre-computed to reduce the computations.
The total implementation cost per snapshot is 3M?+(15+4K )M +3N +5 multiplications,
2M? + (14 + 4K)M + 2N + 2K — 3 additions, 1 division, plus the cost to compute the
C-ARH algorithm in Table 17.

Computational cost of the It-MC-C-ARH algorithm: The computation of
the iterative multi-candidate algorithm differs from the MC-C-ARH algorithm in the
addition of steps 3, 4, 6 and 7 in Table 21. With the additional steps, the complexity cost
increases and is given by 3M? + (4K N, + 20N, — 3)M + 3N + 4N, + 1 multiplications,
2M?*+ (4K N,+18N.—2)M+2N —2K N.—4N, additions, N, divisions and the computation
of C-ARH (Table 17) N. times.
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Table 21: It-MC-C-ARH algorithm applied to beamforming

Input: by, &, u, v, A, 7, ¢ Output: woyax(n)
Initialize: R(0) = &I, w;(0) =0, ¢;(0) =0, V6, € A
for n=1,2,---

1 | R(n)=vR(n—1)+u(n)u(n)
if n <t then compute Thr = 107"%max;(r;;(n))

and estimate E to obtain Ryz(n) and bgy
for all 9, € A:

3 zi(n) = wh(n — 1)ugs(n)
4 Bi(n) = v¢;(n — 1) — uga(n)zf(n) + (1 — v)bgs
5 Use C-ARH with §; and 7 to solve Ryp(n)Aw;(n) = B;(n) = Aw;(n), I’

(see Table 17)

6 Compute w;(n) = w;(n — 1) + Aw;(n)
7 | Compute ¢,(n) = B(n) — Ran(n)Aw;(n)
8 Compute w;(n) = w; /b w;

9 Compute ||zz;(n)||3 for all i

end for
10 | m = argmin{||z;(n)||3} > Find the best candidate
11| wyax(n) = wwn(n)
end for

5.4 The homotopy algorithms using DCD iterations

The C-ARH algorithm solves a linear system of equations (step 3, Table 17), which
is costly to compute. In this case, an efficient method to compute the solution is very

important to keep the complexity low.

For this purpose, the use of DCD (see Section 4.1) is particularly interesting for the
iterative algorithms, since the previous solution can be employed as an initial condition
to DCD, allowing the use of a small N,. The non-iterative algorithms cannot use this
initial condition, and would require a large number of DCD iterations NV, to compute the
solution. For this reason, we focus now on the iterative techniques. For It-C-ARH and
It-MC-C-ARH, DCD is used to solve (5.28), where A = AFAp and y = (H — H)zp.
To further save operations — just like we proposed for the DCD-WL-RLS in Section 4.2
— we can also select the forgetting factor as v = 1 — 27!, where [ is a positive integer.
This choice of v substitutes multiplications by additions and bit-shifts in eqs. (5.37) and
(5.51), reducing the complexity to update Ryr(n) and B(n). As it is shown in Section 5.6,
the algorithms using DCD outperform our previous approaches, with further reduction in
the number of computations. Both the complex-valued cyclic-DCD and the DCD with a

leading element can be applied in the proposed iterative algorithms. However, we use the
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DCD with a leading element to compute the complexity presented in Table 24 and in the

simulations of Section 5.6.

5.5 Analysis of some properties of the C-ARH-based
algorithms

In this section, we summarize some analysis results that explain and give insight into
the algorithms’ behavior. We show why the C-ARH algorithm provides SINR performance
gains even when the system of equations is not sparse, and we also define the range of
values for ¢ for the multi-candidate algorithms. In addition, we compare the iterative and
non-iterative algorithms to give some insights into the performance differences observed in
the simulations. We then dedicate a section to summarize the computational complexity,

and to provide some implementation tools to achieve low-cost algorithms.

5.5.1 C-ARH applied to regularize sparse and non-sparse
problems

At the k-th homotopy iteration?, the C-ARH algorithm (see Table 17) uses

Al (Arwr(k —1) —yr) + AT Arowr (k) = —Hzr (k) + 6(H — H)zr (k) (5.56)

to compute the solution w(k) = w(k — 1) + dw(k). Assume § = 1, and recall that
zr, (k) = wr,(k)/|wr,(k)|. Equation (5.56) can be written as

Af Arwr (k) — Af'yr = —D(k)wr (k) (5.57)
where we use D(k)wr (k) = Hzp(k), and D(k) is a diagonal matrix with diagonal entries
dii(k) = hi/|wr,(k)|, i €T. (5.58)

Using D(k) in eq. (5.57), we obtain
(AfAr +D(k)) wr(k) = Ally, (5.59)

showing that a diagonal regularization is introduced. As shown in Section 5.1.1, when the
number of interferers is small, (5.57) is ill-conditioned, and the regularization provided by

C-ARH helps to improve the estimates.

“Note that we use k to denote different homotopy iterations and avoid confusion with index 7, which
denotes snapshots.
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5.5.2 Selection of the regularization parameter ¢

The values of the 6 must all be in the interval [0, 1] to avoid negative weights. In fact,
the weight update is
h+ (1-0)h+dherl, (5.60)

where we just reorganized step 8 in Table 17 to make clear the contribution of h and h
to the right-hand side of the equation. It is easy to note in eq. (5.60) that 6 must be in

[0, 1] to guarantee that h is always positive.

