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ABSTRACT

Widely linear estimation for complex-valued data allows for a unified treatment of both
second order circular (proper) and non-circular (improper) signals. We propose the
complex dual channel (CDC) estimation technique as an alternative to widely linear
estimation to both gain further insights into complex valued minimum mean square error
(MMSE) estimation and to design computationally efficient adaptive filtering algorithms.
This is achieved by finding two sets of optimal weights that minimize the mean square
error (MSE) in estimating the real and imaginary parts of the signal independently. The
concept is used in a stochastic gradient setting to design the dual channel complex least
mean square (DC-CLMS). The analysis shows that any one of the sub-filters within the
DC-CLMS can be used to estimate strictly linear models while the DC-CLMS is equivalent
to widely linear estimation. This results in a reduction of computational complexity of
complex-valued adaptive filters by a half, while providing enhanced physical insight and

control over complex-valued estimation algorithms.

© 2014 Elsevier B.V. All rights reserved.

Notation: Lowercase letters are used to denote scalars,
boldface letters for vectors and boldface uppercase letters
for matrices. The symbol (-)* denotes complex conjugation,
()" and ()" - transposition and conjugate transposition,
()~ ! - matrix inversions and Tr[-] is the trace of a matrix.
The operators R[] and J[-] are used to extract respectively
the real and imaginary parts of a complex variable and
j=+/—=1. The subscript k is used as a time index and E[]
represents the statistical expectation operator.

1. Introduction

Complex-valued linear minimum mean square error
(MMSE) estimation is an important statistical technique in
communications and signal processing. It has now been
accepted that the standard strictly linear model for
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complex data is not guaranteed to capture the complete
second-order statistical relationship between the input
(regressor) and the output (observations) as generic
strictly linear extensions of real-valued estimators cater
only for data with rotation invariant probability distribu-
tions [1-3]. To account for general complex data, we have
to employ the widely linear framework [4,5], whereby by
using an augmented input vector, x® =[x, x*]”, that con-
tains the input vector and its conjugate, the widely linear
model is equipped with the sufficient degrees of freedom
to fully exploit the second order statistics in the data [6].
Consequently, widely linear estimators are able to achieve
a lower mean square error (MSE) for estimating second order
circular and non-circular signals. This has inspired the
development of widely linear adaptive filtering algorithms
such as the augmented complex least mean square (ACLMS)
[7], widely linear recursive least squares (WL-RLS) [8] and
augmented affine projection algorithm (AAPA) [9].
However, owing to the use of augmented variables,
widely linear algorithms require twice the number of
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coefficients to update compared to their standard strictly
linear counterparts. This adds to both higher computa-
tional complexity and a larger excess mean square error
(EMSE). To deal with these issues, efficient formulations of
widely linear adaptive filters have been proposed - these
formulations typically make use of the duality between
the complex and real domain to cast the computations into
the real domain [10,11]. An efficient implementation of the
ACLMS in [12] is one such approach. However, in this way,
the input vector no longer resides in the original complex
domain and any physical meaning or performance advan-
tage inherent in working in the complex domain might
disappear.

To help circumvent these problems and at the same
time provide greater insight into complex-valued MMSE
estimation, we propose an estimation technique that (i)
has the two degrees of freedom necessary to capture the
complete second order statistics and (ii) provides physi-
cally meaningful estimates at a low computational com-
plexity. The analysis shows that the operation of widely
linear models is over-parameterized and that the proposed
combination of two complex strictly linear models is
sufficient for second order optimality. We refer to the
proposed method as the complex dual channel (CDC)
estimator and show that it can not only be used as an
alternative to the strictly and widely linear frameworks for
processing proper and improper data but also that it
provides additional insights into the physical parameters
of such data. Finally, stochastic gradient adaptive filters
based on the CDC framework, referred to as the CLMSr,
CLMSi (for proper signals) and the dual channel-CLMS
(DC-CLMS) (for improper signals), are introduced and their
convergence and stability properties are analysed. The CDC
framework is shown to give physically meaningful para-
meters which is also confirmed through simulations.

