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Analysis of Stability and Performance of Adaptation
Algorithms With Time-Invariant Gains
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Abstract—Adaptation laws that track parameters of linear
regression models are investigated. The considered class of algo-
rithms apply linear time-invariant filtering on the instantaneous
gradient vector and includes least mean squares (LMS) as its
simplest member. The asymptotic stability and steady-state
tracking performance for prediction and smoothing estimators
is analyzed for parameter variations described by stochastic
processes with time-invariant statistics. The analysis is based
on a novel technique that decomposes the inherent feedback
of adaptation algorithms into one time-invariant loop and one
time-varying loop. The impact of the time-varying feedback on
the tracking error covariance can be neglected under certain
conditions, and the performance analysis then becomes straight-
forward. Performance analysis in the presence of a non-negligible
time-varying feedback is performed for algorithms that use scalar
measurements. Convergence in mean square error (MSE) and the
MSE tracking performance is investigated, assuming independent
consecutive regression vectors. Closed-form expressions for the
tracking MSE are thereafter derived without this independence
assumption for a subclass of algorithms applied to finite impulse
response (FIR) models with white inputs. This class includes
Wiener LMS adaptation.

Index Terms—Adaptive filtering, adaptive signal processing,
least mean squares method, tracking.

1. INTRODUCTION

COMMON adaptation task is to estimate the parameter
vector h; in a linear regression

ey

from measurements of the discrete-time signal y; and a possibly
complex-valued regression matrix ¢; that is known at time .
We may obtain an estimate A1, via the LMS algorithm

Y = @ he + 04

@)
3

where ¢, is the instantaneous negative gradient of |e4|?/2 at
the estimate flt|t_1. When tracking time-varying parameters, a
too-small gain p leads to a large average estimation error (lag
error), whereas a too-high gain results in high sensitivity to the
noise vy in (1).

€t =Yt — ‘Prhﬂt—l

hipije = hije—1 + e

It may sometimes be hard to obtain adequate tracking perfor-
mance with LMS, mainly because it implicitly assumes random
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walk parameter variations: an assumption that is frequently in-
valid. This paper considers a larger class of adaptation laws with
constant gains, which allow prior information on the dynamics
of h; to be utilized to introduce an appropriate amount of cou-
pling and inertia in the estimates. We may also obtain filtering
(k = 0), prediction (k > 0), or fixed-lag smoothing (k < 0) es-
timates sz k|¢ for arbitrary horizons &. This class of algorithms
can be expressed as

“)

vt
€t =Yt — ¥y ht|t71

ilt+k|t =Mu(q ) (peer) = Z My ios—ice—i  (5)
i=0

where M. (¢™") is a matrix of transfer operators in the back-
ward shift operator ¢~ 'z; = x; ;. Thus, the estimate higr)e
is formed by linear time-invariant filtering of the instantaneous
gradient. For the special case of LMS (3), in which k = 1, the
filter is

Mi(q7h) a

= 6)

while higher order filters correspond to so-called multistep
algorithms [1]-[3]. The momentum LMS algorithm [4] and
the lead-lag LMS scheme of [5] are examples of multistep
algorithms with diagonal M (¢~ '). In general, My, (¢~ ") need
not be diagonal. Wiener methods that for arbitrary k& optimize
M,.(q¢71) in MSE are presented in [6] and [7]. Such Wiener
designed estimators with constant gains may attain steady-state
performance close to that of the optimal Kalman estimator
at much lower complexity [7]. A subclass that is suitable for
tracking mobile radio channels is represented by the Wiener
LMS structure discussed in [6], for which

1y Qelg gy o
where Q. (g~ ') and D(¢ ') are polynomials, and
R = Ep:p}. 3

The analysis of stability and performance of (4) and (5) is the
topic of the present paper. This task is, in general, far from
trivial. By using a state-space realization of a one-step predic-
tion filter Ml(q’l) of arbitrary structure, the expressions (1),
(4), and (5) could be iterated to obtain explicit, but very in-
volved, expressions for the one-step prediction error. Similar
expressions form the basis of many works; see, e.g., [8]-[13].
Even for the LMS case, a strict analysis becomes very difficult.

