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Abstract—Combinations of adaptive filters have attracted at-
tention as a simple solution to improve filter performance, includ-
ing tracking properties. In this paper, we consider combinations
of LMS and RLS filters, and study their performance for tracking
time-varying solutions. Modeling the variation of the parameter
vector to be estimated as a first order autoregressive (AR)
model, we show that a convex combination between one LMS
and one RLS filters with their optimum settings may have a
tracking performance close to the optimal excess mean-square
error (EMSE) and mean-square deviation (MSD) obtained via
Kalman filter, but with lower computational complexity (linear
in the filter length instead of quadratic — in the case of diagonal
matrices in the Kalman model — or cubic, for general Kalman
models).

Index Terms—Adaptive filter, convex combination, Kalman
filter, tracking

I. INTRODUCTION

When the a priori knowledge about the filtering scenario
is limited or imprecise, selecting the most adequate filter and
adjusting its parameters becomes a challenging task, and erro-
neous choices can lead to a considerable loss in performance.
The Kalman filter (KF) has long been shown to be the optimal
solution to many tracking and data prediction tasks [1], in a
wide variety of applications ranging from navigation [2], [3] to
image processing [4], [5]. This filter is optimal in the sense it
minimizes the mean square error of the estimated parameters
when all noises involved are Gaussian and the parameter vector
to be estimated changes according to a known linear model.
Thus, consider a state-space description of the form:

x; = Fixi_1 + Gty z; = Hix; 1 +v;, (D)

where x; is the unknown M x 1 state vector, F,; is the
M x M state-transition matrix, G; is the M x N control-input
model, t; is an N x 1 real Gaussian random state noise vector
with zero mean and covariance matrix T;, z; is the D x 1
observation vector, H; is the D x M measurement matrix,
and v; is a D x 1 real Gaussian random measurement noise
vector with zero mean and covariance matrix V;. Matrices F;,
G;, H;, T, and V; are assumed to be real and known.

In this case, given observations z; that satisfy the state-space
model described in (1), an estimate X; for x; can be recursively
computed by using the following set of KF equations [6]:

Q =V, +HP, H, (2a)

K; = (F;P;_ H] + G;S,)Q; ", (2b)
e =1z, — H;%X;_1, X =Fi%x, 1+ K,e, (2¢)
P, =F,P, .FI + G,T,GT - K, QK!, (2d

where P;_1 is the M x M error covariance matrix, i.e.,
A a T
Pi1=E{(xi-1 —Xi—1)(xi1 —%i-1)" }, 3)

E{-} denotes expectation, K; is the M x D Kalman gain,
S, =E{t;v]} and e; is a D x 1 error vector.

As we can see in equations (2b) and (2d), in general one
needs O(M?) operations to compute the Kalman gain and the
covariance matrix P;_1 or O(M?) operations for a first-order
random walk state-space model of the form

X; = X;—1 +t;. “)

Depending on the application, this computational cost may
be prohibitive. Variations on the Kalman recursions were pro-
posed to reduce the computational complexity. The Schmidt-
Kalman filter [7, Ch. 9] and the Chandrasekhar-Kailath-Morf-
Sidhu (CKMS) filter [8, Ch. 11 and 13] are able to reduce the
total number of arithmetical operations, but with complexity
still O(M?). Although the hardware technology for embedded
systems is quite powerful, a KF with reduced complexity is
important to deal with real-time systems that require high
sampling rates and low latencies [9]. In the case of active noise
control (ANC) [9] and multi-channel linear-prediction (MCLP)
based for blind speech dereverberation [10], the KF tends to
outperform most adaptive algorithms in terms of convergence
speed and robustness. By enforcing a band-matrix structure
for the covariance matrix P; in the case of [9] and block-
diagonal matrix in the case of [10], the authors developed low
complexity, i.e O(M), approximations for the KF.

The implementation of a Kalman filter also requires knowl-
edge of a reasonable approximation to the state matrices F,
G;, H;, and covariance matrices T; and V;, which may not be
available in all applications. Model-free adaptive filters such
as the least mean squares (LMS) and recursive least squares
(RLS) algorithms [6], [11]-[13] can be implemented in O (M)
complexity and do not require knowledge of the state matrices.
Their performance, however is suboptimal with respect to that
of the Kalman filter. The purpose of this paper is to study how
well adaptive filters and their combinations can approximate



the optimum performance of the Kalman filter in tracking
time-varying parameter vectors.

As was shown in [14], through the convex combination
between one LMS and one RLS filters (implemented with
lattice [15] or Dichotomous Coordinate Descent — DCD [16]
algorithms), it is possible to estimate the vector x; modeled
according to (4) with O(M) operations and with an excess
mean square error (EMSE) E{||H;(x;_1 —%;_1)||?} less than
1dB from the solution obtained via KF. However, since the
covariance matrix of x; goes to infinity as ¢ — oo, this
model is unstable and does not reflect most practical situations.
Given this scenario, this paper studies the tracking behavior
of combinations of LMS and RLS filters using a more general
model than (4) for the evolution of the optimum parameter
vector x;. Our goal is to describe how close the combination
scheme can get to the optimal excess mean-square error
(EMSE) and mean-square deviation E{||x; — %;]|*} (MSD)
obtained via Kalman filter while keeping the complexity linear
in the filter length. In doing so we are able to derive how fast
the parameter vector can change so that an adaptive filter can
still track the variations.

The contributions of this paper are (the first three contribu-
tions are new with respect to [14]):

e Derivation of a theoretical recursion to estimate the
covariance matrix P; and the corresponding steady-state
EMSE and MSD of the Kalman filter considering the data
model used in adaptive filtering, in which H; is random
(an alternate model for the steady-state MSD performance
of the Kalman filter was given recently in [17]);

o The derivation of the fastest speed of change of the
optimum parameter vector (in a sense to be described
later in the text) that an adaptive filter can track. This
result enables us to answer when a model-free adaptive
filter can be used, and in which situations a model-
dependent Kalman filter is necessary. We compare our
bound with the nonstationarity degree (NSD) from [18];

« Derivation of a theoretical model for RLS and the convex
combination of one LMS and one RLS filters under
the autorregressive model (18) for the evolution of the
optimum weight vector;

o The proposal of convex combinations of adaptive filters
as a low-cost approximation to the Kalman filter, and
theoretical expressions to quantify the quality of the
approximation for the proposed model.

II. COMBINATIONS OF ADAPTIVE FILTERS

Combinations of adaptive filters enable a reduction in
the sensitivity of the filter to choices of parameters such
as the step-size, forgetting factor or filter length [13]. The
idea is to combine the outputs of two (or several) different
independently-run adaptive algorithms to achieve better per-
formance than that of a single filter. In general, this approach
is more robust than variable parameter schemes [19].

