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Selective-Tap Adaptive Filtering With Performance
Analysis for Identification of Time-Varying Systems

Andy W. H. Khong, Member, IEEE, and Patrick A. Naylor, Senior Member, IEEE

Abstract—Selective-tap algorithms employing the MMax tap
selection criterion were originally proposed for low-complexity
adaptive filtering. The concept has recently been extended to mul-
tichannel adaptive filtering and applied to stereophonic acoustic
echo cancellation. This paper first briefly reviews least mean
square versions of MMax selective-tap adaptive filtering and
then introduces new recursive least squares and affine projection
MMax algorithms. We subsequently formulate an analysis of
the MMax algorithms for time-varying system identification by
modeling the unknown system using a modified Markov process.
Analytical results are derived for the tracking performance of
MMax selective tap algorithms for normalized least mean square,
recursive least squares, and affine projection algorithms. Simula-
tion results are shown to verify the analysis.

Index Terms—Acoustic echo cancellation, misalignment
analysis, partial-updating algorithms, time-varying system
identification.

1. INTRODUCTION

DAPTIVE filters with finite-impulse response (FIR)

are now widely used in many applications of signal
processing in general and telecommunications in particular.
The least-mean-square (LMS) algorithm and the normalized
version (NLMS) [1] are the most common in practice because
of their straightforward implementation and relatively low
complexity compared to the better performing but substantially
more complex least squares algorithms. The demands made
of adaptive filters by the deployment of new technologies call
for ever-increasing performance, modeling of longer impulse
responses, and lower computational complexity. Examples
include acoustic echo cancellation, where support for over
2000 taps can be required, and network gateways, where very
high density network echo cancellers are desirable with, say,
100 channels of 128-ms cancellers per processor core.

In the past, this rate of operation was considered high for typ-
ical telecommunications end-user equipment, and researchers
were therefore motivated to seek techniques that could reduce
the computational complexity of adaptation without signifi-
cantly degrading effectiveness in terms of its convergence rate
or steady-state misadjustment. More recently, the computa-
tional capability of low-cost processing hardware has increased
very rapidly so that a typical NLMS implementation would
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not be seen as a heavy computational demand. However, new
pressures on product design have emerged: the increase of user
mobility imposes a requirement of low power consumption in
portable battery-powered equipment; the growth of telecom-
munications usage imposes a requirement of high-density
implementation for infrastructure equipment so that the number
of simultaneous echo cancellers of given tap length that can be
run within a specified MIP-budget (millions of instructions per
second) is maximized. Both these requirements renew the mo-
tivation for low computational complexity, even with today’s
high-speed processors. As a consequence, a significant focus
for adaptive filter research in recent years has been to reduce the
computational complexity of tap updates per iteration for appli-
cations requiring such high density or low cost. A result of this
work is a class of partial-update adaptive filtering algorithms
that share the characteristic of executing tap update operations
on only a subset of the filter coefficients at each iteration. This
can be achieved by selecting the taps to update at each iteration
by one of several criteria. Examples include decimation in the
space of the tap-update vector such as in sequential-LMS [2],
temporal decimation such as in periodic-LMS [2], imposition
of a sparse approximation to the tap-update vector such as in
MMax normalized least-mean-square (MMax-NLMS) [3], [4],
and generalized block-based approaches known as selective
partial-update algorithms [5] that can be built around both
NLMS and the affine projection algorithm [6].

Recently, partial-update algorithms have found applications
in both network echo cancellation (NEC) and stereophonic
acoustic echo cancellation (SAEC). In NEC, the echo path
impulse response is dominated by regions where magnitudes
are close to zero making the impulse response sparse. Adaptive
algorithms such as the proportionate NLMS (PNLMS) [7] and
its improved version (IPNLMS) [8] are employed which exploit
the sparse nature of network impulse responses such that each
filter coefficient is updated independently using a variable
step-size proportional to the estimated filter coefficient. In such
cases where the system to be identified is sparse, the use of
sparse-tap adaptive algorithms can reduce complexity by mod-
eling only the active regions of the sparse system [9]. A partial
update scheme has also been incorporated into PNLMS [10] to
achieve fast convergence with low computational complexity
for sparse system identification. Although partial-update al-
gorithms were originally proposed to address computational
complexity issues as has been discussed, more recently a class
of selective-tap algorithms have been applied to stereophonic
acoustic echo cancellation (SAEC) [11], [12] giving improved
performance. The exclusive-maximum (XM) tap selection
criterion addresses the ill-conditioning of the SAEC problem
by selecting taps for updating so as to maximize jointly the
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Fig. 1. System identification structure.

l1-norm of the selected taps over both channels subject to the
exclusivity constraint that taps with the same index may not
be selected in both channels. In [13] and [14], partial updating
based on the XM tap selection criterion was shown to give
good convergence performance for SAEC applications and
has motivated the current analytical study of the convergence
behavior of selective-tap algorithms.

A class of single-channel partial update algorithms em-
ploying the MMax tap-selection has recently been proposed in
[12]. The main contribution of this paper is the analysis of these
algorithms for time-varying unknown system conditions. In
system identification applications including echo cancellation
and channel equalization, such as shown in Fig. 1, an FIR
adaptive filter is used to identify an unknown time-varying
system that is assumed to be linear. Important performance
measures for adaptive filters characterize the initial conver-
gence rate, the residual error after convergence, the ability to
track time-varying systems, and the computational complexity.
This paper focuses on formulating MMax versions of the
affine projection (AP) and the recursive least squares (RLS)
algorithms and subsequently analyzing their performance when
tracking time-varying systems. Consideration of algorithm
performance under such dynamic conditions is important since,
in the applications of interest, the unknown system is often
continuously time-varying. It is therefore necessary to include
a time-varying system model in the analysis of such adaptive
algorithms as indicated in several studies including [15]-[18].

We have adopted the time-varying channel model in [19]
which uses a modified first-order Markov model of the un-
known system. Whereas the work in [19] specifically addresses
LMS and RLS, our analysis framework extends [19] and [20]
to a more general form that can be applied to a wider range
of adaptive algorithms including NLMS, AP, RLS and, in
particular, the MMax selective-tap algorithms that are our main
focus. Through the use of this framework, this paper presents
new insights into the tracking performance of selective-tap
algorithms by highlighting and comparing the performances
for fully-updated and MMax-based algorithms under both
time-invariant and time-varying unknown system conditions.
It is shown, for each algorithm, how the tracking performance
is degraded by the MMax tap selection and the degradation in
steady-state misalignment performance is quantified analyti-
cally under common assumptions.