2. Complex dual channel estimation
2.1. Problem with strictly linear estimation in C

Minimum mean square error (MMSE) estimation aims
to find the optimal second order estimate of a desired
signal d,eC given the regressor vector x;e CN*!. For
strictly linear MMSE estimation, the data model is con-
strained to be strictly linear, ykzth,(, where yy is the
estimate of the desired signal, he CN*! the coefficient
vector, and the estimation error is given by e, =dy—y.
The optimal second order mean square error (MSE) fit for
the data is obtained by using the cost function

Juse = Ellex)*1= Elldx — yx /] D

and the optimal weight vector, denoted by h,, that mini-
mizes the cost function in (1) is given by the Wiener
solution

h,=R'r )

where R = E[xx"] is the covariance matrix of the input and
r=E[xd"] is the cross-covariance vector of the desired
signal and the input.

Of particular importance to this work is the (often
overlooked) observation that the MSE for estimating

complex-valued signals combines two separate compo-
nents: (i) the proportion of MSE in estimating the real part
of the signal, and (ii) the proportion of MSE corresponding
to estimating the imaginary part of the signal. This
becomes immediately clear when the error, ey, is rewritten
in terms of its real and imaginary components as
ey =erx+jej,, so that the cost function in (1) can be
written as the sum of two real-valued cost functions as

Juse = Ele2 J+Ele2 =], +J; 3)

Remark #1. The linear MMSE estimator aims to minimize
two real-valued cost functions, J- and J; using a single
complex-valued weight vector h,. However, one weight
vector in general does not have enough degrees of free-
dom to minimize both J; and J;, and the class of signals that
admit such an MMSE estimator is very restrictive. The
analysis in Section 2.3 shows that the standard strictly
linear estimation problem is well posed only when the
input vector X is jointly circular with the desired signal d,.

To cater for a general class of complex-valued signals,
a widely linear model was proposed in [4], and is given by

hk X
Yie=wixf wi= {gk} Xj = [XJ @

where the estimator uses an augmented input vector, X{,
formed by concatenating the input, x;, and its conjugate,
X, resulting in the augmented weight vector, wy, that has
two degrees of freedom. Based upon the augmented vector
x{, the sufficient second order statistics is obtained
through the augmented covariance matrix

xxH  xxT R P
R’ =E{x*x” x*xT} - {P* R*} ®

and the augmented cross-covariance vector

%
ra:E{;:Z*} - LH (6)
Observe that the standard covariance matrix R = E[xx"],
and cross-covariance vector r=E[xd*] do not have the
sufficient degrees of freedom to explain the complete
second order information, and to capture the second
order statistics we also need the pseudocovariance
matrix, P = E[xx"], and the pseudocross-covariance vector,
u = E[xd]. The input and desired signal pairs which exhibit
a vanishing pseudocovariance, P=0 and pseudocross-
covariance, u=0, are referred to as jointly circular (in
terms of second order statistics) [4,13]. In this work, we
show that the advantage offered by widely linear estima-
tors can also be obtained by using two strictly linear
estimators that minimize J. and J; independently, thus
reducing the computational cost of widely linear
algorithms.

2.2. Proposed solution: complex dual channel estimation

Based on the MSE cost function in (3), we propose to
use two strictly linear estimators that minimise the cost
functions J, =E[e?,] and J;=E[e?] independently. This

.k
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makes it possible to have individual Wiener solutions,
with the corresponding optimal weights w2, and w¢; that
minimize the cost functions J. and J; independently, and
therefore Jyse in (3).

Remark #2. By minimising J, and J; independently, the
estimator is no longer required to compromise between
minimising J; and J;. Such an estimator has the desired two
degrees of freedom, and performs optimal estimation for
both second order circular and non-circular complex-
valued signals.

The proposed CDC estimator is formed by combining the
real part of y,,, = wHx; and imaginary part of y;;, = wfx;.
Notice that since w?. minimizes the error in the real part of
an estimator, it is natural to use only the real part of y,, .
The same reasoning also applies for the imaginary part of
Yeike

The optimal weights w?. and w?; are next derived using
a standard gradient methodology. The mean square error
in estimating the real part of the signal, J,, can be written
as

Jr = Ele? 1= E[(R{dy} — RiwH x,})?] 7

Upon finding the minimum of (7) with respect to wer,
a closed form solution for the optimal weights is obtained
in the form

w?, = 2[R—PR*"'P*]"'[p, —PR* " 'p}] ®)

where P =E[xx"] is the pseudocovariance matrix of the
input, R =E[xx"] is the covariance matrix, p,, = E[Xd;] is
the cross-covariance between the real part of the desired
signal and the complex input vector X, and p; = E[xd;] is
the cross-covariance between the imaginary part of the
desired signal and the input.