Due to its relative simplicity, the convex combination of
adaptive filters was the first combined scheme that attracted
attention, but other options are also available [20]-[22]. As
shown in [23], it can be proved that the optimum combination

is universal, i.e, the optimum combined estimate is at least as
good as the best of the component filters in steady-state.

Several applications for combinations of adaptive filters
have been proposed, such as acoustic echo cancellation [24],
adaptive line enhancement [25], array beamforming [26],
and active noise control [27]. Figure 1 illustrates a convex
combination structure between two adaptive filters used to
approximate a given desired variable d(i) based on an input
regressor vector u;.
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Figure 1. Convex combination of two transversal adaptive filters.

As shown in Figure 1, the output of the convex combination
is computed according to

y(i) = n()y ™ @) + [1 = n(@)]y® (i), (5)

where 7(i) is a mixing parameter that lies in [0, 1], y(™) (i) =

iTWEf)l, for n = 1, 2, are the outputs of the transversal filters,
u; is the input regressor vector and Wz@1 are the weight
vectors of the component filters. The weight vector and the

estimation error of the overall filter are given respectively by

w; = n(i)wi' + [1 = n(i)]wi” ©)

u

and
e(i) = d(i) — y(i) = n(i)eM (i) + [1 = n(@D)]eP (). ()

In order to reduce the gradient noise when 7(i) ~ 0 or
7(i) &~ 1 and to ensure that 7(¢) will remain between [0, 1], a
nonlinear transformation of an auxiliary variable a(i) can be
used as follows:

() _ semlo(i)] = sem{a. ©
sgmla] —sgm[—a4] ’
where sgm(a) = H%, a(i) is restricted to an interval
—a4,ay] in order to avoid that the adaptation of a(i) (see
+,a.] in ord id that the adaptation of a(i) (

(9) below) slows down too much when 7(¢) is close to 0 or
to 1 because of the factor sgm[a(7)]{1 — sgm[a(i)]} [28]:

a(i+1) =a(i)+ )

6 ﬁ;(i) e(i)[y ™M (i) — y® (i)]semla(i)]{1 — sgma(i)]}.

Here, € is a small positive number and p(i) is a low-pass
filtered estimate of the power of [y(1) (i) — 3(?)(i)] defined by

p(i) = (i — 1)+ (1 =V 6@ -y@@P, A0




with 0 < v < L.

The step-size p, usually will be chosen in the interval
[0.01,1]. As mentioned in [29], a common choice in practice
for ay is 4.

It can be shown that the optimum mixing parameter in
steady state is given by [23], [30]:

¢ —¢(2)

¢ —2¢12) 4 ¢(2)’

where ¢1?) is the cross EMSE between both filters in the
convex combination which is obtained according to

12) _ M (e@ (4
C _le}gOE{ea (Z)ea (Z)}a

(o}

’]7:

11

12)

¢(™) is the steady-state excess mean-square error (EMSE) for
each component filter, given by

¢™ = lim B{[e{™(:)]?}, forn =1,2 (13)
71— 00
and e((f”)(z‘) is the a priori error given by
e (i) = ul %", (14)

where W™ = w®_, — w'") and w? is the optimum weight

vector at time ¢ (the adopted model for its time evolution is
given in (18) below).

In equations (13) and (12), the a priori error e, (i) of the
overall combination structure can be written as a function of
the a priori errors of the component filters [19], i.e,

ea(i) = n(i)el (i) + [1 = n(@)]ei? (0).

As mentioned in [29], the optimum EMSE for the convex
combination between two adaptive filters, using the optimum
mixing parameter 7°, is given by

15)

ACDACB
ACD + AC®@)?

where AC(W = ¢(") — ¢(12) for n =1,2.

This paper is organized as follows: in Section III we derive a
general expression for the covariance matrix (23) considering
algorithms of the general class given by (20) and in Section
IV we derive the EMSE and MSD for the LMS and RLS
algorithms, as well as their respective combination and for the
Kalman filter, considering the proposed model (18). Section V
compares the performance of each algorithm under different
conditions, and finally, section VI concludes the paper.

CCOMB _ C(12) + (16)

III. TRACKING MODEL

Consider a nonstationary data model relating the random
sequences d(¢) and u; through a linear model of the form

d(i) = uf wi_; +v(i), (17)

i
where v(i) is a zero-mean random variable with constant

variance 02 = E{v(i)}? and uncorrelated with u;. The weight

vector w; is assumed to evolve according to [31]
wy = 0wy + /1 - 62, (18)

where 6 is a scalar variable in the range 0 < # < 1 and q;
is a stationary random perturbation independent of the (zero

mean) initial conditions {w°,,w_1}, of u; for all j and of
d(j) for all j < 4. In order to keep the power of the output
signal w¢ independent of 6 and be able to study the EMSE
behavior of each filter according to the variation of 6, the
model (18) was defined in such a way that the power of w} in
the limit is independent of 0, i.e, lim; . E|[w?||?> = E|q; ||
The following assumptions are also considered for this model:
o The sequence {u;} is real and zero mean, and such that
u; is independent of u; for ¢ # j (i.e., the sequence is
ii.d. — independent and identically distributed).
o The noise sequence v(%) is i.i.d.
o The autocorrelation matrix R = E{u;ul} is positive-
definite (R > 0).
o The random sequences u; and (i) are jointly Gaussian.
o The sequence q; is i.i.d., zero-mean and with positive-
definite autocorrelation matrix equal to

E{aiq; } = Q.

o The regressor vector u; is independent of the weight-error
vector w;_1. This condition is an approximation, part of
the widely used independence assumptions in adaptive
filter theory [11], [13].

We focus on the convex combination of two algorithms of
the following general class [13]:

19)

wi = w4 pIM M we™ (i), (20)

where the superscript n is associated to the first (n = 1) or
second (n = 2) filter of the combination, w§"> represents the
length-M coefficient vector, p(" is a step-size (which is equal
to (™ for LMS or 1 for RLS), u; is the input regressor vector,
e(™ (i) is the estimation error given by d(i) — uZ-Twl@1 and
ME") is an M-by-M symmetric nonsingular matrix equal to

the identity matrix for LMS or, in the RLS case, equal to P;

i —1
P,=R;' = (1/1 +> Ai—‘*ueu{) : 1)
£=0
where I denotes the M x M identity matrix, ) is the forgetting
factor and »I is an initial condition to guarantee invertibility.
It is common in the literature to evaluate the steady-state
MSD (e¢) and EMSE () for one adaptive filter as

e = lim Tr{S;}, ¢ = lim Tr{RS;}, (22)
71— 00 71— 00
where Tr{A} stands for the trace of matrix A and
S; = B{w;w!}. (23)

As shown in [23], convex combinations of algorithms of the
form (20) are universal in the mean-square error sense, that is,
the performance of the combination (if the optimum mixing
parameter 7(¢) is used) is always at least as good as that of
the best individual filter. Practical algorithms to estimate 7(4)
are described in [19], [23].