This paper is organized as follows: Section II of this paper
reviews the MMax-NLMS algorithm. We then extend the
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MMax tap selection to the AP and RLS algorithms. Section III
develops a general analysis framework for the steady-state
misalignment for a time-varying case. Having established the
new analysis framework and applied it to standard adaptive fil-
tering examples, the principal contribution of Section IV is the
steady-state misalignment analysis of MMax selective-tap al-
gorithms. The analysis of MMax-NLMS includes Max-NLMS
[21] as a special case. We discuss the computational complexity
of the algorithms in Section V. Comparative results are shown
in Section VI to verify the analytically derived misalignment
performance against simulation learning curves for system
identification.

II. MMAX ADAPTIVE ALGORITHMS

The MMax-NLMS algorithm is now briefly reviewed and the
concept of MMax tap selection is then extended to the AP and
RLS algorithms. The main benefit reported to motivate the in-
troduction of AP and RLS selective-tap schemes is that they are
more robust to the conditioning of system identification prob-
lems with correlated inputs such as occur in SAEC [11].

A. MMax-NLMS Algorithm

Fig. 1 shows a system identification structure in which
the tap-input vector! x, = [2,(0),2,(1),...,2.(L —
1)]T is convolved with the unknown system, h, =
[hn(0), by (1), ..., ho(L — 1)]7, to produce the signal sample
Yn where the superscript TA represents transposition. An adap-
tive filter h,, = [h,(0),hn(1),..., k(L — 1)]T is used to
identify h,, by adaptively minimizing the square of the error
signal

where 7, = x,f]rAln and w,, is measurement noise.

In the MMax-NLMS algorithm [22], for an adaptive filter of
length L, only those taps corresponding to the M largest mag-
nitude tap-inputs are selected for updating at each iteration. We
first define the subselected tap-input vector X,, = Q,X,, where
Q. = diag{q,} is a L x L tap selection matrix such that

dn = [3n(0),qn(1), ..., g (L—1)]T and fori = 0,1,...,L—1
~_ J 1, |za(9)] € {M maxima of |x,|}
an(7) = {0, otherwise Y

Defining ||.||3 as the squared /3-norm, the MMax-NLMS tap-
update equation is then given by

~ ~

Byt = hn+u|Q

— 3)
%[5 + 6

where 6 and v are the regularization parameter and step-size,
respectively.

It has been shown in [13] that the performance of MMax-
NLMS degrades only gracefully with reducing M compared to
fully updated NLMS. For 0.5 < M < L, the degradation in
performance can be insignificant.

!In this work, for brevity of notation, we denote x(n — i) to be 2,, (7).
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B. MMax-RLS Algorithm

The tap-update equation of the RLS algorithm is given as [1]

i'\ln—f—l - i'\ln + knen (4)

where k,, = R, lx,, is defined as the Kalman gain such that
R, = 2?21 An=d ijjz_r is the time-averaged autocorrelation
matrix with forgetting factor A\, 0 < A < 1. We note that di-
rect extension of the MMax tap selection approach achieved
by sorting the magnitude of k,, in (4) will not give the de-
sired convergence behavior especially for statistically nonsta-
tionary signals such as speech. This is because the Kalman gain
depends on previous values of the time-averaged autocorrela-
tion matrix [11]. Our approach will be instead to subsample the
tap-input vectors at each time iteration based on the MMax tap
selection criterion. This ensures that the subselected tap-input
vectors propagate consistently through the memory of the RLS
algorithm.

Using X, = Q. X, and Q,, as defined in (2), the MMax-RLS
algorithm solves

h, = RO, 5)

n

where R,, = S AMTIRGRT 0, = ST A"TIXd; and d;
is the desired signal sample at the jth iteration. The MMax-RLS
tap-update equation is then given by

~ ~

Do = by, + kpen (6)
where the modified Kalman gain is
AR,

14+ AIRIRIL R,

)

Using the matrix inversion lemma [1], [23], the inversion of ﬁn
may then be expressed iteratively as

Ry = [Rl) - K&TR) ®)
Although the Kalman gain vector En is a fully populated
column vector, savings in computation comes from the presence
of zero elements of R, *; and X,, which reduces the multiplica-
tions needed to compute ﬁ;ilin. The MMax-RLS algorithm
efficiently updates all taps at each iteration, and we choose to de-
scribe this as a selective-tap algorithm rather than a partial-up-
date algorithm.

C. MMax-AP Algorithm

The affine projection algorithm [1] incorporates multiple pro-
jections by concatenating past tap-input vectors from time it-
eration n to time iteration n — K + 1 where K is defined
as the projection order. In a similar manner, our approach for
MMax-AP will be to concatenate the subselected tap-input vec-
tors such that data propagates consistently from each iteration to
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TABLE 1
MMAX TAP SELECTION

M =1,2,...,L
Qn diag{gn(0), gn (1), ...

qn (%) ={ (1)

s qn(L — 1)}

|z (¢)| € {M maxima of |x,|}
otherwise

TABLE II
MMAX-NLMS

f/y\n = ﬁg;xn
€n = dn - /y\n

hn+1

- Quxnen
n A2t

TABLE III
MMAX-RLS

Xn = QnXn

En = Lﬁ.
>\+x,,’,, R"’i 1Xn

Z/J\n = ngn

€n =dn — Z’l\n

h = Hn + Knen

hy 41
R.' = 1[R;l - KaXIR;L

the next. To formulate the MMax-AP algorithm, we first define
the subselected and full tap-input matrices, each of dimension
K x L, respectively, as

X’n :[in7in—17"'7in—K+l]T‘, (9)

X, :[Xn7xn717~-~7xn7K+1]T- (10

The tap-update for the MMax-AP algorithm is then given by

Bopr = By + X2 [X,XI] e, (11)
where €, = [en,en_1,...sen_r41]t. Thus for K = 1,
MMax-AP is equivalent to MMax-NLMS as expected. Savings
in computation are achieved due to the zeros in the K x L
rectangular matrix X,,. This reduces Lhe number of multipli-
cations needed to compute the term X7 [XHXZ:]_I. We also
note that, as with MMax-RLS, MMax-AP cannot be classified
as a partial-update algorithm since X7 [XnAXf]flen is fully
populated, and therefore every coefficient in h,, will be updated
at each iteration. Consequently, we describe MMax-AP also as
a selective-tap algorithm.

The MMax-NLMS, MMax-RLS, and MMax-AP algorithms
are summarized in Tables I-IV, and we present simulation re-
sults to illustrate their operation in Section VL.
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TABLE IV

MMAX-AP
Xn = [Xnvxn—ly---sxn—K+1]T
Xn = Qnxn
Xn = [inain—lg--win—K+1]T
dn = [dn,dn_l,-.-,dn_K+1]T
911 = Xnﬁn
€n =d, —yn
~ ~ ~ -1
hy,i1  =h, +pXT [anﬂ en

TABLE V
PROJECTION ORDER AND I',, _; FOR VARIOUS ALGORITHMS

Algorithm | Projection order |
LMS K=1 2ul
NLMS K=1 EL |
XnXn
AP K 2T
Xp—jXn—j
RLS K=1 R;!