Similarly, the mean square error in estimating the
imaginary part of the signal, J;, is given by

Ji = Elef] = EI(3(di) — S{wixi))?] €)
and the corresponding optimal estimator weights are

wg = —2j[R—PR*~'P*]~'[p, — PR*~ 'p}] (10

Remark #3. Observe from (8) and (10) that, in general, the
weights that minimize J. in (7) are not those that minimize
Ji in (9). This justifies the proposed individual minimisa-
tion of the contributing terms in the total MSE cost
function, Jyse in (3), and also plays a major role in the
analysis of convergence of complex-valued adaptive filters.

2.3. Degrees of freedom in complex MMSE

To further illustrate the limitations of using a strictly
linear model to minimize Jys = E[|ex|?], we shall now set
W =W, in order to find the condition for one set of
weights to be able to minimize both J,, J; (and therefore
Juse)- Upon equating (8) and (10), we obtain

[P —PR* " 'pf] = —jipix — PR* " 'pj]
Prx +iPi = PR* ™1 (pF +jp%).

Recognising that p% +jp} =EX*d]=r* is the complex
valued cross-covariance and p,,+jp; = EXd]=u is the

pseudocross-covariance, we arrive at the condition

u=PR* 'r*, 11

Remark #4. When estimating the real and imaginary
parts of a signal with one set of complex weights, optimal
performance is only possible when the desired signal d,,
and the regressor vector, X, are jointly circular, that is, the
pseudocovariance P =0, and the pseudocross-covariance,
u=0. This is a well known result, but is addressed here
from a different viewpoint.

2.4. Equivalence of complex dual channel and widely linear
estimators

The equivalence of the proposed complex dual channel
(CDC) model and the widely linear model can be estab-
lished by factorising the output of the CDC estimator as

¥ = Riwx) 4+j3(wilx) (12)

s (Wer+Wg H Wer — Wi\ T
=(F) x+ ()

where h £ (w,+W,)/2 and g* £ (W, —W;)/2. This form is

equivalent to the widely linear model in (4), for more

detail see also [11].

x* = hf'x + gt'x* (13)

3. The design of adaptive filters using the CDC framework

We now provide a new framework to derive complex-
valued adaptive filtering algorithms using the CDC estima-
tion model. Our focus is on the stochastic gradient descent
type of algorithms, and on benchmarking the CDC frame-
work against the complex least mean square (CLMS) and
augmented CLMS (ACLMS), which both minimize the
global mean square error cost function Jyge = E[|ex|%]. The
CLMS uses a strictly linear model of the data [14] and is
given by

H
Vi = W Xy
€= dk —Yk
Wiy 1 = Wi+ peiX (14)

The ACLMS, proposed in [7], uses a widely linear model
that employs both x; and xj, and is given by

H H
Vi =hp X+ gy x§

€= dk — Yk
hy 1 =hy+pegx;
81 =8k HHELX] (15)

where hy and g, are complex-valued coefficient vectors.
3.1. Proposed algorithm: dual channel CLMS

The dual channel-CLMS (DC-CLMS) is formed by
a combining two stochastic gradient descent algorithms:
the CLMSr and CLMSi. The CLMSr uses a strictly linear
model y,. =w’jr,kx,< and aims to find the minimum of the
instantaneous cost function J, ; = (R[dy — ycr,k])2 that corre-
sponds to the error in estimating the real part of the signal.

The gradient is found using the conjugate derivative, Vys,
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of J. [15,16,10] to give

Werk+1=Werk—H2 Vw? rk (16)
that results in the weight update

Werk1=Werk+Ho SR[ecr,k]xk (17)
where €erk = dk —Yerk-

Similarly, the CLMSi uses a strictly linear model
Yeik= wg,kxk and aims to find the minimum of the instan-
taneous cost function J;; = (3[dy— Y, ])* that corresponds
to the error in estimating the imaginary part of the signal.
The CLMSi weight update is therefore given by
Weikt 1 = Wi — Haf e Xk (18)
where ey = dk — Vi
Remark #5. Notice that both the weight vectors w. and

w,; are complex-valued, and do not represent the real or
imaginary parts of the CLMS or ACLMS weights.