5.5.3 Differences between the iterative and non-iterative
algorithms

The C-ARH algorithm computes an iterative solution to the minimization problem
presented in eq. (5.25) (where A = Ryp(n) and y = by for beamforming). It uses
an /1-norm regularization to w(n), helping ill-conditioned systems of equations and also
favoring sparse solutions. The iterative approaches, on the other hand, solve a modified
minimization problem (see (5.50)), where the ¢;-norm regularization is applied to the
solution update, Aw(n). Using Aw(n), w(n) is obtained with w(n) = w(n—1)+Aw(n).
Since the iterative approach employs w(n — 1) as an initial condition to compute w(n), it
is expected to start each iteration closer to the real solution than C-ARH, since the later
uses w(0) = 0. In this case, It-C-ARH is expected to require less updates to compute

w(n), which implies in a lower computational complexity.

An additional difference between the approaches concerns on how they compute w(n)
when there is no sparsity, which is the case when they are applied to regularize ill-
conditioned systems of equations. In this case, C-ARH tries to compute a sparse w(n),
which is expected to be costly (since many iterations may be spent to change the support,
trying to obtain a sparse solution) and also have poor performance. It-C-ARH, however,
only searches for a sparse Aw(n). The update is designed to require a low number of
iterations, such that it concentrates only on a few features at each iteration. Since w(n)
is iteratively updated, all the entries of w(n) can be updated through the snapshots, such
that a low-cost and regularized solution is expected to be obtained. Using this approach,

[t-C-ARH should outperform C-ARH, as verified in the simulations of Section 5.6.
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5.5.4 Computational complexity

In this section, we summarize the computational complexity of the proposed algo-
rithms. Tables 22 - 25 are arranged in a nested structure, each table adding a layer

needed for the solution of the beamforming problem.

In Table 22, we show the computational cost per iteration of the C-ARH algorithm
(as described in Table 17). The number of operations is presented as a function of the
support size |I'| at each homotopy iteration. At every iteration, the algorithm computes
the solution of a linear system of equations, with the dimension |[I'| x |I'|. Different
approaches can be used to solve the system of equations, such as an LU factorization,
which is an O(|T'|?) technique, and the DCD algorithm, which is the low-cost alternative
used in this dissertation. The total cost to compute w(n) (assuming that the maximum
support size is given by K) is presented in Table 23. The cost to implement C-ARH using
the DCD with a leading element is also detailed.

Table 24 shows the complexity of the algorithms proposed for beamforming. In our
simulations comparing the iterative and non-iterative techniques (see Section 5.6), we
notice that It-C-ARH and It-MC-ARH use a very low number of homotopy iterations per
snapshot, which makes their computational cost much lower than the cost of C-ARH and
MC-C-ARH. The simulations also indicate that the iterative algorithms have better SINR
performance. When we use the DCD in the C-ARH algorithm, further reduction of the
computational cost is obtained, since multiplications are replaced by additions and bit-
shifts, and the parameter N, can be designed to be a small number. Table 25 summarizes

the number of computations used by the recursive algorithms using DCD iterations.

The dominant terms in the computational complexity of all the homotopy-based tech-
niques are K2M (see Table 23) and M? (see Tables 24 and 25). Since the relation between
M and K is unknown and K could be, in principle, any function of M, the computational
complexity could be higher than O(M?). However, as it is shown in our simulations in
Section 5.6, the computational complexity of the DCD-based techniques depend on the
relation of the number of interferers and M: if the number of interferers does not increase
linearly with M, the computational complexity is O(M?). If the number of interferers
grows linearly with M, the techniques are more costly to compute, but we show that there
is still a range of values of M in which our methods are more advantageous than other

algorithms from the literature.

Note that we use (5.33) for all techniques presented in this text. Selecting a different

re-weighting, the required number of computations may change, modifying the values
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presented in Tables 22 and 23.

Table 22: Computational complexity of C-ARH per homotopy iteration

Alg. + X - Na
C-ARH AT(M +2) -2 AT +2)+2 AT +1 ||
Plus the solution of a |I'| x |I'| linear system of equations

| C-ARH (DCD) | 4|T[(M + N, +2) + 4N, + 6M, —2 [ 4T[(M +2) + 2 [ 4]+ 1 | [T'] |

Table 23: Minimum computational complexity of C-ARH per snapshot (when the total
support size is K)

Alg. + X -~ NG
K?(2M +4)+ K*(2M+4)+ | 2K*+3K | (K*+K)/2
C-ARH K(2M+2) K(2M+6)
Plus the solution of K systems of equations with dimension
pxp, wherep=1,2.... K
C-ARH | KZ?(2M+2N,+4n | K*(2M+4n | 2K*+3K | (K*+K)/2
(DCD) | K(2M +6N,+6M,+2) | K(2M+6)

Table 24: Computational complexity per snapshot of the algorithms applied to beam-
forming

Alg. + X + | C-ARH
(Tab. 23)

C-ARH 2M? +4M 3M? +5M 1 1
(beamf.) +2N -1 +3N +5

MC- 2M?%+(8N,—2)M 3M?%+(10N.—3)M N. N.
C-ARH +2N —2N, +3N +4N,+1

It- 2M? + (4K + 14)M 3M? + (4K + 15)M 1 1
C-ARH +2N + 2K — 3 +3N +5
It-MC- | 2M?+ (4K N.+18N,—2)M | 3M?+ (4K N.+20N,—3)M | N, N.
C-ARH +2N+2K N, —4N, +3N +4No+1
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Table 25: Total computational complexity of the algorithms using DCD iterations