III. GENERAL MISALIGNMENT ANALYSIS
FOR TIME VARYING SYSTEMS

We consider adaptive algorithms of the form

=

K—-1
nit=hn+ Y Tn jXn jen (12)
j=0

where x,,—; = [2n—j(0),2p—;(1),...,2p_;(L — 1)]T is the
tap-input vector, which is assumed to be real-valued and e,,_;
represents the error signal. The L x L adaptation control matrix
I',,—; is defined in Table V for the respective algorithms.

Note that for the AP algorithm, we have assumed, sim-
ilar to [24], [25], that for 1 < K < L, X, XT =

. 2 2 2

diag{||xnll5: [[Xn=1ll3, - - -+ [[Xn—x 415} such that
1

- 0

1

x, x| R 0

: . . 0

0 0 1

lIxn—r41ll3

(13)

A. Time-Varying System Model

The modified first-order Markov model [19] is employed to
represent a time-varying unknown system

h, 11 =¢h, +/1-E%s, (14)

where h,, is the impulse response of the unknown system, and

Sn = [5n(0),5n(1),...,8,(L — 1)]T is a noise process drawn

from the normal distribution N(0,02). As shown in [19], this
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model has the key features that 1) the single parameter 0 <
& < 1 controls the relative contributions to the instantaneous
values of the coefficients of “system memory” (the term ¢h,,)
and “innovations” (the term /1 — £2s,,), 2) the average power
of the norm of the coefficients is independent of £. It is subse-
quently shown in [19] that the system variation, which notion-
ally indicates the difficulty of tracking by an adaptive filter, is
a monotonic decreasing function of ¢. Defining o2 as the vari-
ance of s, it has been found experimentally, that £ = 0.9999 for
the Markov model with 02 = 1 given in (14) is comparatively
equivalent to a source moving at 0.2 ms~! for acoustic impulse
responses h,, generated using the method of images [26].

For the purpose of this analysis, defining £{-} as the expec-
tation operator, we first assume E{h,} = 0, E{w,} = 0 and
that h,, and wy, are independent.2 We also assume that the di-
mension of h,, has been chosen to match the dimension of h,,.
We then define the misalignment vector

v, =h, —h, (15)
which results in the error signal given by
n = Wy — XL V,. (16)

Using (12) and (14)—(16), we obtain

~

Vn41 :hn+1 - hn+1
K-1
=h, —¢h, — V1=, + Y TnjXnjen
j=0

K-1
=V, + (1 - f)hn + Z Fn,jxn,jwn,j

=0

K-1
~ V1=, = > Do jXn Xt vy (17)
=0

from which

Ry i1 =E{Var1vaii}
= Rv,n + 2(1 — 5)0’31

K-1

EA{T -, T}
j=0
K—-1
- Rv,n Z E {Fn—]’xn—szfj}
§=0
K—-1

E{xn—jx,_;T0_;}
j=0

+ Ko?

w

_Rv,n
K-1

+E e X XL :
n—jXn—jX,_jVn—j

=0

K-1

§ T T T
X vn—ixn—ixn—irn—i

1=

(18)

2If E{h,,} # 0, a bias will be induced in the variance of h,, by an amount
proportional to the square values of E{h,,}.

Authorized licensed use limited to: Imperial College London. Downloaded on January 4, 2010 at 08:05 from IEEE Xplore. Restrictions apply.



KHONG AND NAYLOR: SELECTIVE-TAP ADAPTIVE FILTERING WITH PERFORMANCE ANALY SIS

where I is the identity matrix and we have made use of the fol-
lowing relations

E {vanTL} =Ry,
2

B{wn—swn—;} = {0 otherwise ’
K-1
Ev, Z vg_jxn_jxg_jrg_j
=
-1
=Rvn ) B {xu_jxu;Th_;}
7=0

and, from the definition of the first-order Markov model as
shown in (14)
E{h,hl} =E{s,s]} =01 (19)
Following the approach adopted in [1], we assume that the
time variations of h,, are sufficiently slow that the adaptive filter
is able to track the unknown system to within a time lag, and that
after convergence, v,,_ ; is fluctuating around its mean Vn, j so
that E{v,_;jv}_ .} =~ E{v,v]} = Ry ,. Wedefine Ry as au-
tocorrelation matrix of the mean weight error vector which is ap-
proximately time-invariant under these assumptions. Defining
the normalized misalignment as

~ 2
_ “hn - hn”z _ 77/
- 2 - 2
bl [Ihn I3

(20)

the steady-state misalignment can be expressed as )’ = tr{R }
where tr{-} is the trace operator.

B. Steady-State Misalignment for K =1, M = L

We initially consider a fully updated algorithm such that
I',, =T, Vn, is time-invariant, and statistically stationary inputs
x,. Using the factorization property of independent Gaussian
variables [1] as shown in Appendix I and denoting Ry as the
autocorrelation matrix of the input signal, the expectations in
(18) can be evaluated for K = 1 using

E{T,x,x, 1} =TR,I
E{T,x,x, } =Ry
E{x,x I} } =Ry
E {annxgvnvgxnxgl_‘g} =T [2RxRy »Rx
+Rxtr{RxRy , }] T
2D

Substituting (19) and (21) into (18) gives

Rv,n+1 = Rv,n - Rv,nFRx - Rv,nRxP
4T 2R Ry R + Roctr{RxRy ., }] T

+ ITRxTol +2(1 — &)o?l. (22)
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We proceed by considering I' = cI and Gaussian input with
variance o2 giving Ry = 21, where c is an algorithmic de-
pendent term. Assuming v,, is fluctuating around its mean after
convergence giving Ry , = Ry, where R is the autocorrela-
tion matrix of the mean weight error vector, the steady-state mis-
alignment is then given by ' = tr{R,} = tr{R, ,}. Hence
the trace of (22) can be simplified giving

120 + ot Ly

+c%0202 L+ 2(1 — &)oL

n =n' —2coln + 20

from which we can then express

2 2
/ CO’wL (1 - E)LO—S
= 2
M= s (23)
where
L
¢p=1-co? <1+§> (24)

and c is an algorithm dependent term. Adopting the terminology
of [18], the first term in (23) corresponds to the estimation vari-
ance and is dependent on measurement noise w,,, and the second
term in (23) corresponds to the lag variance and is due to system
time variation £. We note from (23) that these two terms are un-
coupled.

For the LMS case, ¢ = 2y and hence

po? L

1—¢)Lo?
77/LMS = ¢ ( f) o

2u02¢

The estimation variance term of this result is, as expected, pro-
portional to 1 and consistent with that presented in [1] for which
itis assumed ¢ = 1. However, the analysis presented here needs
no such assumption. The lag variance term is inversely pro-
portional to p and linearly dependent on the system variation
parameter £.