The DC-CLMS is summarized in Algorithm 1 and
depicted in Fig. 1, and operates in a collaborative fashion
by combining the real output of CLMSr with the imaginary
output of CLMSi to obtain an output identical to that of the
ACLMS.

Algorithm 1. The Dual Channel CLMS (DC-CLMS).
CLMSr

Yerk = W?r,kxk

ecr,k = dk _ycr,k

Werky1=Werkt+Ho \R[ecr‘k]xk

CLMSi
_ waH
Yeike = Wei Xk
ik =dx—Yeik
Wik 1 = Wik —Jp2 3[€cik]Xk

Output
Y= iR[ycr,k] +j3[yci,k]

Cerk I+ dk
» CLMSr —e— R[]
Yer,ke
+
| 4
X, —® Yk
" :
Yeik
» CLMSi FST
€ci,k T g dy,

+

Fig. 1. Architecture of the DC-CLMS.

3.2. Equivalence of the CLMSr/i and CLMS

Following on Remark 5, we next establish the relation-
ship between the optimal CLMSr and CLMSi weight
estimates and the optimal CLMS weights, in order to show
that either the CLMSr or CLMSi sub-filter can replace the
traditional CLMS filter when estimating strictly linear
models. This results in a computationally efficient imple-
mentation of CLMS. To show this, observe that in steady
state, the CLMSr and CLMSi sub-filters satisfy

CLMSr: klim EW¢ g 1] = E[We ] = Wer opt

CLMS:i: I}Ln; E[W¢ik 4 1] = E[Wi k] = Wi opt- (19)

The steady state condition for the CLMSr weight update is
satisfied when

E[m[ecr,k]xk] =0. (20)

From m[ecr,k]:%(emk+e’§rk2 and substituting for

ecri = dy—wH  x,, we arrive a

E[X;dy] — E[X( XLIEIWY, ] = E[X, X} JE[Wp 1] — E[Xidy]

which allows us to express the condition for an unbiased
estimate for the CLMSr in the form

u—PEW}, ] = RE[W (] —T. (21)

Next, upon substituting E[w ;] = R~ 'r into (21), the con-
dition for the mean weight vector of the CLMS in steady
state to be also a valid CLMSr weight vector becomes

u=PR* 'r*. (22)

Notice that this condition is identical to (11) and estab-
lishes the equivalence of the CLMSr and CLMSi weights in
the steady state. The condition for steady state equivalence
between the CLMSr, CLMSi and CLMS is identical to that
introduced by Picinbono in [4] which addresses the suit-
ability of strictly linear models to estimate general com-
plex signals.

Remark #6. The above result shows that for jointly
circular signals (u=0 and P=0), the traditional CLMS
algorithm can be replaced with the more efficient CLMSr
or CLMSi filters. In other words, when identifying strictly
linear models, the CLMSr or CLMSi algorithms will achieve
the same steady state mean square error while requiring
only half the operations.

3.3. Equivalence of the ACLMS and DC-CLMS

By finding a recursive expression for R[y,] and J[y,] in
ACLMS and comparing it with the recursive expression for the
outputs R[y,] and J[y] of the DC-CLMS, we now show
that the ACLMS and DC-CLMS perform the same operation.

The output of the ACLMS is first written in terms of its
real and imaginary parts where the operator O[] takes the
form of either the real operator R[] or imaginary operator
3[-], so that

Olyi] = O/ X ] + Olgfx}]
= O[(h§ +p1e0XH + - +prer_1XE_ %]
+O[(&h +u1€0X + - +pr € 1X_ XE]. (23)
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Table 1
Computational requirements for the complex LMS algorithms considered,
where N is the length of the complex-valued input vector x;.

Algorithm Multiplications Additions
Identification of strictly linear models

CLMS 8N+2 8N
Proposed: CLMSr 4N+1 4N
Proposed: CLMSi AN+1 4N
Identification of widely linear models

ACLMS 16N+2 16N
DCRLMS [11] 8N+4 8N
RC-WL-LMS [12] 8N+2 8N
Proposed: DC-CLMS 8N+2 8N

Similarly, for the DC-CLMS, we have
Olyol = OlWh ;%]
= O[(W{ o+ 1anOleglX§ + -+ +unOley 11X )Xk
(24)

where Yok =Yerk» Wok =Werk for O[-1=%R[] and Yok =Ycik
Wo i =W for O[]=3[], and y = {1,j} for O[-]1={R[], I[-]}

From (23) and (24), the output of ACLMS is equivalent
to that of DC-CLMS, subject to u, =2u; and hy =g, =
Wero =Weip-

3.4. Comparison with the existing reduced complexity
algorithms

For rigour, we now compare the CLMSr/i and DC-CLMS
algorithms with the two existing reduced complexity aug-
mented complex least mean square (ACLMS) algorithms:

(a) Dual-channel real-valued LMS (DCRLMS) algorithm,
a real-valued algorithm that exploits the duality
between R? and C [11].