As Eweda shows in [32], in problems where it is neces-
sary to track time-varying parameters, either LMS or RLS
may present the best tracking performance, depending on the
statistics of the regressor and the desired signals. In this case,



[19] shows that there are three possible situations that can
occur in steady-state for the combination: the combination will
closely follow LMS or RLS if one of these filters significantly
outperforms the other, or, if both component filters have
similar performance, the combination may actually outperform
both of them.

Tracking analyses of convex combinations of the algorithms
of the form (20) depend on analytical expressions of the cross-
MSD and cross-EMSE. Using independence assumptions,
such expressions can be obtained through the evaluation of

2 = 1im Tr{S{'?}, ¢ = 1im Te(RS{?}, (24)
i—00 100

where

s{?) (25)

= E{w;" (w{")"}.

It is possible to modify (11) to obtain the value of the mixing
parameter 7y, that minimizes the MSD of the combination.
Unfortunately, estimating 7ygp online is not feasible, so we
define the combination MSD using 7° from (11), which is
optimum for the MSE and EMSE and suboptimal for the MSD.
Subtracting (6) from w?, it can be shown that

COMB _ 77028(1) + (1 ,'70)25(2) + 2,'70(1 770)5(12)' (26)

The main focus of the following analysis is on the tracking
behavior of the adaptive filter in steady-state or, m other words,
after initial convergence of the coefficients w . Although
the optimum weights are time-varying, under model (18), the
MSD and EMSE approach a steady-state value as seen in
Section IV.

We start the analysis by subtracting both sides of (20) from
w?, to get

~7§ n = =w; — w(") p(")M(n)u e(")( ). 27

Using the linear regression model of (17) for the desired
response d(i) and the a priori error signal el (i) given by
(14), the error signal defined as e(™ (i) = d(i) — uZ»TWY_I)1
with n = 1, 2, can be rewritten as:

e = e (i) + (i), (28)
Replacing the model (18) and the error signal e§"> given by
(28) into equation (27), we arrive at:
w = Ow; | ++1—6%q; — Win)l
POMO DG o)

By adding and subtracting (1—6)w?
el )( ) by (14), we get:

_, in (29) and replacing

van) _ [I p(n)M(”)ul } (") P(n)M(n)ul’U( )

—(1=0)wi_ +

(30)
1-— 92 q;-

In order to compute the covariance matrices (23) and (25)
multiply (30) with n = ¢ by its transpose with n = m and take

the expectation of both sides. Assuming that q; is independent
of the initial conditions and of u;, after some algebra, we get

E{w9 (% ™7} = E{&®, (%{™)T}
— pOEMOuuTw O, (W)Y
= pEL D (57 T M}
- )]E{Wi—l(ngl)T}
+ o pmEM uul Wi, (
— (L= OB{wi (W)}
+ (1= 0)pBM wul w2, (w )T
+ pOplm) 2E{M(“u-uTM(m)}
+ (1= 0)p B wy 1<~£ )T MM} G
(L= 0PB{wl (wi)T} o+ (1 - 0)B{aua 1

To simplify equation (31), the following assumptions will
be considered:

o Assumption 1: The regressor vector u; is independent
of the weight-vector W™} for n = 1,2;

w, ) uf M}

o Assumption 2: Matrix M( ") varies slowly in relation to
W (") . Thus, when M( n) appears inside the expectations
of (31) we simply replace it by its mean M("). For LMS
this assumption is not necessary, since ME”) = I. For
RLS, considering large enough i, we can approximate

E{M{™} by E{P;} ~P 2 (1 - )R"L.
o Assumption 3: According to [13]
and relation (25), the value of

E{M P uu? %', (% ™)) Tu;u? M{™} can be approx-
imated by M {RTr{RSEf”})} +2RS§{”§R} M)
when the input regressor vector u; is Gaussian and real.
By considering the above assumptions and the relation (25),
equation (31) simplifies to:
SZ(/em) ~ ng”f) _ p(m)sgéfrlz)RM(m) _ p(z)M(e)ngff?)
+ p pmI VIO {RTr{RSE{Wf)} + ZRSZ(»E_T)R} M)
+ pO pm 2N O RM (™)
+(1-0) [fOMOR — 1) E{w, (wi_,)"}

+ (1= OE{wi_, (W “”)T}[ (mRMO 1]

+ (1= 0 E{wi_ (W 1)} + (1 -6%)Q. (32)
As requlred in (32), the terms E{w?9_,(w? )T} and
E{W-7 (w?_ )T} can be obtained as follows:
E{w{_(wi_)"} =
=E{(OW° o, + V1 —02q;_1) (0w o + /1 — 02q;_1)T}
= OPB{w{_o(w{ o)} + (1 — 0")E{aq;1a{ ,}
= 0’ E{wi_,(wi_5)"} + (1 -6°)Q. (33)

Assuming that the adaptive filter is in steady-state, i.e.:
E{w{_;(wi_y)"} = E{w{_o(wi_5)"},

equation (33) will converge to:

hm IE{W2 1(w§

as i — oo, (34)

) = (35)



The term E{W'™, (w?_,)T} can be obtained by taking the
expectation of the product between equation (30) and the
model (18), both at time 7 — 1, i.e.:

B{w 2 (wi) T} = B{wi (0w), +

= OE{w\"} (wi_y)"}

—p(")mE{M( 1111 1uzT 1 S )2( z 2)T}
p(n)H]E{U(Z—l (n)luz 1( Wi 2)T}

*9(1 — OB{w{_y(wi_,)"}

167 {QE{qz 1( ) }JFE{W(R) q7 1}
—p(n)mE{Mz 1 Ui— luz lwz( 2qz 1}
ME{U (i—1 M(nluz 1qz 1)

ME{Wiﬂqz'—l}
0*)E{q;—1a;_}-

Since q;—1 and v(i — 1) are zero-mean and u;_ is inde-
~ n o
pendent of w, 5, and w$_,, then

1—602q;-1)"}

+(1—

EW (wi_))"} = OE{Ww("(wi_)")
— pmMoM( ”)RE{W(")( ° )T} (36)
— (1 = OE{wf_,(wi_o)"} +(1-6°)Q
Assuming that the filter is operating in steady-state, i.e
E{w!") (w?_ )T} = E{w!",(w? ,)T}, as i—o0 (37)

and considering that the eigenvalues of 6(I — p(™ M R) lie
between (-1,1), equation (36) will converge to

lim E{w{"(w¢ )T} =(1-0)®7'Q,  (38)
71— 00
where ¥ = (1 — )1 + p(MIMMR.