For NLMS, ¢ = 241/(Lo?2) and

(25)

poy | (1=8L%3

77/ — w
NLMS U;%d’ 2.U'¢

(26)

It is interesting, from a step-size control point of view, that we
proceed to evaluate the step-size iy, Which achieves the lowest
misalignment by letting

v=2(1+L/2)/L (27)
and differentiating (26) with respect to y to obtain
dnypus _ on e 1
— = — +
dp o [(1—=yp)?  1—yu
1—¢)L2%02 2vpu—1
L1 =9L%; [ Ll 2} (28)
2 (2 (1 = yu)
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0.5¢ SNR= 30 dB

N

SNR= 20 dB

0.45}
SNR= 10 dB

2
S 04t
0.35¢
reducing system variation for higher &
0.3 : : ! : ;
0.99 0.992 0.994 0.996 0.998 1

Fig. 2. Variation of ;s with £ under various SNR conditions.

Setting dnypvs/die = 0, we obtain a quadratic equation in
terms of pup,is. Under the condition that 0 < pis < 1, we may
solve for pim;s as

o; 2 2
Hmis = 05_; |:_ (1 - g)L 057
Ow

M (1= 9r2onf +2( %8

) (1- f)LQJE] . (29)
Fig. 2 illustrates the variation of ji,;s with £ under various
signal-to-noise ratio (SNR) conditions. The SNR was computed
using w,, and y, where the latter is obtained by convolving
z,, with h,, as shown in Fig. 1. The parameters for this sim-
ulation are I, = 128, 02 = 1, and 02 = 0.962. We may
now see, for each case of SNR, the well-known result that as
& — 1, pumis — 0 and hence a smaller step-size achieves a
lower steady-state misalignment, though at the expense of re-
duced convergence rate. Under time-varying unknown system
conditions ¢ < 1, it can be seen as expected that y.,;s increases
smoothly as ¢ reduces, since for higher time-varying unknown
system condition, ;» must be sufficiently high for tracking. We
also note that for any given &, j1is increases with SNR. As will
be seen through simulation examples in Section VI-D, under
the condition ¢ < 1, performance of NLMS in terms of conver-
gence rate and steady-state misalignment increases with g for
0 < p < fmis-
For RLS, we can determine c in
r=cd=R,! (30)
by considering the exponentially weighted recursive realization
of the autocorrelation matrix, from which we recall the defini-
tion from Section II-B, R,, = E?Zl An—d x]-xf. In the limit
n — 00

E{Jim R} = Jim (377405 )Ry
1
=——Rx 31
T @31
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where R is the true input signal autocorrelation matrix. Using
a quasi-deterministic approximation for large n [1], we obtain
R, ~ Rx/(1 — A) and hence

I'=R;'~(1-M)R;". (32)
For the case when the input signal x,, is drawn from an in-
dependent and identically distributed (i.i.d.) process such that
E{z,} = 0 with variance 02, then ¢ = (1 — \)/0?2 and using
(23), the steady-state misalignment is given as

(1—-X)Lo2
2039

(1= ¢)Lo?
(L—=A)¢
where the term ¢ is defined in (24). We may now see the well-

known result that for a time-invariant unknown system condi-
tion £ = 1, we have

NRLS ~ (33)

dngis _ LUi

= 20242 <0

(34)

and hence the steady-state misalignment is a decreasing func-
tion of )\, although for smaller A the rate of convergence is
increased.

We can analyze the effect of £ on 1y by first differentiating
Nis With respect to € and finding the boundary condition of A.
We first assume that

dngps/dé <0 (35)

and noting that Lo? > 0 and 1 — X > 0, we obtain the condition

A>1-[1/(1+L/2)]. (36)
For a typical range [27], 1 — 1/(3L) < XA < 1 — 1/(10L)
and since L > 1, it can be seen that the conditions (36) and
consequently (35) are satisfied. Hence, 1 reduces as § — 1.

C. Steady-State Misalignment for K # 1, M = L

This analysis can be applied to the AP algorithm for the con-
dition 1 < K <« L. With reference to Table V, we assume
that the input signal is drawn from an i.i.d process such that
X} _Xn j = LoZ,¥n,j, hence giving ', _; = T'. Exploiting
the linear property of the expectation operator, we may then
evaluate the terms in (18) using the following relations:

K-1
> E{T_jxn_jxh_;Th_;} = KTR,T
j=0
K-1
> E{Tw_jxn_jxp_;} = KRy
7=0
K-1

E{xn_jx;_;I}_;} = KRyl (37)

J

Following a similar approach to (21), where we have used
the factorization property of independent Gaussian variables as
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shown in Appendix I, the last term of (18) can be simplified as
follows:

T T T
§ :Fn*jxn*jxnfjvn*j E anixn*’bxn an %

K—-1K-1

_ } : 2 : ] T T T
=K Fn—]xn—]xnfjvn—Jvnfixn—lxn zrn 7
j=0 i=0

= KT 2RxRy ,Rx+Rxtr{RxRy . }]T. (38)

Substituting (37) and (38) into (18), we obtain

=Ry, +2(1-&) 02 I+ K202 TR, IT
— KRy ,,TRy— KR, ,R,T
+ KT [2RxRy Ry +Rytr{Ry Ry, }] T.

Rv,n—i—l

(39)

Similar to (22), we assume that R ,, is fluctuating around its
mean, I' = cI and R, = o21. We can then simplify (39) and
using ¢ = 2/1/(Lo?2), we write the steady-state misalignment as

Kpo?  (1-&)o02L?
/ — w S 40
TaP = gt oK, 0
where
9 L
o =1—Kco, 1+5 . 41

We note that (41) is similar to (24) except for a projection order
term K. Furthermore, when K = 1, ¢, reduces to ¢ giving

/ _ /
Map = Nixras as expected.

IV. MISALIGNMENT ANALYSIS OF ALGORITHMS
EMPLOYING MMAX TAP SELECTION

A. Misalignment Analysis of MMax-NLMS

Partial-update NLMS algorithms have been analyzed in, for
example, [2]-[4], [21], [28]. The MMax-NLMS [22] algorithm
is characterized by (12) for K = 1 with I';, = p,, Q,, in which
the elements of the diagonal matrix Q,, = diag{q,,} are deter-
mined from (2) and X,, = Q,X, is the subselected tap-input
vector.