(b) Reduced complexity widely linear LMS (RC-WL-LMS),
a complex-valued algorithm which employs a complex-
valued weight vector and a real-valued input vector
(constructed by augmenting the real and imaginary parts
of the original complex-valued input vector) [12].

Although DCRLMS [11] has sufficient degrees of freedom to
model complex-valued signals, its parameters reside in R,
and any physical insight that can be gained from the signal
model is obscured. On the other hand, the RC-WL-LMS [12]
does operate in the complex domain but has a limitation
since its aim is only to reduce the computational complexity.
In contrast to the DCRLMS and RC-WL-LMS, the framework
presented in this paper allows for a unified and efficient
formulation of both the strictly linear CLMS algorithm in the
form of the CLMSr/i sub-filters and the ACLMS algorithm by
combining the CLMSr/i sub-filters. Table 1 compares the
number of operations required per iteration for all the
complex LMS algorithms considered in this paper.

4. Transient performance of the DC-CLMS

The weight error vectors, W< W,—Wy and
Wi £ Wy — W for the CLMSr and CLMSi respectively

are given by
CLMSr: Wcr,kJr 1= Wcr,k — o Necr k]Xk (25)

CLMSi: W1 = Wik o Seci kX (26)

These recursions can be simplified by expanding the out-
put errors in terms of the weight error. The output error of
CLMSr can be expressed as e =W’C"r,kxk+nk, where 7 is
complex-valued white Gaussian noise, n ~ N(0, af,), so that

CLMST: Wergq1=Werk _llzka[xgwcr,k +11i)
CLMSi: Weigq1 = Wik +oXi SIXEWE 471 27)

Upon applying the statistical expectation operator and
using the standard independence assumptions, we have

CLMST: E[Wcr s 1] = (1= poROEW(r 1] — 1, PEIWE, ]
CLMSi: E[Wij 1] = (I—pupR)E[W i ]+ 4, PE[W; ] (28)

where R = E[xx"] is the covariance matrix and P = E[xx]
the pseudocovariance matrix of the input data. Recall that
the weight error recursion for the CLMS is given by [1]

CLMS: E[Wy, 1] = (I—uR)E[Wy]. (29)

Remark #7. By comparing the weight error recursions for
DC-CLMS in (28) and the CLMS from (29), observe that the
evolution of the weight vectors will be identical if the data is
proper (i.e. when P = 0). This is supported by the simulation
result in Fig. 2, which shows the average weight trajectories
along the error surfaces of the CLMSr, CLMSi and CLMS.

An important property of the DC-CLMS algorithm, which
will be instrumental in the transient analysis, is that
when the data is improper, the CLMSr and CLMSi weights
follow opposite paths, forming a mirror image (see (28)
and Fig. 3(a)). Fig. 3(b) illustrates that although the cost
functions of the CLMSr and CLMSi have the same mini-
mum, the corresponding error surfaces are affected by the
impropriety of the data.

4.1. Convergence in the mean of the DC-CLMS

For the DC-CLMS to be stable, both its sub-filters, CLMSr
and CLMSi, must also be stable. To analyse the stability of
CLMSr and CLMSi, we shall first split the recursions given in
(28) into their real and imaginary parts. Assuming that the
real and imaginary parts of the input data are uncorrelated,
the covariance and pseudocovariance matrices are expressed
in terms of the covariances of the real and imaginary parts of
the input vector as

R = E[xix{] = Rn +R;;

P = E[xx{] =R —Ri. (30)
Upon expressing the weight error recursion for the

CLMSr in terms of its real and imaginary parts, we have

E[RWr k1 1]] = - uRrJE[R[W . ]] (31)

E[3[Wer g 11 = (1= uRGIE[I[Wr k- (32)

For the CLMSr to be stable in the mean, both the real and
imaginary parts of its weights must converge. These
recursions are stable if the maximum eigenvalues of the
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Fig. 2. Averaged weight trajectories along the error performance surface
for the estimation of a strictly linear MA(1) system driven by circular
white Gaussian noise.

matrices [I—uR;] and [I—uR,] are less than unity, which
gives the condition on the learning rate

2
CLMSr: 0 _— 33
< maxGie ) G3
where J; and /, are respectively the maximum eigenvalues
for the covariance matrices R, and R;;.