IV. THEORETICAL STEADY-STATE ANALYSIS

Based on the previous results obtained from model (18),
the next subsections IV-A to IV-D presents the theoretical
steady-state EMSE for four different situations, namely: one
individual LMS filter, one individual RLS filter, their convex
combination and finally for the Kalman filter.

A. Theoretical steady-state EMSE for LMS

To compute the EMSE for an individual LMS filter, sub-
stitute £ = m = 1 in (32), considering M® = T and
pM) = 11 and assuming that the filter is operating in steady-
state, i.e ¢ — 0o, we get the following recursion for S(oél) after
replacing equations (35) and (38) in (32):

S0V = 00— ySUUR + RSQY)

u? {RTH{RS(V} + 2RSUVRY + p%02R

L= 0PER-T[(1 - 0T+ R IQ OO
+(1-0)°Q[(1 — )T+ pfR] ™" [uR —T]
+2(1-0)Q.

To simplify (39) and get an easier expression to deal with,
we multiply and divide by 6 the second and third lines of (39)
and reorganize the terms to obtain

SGY = s(Y — u[SEYVR + RS(LY]
2 {RTr{ng}})} + 2RS§}>R} +120°R

+ 0711 — 0)2[ubR — OT)[I + poR — 01)'Q  (40)
+671(1—0)’Q[I+ pfR — 01" [u6R — 0T
+2(1-0)Q.

By using the push-through identity property A(I+A)~! =
(I+A)'A=1-(I+A)"}, where A = ufR — 01, after
some algebra, we obtain the following simplified version of
equation (39)

S0 = S0 SUUR 1 RS

+ 2 {RTr{ng}})} + 2ng}})R} +120R

— 07 Y1 -0)%(1 - 01+ uR]'Q “D
0711 -0)%Q[(1 — I + ubR| !
+2071(1 - 0)Q.

Based on (41), instead of computing the steady-state EMSE
for LMS in a direct way, we follow the same steps of [13] and
define the rotated matrix given by Sf,i” = UTSS,?)U, where
U is an orthogonal matrix that diagonalizes R, that is

UTRU = diag(\;) £ A (42)

where diag(\;) is a diagonal matrix formed with the eigen-
values A1, Ag,..., Ay of R.

A recursion for SE;” can be obtained by multiplying (41)
from the left by U7 and from the right by U. Defining the
rotated matrix Q@ = UTQU and recalling that R = UAU7T
and I = UUT = UTU, we get after simplifications

SEY = SEY — u{SEVA + ASLY}
+ 2 {AT{ASUV} + 2ASEVA} + p202A
071 (1 - 0)*[(1 — I + uoA] ' Q (43)
0711 - 0)*Q[(1 — T + uhA]*
+2071(1 - 0)Q.

Using the rotated matrix S&l), the steady-state EMSE can
be computed as Tr{AS&l)} and so, it depends only on the
diagonal entries of Sé}ﬂ We can work therefore only with
these diagonal entries and define the vectors

sV = diag{S!V} and £ = diag{A}, (44)

where diag{ A} represents a column vector with the diagonal
elements of A.

Given this, by applying the diagonal operator to both sides
of equation (43) and taking the limit as ¢ — oo we obtain

-1
5(%1) = {Q/LA — et — 2u2A2} {uzaiﬁ

2(1—6 o 17" @
+ % {I — {I + llu—HA} }diag{Q}}.



The steady-state EMSE and MSD can now be computed as
(LS ETEQU, cLMS _ ]nggy)’ (46)
where 1=[1 1 ... 1] .

Due to the complexity of (45), we present next an approxi-
mation valid for sufficiently small i in order to better describe
the qualitative behavior of the LMS filter. We use the analysis
below to show that there is a minimum value for 0, Glr;lli\fls,
below which the filter is no longer able to track variations in
w?. Assuming that the term p2 {RTr{RS&l)} + 2RS&1)R}
can be neglected with respect to the three first terms on the
right-hand side of (41) and applying the trace operator to both
sides of this equation, (™S reduces to

CLMS _ Tr{RS&l)} o ;ﬂ{/ngTr{R}
=207 (1 - 0)°Tr {[(1 - 6)I + ubR]'Q}
+2071(1 - Q)Tr{Q}},

where we used the property Tr{AB} = Tr{BA}.

Applying the matrix inversion lemma [6] to the term
[(1 —0)I + pbR]~! in (47), after some algebra, we obtain
the following approximate expression

(47)

¢IMS o~ noyTr{R} +(1=0)Tr{[(1-6)I+ubR]"RQ}.

2
(48)
The 1° that minimizes (48) can be obtained by setting the
first derivative of ¢("MS equal to zero. When 6 = 1, ¢'MS
reduces to a linear function of u given by
(LS o poy Tr{R} (49)

2 0=1
and so, the optimum step-size that minimizes (49) is p® = 0
with the corresponding minimum EMSE (P = 0'.

In order to compute the first derivative of (48) for 0 < 6 <
1, we rewrite the terms of (48) as a sum of scalars. To do
this, we use the same decomposition for matrix R described
in (42) and the same matrix Q used in (43) to obtain

(IMS o noyTe{A} +(1—-0)Tr{[(1-0)I+uoA)] 'AQ)}

2
M 9 M _
_ POy Aii (1 —=0)NiiGii
_; 2 +;1—9+uexﬂ’ (50)

where g;; are the diagonal elements of Q.

By taking the first derivative of (50) and setting it equal
to 0, after simplifications, we find the following expression
to compute the optimum step-size p = p° that minimizes the
steady-state EMSE for LMS

i 0L —ONGii  oadi | _ 0
=1 (1 -0+ /LG)\@‘)Q 2 e

(S

IThe reader may find this result puzzling, since the tracking model usually
seen in the literature includes a term proportional to p !, resulting in a
positive optimum step size [6], [13]. Our result stems from the factor v/1 — 62
in our model (18), which we included to keep the power of w? independent
of 6. Note that for § = 1, the optimum step size is u° = 0 because the
model (18) implies that E{w?} = 0, and the initial condition in our model
also satisfies E{w_1} = 0.