Employing a contraction mapping approach [29], conver-
gence in the mean can be shown when

0<[|E{T— 1 Quxnxy }|, <1 (42)
which implies for i.i.d. z,,
2
0< pn < 1 43)

S w0

For convergence in the mean square, we start by considering
(18) and the evaluation of E{I',,x,x2}. We note that elements
qn(i),7=1,..., L, are not independent of z,,(%) as they ensure
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that only the M largest |z, (¢)| are selected. The M selected
samples are assumed to have zero mean and exploiting the mean
ergodic theorem [1], the variance of X,, is

(44)

Assuming that x,,x? is diagonal and using E{/1,,} = c, a scalar
constant, we can evaluate

E{T,x,x, } = E{x,x T} } = E{un}E {Qux,x} }
7 3)

= —0021

L

The condition F{I',,} = T implicit in (21) is not valid in this
case. However, we can proceed to evaluate tr{R ,, } using

tr{E {F xnx vnv XX TFT}}
=tr {02E {annxn vnvn X, X f}}

M
= c2tr {Rv_’n(L +2)—o0; 021}

L
M
= *tr{Ry , }(L + 2)7592:037
tr {E {Tpx,x 7}
M
=tr {702521}

M
= fc 02L (46)

Substituting (45), (46), and (19) into (18) and letting K = 1

M _
tr{Ry nt1} =tr{Rv n} — Ztr{Rv’n}fca2

M.
+ tr{Ry » }(L + 2)70202

M
+ fcz’&gaiL +2(1 - &)oL

M _
=tr{Ry .} [1— 2f002

M 5.
+(L + 2)f02030§:|

+ Mc*5202 +2(1 — ¢)La?.

S

(47

Applying the contraction mapping concept we can show con-
vergence when

M M
T=1|1- ZfCO'z + (L +2)—c*c20?

1
T <

(48)

and the convergence speed is faster for smaller values of T'. It
can therefore be seen from (48) that, for typical values of ¢ < 1,
maximum convergence speed will be when M = L. Therefore,
MMax-NLMS suffers a decrease in convergence speed propor-
tionate to M /L as compared to NLMS. For the particular case
of MMax-NLMS, ¢ = 24/(Lo2) and we obtain the condition

~2

1—4/LL2 >

+4p*(L+2)MG2L0%| < 1

(49)
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so that

L
O<p<——.

L+2 (50)

We note that our analysis will not hold for an example case
of a ramped input signal, z,(i) > z,(i + 1), Vn, for which
tap-indices? = M +1, ..., L will never be selected for updating
by MMax-NLMS. However, such cases are unlikely to occur in
practice.

The misalignment for MMax-NLMS can be found from (47)

and using the approach of (23) as
M M
tr{Ry} 270592: —(L+ 2)7025203
= Mc*202 +2(1 — €)Lo?
resulting in

2
cos L

2 — (L +2)co?

2(1 — & L%*02 /M
2co2 — (L +2)c?0202"

tr{Ry} = (51)

For MMax-NLMS where ¢ = 241/(Lo?2), the steady-state mis-
alignment is then

poy, . Log (1

Lot (11!
o2¢ oM

= 52
) (52)

/ _
’MMax—NLMS —

where the term ¢ is defined in (24).

We first note that the estimation variance term is identical
to that of NLMS. Thus, for a time-invariant system with £ =
L MiMax—xLvs = 7npus- Comparing (52) with (26), we
next note that an additional factor arises in the lag variance of
Lo?/(a2M) for MMax-NLMS compared to NLMS. To quan-
tify the closeness of tap selection to that of a full tap-input vector
in an MMax sense, we employ the M-ratio [11]

M= ||Qan||§/||Xn||§ =35,/0s. (53)
As shown in [11], M exhibits only a modest reduction for
0.5L < M < L and hence a graceful reduction in convergence
rate is expected over this range of M as compared to fully
updated NLMS. We now analyze the steady-state misalignment
due to tap selection M by first noting from (52) that, under a
time-varying unknown system condition ¢ < 1, the lag variance
is proportional to the term

¥ = Loz/ (0:M) = L/(MM). (54)
Fig. 3, shows the variation of ¢ with the number of selected
taps M for L = 128 using a zero mean, unit variance white
Gaussian noise (WGN) input sequence. We note that for M =
L,y = 1 since 592[ = 092[ and M = 1. More importantly,
increases smoothly with reducing M within the region 0.5L <
M < L and hence, for this range of M with reduced computa-
tional complexity, we would expect only a graceful degradation
in steady-state misalignment performance for the time-varying
case £ < 1.
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100 115 128

1 20 40 64 80

Fig. 3. Variation of ¢ with M for MMax-NLMS with £ < 1 showing a modest
increment in ¥ for 0.5L < M < L.

Similar to the NLMS algorithm discussed in Section III-B, it
is of interest that we evaluate the step-size which achieves the
lowest misalignment fi.,is by first writing for clarity

vy=2(1+L/2)/L. (55)
Differentiating (52) with respect to 1 and solving the quadratic
equation for pip,;5, we obtain for MMax-NLMS,

&
Hmis = 05_2 |:_ 71)(1 - f)L2O'§’Y

2

+\/ (1~ L202)" + 20 (Z—;) (1-§L?

x

(56)

As we shall see from simulations in Section VI-D, if
tmis < p < 1 under the condition ¢ < 1, the convergence
rate increases with p but at the expense of poorer steady-state
misalignment. Consequently, for MMax-NLMS, the optimal
w giving the highest rate of convergence while satisfying the
minimum misalignment under time-varying conditions is fiyis
given in (56).

B. Misalignment Analysis of MMax-RLS

Using (6) and (7), the tap update equation for the MMax-RLS
algorithm may be expressed as

~

hn+1 - i'\ln + ﬁnganenn (57)

In this case, we have K = 1 in the general formulation of (12)
and
T, =R,'Q, (58)

in (12) where

R, =) A"77Q;x;x] Q] (59)
j=1
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Following the same approach as (31), for n — oo

E{ lim R,} :E{ lim (A" 1Qux;x7QT
+...+ ananQZ) }
M~2

— lim %[A"—ll FATT 4 4T
1 Mg2
= =y
1-)\ L (60)
and hence it follows from (58)
L
(1- 03752 )

Using (61), we may express the following terms in (18) as

E{T,x,x}}
= E{x,x[T}
L
= (1 — /\)WE {annxf}
— (1- NI
E {ananvnVZangrz
1-\NL7?
- [(Miﬂ)} X B {QnxnX, XnX, Qn} Ry
o’.’I)
_ (=N LI 4202
— Ma:g v,ny
E {FanXTTLFTTL
1-ML1?
U2 et
1—X)2L
B @

Using the same approach as (47), by substituting the set of equa-
tions in (62) into (18) for K = 1
(1=N2L(L+2)02

Ry,.it1=Ryv.—2(1-XMRy ., —
;n+1 s ( ) ) + MO'%

Rv,n

(1-X)2L

M3 o2T1+2(1- €01 (63)

As before, we assume that R ,, is fluctuating around its mean
such that R is the approximately time-invariant autocorrela-
tion matrix of the mean weight error vector. Defining ' =
tr{Ry} we may then express (63) as

1 - A)2L(L + 2)0?
MiMax—rLs =1 —2(1 =)' + ( JL{ ) 0

Ma?
2722
+ % +2L(1 — €)o?
(1= NL%2  2L(1 - £)0’ M52
B B HCE 4

where

B =2Mc> — (1 — \)L(L + 2)o?

x

=Lo2 [2¢p ! — (1 - \)(L +2)] (65)
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such that 1 is defined in (54). Comparing (64) and (33), we note
thatfor M = Land 52 = 02, Nyinrax—rLs = MhLs as expected.
More importantly, the estimation variance for MMax-RLS is
dependent on M. As can be seen from (64), 3 is a decreasing
function of v and hence for a time-invariant system with £ =
1, the steady-state misalignment 7}y, grs iS @ decreasing
function of M. This is contrary to the MMax-NLMS case as
shown in (52) where the normalized misalignment is indepen-
dent of M for time-invariant systems. Simulation results illus-
trating the dependency of the steady-state misalignment on M
for MMax-RLS under the condition ¢ = 1 can be found in [12].