Remark #8. Unlike the CLMS, for improper data where
the statistics of R[x,] are different from the statistics of
3[x,] (4 # 4r), the CLMSr has different convergence rates
for the real and imaginary components of the weights. As
a consequence, the learning curve of the CLMSr will
exhibit two different regions converging at different rates.
Similarly, for the CLMSi sub-filter, the recursion

E[RWcijt 111 = [I— uRGIE[R[Wei ] (34

E[SIWeik-+ 111 = [T—pRpr JE[S[Wii]] (35)

gives the same stability bound as in (33). Observe that the
real component of the weight vector of CLMSr has the
same convergence rate as the imaginary component of
the weight vector of CLMSi.

It was previously stated that the ACLMS is equivalent to
the DC-CLMS when the step size of the DC-CLMS is twice
that of the ACLMS (see Section 3.3). Therefore for the
ACLMS to converge, both the CLMSr and CLMSi must
converge, and thus for the convergence of ACLMS in the
mean, the step-size must be bounded by

1

max(;, Ar) (36)

0 < pacuvs <

Remark #9. By analysing the stability range for the ACLMS
from the transient characteristics of the DC-CLMS, we no
longer require the strong uncorrelating transform (SUT)
[17,18]. The simplicity of the DC-CLMS approach also proves

to be more insightful in evaluating the mean behaviour
ACLMS.

5. Steady state performance of the DC-CLMS

Following the standard analysis, the steady state mean
square error is given by

MSE = lim Ele¢[2] = EMSE+Jmin

where the EMSE (excess mean square error) results from
the mismatch between the filter weights and the true
system model while J,;, = 55 is the power of the measure-
ment noise, 7, Since the measurement noise is not
influenced by the adaptive filter, we will only analyse the
excess mean square error (EMSE) to quantify the perfor-
mance of the DC-CLMS in steady state.

5.1. Excess mean square error of CLMSr

Since the CLMSr only lends the real part of its output to
the DC-CLMS, we shall estimate the EMSE with this in
mind. The EMSE is defined as the power of the a priori
erTor, eqy, and its steady state value is [19]

EMSE: lim EfeZ,]. (37)
Since EMSE is caused by a mismatch between the filter

weights w,,;, and the optimal system coefficients, wy, this
error is given by

eak 2 RIXE(Wo — W )*] = RIXEW, ] (38)
Upon conjugating the weight error recursion in (25), we have
Wk 1 =W — R ]Xg (39)
and pre-multiplying both sides by x! gives x{fv;k 1=

Tyir* Ty A Tyar™*
X W —uRleq 1 X X;. Next, we define ey £ RX W, 1]
as the a posteriori error which gives us

e =€ —uRleq k]l Xy 12 (40)

where eg = RIXIWE, ]. Thus, the term R[eq x] becomes

ea,k - ep,k

Rle = 41
[ears] 1% 112 “h
and by substituting for R[e.] in (39), we obtain
N e N e
Wer k1t ak 5Xk = Wk +L~kzxk (42)
I I X I

Squaring both sides and applying the statistical expectation

operator gives
eg’k
X 12|
(43)

At the steady state we can use the energy conservation
principle  [19], which states that E[lIWg 4 12]=
E[IIW; 11%], to obtain

e? e?
E ak S| = E Dk . (44)
1% | x|

E[mek+1 HZ] +E

€ 2
a, _ ~
xkﬂ} _E[nwmkn ] +E
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Inserting the relationship between the a posteriori error and
the a priori error, ey = ek — pR[eq ]I X 112, from (40) gives

{ ek } _r {(ea.k — uRecr ] I X 1)

X 112 X 112

(45)

To find an expression that includes only e, as the error term,
we expand the real part of the error from the CLMSr,
Rleq k] = Rldy—Yil, where the desired signal is, dy=
whX, +n;. The error term Re, ] and the apriori error, ey,
are then related as