Since in general a closed solution for p in (51) is not
possible (if the \;; are distinct, (51) would reduce to finding
the roots of a 2M -degree polynomial in u), we seek solutions
for 6 € [0, 1] numerically. Given this, let us start by naming
f(u) as the left-hand side of (51), i.e:

0 -0N2q 02
f(w) :Z{(1—0+u9)\ii)2 ) }

i=1

Since we are seeking conditions under which f(x) = 0 has
a positive solution, we may start our analysis by finding the
corresponding boundaries of f(x) when p — 0 and p — oo,
which are:

_ OTr{A%Q} B o2Tr{A}

i fw) = ——5 5 and
M- 2 2
. g )\“ ag TI'{A}
1 = — v = -2 .
Jim f () ; 5 5

Since the lower bound lim,,_, ., f(u) is always negative (R
was assumed to be a positive-definite matrix), the upper bound
lim,, o f(p) must be greater than or equal to O to ensure a
solution for f(u) = 0. In other words,

OTr{A%2Q} o2Tr{A} -0
1-46 2 -

By rewriting Tr{A%Q} as Tr{R?Q} and Tr{A} as Tr{R},
after solving inequality (52) for 6, we obtain an expression
for the minimum 6 of LMS — 6:MS — that guarantees an
intersection point 1 = u°® > 0 between f(u) and the p-axis.
This expression is given by

(52)

~
n. = P (53)
where v = o2Tr{R}/Tr{R?Q}. For § < 0.MS it can be

shown that 1 = 0, otherwise u°® > 0.

This result can be interpreted as follows: since the steady-
state power of w{ is independent of 6, and (18) is a low-pass
filter for 0 < # < 1 with a bandwidth that increases as 6
decreases, we conclude that for 8 < Gﬁi\ﬁs, the filter no longer
can track the variations of the weight vector. The optimum
solution p° = 0 in this case results from the assumption that
E{w?} = E{w_;} = 0. Section V-A discusses the steady-
state EMSE of the filter when E{w?} = 0 and 6 < 'MS,

The nonstationarity degree (NSD) of [18] also provides a
bound for the tracking capabilities of an adaptive filter. Under
our notation, a filter is unable to track a time-varying vector if
NSD = (1 — 6?) Tr{RQ} /o2 > 1. We provide a comparison
between our result and the NSD in Section V-B.

B. Theoretical steady-state EMSE for RLS

Similar to the LMS filter, to compute the steady-state EMSE
and MSD for an individual RLS filter, we use { = m = 2,
M® =P = (1 - AR, p® =1 and the same orthogonal
transformation U in (32), obtaining

S22 = |21 - (1- A" | -

2(1 —0)

54
{(1 — A)aﬁﬂ* + diag{Q}} ,

1—-6X



where £ ! denotes element-wise inversion. The RLS steady-
state EMSE and MSD are then
(RS _ pT5(22)

oo )

RS = 175022 (55)

Similarly to the qualitative analysis of the LMS filter devel-
oped in Sec. IV-A, for ) close to 1, the term (1— )\)EWIET can
be disregarded with respect to 2AI in (54) and so the EMSE
simplifies to

CRLS ~ (1- )\)UEM (1- Q)TT{RQ}.

2 1—6X (56)
The \° that minimizes (56) can be obtained by setting the
first derivative of (R'S equal to zero. When 6§ = 1, (RIS
reduces to a linear function of (1 — A) given by
1—MNo2M
(RLS =~ ( )y (57)

2 0=1
and so, the optimum forgetting factor that minimizes (57) is
A° = 1 with the corresponding minimum EMSE (g, ¢ = 0 (see
the footnote in the previous section).
When 0 < 6 < 1, the first derivative of (56) is equal to
OCRLS  —oZM  6(1 — 0)Tr{R:
oA 2 (1—0))2
Setting (58) equal to 0 and solving for A\ leads to the
following expression for \°:

)\°Nmin{1_9\/f71},

where I' = 20(1 — 6)Tr{RQ} /(02 M).
After simplification, the minimum 6 for the RLS filter —

(59)

015111;15 — that guarantees \° < 1 in (59) is given by
1
mn = 307 7T (60)

where o = /Tr{RQ}/(c2M). The comments at the end of

the previous section also apply here.

a) Remark:: More precise values for 6, than (53) and
(60) can be obtained numerically directly by minimizing the
full expressions for (™S (46) and (RMS (55). We discuss this
further in Section V.

C. Theoretical steady-state EMSE for combination between
LMS and RLS

To compute the steady-state EMSE of the convex combi-
nation between LMS and RLS filters, we assume the LMS
as ¢ = 1 and the RLS as m = 2, with the corresponding
parameters p() = p, M) =1, p) =1 and M® =P =
(1 — M)R™L. Following the same steps as for the LMS and
RLS filters, we obtain the diagonal 5&2) of the steady-state

. . 12
transformed cross-covariance matrix UTSE)o )U as

-1
5(12) = {(1 NI A — p(1— N\ (MT + 2A) }

{u(l ~ Aoyl — %
1-90)

(1-60)(1—-20A+0) .
L gy .

[(1— )X+ pOA]~'diag{Q}

(61)

and again

c12) = £T§g2)7 (12) _ nggz)_ (62)

For sufficiently small g and A close to 1, the term p(1 —
A) 167 + 2A) can be neglected with respect to the three

first terms on the right-hand side of (61), and the following
approximation is obtained for the cross-EMSE:

¢ = Tr{RS(?} 2 jo?(1 — \)Te{T}
(1-60)*Tr {T[(1 — O)I + poR]'Q}

- 0 (63)
(1—0)(1— 20X+ 0)Tr{TQ}
(1 — 0 ’

where T' = R[uR + (1 — \)I]7L.

D. Theoretical steady-state EMSE for Kalman filter

The straightforward approach to develop a theoretical model
for the steady-state EMSE of the Kalman filter would be to
use the nonstationary data model described in (17). However,
this results in a recursion for the covariance matrix that is
costly to solve. Instead, we define a modified data model
(see (64) below) that can be put in a DARE (Discrete-
Time Algebraic Riccati Equation) format and therefore can be
solved efficiently using iterative procedures (see [33], [34]).

Given this, assume that instead of the linear model for
d(i) presented in (17), we have access to the following
nonstationary data model

w;d(i) = uiuiwa_1 + w;v(i), (64)

where the optimum solution w7 is still given by (18).

Comparing the state-space model (1)—(2) with (18)—(64), the
Kalman model corresponding to the nonstationary data model
described in (18) and (64) is presented in Table 1.

RELATION BETWEEN THE KALM’I:ISIEHIJTER AND THE ADAPTIVE FILTER
VARIABLES.