C. Misalignment Analysis for MMax-AP

The tap-update equation for the MMax-AP algorithm can
be written in a similar form to (12) where we have for j =
0,1,..., K —1

Pnoj = tn—jQn—; (66)

such that pi,_; = 2/(XxE_;x,_;). Assuming that the input
signal is drawn from an i.i.d process and statistically stationary,
we may then evaluate

21
E{pn—j} =c=

T 5 (67)

We note again the condition E{T";;} = T is not valid here so we
evaluate tr{R. ., } using the same approach as (46) giving

K—-1
trq Koby > B A{Tnjxa—jx,_;Th_;}

i=0

K-1
= KoptrQ E{us ;} Z E{Qn_jxn_jxp_Qu_;}

=0

= K?0,,c* M52
K—1
Z T T
tr RV,TL E {Xn_]Xn_an_]}
J=0

K-1
EA{T_ %%}

M _
= tI‘{Rv,n}C2(L + Z)TU_,%JgKQ.

Substituting (68) into (18), we obtain

(68)

tr{Ry nt1} =tr{Ry n } +2(1 — )02 L+ K202 > M52
M
- 2tr{Rv7n}635§K

M
+tr{RVm}chZ(L—}—Z)T’&zogI(? (69)
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TABLE VI
STEADY-STATE MISALIGNMENT FOR i.i.d. INPUT

Algorithm n
LMS % n %
NLMS % n %
e + (5

MMax-NLMS %‘2’% n ﬁ(l—é)z#

MMax-AP %‘:;_2 e u—;ﬂw#

MMax-RLS “**;ﬁffﬁv (1,5()125;,)3;153

As before, we assume R ,, is fluctuating around its mean and
substituting ¢ = 2p1/(Lo2), we can thus simplify (69) and write
the misalignment as

Kpo?  Lo?

o2¢,  Ma?2

T

(1-¢L%?
2uK ¢,

T\Max—AP = (70)
where ¢, is given in (41). For K = 1, the convergence perfor-
mance of MMax-AP is the same as MMax-NLMS as expected.
When M = L, wehave 52 = o2 and MMax-AP is equivalent to
AP. We also note that, as for MMax-NLMS, the estimation vari-
ance is independent of M and so, as shown in [12], for ¢ = 1,
the same steady-state misalignment can be achieved for various
M. In addition, the lag variance is proportional to 1) as defined
in (54) and hence, degradation in misalignment performance is
expected for reducing M when ¢ < 1.

The steady-state misalignment of various algorithms for time-
varying system conditions is summarized in Table VI.

V. COMPUTATIONAL COMPLEXITY

MMax tap selection requires a sorting operation to select the
M largest tap-inputs at each iteration. This can be achieved effi-
ciently using, for example, the SORTLINE [30] or the short-sort
[31] routine. A full description and examples of the short-sort
approach are given in [31]. In summary, however, the short-sort
algorithm selects A out of the first S < L elements of the tap
input vector once every S sample periods. The coefficients cor-
responding to the A selected elements are updated and the al-
gorithm then tracks the selected tap inputs as they propagate
through the memory of the filter. The value of A is chosen such
that in the SM-NLMS algorithm [31] for example, M out of L
taps are updated per iteration on average and S < L typically.
Thus, the worst case comparison load using short-sort is [1 +
S — A]A/S comparisons per iteration compared to 2+ 2 log, L
used in the SORTLINE procedure.

Although many factors contribute to the complexity of an al-
gorithm, in this paper we assess relative complexity in terms of
the total number of additions, multiplications, and comparisons
per sample period. The computational complexity for each al-
gorithm is summarized in Tables VII and VIII while Table IX
shows the computational complexity for an example case of
L =1024, M =512, A =64, S =128, and K = 2.
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TABLE VII
RELATIVE COMPLEXITY IN TERMS OF ADDITIONS AND MULTIPLICATIONS

Algorithm Additions Multiplications
SM-NLMS L+S+2 L+S+3
+(A+2)/S +(A+3)/8
MMax-NLMS L+ M+2 L+ M+3
NLMS 2L+ 2 2L+ 3
MMax-AP L(K+1)-K TK?2 + K(M
+M(K—-1)+1 +L)+ L
AP 2LK — K +1 TK2+2KL+ L
MMax-RLS L2+ L(3M — 1) 2L2 + 3L
+M —1 X(M+1)+ M
RLS 402 — 1 5L2 4+ 4L
TABLE VIII

RELATIVE COMPLEXITY IN TERMS OF COMPARISONS

Algorithm Comparisons
SM-NLMS (S+1-A)A/S

MMax-NLMS 2logy L+ 2
NLMS 0

MMax-AP 2logy L 42
AP 0

MMax-RLS 2logy L+ 2
RLS 0

TABLE IX

AN EXAMPLE OF RELATIVE COMPLEXITY FOR [L = 1024,
M =512,A =64,5 =128, K = 2]

Algorithm Additions Multiplications | Comparisons
SM-NLMS 1155 1156 33
MMax-NLMS 1538 1539 22
NLMS 2050 2051 0
MMax-AP 3583 4124 22
AP 4095 5148 0
MMax-RLS | 2.62 x 106 3.67 x 108 22
RLS 4.19 x 108 5.25 x 108 0

The complexity of the MMax-AP algorithm is computed
using the generalized Levinson algorithm [32]. As an illus-
trative example, an acoustic impulse response of 128 ms at
8-kHz sampling frequency corresponds to L. = 1024 for which
the number of multiplications required by MMax-NLMS,
MMax-AP, and MMax-RLS employing the SORTLINE al-
gorithm with M = 512 is approximately 75.0%, 80.1%, and
69.9% of the number for NLMS, AP, and RLS, respectively.