Req k] = RI(Wo — Wer )" Xpe + 1] = €q e +11r k. (46)

where 7, is the real part of the system noise. Replacing (46)
into (45) gives

2 2 252
ea,k _F (ea,k —Heqk .ol — Hlrk X 1<)
PAE PAE

(47)

Assuming that the noise term 7 is statistically independent
from the a priori error, e, , expression (47) simplifies into

I I
E[e2,] =5E[e2ix1?] +4 TriRio? (48)

where aﬁr is the power of the real part of the system noise.
For a small step size y we can assume that the term
(1/2) 11X HZE[eg,k] is negligible compared to (x/2) Tr{R]o2
and hence

EMSESa v lim E [eik] - % Tr(R]o2 . (49)
For a large step size, the term u/2 11X, HZE[eg,k] is not negli-

gible. Instead, we make a further assumption that at steady

state IIx, /1?2 is statistically independent from eg’k [19], to
obtain
Tr[R]o2
large u. 1; 2 | _ H nr
EMSEGR/ lim Ele2] = T (50)

5.2. Excess mean square error of CLMSi

The analysis for the EMSE of the CLMSi is similar to that
for the CLMSr. The difference is in the definitions for the
a priori and a posteriori errors, which for the CLMSi are
respectively e, = I[XIW;,] and e,y = IXIW;,, 1. Then,
the EMSE of the CLMSi takes the form
EMSEZg/": lim E[e2,| =5 TriRlo}

ak

for small step sizes, and

u Tl‘[R]ai

large i, |3 2] _
EMSEGs/ Jim Elef] =5 4 TIR]
for large step sizes, where “i is the power of the imaginary

part of the system noise.
5.3. Excess mean square error of the DC-CLMS
Since the DC-CLMS is formed from the real part of

CLMSr and imaginary part of CLMSi, the EMSE of the
DC-CLMS is EMSEDC—CLMS:EMSECLMSr+EMSECLMSi and

o’ =02 4+, and consequently

EMSER" fys =5 TrIRlo; = EMSEs “ (51)
for small step-sizes. For large step-sizes, this becomes

u Tr[R]c? .
EMSElree s o — ﬁTr[l”!] — EMSEREe #. (52)

When the step-size of the DC-CLMS is equal to that of the
CLMS, they achieve the same steady state excess mean
square error.

5.4. Excess mean square error of the ACLMS

We have shown that the ACLMS behaves like the DC-
CLMS if the corresponding learning rates satisfy the con-
dition upc_ covs = 2uacivs- This makes it possible to write
the EMSE for ACLMS in the form

EMSE}fine = u Tr[R]o? = 2 x EMSEZ e # (53)

for small step sizes, and

Tr[R]o?
large y __ H n
EMSEACLMS 1 —u TI‘[R]
for large step sizes. This result reveals that when model-
ling a strictly linear system, the ACLMS has a larger steady
state error compared to the CLMS. This is attributed to the

gradient noise introduced by the additional filter coeffi-
cients needed by the ACLMS.

It
> EMSELrse »

6. Simulations

To verify the analyses, all the filters considered were
evaluated in the system identification setting with the
step-size x=0.02. The mean square error (MSE) of the
algorithms was calculated at each time instant, k, by
averaging the error power from 100 independent trials
to give

1 100 2
MSE, = mﬁ; ‘d‘,f) —y0 (54)

where d” is the desired signal and y\” is the estimate
given by the algorithms considered at trial (realisation) #.
The performances of CLMS, CLMSr and CLMSi were
assessed for identifying a strictly linear MA(4) model
described by

Vi =boxi+Db1x_1+DbaX_ 2 +b3Xi_3+m (55)
for which the coefficients were

bop=6-6j, b1 =05+j, by=-2+j, b3=2+3j (56)
and the statistics of the data and noise
x~N(0,1)+jN(0,1), 5~N(0,0.1)+jN(0,0.1). (57)

Fig. 4 shows that CLMSr and CLMSi achieved the same
steady state mean square error as the CLMS while requir-
ing only half the operations of the CLMS. This is consistent
with Remark 6 and implies that the more efficient CLMSr
or CLMSi filters can substitute the standard CLMS in
strictly linear estimation.