Alg. + X - v
DCD-It- 3(M?+5M+N-1) 2M?%+ 14M +2N 2K (K*+K)/2
C-ARH +K?(2M +2N,,+4) +5 +KA2M+6) | B3K+1

+K (6M +6N,+6M,+4) +K(6M+6)

DCD- 3(M?*—M+N) 2(M*~M+N)+1| N.(2K? | N.(K*+K)/2
It-MC- +N.K?(2M +2N,+6) +N(K?*(2M+4) | 8B3K+1)

C-ARH | +N.K(6M+6N,+6M,+4) | +K(6M+24)+4)
+N.(18M —4)

5.6 Simulations

In our simulations, we compare the SINR performance of the proposed algorithms
and techniques from the literature. We also study the computational complexity of our
new techniques. For all scenarios, we consider a 64-sensor ULA. The direction of interest
is fixed at angle 20°, but the number of interferers can vary. We perform four groups of
simulations. In the first scenario, we assume that there are 5 faulty sensors in the array,
and we use a faulty-sensor detector to identify them. The faulty sensors are randomly
selected, and all the techniques considered in the simulation use Rgr(n) to compute the
beamformer. In the second simulation, we use the same conditions as before, but we
assume that we are unable to identify the faulty elements. For this situation, we show
that the proposed techniques are robust to errors in the detection of faulty elements.
In the simulations of Section 5.6.3, we study the steady-state SINR performance of the
proposed techniques when the SNR varies. For all these cases, we assume that the number

of interferers is fixed and positioned in the angles 30°, 45°, 53° and 60°.

In Section 5.6.4, we perform simulations using only the DCD-based techniques to
observe the relation between the number of homotopy iterations (/) and the number of
sensors in the array (M), if the number of interferers vary. Our purpose is to model K as
a function of M, and apply it in the expressions of Table 25 to obtain an accurate result to
the number of multiplications used by each technique. Using this approach, we show that
if the number of sensors is kept constant, which is a scenario that approximates sonar
and radar applications [82], the number of multiplications required by the techniques
is O(M?). If the number of interferers grows linearly with M, the computational cost
is O(M?), but we show that there is a range of values in which our techniques are
advantageous, less costly than the VL approach of [80], which is O(M?). This last

scenario can be associated with problems of MIMO communications [83], in which the
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number of users increases with the array dimension.

In the simulations applied to compare our techniques to other algorithms from the
literature, (Sections 5.6.1 and 5.6.2), we present the SINR performance of C-ARH, MC-
C-ARH, It-C-ARH, It-MC-C-ARH, DCD-It-C-ARH and DCD-It-MC-C-ARH, and we
compare these methods to the O(M?) RCB of [33], the RLS algorithm [7] without the
addition of regularization, and to a method using a diagonal loading (DL) added to
Ryr(n). We use the approach of [78] to regularize Rpr(n) by adding to the matrix
the diagonal loading 1007271, assuming exact knowledge of o,. The solution to (Rgx(n) +
100$I)w(n) = byg is then used to compute the beamformer, which cannot be implemented
using RLS. Here, we use the Matlab solution of systems of equations (the \ operator, LU
factorization in most cases), at cost O(M?). We also compare the new techniques with
the GLC technique of [81] (O(M?)) and to the O(M?) VL algorithm of [80]. The RCB,
the GLC and the VL algorithms are briefly presented in Appendix B (see page 140). We
present the SINR performance and the number of homotopy steps used by the proposed
techniques, which expresses the maximum dimension of the system of equations solved by
the homotopy-based algorithms. To determine the faulty sensors in the first simulation,
we use the energy detection method, as presented in Section 5.2.1.3. Matrix E is estimated
only during the first 100 snapshots. Afterwards, we freeze the last estimated value of E

for the remaining snapshots.

For all simulations, the power of each interferer is 10 times the power of the signal of
interest, 02 = 1. The SNR is 8dB, and the noise is a zero-mean Gaussian i.i.d. sequence.
The signals produced by the sources are zero-mean binary sequences of —1 and 1, and
we use eq. (5.37) to estimate Ry iteratively. The forgetting factor is given by v =
1 —27%~0.9844 and R(0) = 107L. The algorithms are adjusted in the first simulation
to achieve the maximum SINR in the steady-state. We keep the same values for the
parameters in the second simulation to study the effect of the incorrect identification
of faulty sensors to the beamformer computation. In the third simulation, we vary the
SNR and study the SINR gain of the techniques, assuming that the parameters of the
algorithms are still adjusted as proposed in the first simulation. We use 500 snapshots,
and assume that the algorithms achieve the steady-state after 400 snapshots. We then use
the last 100 snapshots to compute the steady-state SINR. In the last simulation, we set
the parameters as applied in the first simulation, but there are no faulty sensors and the
the number of interferers is varied, allowing us to plot curves to study the relation between
M and the number of homotopy iterations. We also use 500 snapshots in this case, and

apply the last 100 snapshots to compute the mean number of homotopy iterations used
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by the techniques.

The simulations presented in this section are obtained with the mean of 200 realiza-

tions.