VI. SIMULATIONS AND RESULTS

A. Effect of Time Variation for NLMS and MMax-NLMS

We first present NLMS and MMax-NLMS simulations
to support the analysis of normalized misalignment for
time-varying system identification such as shown in Fig. 1. We
employ the normalized misalignment 7 defined in (20). Fig. 4
shows NLMS results for a time-invariant system ({( = 1) and
three time-varying systems (¢ = {0.999999, 0.99999, 0.9999})
where smaller values of ¢ indicate higher degrees of time-vari-
ation. The adaptive filter is of length L = 64 while the adaptive
step-size is 1 = 0.1 in these examples. This allows the NLMS
algorithm to track the unknown system. The learning curves are
averaged over five independent trials, and the theoretical values
of njy.us given by (26) are superimposed as straight horizontal
lines. Fig. 5 shows the results of an equivalent experiment for
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Fig. 4. NLMS normalized misalignment for varying ¢ with L = 64,y = 0.1,

02 = 02 = 1,SNR = 40 dB.
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Fig. 5. MMax-NLMS normalized misalignment for varying { with ¢ = 0.1,
02 =02 =1,L = 64, M = 8, SNR = 40 dB. Dashed lines indicate
corresponding performance for NLMS.

MMax-NLMS with L. = 64 and M = 8. For comparison
purposes, the corresponding theoretical values of 7npyms from
the previous experiment are also included in Fig. 5 as dashed
lines. For both experiments, white Gaussian measurement noise
w,, is added such that the SNR of 40 dB is achieved.

The results show that both NLMS and MMax-NLMS are sen-
sitive to time variation of the unknown system in that the mis-
alignment performance degrades with increasing deviation of ¢
from unity. The MMax-NLMS algorithm for example can be
seen to perform around 3 to 4 dB worse, in terms of steady-state
normalized misalignment, than NLMS under these time-varying
conditions. For a time-invariant system, ¢ = 1, both MMax-
NLMS and NLMS achieve the same steady-state misalignment
since their estimation variance are equivalent as can be seen
by (26) and (52). The MMax-NLMS algorithm, however, has
a lower rate of convergence compared to that of NLMS as ex-
pected irrespective of time-variation.
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| —— Theoretical
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4000 6000 8000
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. AP normalized misalignment for varying £ withp = 0.1,02 = 02 =
1,L =64, K = 3, SNR = 40 dB.

—— Theoretical

Normalized Misalignment (dB)
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samples
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Fig.7. MMax-AP normalized misalignment for varying £ with x = 0.1,62 =

62 =1,L = 64, M = 8, K = 3, SNR = 40 dB. Dashed lines indizate
corresponding performance for AP.

B. Effect of Time-Variation for AP and MMax-AP

Figs. 6 and 7 show the normalized misalignment for the AP
and MMax-AP algorithms, respectively, where the straight lines
indicate theoretical misalignment for various time-varying con-
ditions . The dashed lines in Fig. 7 represent the normalized
misalignment for the fully updated AP algorithm. In these sim-
ulations, the adaptive filter is of length L = 64 with © = 0.1.
We have used projection order K = 3 as an illustration while
w, is added to achieve an SNR of 40 dB. For the MMax-AP
algorithm, M = 8 was used. In both simulations, the learning
curves are averaged over five independent trials.

The results indicate that the normalized misalignment perfor-
mance degrades for both AP and MMax-AP by approximately 2
to 3 dB with increasing deviation of ¢ from unity. For a time-in-
variant system, ¢ = 1, the normalized steady-state misalign-
ment of the MMax-AP is insensitive to the tap selection as can
be seen in the estimation variance term in (70).
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Theoretical ‘
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Fig. 8. RLS normalized misalignment for varying { with A = 0.9948, 02 =
02 =1,L = 64, SNR = 40 dB.
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Fig. 9. MMax-RLS normalized misalignment for varying £ with A = 0.9948,
02 =02 =1,L = 64, M = 8, SNR = 40 dB. Dashed lines indicate
corresponding performance for RLS.

C. Effect of Time Variation for RLS and MMax-RLS

Figs. 8 and 9 show RLS and MMax-RLS normalized mis-
alignment results for various ¢ as before. In these simulations,
the adaptive filter is of length L = 64 and a forgetting factor
of A\ = 1—1/(3L) = 0.9948 is used [33]. With reference to
Fig. 1 and (14), 02 = 02 = 1 while w,, is added to achieve an
SNR of 40 dB for each of the five independent trials. For the
MMax-RLS algorithm, M = 8 taps were selected for adapta-
tion at each iteration.

The results show that both RLS and MMax-RLS are sensi-
tive to time-variation of the unknown system with misalignment
performance degrading by approximately 7 and 3 dB for{ = 1
and £ = 0.9999, respectively. Unlike the MMax-NLMS and
MMax-AP algorithms, MMax-RLS is sensitive to tap selection
even for an unknown system with £ = 1 as can be seen by the
term (3 in the estimation variance of (64).

D. Effect of Step-Size for NLMS and MMax-NLMS

Fig. 10 shows the effect of different values of 1 on the
steady-state misalignment for NLMS under stationary (£ = 1)
and time-varying (£ = 0.99999) cases. In this experiment, the
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Fig. 10. NLMS: variation of average normalized misalignment with g for
02 =02 =1,L = 64, SNR = 40 dB.
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Fig. 11. MMax-NLMS: variation of average normalized misalignment with
foro2 =62 =1,L =64, M = 8,SNR = 40 dB.

filter length was L = 64, and w,, was added at an SNR of
40 dB. The average steady-state normalized misalignment was
obtained from five independent trials.

We observe that for the stationary case ¢ = 1, the steady-state
normalized misalignment increases with p as expected. In this
simulation example, the mean difference between the experi-
mental and theoretical steady-state normalized misalignment is
0.11 dB. For the case of £ = 0.99999, we note that there ex-
ists a fumis such that the lowest misalignment can be achieved.
The theoretical value of p,is = 0.542, computed using (29), is
shown by the vertical dotted line. The mean difference between
the experimental and the theoretical normalized misalignment
is 0.62 dB.

Fig. 11 shows the effect of step-size on MMax-NLMS under
the conditions ¢ = 1 and £ = 0.99999 with L = 64 and M = 8.
As before, we have simulated this experiment using 40-dB SNR.
Similar to the case of NLMS, we observe that for ¢ = 1, the
steady-state normalized misalignment is approximately linear
in p. For the case of £ = 0.99999, there exists a fi,;s = 0.468
governed by (56) which is plotted as a vertical line. The mean
difference between the experimental and theoretical steady-state
normalized misalignment for the case of ¢ = 1 and ¢ = 0.99999
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Fig. 12. Variation of average normalized misalignment with A for L = 64,
p=0.1,A=0.9948 £ = 0.9999,02 = 02 = 1, SNR = 40 dB.

are 0.15 and 0.58 dB, respectively. Comparing Figs. 10 and 11,
we note that the normalized misalignment for MMax-NLMS is
degraded for the time-varying unknown system condition com-
pared to NLMS.