Fig. 5 shows the performances of the DC-CLMS, CLMS
and ACLMS when estimating a widely linear system, in
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square error performance when modelling widely linear systems.
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Fig. 6. Number of multiplications as a function of the filter length.

terms of the mean square error (MSE). The widely linear
MA(4) system used to generate the signal is given by

Vi =DboXg+b1X,_1+baXy_2+bsxi_3
+boXf+bixi_ 1 +baxg_p+bsXi_ 5+ (58)

where the same system coefficients b;, {i=0,...,3}
described in (56) and by=0.2-0.2j, b;=0.1+0.1j,
b, =2, b3 = 0.4, were used. The statistics of the input data
and noise are described in (57).

Conforming with the analysis, the CLMS exhibited
a bias due to the inherent under-modelling (see [20])
while the DC-CLMS and ACLMS were able to model the
underlying widely linear system correctly. It is important
to re-emphasize that the DC-CLMS was able to achieve the
same mean square performance as the ACLMS by using the
half the number of operations required by the ACLMS.

The computational complexity of the algorithms con-
sidered, represented by the number of multiplications per
iteration, is shown in Fig. 6. The number of multiplications

of the CLMSr and CLMSi are half of that of the CLMS
making the CLMSr or CLMSi more efficient than the CLMS
for estimating a strictly linear system. Similarly, the DC-
CLMS requires approximately half the number of opera-
tions of the ACLMS, and is more efficient than the ACLMS
at modelling widely linear systems.

Table 2 compares the steady state MSE of the CLMS to
that of the ACLMS for estimating the strictly linear MA(4)
model in (55) when both filters have the same step-size.
Notice how the CLMS achieves lower steady state MSE
than the ACLMS, thus supporting the analysis in Section 5.
Note the close match between the theoretical EMSE, as
measured by (53), and the simulated EMSE and how, as
expected, the simulated EMSE for the ACLMS is approxi-
mately twice that of the CLMS.

Finally, the behaviour DC-CLMS was analysed for mod-
elling strictly linear systems driven by noncircular inputs.
A strictly linear MA(1) signal given by

Yi=Dboxy+ne, bo=6+4.8j
X ~0.5N(0,0.9)+j0.15M(0,0.9) (59)

was driven by a noncircular driving noise, x,, as shown
in (59).

Fig. 7 shows that the learning curve for the DC-CLMS
has two distinct regions: Region 1 in the MSE evolution,
shown in the top panel, has a steeper gradient compared

Table 2
MSE and EMSE for the CLMS and ACLMS for the identification of a strictly
linear MA(4) system.

Jmin CLMS ACLMS

MSE EMSE MSE EMSE

Simulations 0.1 0.1085 0.0085 0.1195 0.0195
Theory 0.1 0.1080 0.0080 0.1160 0.0160

Mean Squared Error in dB
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Fig. 7. Mean square error of the DC-CLMS for noncircular signals (top
panel) shows two distinct regions in the transient regime due to the
difference in the convergence rates of the CLMSr and CLMSi subfilters
(bottom panel).
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to Region 2. To explain this phenomenon, we also show
the convergence rates of the real and imaginary parts of
the weights of the CLMSr/i in the bottom panel of Fig. 7.
Taking the CLMSr as an example, we can observe that in
Region 1, the real part of the CLMSr weight adapts more
rapidly compared to its imaginary part. This causes the
average adaptation rate to be higher in Region 1. Region 2
begins after the real part of the CLMSr weight has
converged and the average adaptation rate is lower
because of the slower adaptation of the imaginary part
of the CLMSr weight. A similar behaviour is observed for
the CLMSi filter, where the imaginary part of the CLMSi
weight adapts more rapidly compared to its real part.

7. Conclusion

We have introduced an alternative formulation for
widely linear estimation and have developed a corre-
sponding adaptive filter referred to as the DC-CLMS. The
CDC estimation framework splits the MSE cost function
into the contributions from estimating the real and ima-
ginary parts of the signal. By optimizing individually for
those parts, the CDC estimator obtains the degrees of
freedom necessary for widely linear estimation. The adap-
tive DC-CLMS has been shown to be identical to the
ACLMS, while only requiring approximately half the math-
ematical operations. For jointly circular signals, the CLMSr
and CLMSi have been shown to provide the same steady
state solution as the CLMS, while requiring half the
number of numerical operations. In addition, the analysis
of the two sub-filters (CLMSr and CLMSi) has allowed us to
derive expressions for the stability range and EMSE of the
ACLMS which are simpler and physically more intuitive
than the existing analyses. Simulations in the system
identification setting support the approach.
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