5.6.1 Regularization when the faulty-sensor detector is applied

For the simulation presented in this section, we assume that there are 5 faulty sensors,
and that the faulty-sensor detector is applied to identify and exclude them from the
computation of the beamformer. To adjust C-ARH and MC-C-ARH, we use 7 = 0.32
and define three candidates for the MC-C-ARH algorithm, given by A = [0.6 0.8 1].
The iterative algorithms It-C-ARH and It-MC-C-ARH use a stopping parameter 7y = 2,
while DCD-It-C-ARH and DCD-It-MC-C-ARH use mep = 5, N, = 8, M, = 16 bits
and H = 2. The multi-candidate iterative algorithms use the same set of candidates as
selected for MC-C-ARH, and the constraint of the RCB is given by ¢ = 0.1. Figures 16
and 17 present the SINR performance and the number of homotopy iterations required

by the proposed techniques to compute the MVDR beamformer.

From Figure 16, one can see that the C-ARH algorithm and the DL approach have
almost the same SINR performance after 400 snapshots, and that both algorithms are
outperformed by the MC-C-ARH algorithm after 200 snapshots. The proposed iterative
algorithms outperform the other homotopy-based techniques, and the highest SINR is
achieved by the DCD-based algorithms. The iterative algorithms outperform their non-
iterative counterparts with a lower number of homotopy iterations, which reduces the
number of computations. For instance, consider the average number of iterations used by
C-ARH (which is 58), I1t-C-ARH (3) and DCD-It-C-ARH (1.5), presented in Figure 17,
after they achieve the steady-state. Using these values of K in the equations presented in
Tables 23, 24 and 25, we compare the number of multiplications used by these methods.
The C-ARH algorithm requires 400471 multiplications plus the cost to solve 58 systems of
equations of sizes from 1x1 to 58 x58. The It-C-ARH algorithm uses 26211 multiplications
and solves only 3 systems of equations of sizes from 1 x 1 to 3 x 3. The DCD-It-C-
ARH algorithm, the least costly of them, uses only 8386 multiplications. No additional
multiplications are required to solve the systems of equations, since the DCD algorithm

does not require multiplications.

The GLC and the DCD-It-C-ARH algorithms present the same SINR at the steady-
state, but they are both outperformed by DCD-It-MC-C-ARH. The DCD-based iterative
algorithms are only outperformed by the RCB and VL, which achieve an SINR perfor-
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131

mance 1.5dB higher than the DCD-It-MC-C-ARH. But the convergence rate of the VL
is slower than that achieved by the DCD algorithms.

Notice that the RCB and GLC methods have computational cost of O(M?), while
VL algorithm is O(M?), since its complexity is 20M? + 32M + 5 multiplications, 18 M? +
24 M — 6 additions and 3 divisions. In Section 5.6.4, we use simulations to show that the
computational complexity of the DCD-based techniques is O(M?), where M? is multiplied
by 2, if the number of interferers does not increase with M. In this case, the DCD-based

techniques are the less costly algorithms in this simulation.

5.6.2 Robustness to errors in the identification of faulty sensors
in the array

In this simulation, we show that the iterative techniques are robust when the faulty
sensors cannot be identified and excluded from the array. We assume that the array
has 5 faulty sensors, but the detector is unable to identify them. For this situation, we
cannot reduce the dimension of the correlation matrix, and the SINR performance of the
algorithms might be affected. We maintain the value of the parameters used in Section
5.6.1, and we show that the iterative DCD-based algorithms present almost the same

performance. Figure 18 and 19 show the results.

In this scenario, the performance degrades for all the algorithms, but the techniques
using the DCD are less affected by the faulty sensors. The better performance of the
DCD algorithms is explained by the very low number of homotopy iterations used by
these techniques. To understand this, recall the algorithm presented in Table 17. To add
an element to the support set, the algorithm selects the columns of the matrix which are
most correlated to the residue. When the algorithm starts, it first adds to the support the
highly correlated features of the matrix, for which the selection is not affected by the noise
introduced by the faulty sensors. However, after a few steps of the C-ARH, the columns
less correlated to the residue and the columns introduced by the faulty sensors can be
mistaken, and the algorithm can add to the support wrong elements, leading to poor
performance. Since the DCD iterative algorithms use a very low number of iterations,
they only add to the support the most correlated elements, easier to identify, reducing

the error and improving the SINR performance.
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Figure 18: SINR performance when there are 5 faulty sensors, but they are not identified
by the detector. Mean of 200 realizations.
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5.6.3 SINR x SNR curve

In this simulation, we study how the steady-state SINR varies when the SNR changes.
We consider the scenario of the first simulation, but now we vary the SNR in the range of
—10dB to 60dB. For this purpose, we compare the DCD-based iterative techniques with
the RCB, VL, GLC and DL algorithms. We consider only DCD-based techniques in this
simulation, since they presented the best SINR performance in the previous comparisons.
Figure 20 presents the SINR x SNR curve, and Figure 21 shows the number of homotopy

iterations used by the proposed algorithms.
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Figure 20: SINR performance of the proposed techniques when the SNR varies.