E. Effect of Tap Selection on Normalized Misalignment

We now compare the effect of tap selection on the normal-
ized misalignment with a time-varying unknown system for the
MMax-based algorithms. Fig. 12 shows the variation of average
normalized misalignment with M for the case of MMax-NLMS,
MMax-AP, and MMax-RLS. The length of the adaptive filter
was L. = 64 while 16 < M < 64 and ¢ = 0.9999. For
the MMax-NLMS and MMax-AP algorithms 4 = 0.1 while
for MMax-RLS A = 1 — 1/(3L) = 0.9948 are used. The
steady-state normalized misalignment for each algorithm is av-
eraged over five independent trials and, for each trial, SNR =
40 dB.

Although the performance for each algorithm is plotted
on the same axis, our intention here is not to compare each
algorithm’s relative normalized misalignment in this sim-
ulation example. We see instead that, for each algorithm,
the normalized misalignment reduces with increasing M
under the same time-varying condition and more importantly,
for each algorithm, there is only a modest degradation in
steady-state misalignment performance with reducing M for
0.5L < M < L.When M is reduced further, the degradation in
steady-state misalignment performance is more pronounced for
the MMax-NLMS and MMax-AP algorithms since, as shown
and discussed in Fig. 3, # is increased significantly. The degra-
dation in steady-state normalized misalignment performance
for MMax-RLS is less pronounced, suffering approximately
0.36-dB degradation from M = 64 to M = 16. The mean error
between theoretical and experimental results in this simulation
for MMax-NLMS, MMax-AP, and MMax-RLS are 0.08, 0.15,
and 0.06 dB, respectively.
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Fig. 14. MMax-RLS: variation of average normalized misalignment with SNR
for L = 64, M = 8, A = 0.9948,¢ = 0.99999,02 = 02 =

F. Effect of SNR on Normalized Misalignment

We now investigate the effect of SNR on normalized mis-
alignment for the various MMax selective-tap algorithms under
time-varying unknown system conditions. The experimental pa-
rameters for this simulation setup were L. = 64, M = 8§,
& =0.99999, p = 0.1, K=3,and A = 1 — 1/(3L) = 0.9948.
The normalized misalignment for each algorithm was averaged
over five independent trials.

Fig. 13 shows the variation of MMax-NLMS and MMax-AP
normalized misalignment with SNR. For each of the algorithms,
we note that the normalized misalignment improves with in-
creasing SNR as expected. The MMax-AP algorithm degrades
more severely at low SNR and achieves an improvement of ap-
proximately 12-dB normalized misalignment when SNR is in-
creased from 10 to 40 dB. On the contrary, the MMax-NLMS
shows smoother degradation in misalignment for low SNR com-
pared to that of MMax-AP.

Fig. 14 shows the corresponding normalized misalignment
for MMax-RLS under various SNR conditions. As the SNR is
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Fig. 15. Theoretical normalized misalignment for NLMS (dashed) and MMax-
NLMS (solid) [L = 1024, M = 128, = 0.7,SNR = 40 dB].

increased from 10 to 40 dB, we note that there is an improve-
ment, though not linearly, of approximately 12.5 dB in nor-
malized misalignment. The mean errors between our theoret-
ical and experimental results are 0.01, 0.46, and 0.182 dB for
MMax-NLMS, MMax-AP, and MMax-RLS, respectively.

G. Illustrative Case With Large L

We present an example to illustrate the validity of the re-
sults obtained for the case when L is large, as for acoustic echo
cancellation where an adaptive filter length of L = 1024 taps
may be required. Fig. 15 shows results for the MMax-NLMS
with M = 128 and ¢ = 0.7 and SNR = 40 dB. As be-
fore, the theoretical steady-state normalized misalignment for
the MMax-NLMS algorithm is plotted as straight horizontal
solid lines. The learning curves for the MMax-NLMS are av-
eraged over five independent trials. The results show that the
steady-state misalignment for the MMax-NLMS is coincidental
to NLMS for time-varying system conditions. As before, for

£ =1, INLMS = MMax—NLMS-

VII. DISCUSSION AND CONCLUSION

We have presented a class of MMax selective-tap adaptive fil-
ters for system identification. A misalignment analysis for these
algorithms was presented which describes the performance of
adaptive filters when tracking a time-varying unknown system
that varies according to a modified first-order Markov model
[19]. This analysis can be applied to all algorithms that can be
written using the update equation given in (12). When the time-
variation is removed by setting ¢ = 1, the analysis yields the
known results [1] for the various fully updated algorithms. The
results for the standard algorithms are consistent with previous
work [1], [18] in terms of estimation variance but offer new in-
sights for the lag variance. Under time-invariant system con-
ditions, the steady-state normalized misalignment for MMax-
NLMS and MMax-AP is independent of M while the same is
not true for MMax-RLS. For time-varying systems, the perfor-
mance of MMax-based algorithms in terms of steady-state mis-
alignment degrades with increasing time-variation. This degra-
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dation is proportional to ¢, and as can be seen from Fig. 3,
for 0.5L < M < L, v increases smoothly and consequently
the degradation in steady-state performance is negligible. This
property has been exploited in the exclusive-maximum (XM)
tap selection, which has been deployed in SAEC algorithms to
give good convergence performance such as presented in [13]
and [14]. In addition, we have shown that under time-varying
unknown system conditions, there exists for NLMS and MMax-
NLMS, an optimal step-size given by (29) and (56), respec-
tively, which jointly maximizes the performances in terms of
low misalignment and high convergence rate. Simulations verify
that the analysis accurately describes the performance of the
algorithms. This analysis enables a judicious tradeoff between
the computational savings of selective-tap algorithms and their
tracking performance.

APPENDIX I
FOURTH-ORDER FACTORIZATION FOR ZERO
MEAN GAUSSIAN VARIABLES

For an i.i.d. Gaussian distributed signal z(n), the matrix ¥ =
E[x,xTx,xL] has elements

L
Uy, =FE |z(n-k) Z:L’Z(n —d)x(n —1)

where x,, = [z(n),z(n —1),...,2(n — L + 1)]T. The factor-
ization property of real zero-mean Gaussian variables is that

E (@) (f)x(k)x(D)] = Ex(i)z(5)] E [x(k)z()]
+E [x(i)x (k)] E [z(7)z(D)] + E [2(0)e()] £ [x(5)z(k)]

from which

E [xnxxpx) ], =2 Z E[z(n—Fk)x(n—i)]
X E[z(n—1)z(n—1)]

+E[m(n—k)a:(n—l)]ZE [2%(n—1)] .

i=1

From the above it can be seen that, for the complete matrix,
U = 2R? + Rtr{R}. Now for z:(n) i.i.d Gaussian variables

Blatn—ija(n-i) = {05 177

xr?7

so that ¥ = (L + 2)0i1.
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