KF| - | AF [ kF| - | AF

X; w? X; Wi

Z; <> uid(i) Hl‘ 4 uiuzT

F, <« 01 G, & V1-671

v, < u(t) t; > qi

V, < 2R T, <+ Q

Since the Kalman model assumes H; to be deterministic
and u; is random, using the equivalences from Table I in (2d)
and defining w; = w{ — w;, we can use (2d) to write
Ll =P =0Pi1+(1-6°)Q (65

2 Tr 2 T -1, T
— 0°Pioiwiy; o, R+ wu; Piowiu; |7 wug P,

E{w;w/ |ug,..

where the cross-covariance matrix 8; = 0 since v(i) and
q; are independent and zero mean. Now take the expectation
with respect to ug, . .., u;, assuming that E{u,u? [u;ul o2 +
wul P, juwul ] lyul} ~ R[02R + RP;,_1R] 'R (an

)



approximation that tends to be better for long filters [13]),
obtaining the Riccati recursion

P, =E{P:} 2 0°P;_1 + (1 -6%)Q

_ _ _ (66)
— 02'Pi_1R[O'gR + R'Pi_lR]ilR’Pi_l.
The Kalman EMSE and MSD are obtained using
AL — Tr{RP .}, A = Tr{P .}, (67)

where P, = lim;_ o, P;_1 is the solution of the discrete-
time algebraic Riccati equation obtained by substituting P;
and P;_1 by P in (66).

The analytical expressions of the steady-state (-EMSE for
LMS, RLS, their convex combination and for the Kalman filter
are summarized in Table II for the general case ¢ > 0 and
0 < A < 1 and in Table III for sufficiently small ;4 and A
close to 1. The results for the MSD are summarized in Table
IV.

Table 11
ANALYTICAL EXPRESSIONS FOR THE STEADY-STATE (-EMSE
CONSIDERING LMS, RLS, THEIR CONVEX COMBINATION AND FOR THE
KALMAN FILTER.

Table III
ANALYTICAL EXPRESSIONS FOR THE STEADY-STATE (-EMSE
CONSIDERING LMS, RLS AND THEIR CONVEX COMBINATION FOR
SUFFICIENTLY SMALL p AND A CLOSE TO 1.

C-EMSE

(LMS o @ + (1 =0T {[(1 — I+ ufR] 'RQ}

CRLS ~ (- A)UEM (1 -0)Tr{RQ}
- 2 1—6X

<LMS<RLS _ (C(12))2
= CIMS _ 9¢(12) 4 (RIS’ where
(1-0)2Tr {T[(1 — 6)I + uoR]| 1 Q}
0

COMB
¢

¢ 2 po? (1 — NTr{T} —
(1—0)(1 — 20\ + O)T{I'Q}
6(1 —0N) ’

with ' = R[uR + (1 — \)I] 7L,

Table IV
ANALYTICAL EXPRESSIONS FOR THE STEADY-STATE e-MSD
CONSIDERING LMS, RLS, THEIR CONVEX COMBINATION AND FOR THE
KALMAN FILTER.

e-MSD

C-EMSE

-1
CLMS — ra {2#1& _ ,LLQIZZT _ 2#2A2] {#Qng

-1
. 2(19— 9) {1 — {I-&- %A] }diag{Q}},

with A = UTRU, Q = UTQU and £ = diag{A}.

CRLS _ (1- )\)U%M 2(1 - 0)Tr{RQ}
(M A2DA=—M (M4 2)A— M](1—6))
CCOMB _ CLMSCRLS _ (<(12))2 where

- CIMS _ 2¢(12) 4 CRLS’

c(12) :eT{u = NI+ pA = p(l—X) (MT +2A) }71{

+p(l = N)o21 — ( _00)

(1—6)(1— 20X+ 0)
0(1— X

’ [(1 — 0)I + puoA] " diag{Q}

aing(Q) .

with A = UTRU, Q = UTQU and £ = diag{A}.

¢KAL = Tr{RP .}, where P is the solution of
Poo 2 0P + (1-69)Q
—0>PoR[02R + RPR] 'RPw.

V. SIMULATIONS

In order to verify the tracking behavior of the proposed
model, we consider a system identification application to
compare the performance of the well known LMS and RLS
filters and their convex combination with the corresponding
optimum solution obtained via Kalman filter.

The unknown plant w?, of length M = 7, was initialized
with random values in the interval [—1, 1]. The solution is then

-1
eMS _ T [2uA — ;LZZZT — 2p2A2] {;ﬂaﬁe

N 2(19—0) {1 [H WA}l}diag{Q}}:

1-6
with A = UTRU, Q = UTQU and £ = diag{A}.

2(1 - 6)
1-0x

(RLS _ T [2)\1 —(1- )\)ZET] 71{(1 —No2+ diag{Q}},

with Q = UTQU, £ = diag{A} and £ = diag{ A"'}.

cCOMB _ 77026(1> + (1 _ 770)25(2) + 2770(1 _ 770)6(12), where
¢ —¢(2)
¢ —2¢(12) 4 ¢(2)
-1
12 = 11T{(1 — NI+ pA — p(1—A) (MT + 2A) } {

(1-0)
0

(3]

n

+p(l =)ol —
(1—60)(1—20X+0)
0(1—0))

[(1— )L + uOA]~diag{Q}

ding(Q) .

with A = UTRU, Q = UTQU and £ = diag{A}.

eKAL = Tr{P .}, where Po is the solution of
Poo 2P + (1-60%)Q
— 0?PoR[0?R + RPoR] 'RP.

changed at each iteration according to the random-walk model
(18). Following [19], the covariance matrix for q; is given by

R R!

Q=9 3@+(1—5)m )

(68)

where constant § has been selected to be § = 5- 1072, so
that Tr{Q} = ¢, and § € [0,1] is a control parameter that



allows to trade off between a situation with Q « R (for
B = 1, this is the situation in which LMS outperforms RLS
according to [32]) and Q o« R™! (8 = 0, the case in which
RLS outperforms LMS).

The regressor u; is obtained from a process u(i) as u; =
[u(i) u(i—1) ... u(i—M+1)]T, where u(i) is generated with a
first-order autoregressive (AR) model, whose transfer function
is 0y/(1 —02)/(1 — bz~1) with b = 0.8. This model is fed

with an i.i.d. Gaussian random process with variance o2 = 1,

so that Tr{R} = 1. The output additive noise v(i) is i.i.d.
Gaussian with zero mean and variance o2 = 1072,

Regarding the adjustment for the combinations, we used
convex combinations with fixed step-size u, = 0.25 and
the auxiliary variable a() restricted to the interval [—4,4],
while the optimum step-size and forgetting factor of the
constituent filters were numerically obtained through the the-
oretical steady-state EMSE general equations (46) and (55)
(that is, we find the optimum values without resorting to the
approximations for p ~ 0 and \ = 1).