From Figure 20, we note that the GLC outperforms the other techniques when the
SNR is low, but its performance degrades when the SNR increases. The RCB and VL
outperform the other techniques when the SNR is higher than 0dB, but the maximum
difference between these algorithms and the DCD-based techniques is approximately 2
dB, when the SNR=16dB. However, in this case the number of homotopy iterations is
very low. In Figure 21, we see that when the SNR is low (less than 0dB), the DCD-
based techniques require a higher number of homotopy iterations, and their performance
is poor. When the SNR reaches 0dB, the number of iterations used by the techniques
decreases. The low SNR probably hinders the selection of the terms that must be added
to the support of C-ARH, leading to poor performance and a higher number of homotopy



134

180F ‘o .

160 DCD-It-MC-C-ARH i T

T
1

140

DCD-It-C-ARH

Homotopy iterations

1.5 iterations 5 iterations

10 20 30 40 50 60
Snapshots

Figure 21: Average number of homotopy iterations used by the proposed techniques when
the SNR varies.

iterations, which tends to the number of sensors. For higher SNR, the performance is
improved and the number of iterations decreases. As we will show in Section 5.6.4, in
a scenario where the number of interferers is constant if M increases, the computational
cost of the DCD-based techniques is proportional to 2M?2, while RCB and GLC have
complexity proportional to M3, and the VL algorithm has complexity quadratic on M
(but multiplied by a factor 20). Since the number of homotopy iterations is high for low
SNR, the expression of the number of multiplications probably is not able to capture the
real number of operations. However, for higher SNR, (SNR> 0dB), when the SINR rate
improves, we expect the expression of the complexity to hold, and the trade-off between
complexity and performance should favor the iterative methods. The relation between
the SNR and the number of homotopy iterations used by the DCD-techniques will be

addressed in future work.

5.6.4 Simulation study of the computational complexity of the
DCD-It-C-ARH and DCD-It-MC-C-ARH algorithms

In this section, we present a simulation study on the computational complexity of the
DCD-based techniques. We perform three simulations to model the relation between the

number of homotopy iterations and the number of sensors in the array (M), so that we
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can obtain a better approximation for the computational complexity of the techniques,

presented in Table 25. The situations considered are the following:

1. In Figure 22, we study how the number of homotopy iterations varies if the number

of sensors increases, but the number of interferers is kept constant. The number of
sensors is varied in the set [8, 16, 20, 32, 64, 80, 128].

2. In the scenario used to obtain Figure 23, we assumed that the number of interferers

depends linearly on the number of sensors, and increases at rate M /8. For this case,

we use M = [16, 32, 64, 128, 256].

3. In Figure 24, the number of interferers grows with the square root of M. The values

of M applied to this simulation are [16, 25, 36, 49, 64, 81, 100, 121, 144].

To obtain the figures, we adjusted the parameters of the algorithms with the same values

used in the first simulation, but there are no faulty sensors.
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Figure 22: Average number of homotopy iterations versus the number of sensors in the
array, when the number of interferers is constant.

In Figure 22, the number of iterations required by each technique to compute the

beamformer starts at a low number of homotopy iterations and quickly decreases to a

constant level (1.3 for DCD-It-C-ARH and 4.5 for the multi-candidate technique), which
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can be modeled by an exponential decay. The number of homotopy iterations required by
DCD-It-C-ARH can be modeled as 6-exp(—0.06M )+ 1.3, while the relation is modeled by
12 - exp(—0.05M) + 4.5 for DCD-It-MC-C-ARH. Applying these equations to the expres-
sions obtained in Table 25 to compute the number of multiplications of each algorithm, the
term 2M (6-exp(—0.06M ) +1.3)? appears in the expression of DCD-It-C-ARH. For DCD-
[t-MC-C-ARH, the term is given by 2M (12 - exp(—0.06 M) +4.5)%. To determine which is
the dominant term in the computational cost, recall that 6-exp(—0.06M)+1.3 — 1.3 and
12 - exp(—0.06M) + 4.5 — 4.5 when M increases, so that 2M (6 - exp(—0.06 M) + 1.3)? —
3.4M and 2M (12 - exp(—0.06M) + 4.5)*> — 40.5M. Therefore, the dominant element in
the computational cost is 2M?, and the techniques are O(M?).

In Figure 23, we verify that if the number of interferers increases linearly with
the number of sensors, at a rate of 1/8, the number of homotopy iteration increases
quadratically. In the simulation of Figure 24, we observe a linear relation between
M and the number of homotopy iterations, when the number of interferers increases
with /M. Using the data from Figure 23, the equations that better model the re-
lation are given by 5.7 - 107°M? + 3.5 - 1072M — 8.6 - 1072 for DCD-It-C-ARH, and
84-107°M?4+1.2-107*M +6.9- 10! for the multi-candidate technique. Replacing these
equations in the expressions of Table 25, we notice that our algorithms are O(M?), but
the factor that multiplies M? is low. To show that our techniques can be advantageous
even in this situation, we compare the number of multiplications of the DCD-based al-
gorithms and VL, when M varies. Figure 25 shows the results, and we note that the
DCD-It-C-ARH is less costly than VL for arrays in which the number of elements is up
to 255, while the multi-candidate approach requires less multiplications if M is less than

140 elements.
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Figure 23: Average number of homotopy iterations versus the number of sensors in the
array, when the number of interferers grows linearly at the rate of M/8.
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5.7 Conclusions

In this chapter, we have presented new beamforming algorithms based on the ¢;-
norm regularized C-ARH technique. Our iterative algorithms have low computational
complexity and are robust against ill-condition in the input autocorrelation matrix, which

arises when the number of interferers is small compared to the number of sensors.

We compared our methods with the diagonal loading approach of [78], the RCB of
[33], the GLC of [81] and the VL of [80], robust beamformers, in two situations: one
in which faulty sensors are removed from the equations, and another in which faulty
sensors are not correctly detected. In the first situation, our iterative algorithms perform
better than C-ARH, MC-C-ARH, the diagonal loading approach of [78] and GLC, but
they are outperformed by the RCB of [33] and the VL algorithm. In the second scenario,
when the contribution of the faulty sensors is not removed from the sample correlation
matrix and the algorithms keep the same parameters as in the first simulation, the DCD-
based iterative methods are robust and outperform the other techniques, except for the

VL algorithm. But VL converges more slowly than the DCD-based techniques to the
steady-state.
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The computational complexity of our new techniques was presented as a function of
the number of sensors and the support size of C-ARH. Since the iterative algorithms
require fewer homotopy iterations per snapshot than the C-ARH and MC-C-ARH algo-
rithms, they are less costly to implement. For the DCD-based techniques, the number
of computations is much lower, since many multiplications are replaced by bit-shifts and
additions. To obtain more accurate expressions for the computational complexity of the
DCD-based techniques, we performed simulations in which we studied the relation be-
tween the number of sensors and the average number of homotopy iterations used by the
techniques, if the number of interferers varies. We considered two situations: in the first,
the number of interferers is constant, and in the second, it increases linearly with the array
dimension. For the first case, the complexity is quadratic in M, while the complexity is
O(M?) in the other approach. Based on these results, our DCD-iterative techniques are
less costly than the RCB, the GLC and the DL algorithms, which are cubic in M, and also
than VL (for which the cost is proportional to 20M?), if the number of interferers does
not depends on M. If the number of interferers increases linearly on M, our techniques

are less costly than VL only for a range of values of M.

The simulation comparing the SINR performance of the DCD-based algorithms to
other techniques, when the SNR varies, has shown that the proposed algorithms are low-
cost alternatives for SNR values higher than 0dB. For these values of SNR, if the number
of interferers is constant, the complexity is O(M?), so that the trade-off between SINR
performance and computational complexity favors our techniques. For lower values of
SNR, the performance is poor, the average number of homotopy iterations increases and

they become costly.
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In this appendix, we briefly present the RCB, the GLC and the VL algorithms.

The Robust Capon beamformer (RCB)
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The RCB [33] is a technique which uses an eigenvalue decomposition of the correlation

matrix to compute the beamformer. For this reason, it is costly to compute and is cubic

on M. The algorithm is summarized in Table 26 (we use the same notation and variables

used for our algorithms, to make the comparison among the techniques easier). Note that

€ is a parameter used to adjust the regularization, and 7 is a small constant to stop the

update of A in Table 26 (see step 6).

Table 26: Robust Capon beamformer

Input: bgy, ugg, V.6, T Output: w(n)
Initialize: Ry (0) = &I, w(0) = 0, bry = byg

for n=1,2,...
1 Rin(n+1) = vRpr(n) + upp(n + Dull (n + 1)
2 Compute the eigenvalue decomposition of Ryr(n + 1) to obtain V' (the

matrix of the eigenvectors) and d, a vector with the eigenvalues.
3 Compute z = |VHl~)RR|
4 Define A =0
5 Compute y; = 2z;/(1 + \d;)
6 While |||y|]a — €| > T
7 A:)‘_'_(HyH%_E)/Zi]\ilm
8 end
9 Compute matrix Dy, for which the diagonal entries are given by 1/\d;
10| bpg = bay — VDoV by,
11 Ryn(n+Dw(n+1) = bpy = w(n+1)
12| wh+l)= ;"("—+‘U
b ,w(n+1)
end
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Adaptive beamformer with variable loading (VL)

The VL technique uses an iterative variable loading approach to add regularization
to the autocorrelation matrix and improve the computation of the beamformer. The
approach of [80] is summarized in Table 27. One can show that the complexity of this
approach is given by 20M? 4 32M + 5 multiplications, 18 M? + 24M — 6 additions and 3

divisions.

Table 27: Adaptive beamformer with variable loading

Input: bgg, Ugs, v, T = 100, Output: w(n)
Initialize: R (0) = &I, we(0)=0,p=0

for n=1,2,...
— " 1—-v 7
RRR(’I'L + ]_) = mRRR(n) -+ WURR(H -+ ]_)U,RR(TL + 1)

71 = brr — 7P(n) — Ryr(n + 1wy(n)
H
’lUO(TL —+ ].) = ’lUQ(TL) + ,u17°1
Ty =wo(n+1) — R(n+1)p(n)
B rilr,
p(n+1) =p(n) + pors
bngO(n —+ 1)

1

0 N O Otk W N

w(n+1)=

end
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The general-linear-combination-based robust Capon
beamformer (GLC)

The GLC is presented in Table 28. Note that it updates Ryy using a window with
N, entries. The method requires the solution of a linear system of equations (see step 8),

which would require O(M?) operations in a approach using LU decomposition.