To begin with, let us start the tracking analysis considering
the parameter 5 = 0.05 in (68). In this case, according
to (53) and (60), the minimum 6 that can be used for the
LMS and RLS filters in order to have an optimum step-
size u° > 0 and optimum forgetting factor 0 < X\° < 1
is OIMS ~ (.84 and RS ~ 0.92. The bounds obtained
numerically from the general equations (46) and (55) are
OIMS ~ 0.88 and ORLS ~ 0.94. Figure 2 shows the steady-state
EMSEs estimated from the ensemble-average learning curve
obtained from 600 independent runs for 30.000 iterations of
the algorithms p® — LMS, A° — RLS, their combination and
the corresponding Kalman filter when 0 < 6 < 1. Figure 3
compares the tracking performance between the simulated case
and the theoretical steady-state EMSE equations provided in

table II when 6 lies in the range [min{6:MS @RLS} 1],

-24 T
1o
26
|
281 —
RLS __ Pt
EQ\ 301k emin ~ 0.94 : :
= LMS -
32} Omin ~ 0.88 .
o
-34 4 —Simulated ,uO—LMS : :
——Simulated A\°-RLS :
-36 1 Simulated Combination |
——Simulated Kalman filter :
-38 ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8 1

0

Figure 2. Simulated steady-state EMSEs curves for u°—LMS, A\° —RLS, their
convex combination and the corresponding Kalman filter when 0 < 6 < 1.

As can be seen in Figures 2 and 3, for 6 ~ 1, the steady-
state EMSE achieved by combining both LMS and RLS filters
with optimum settings is close to the optimum EMSE obtained

-25.5 = 5:--;*;‘*—\-’.«.‘? ]
_26 4
-26.5 _
% 27} ——Simulated p°-LMS
~ ——Simulated A°-RLS
‘s -27.51 Simulated Combination
——Simulated Kalman filter
-28 (| _ _Theoretical 10-LMS
Theoretical \°-RLS
-28.51 - =Theoretical Combination
— =Theoretical Kalman filter
0.88 0.9 092 094 096 0.98
0

Figure 3. Tracking comparison between the theoretical steady-state EMSE

equations from table II and the simulated case for min{@[';lli\ﬁs, 6’21';“5} <f<1

via Kalman filter. As 6 decreases, the difference between the
combination and the KF curves starts to increase, reaching its
maximum value for 6 ~ 6.MS which is approximately 0.80
dB. For § < min{f-MS ¢RLS} " the adaptive filters LMS and
RLS as well as their combination, are no longer tracking the
variations of w{ since p° ~ 0 and X\° = 1. For § < 0.2, the
resulting performance for all filters is approximately the same.
The values of 1° and A\° as 6 changes from min{f-MS gRLS
to 1 are shown in figure 4.

To see the effect of assumptions of small step-sizes and
A close to one, in figure 4 we also plot the approximated
curves obtained through expressions (51) and (59). As can be
seen in this figure, for § < 1, the error between the optimum
parameters estimated numerically from the general equations
provided in table II and by using equations (51) and (59) is

at most Ao ~ 0.05 for p° and Aye = 0.01 for A°.

—General condition - p >0 - ..
- -Small step-size - p ~ 0 - - .
0.08 H—General condition - 0 < A < 1 e SO0 0.02
--A=x1 1
1
|
i
0.06 - 0.015
]
Q ~<
-~
= |
0.04 - 0.01 —
7/
0.02- ’ 0.005

y | | 0
0.84 0.86 0.88 0.9 092 094 096 098 1

Figure 4. Variation of the optimum parameters for min{Glr;MS, Gr‘i]i;ls} <O <

1 considering the general and the approximated equations provided in tables
II and IIL.

LMS /gRLS
min / gmin ’

By computing the ratio 6 we are able to compare



the 6 range allowed for each filter and see if they have the same
range (O-MS = gRLS) or if one filter is more restrictive than
the other (IMS > gRLS or OLMS - gRLS) "The ratio between

(53) and (60H)lmls glverillmby o
oS Tr{R}{2Tr{RQ} + 02 M} )
ORLS M {o2Tr{R} + 2Tr{R2Q}}"

With this expression, we can see that the value of 6, for
LMS can be smaller or larger than that for RLS, depending on
the values of R and Q. As a simple example, consider 02 =

0.01, R = diag(1,2). If Q = diag(0.01,0.001), then % —

1.14, while, for Q = diag(0.001,0.01) we have 9“.;'[“5 = 0.830.

By using the theoretical steady-state EMSE equauons sum-
marized in table II, Figure 5 compares the tracking behavior
between the LMS, RLS, their combination and the Kalman
filter when 8 € [0,1] and 6 = 0.99. For this simulation we
kept the same matrices R and Q as well as the parameters o>
and M used to obtain figure 2.

-20
-22
24

m
=
26

——Theoretical u°-LMS
——Theoretical \°-RLS H

Theoretical Combination
——Theoretical Kalman filter

0.4 0.6 0.8 1

-28

230 ‘
0 0.2

g

Figure 5. EMSE of u°-LMS, A°-RLS, their convex combination and the
Kalman filter when Q smoothly changes between R and R~ 1.

As shown in Figure 5, depending on the value of 3, the
optimal EMSE for RLS filters can be larger or smaller than
the optimal EMSE for LMS filters, but always lower bounded
by the optimal EMSE provided by the Kalman filter. For the
general equations in which ¢ > 0 and 0 < A < 1, the optimal
steady-state EMSE curve for the combination is approximately
1dB larger than the optimal KF. However, compared to the
O(M?) complexity of the KF, if lattice [15] or DCD [16]
implementations are used for RLS, the computational cost of
the combination is reduced from O(M?) to O(M). Figure 6
plots the MSD as a function of 3, under the same conditions.
Note that we plotted two curves for the combination — one
(green) using the value of the mixing parameter that is optimal
for the MSD, and the second (yellow) using the optimum
mixing parameter for the EMSE, which the filter can estimate
in practice. It can be seen that both are close, but the practical
curve is slightly worse than the best filter at a few points.