Table 28: General-linear-combination-based robust Capon beamformer

Input: bgg, urs, v, M, Ny, Output: w(n)
Initialize: Ry (0) = &I, wo(0) =0, p; =0
for n=1,2,---

1
Ri(n+ 1):RRR(n)+N—(uRR(nH)ufR(n + 1)—ugp (n—Ny+1D)ull (n—Ny+1)
p1=p1 + |[usn(n + 1|3 = [Jurs(n — Ny +1)|[3
p= 1z — | Rl £ 1)
v= trz‘:ce(RRR(n +1))/M
@ = min(vp/|[R(n + 1) — oT|3,v)
b=1-—a/v
Rgic = al +bRyr(n + 1)
RGLC'w(n + 1) = bpr = ’LU(TL -+ 1)
w(n+1)
biiw(n+1)

© 00 3O Ul W N =

w(n+1)=

end
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6 POSSIBILITIES TO CONTINUE THIS WORK

In this chapter, we present an overview of possible research lines to continue this
work. We present ideas which can lead to new algorithms and some possibilities to better

exploit the techniques proposed in this text.

6.1 Development of an analysis for the DCD
algorithm

The computational complexity gain of the DCD method is based on the iterative
solution of a modified normal system of equations, where the coefficients are bit-wise
updated. Since the update is nonlinear, the performance analysis of the algorithm is

challenging and still unsolved.

A first attempt to study the convergence of DCD-based algorithms was proposed in
[91], where a second-order analysis of the DCD-RLS algorithm was developed, assuming
some simplifications. In that case, the instantaneous correlation quantities were replaced
by their deterministic expressions in the normal equations, and DCD was applied to
solve the resulting system of equations. That approach provided some insights on the
algorithm’s behavior, but there is still a misfit between the model and the simulations.
Additionally, the approach was not used to directly study the DCD, since the non-linearity
of the DCD iterations make it difficult to apply traditional tools used to study iterative
methods.

Another consideration in the study of DCD is the computational complexity of the
technique. Papers such as [25,28,92] assume that the DCD’s complexity is linear with
the regressor length N, since it appears multiplied by N, (generally chosen N, < N).
However, one can question if N, is related to N somehow, that is, if /N, must be increased
as N increases to keep some performance criterion constant. This problem also remains
an open question, and the development of an accurate analysis of the DCD algorithm

could help to answer this question, providing better support to apply this method.
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6.2 Using DCD iterations in other algorithms

Since DCD iterations can be used to reduce the complexity of complex-valued algo-
rithms, it is natural to imagine the extension of this approach to quaternion techniques.
The WL quaternion RLS [15], for instance, presents high complexity due to the quaternion
elements and also due to the WL approach. The development of a quaternion algorithm
using DCD iterations could lead to a substantial cost reduction. If an algorithm using
both DCD iterations and our RC approach, one could obtain a quaternion WL algorithm

of very low complexity.

Another possibility is the use of DCD iterations in an approach similar to that of
[93]. In that work, a series-cooperative structure was proposed to combine two adaptive
filters, in order to achieve better MSE performance than a parallel combination [94] of
algorithms. In that paper, two LMS filters were used in the cooperative structure. If a
series structure of a DCD-RLS filter and an LMS filter was considered, one could expect a
faster-converging and lower-complexity combination of filters, very attractive for hardware

implementation.

Given the flexibility of the DCD, this method can be extended to other algorithms
which solve the least-squares problem. Other possibilities can be proposed, leading to

new low-complexity algorithms.

6.3 Distributed estimation with adaptive filters ap-
plying DCD iterations

In distributed estimation techniques [95,96], it was shown that the communication
between the nodes provides estimation gains and robustness to the global estimation.
However, the information exchange between the nodes leads to an energy consumption
problem, since data must be transmitted to every node. In this case, DCD iterations can

be an alternative to save energy.

In [31], a DCD-based diffusion RLS was proposed to reduce the computational cost
and also make the distributed technique robust against numerical instability. Simulation
results have shown that the DCD-based technique can perform as well as the original
algorithm but, as it happens to techniques which apply DCD iterations, there is a trade-off
between complexity and performance. Since distributed techniques using DCD iterations

are just starting to be studied, there is plenty of opportunities to research.
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Some interesting questions that arise — and that were not addressed in [31] — can be

listed:

1. How the maximum number of DCD iterations N, must be designed to achieve a
pre-defined estimation error, and what is the impact in the network if we choose a

small N,, or a different value of N,, for each adaptive filter in the network.

2. How to choose M, to save energy and still guarantee satisfactory performance of
the distributed estimation, since an increase of the number of bits to be transmitted

implies in the increase of the number of transmissions and energy consumption.

3. How many bits must be used for internal storage within a node and for communi-

cation?

4. How N, and M, can be related to provide the best trade-off energy consumption-

estimation gain.

Note that the answer to these questions can improve the knowledge of DCD and also help

the design of new approaches, mixing DCD and distributed algorithms.

6.4 Advances with quaternion algorithms

In the research with quaternion algorithms, one possibility to continue the work pre-
sented in this dissertation is the development of simpler expressions to the second-order
analysis obtained for QLMS-based algorithms in general. Another possibility would be the
development of an analysis using quaternion algebra, which could be difficult to obtain,

since this algebra still lacks some basic tools, such as ways to compute the eigenvalues.

As already proposed in Section 6.2, we can also modify DCD for the QRLS (or WL-
QRLS) algorithm. Note that we can use an approach similar to that used in Chapter 2
to modify the WL-QRLS, and then extend the DCD to the quaternion domain to obtain
a low-complexity WL algorithm.

6.5 Research on the beamforming techniques using
the homotopy algorithm

The beamforming techniques proposed in the Chapter 5 can be easily extended to

WL algorithms, for which we could also apply the extended real regressor vector used by
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the RC-WL-LMS algorithm, as it was presented in Chapter 2.

Considering the techniques proposed in the text, some points still need more research

to clarify the design of the parameters and also the behavior of the techniques:

1. The re-weighting used by C-ARH algorithm was selected based on simulation results.
It would be interesting to study other re-weighting options and also try to obtain

an analytical approach to design h.

2. The values used for the stopping criteria were also selected based on extensive
simulations. An analytical approach — or at least some bounds to select these
parameters — would help the designer to access the best properties of the algorithms

for a given problem.

3. A simulation study of the C-ARH-based algorithms is also required to understand
their behavior for other scenarios (for instance, for non-Gaussian noise or when the

noise is spatially or temporally correlated).
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7 FINAL CONSIDERATIONS

In this text, we concentrated on the development and on the analysis of new low-
cost techniques for adaptive filtering. In the first part of the dissertation, we proposed
WL techniques for which the complexity reduction was achieved excluding the redun-
dant second-order information from the autocorrelation matrix. In the second part, we
developed new techniques for WL processing and for beamforming, which applied DCD

iterations to reduce the computational cost.

In Chapter 2, we exploited WL estimation concepts to develop low-cost complex-
valued WL adaptive filters. We replaced the WL data vector of the WL-LMS and WL-
RLS algorithms by a real-valued vector containing the same information. Using this
approach, redundant second-order statistics in the autocorrelation matrix are avoided,
and the computational complexity is reduced, since many complex-complex operations are
substituted by real-complex operations, less costly. Simulations comparing the proposed
and the standard WL algorithms showed that they present the same MSE performance.
The computational complexity evaluation showed that the RC-WL-LMS and the SL-
LMS algorithms have the same computational cost, which is about one-fourth the cost to
compute WL-LMS. RC-WL-RLS also has a complexity similar to that obtained with the
SL-RLS algorithm, which is less than one-third of the cost of WL-RLS.

The approach used for complex-valued WL estimation in Chapter 2 was extended
to the quaternion domain in Chapter 3. We showed that the quaternion autocorrelation
matrix has redundant terms that can be avoided, and we exploited it to propose RC
algorithms with real input vector. A general description to quaternion gradients was
applied to study QLMS-based techniques, and it was shown that different gradients may
lead to the same quaternion adaptive filter. This general approach helped us to show that
gradients similar to the i-gradient lead to the fastest-converging WL algorithms if there is
correlation only between two quaternion elements, or when the input is real and given by
the concatenation of the entries of g. Mean and a mean-square analyses suitable for any

QLMS-based algorithm were obtained and particularized for WL algorithms using real
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regressor vector. We derived simple equations to compute the steady-state EMSE and
MSD, and a model to study the convergence of WL techniques. Bounds to choose the
step size of real-input WL-QLMS algorithms which guarantee the convergence in the mean
and in the variance were also obtained. We proposed the RC-WL-iQLMS algorithm, and
showed that it is the fastest-converging WL-QLMS algorithm with real regressor vector.
The technique is equivalent to WL-iQLMS, but it is less costly to compute. It also

corresponds to the 4-Ch-LMS algorithm, written in the quaternion domain.

In Chapter 4, the RC-WL-RLS algorithm was revisited and modified to apply DCD
iterations. We proposed the DCD-WL-RLS algorithm as a low-cost method (O(N)) for
cases where the real and the imaginary entries of the input vector are tap delay-lines. This
fact was exploited to obtain a low-cost update of the estimated WL autocorrelation matrix.
DCD iterations were applied to further reduce the complexity, which was possible due to
a modification on the equations of the RC-WL-RLS algorithm. We showed that DCD
computes the update at very low cost, since a few number of DCD iterations (IV,) can be
used for this. The DCD-WL-RLS algorithm was compared to other WL-RLS algorithms,
and we showed that it can achieve an MSE performance similar to that obtained with

RC-WL-RLS, but at reduced cost.

In Chapter 5, we extended the ARH algorithm to the complex field, and we proposed
low-cost beamforming algorithms based on the C-ARH method. We first developed the
C-ARH and multi-candidate C-ARH algorithms, which were later modified to obtain their
iterative versions, less costly. The iterative algorithms exploit the solution of the previous
snapshot as an initial condition for the actual iteration, helping to reduce the number
of homotopy iterations and thus reducing the computational complexity. Using DCD
iterations, further complexity reduction was obtained with the DCD-It-C-ARH and DCD-
[t-MC-C-ARH algorithms. We used simulations to show that the DCD-based techniques
are O(M?) if the number of interferers does not grow with the number of sensors. When
the number of interferers increases linearly with the number of sensors, the techniques
are O(M?®), but for a range of values of M, they are still less costly than the O(M?)
VL technique. Simulations also have shown that the C-ARH-based algorithms are robust
against sensor failure. We compared the SINR performance of the proposed algorithms
with other techniques from the literature: the RCB, DL and GLC, O(M?3) techniques,
and the VL algorithm. The trade-off between SINR performance and computational

complexity favors our DCD-based techniques.
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