In order to see the influence of the filter length M in the
optimal steady-state EMSE of each filter, Figure 7 shows

||——"Theoretical uO-LMS
——Theoretical A°-RLS
——Theoretical Combination - 7° via MSD

195 Theoretical Combination - 7° via EMSE
——Theoretical Kalman filter
-20 !
0 0.2 0.4 0.6 0.8 1

g

Figure 6. MSD of p°-LMS, A°-RLS, their convex combination and the
Kalman filter when Q smoothly changes between R and R~1.

the tracking behavior for the theoretical and simulated p°-
LMS, A°-RLS, their convex combination and for the KF when
M changes from 1 to 200. For this simulation we used the
general equations provided in Table II and compa.red with the
simulated case using the followmg parameters 02 = 1072,
Tr{Q} =5-1072, 3 = 0.05, 02 = - to keep Tr{R} — land
6 = 0.9999 to cover all p0551ble values of G5MS and ORLS. In
addition to the simulated case, we used convex combinations
with fixed step-size p, = 0.25, the auxiliary variable a(i)
restricted to the interval [—4,4] and the optimal steady-state
EMSEs were estimated from the ensemble-average learning
curve obtained from 50 independent runs and 10° iterations
for each algorithm. Due to the long processing time, only a
few points were plotted for the simulated curves.

-34 : , :
= Theoretical ;°-LMS
35 ———Theoretical A°-RLS
Theoretical Combination
.36 = Theoretical Kalman filter||
X Simulated p°-LMS
37 Simulated A°-RLS
a x Simulated Combination
Simulated Kalman filter
o 38| X
SN—
o
-39+
40+
41t
42 . .
50 100 150 200

Figure 7. Theoretical and simulated steady-state EMSE for u°-LMS, A°-RLS,
their convex combination and the Kalman filter for 1 < M < 200.

As depicted in figure 7, for the defined range M, the optimal
steady-state EMSE for the KF is at most 0.6 dB smaller than
the combination when M > 100, despite the computational
cost for the KF increasing at a rate of O(M?) while the



combination increases linearly with the filter length.

A. DC analysis of the steady-state EMSE

All simulations performed until now considered a zero mean
plant w?, whose values are updated at each iteration according
to model (18), and the parameter § was always kept greater
than min{f:MS GRLSY gince we were dealing with tracking
problems. Let us assume now that § < min{¢.MS ¢RLS} anqg
the model (18) has a DC component added to the optimum
vector wy, i.e
1— 62 q; + WO)

WO = BwS_, + (70)

where w° = E{w?¢} is an M x 1 vector.

The simulation in Figure 8 compares the performance of the
Kalman filter, RLS with A = 1 and LMS with decreasing p
(see below) considering a nonzero DC component. Figure 8(b)
shows a zoom of the initial iterations of the EMSEs learning
curves. Note that the lag between the responses is due to the
fact that the Kalman filter knows the exact value of the DC
component, while the adaptive filters need to learn it.

10 -
\_ —LMS —LMS
0 i —RLS —RLS
a Combination Combination
= —Kalman filter —Kalman filter
S
=

0 1000

2000 3000 0 100 200
? 1
(@) (®)

Figure 8. Simulated EMSEs learning-curves for § = 0.5 and w°® = 1,
focusing on: a) steady-state regime and b) transient behavior. To have a better
visualization of the result, we used doted lines to represent the combination
and the KF curves.

We can see that the adaptive filters, although not able to
track the variations of w (since p° = 0 and \° = 1), are still
able to converge to the DC component w°. For this simulation
we plot the EMSEs estimated from the ensemble-average
learning curve of 600 independent runs for 3000 iterations
of the algorithms LMS, RLS, their convex combination and
the KF considering 6§ = 0.5 and the same matrices R and Q
as well as the parameters 03, £ and M used to obtain figure
2.

The following assumptions had to be made in order to
ensure convergence to the optimum solution for both LMS
algorithm and for the KF:

o LMS: the required u° = 0 when 6 < 6:MS can not
be used, since the filter will not be able to adapt and
converge to the mean value of wf. For this reason,
we assumed variable step-size p(i) = 1/i to ensure
equivalence to the RLS case with A = 1 [35]. To speed up
the convergence rate, we used (i) = 1/+/i for i < 1000.

o KF: we added the a priori information of the DC value
to the estimate X; since the KF equations assumes that

X; 18 zero mean.

B. Comparison between 0, and the nonstationarity degree

The nonstationarity degree (NSD), defined in [18], is an-
other measure of when an adaptive filter is able to track a time-
varying weight vector. It compares the performance (measured
by the steady-state EMSE) of an adaptive filter to estimate
u/'w?_, with the estimate provided by d(i) itself. Let F =
{wi_1 € RM : w,;_; depends only on d(j),u; for j < i} be
the set of possible a-priori estimates. The NSD is defined as

minwi—leE {[uzT(Wifl - W;')fl)]Q}
o2 '

NSD =

(71)

If NSD > 1, [18] argues that an adaptive filter is not able to
track w;. Under our model for w? (18), the NSD is given by

Tr{R!
NSD = (1 — 92)@. (72)
Imposing the condition NSD = 1, we obtain
P R R (73)
min ’ TI'{RQ} .

If 9 < GNSP

i » all a-priori estimates would have an EMSE
larger than o2, and therefore if the goal of the adaptive filter
were to estimate u} w?_;, no adaptive filter would do better
than simply using d(i) as an estimate (note that O35 tends to
1 as 02 — 0).

The minimum values for 6 defined in this paper complement
the NSD in two ways: (a) we can also define a condition for
tracking based on the MSD, while the NSD considers only
the EMSE; (b) our estimates for 6, take into account the
DC part of the weight vector, as described in Section V-A
— that is, a situation in which an adaptive filter is useful to
estimate the DC part of the weight vector, but not to track
variations around that DC value.

Figure 9 compares the values of O, as derived in this paper,
for both EMSE and MSD, with NP considering the same

case as in Figure 5, but with 02 = 1073,

IS
min
0.9 ——pRLS

min

2085 V\ finin

0 0.5 1 .
g g
(a) (b)

Figure 9. Values of 0, considering the EMSE and NSD (a), and the MSD
(b).

It can be seen on the left panel that the values of O,
obtained in this paper and through the NSD are quite different:
the condition we use to define when a filter is no longer able
to track is different than the condition used for the NSD.



VI. CONCLUSION

Combination approaches are an effective way to improve the
performance of adaptive filters. In this paper we have studied
the tracking performance of combinations between LMS and
RLS filters and compared the resulting EMSE with the optimal
case obtained via Kalman filter.

We have shown that, assuming a first order AR model with
finite autocovariance matrix to describe the time variation of
the unknown parameter vector, it is possible to achieve through
convex combination between LMS and RLS filters a steady-
state EMSE and MSD performance close to the optimal case
obtained via Kalman Filter, as long as the pole of the AR
model is greater than a minimum value. This remains true
even if the unknown parameter vector has a DC component.
The minimum value for the pole of the AR model provides a
model for how fast a plant can vary so that an adaptive filter
can still track it.

The advantage of our approach using combinations arises
from the fact that the combination can be implemented with
complexity O(M), while it takes at least O(M?) operations
to compute the corresponding Kalman filter for the model
considered here.
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