Adaptation laws do inherently have a feedback structure;
therefore, analysis of the feedback, primarily to ascertain
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stability, has been an important theme in the literature. For
example, in [14], the usefulness of exploiting the under-
lying feedback structure of adaptive algorithms is addressed
thoroughly, and stability conditions are derived for both the
deterministic and the stochastic case. A feedback analysis
somewhat related to our approach can be found in [15] for
LMS assuming independent regressors. The work presented in
[16] and [17] exploits the inherent feedback structure of such
algorithms even further by the use of the small gain theorem,
and [16] also highlights connections to results in H, theory.
Although the small gain theorem is a powerful tool, it may, for
certain feedback structures, give conservative stability bounds,
as will be evident from Example 3. On the other hand, the
energy conservation approach of [17], relying on this theorem,
requires no assumptions on the regressor distributions. See also
[18].

As outlined in Section II-B, the inherent feedback loop may
be partitioned into an inner loop with linear time invariant dy-
namics and an outer loop with time-varying gain. This decom-
position is of use not only for design [6], [7] but also for analysis.
We here utilize it as a new tool for understanding the feedback
path (4).

The MSE tracking performance of adaptation laws described
by (4) and (5) can easily be obtained when the time-varying
outer feedback loop is insignificant. This will be the case ei-
ther when the parameter variations are slow or when the vari-
ance of the noise v; in (1) is large. Expressions for the spectra
of lag errors and noise induced errors are derived under this as-
sumption in Section ITII. We connect the property of a negligible
time-varying loop with the concepts of the degree of nonstation-
arity and “slow time variations,” as defined by Macchi in [19].
However, it is emphasized that the impact of the time-varying
loop on the tracking performance depends on the algorithm. The
impact will be smaller on algorithms with superior tracking per-
formance.

For situations where the time-varying feedback is not negli-
gible, Section IV-A proposes an analysis based on the assump-
tion that consecutive regressor vectors ¢y, 9%, t # T are in-
dependent, with Gaussian regressors and scalar y,. Stability in
MSE is then guaranteed by the asymptotic stability of a linear
scalar transfer function, and the tracking MSE is derived. The
results are novel in that they hold for My (q 1) of arbitrary
structure and complexity for parameter variations with arbitrary
power spectral density.

Independent regressors is a commonly used simplifying as-
sumption [3], [20]-[22], [24]-[26]. While this assumption is
quite restrictive and does not apply to the modeling of dynamic
systems, useful approximative results can be obtained in situa-
tions where it is not true.

Section IV-B then discusses FIR systems with uncorrelated
(white) zero mean regressors. Important examples are fading
baseband channels in wireless transmission. The transmitted
data are then regressors (elements of ¢}), and they are, in
general, uncorrelated due to coding and interleaving. A novel
analysis is presented for this case, without assuming the
time-varying loop to be vanishing and without assuming inde-
pendent ;. Performance results are derived for algorithms with
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diagonal M,(¢~!) under approximations that hold exactly for
FIR systems with two parameters and zero mean inputs with
constant modulus. Stability and convergence in MSE can here
be ascertained by checking the asymptotic stability of a transfer
function.

II. PRELIMINARIES

Notation: The identity matrix is denoted I. A superscript as-
terisk represents conjugation and transposition. Polynomial ma-
trix fractions [27] are used to represent transfer functions/ra-
tional matrices. For polynomial matrices P(q~') and rational
matrices R(g 1), conjugate matrices P.(q) or R.(q) are ob-
tained by conjugating coefficients, transposing and substituting
the forward shift operator ¢ for the backward shift operator g 1.
The arguments ¢ or ¢~ ' are sometimes omitted. Scalar polyno-
mials P(g~1!) are represented by nonboldface capitals.

Square polynomial matrices P(g 1) will be called stable if
all zeros of det(P(z~1)) are located in |z| < 1 and marginally
stable if these zeros are located in |z| < 1. A transfer operator
R(z~') = R™*(2~")S(z7") is denoted stable if R(z~") is
a stable polynomial matrix. The linear dynamic system z; =
R(q ')uy is then asymptotically stable and L,-stable for all
p € [1,00] [28].

“White” denotes sequences that are uncorrelated but not nec-
essarily independent.

A. Basic Assumptions

The following assumptions on the signals in (1) are used
throughout the paper.

Assumption 1: The parameter vector h; has spectral density
®,(w) and the additive noise v; is stationary and zero mean,
whereas ¢}, with known dimension, is stationary with zero
mean and finite second- and higher order moments. The re-
gressor correlation matrix R is nonsingular and time-invariant.
Moreover, h:, v:, and @} are mutually independent processes.

(]

Remark 1: The parameter vector h; does not necessarily
have zero mean. The assumption that ¢} is independent of h,
and of v; excludes models that use (filtered) measurements
yi—; for ¢ > 0 as regressors, such as AR or ARX regression
models. O

B. Learning Filter

The algorithm (4) and (5) can be expressed as a causal
and time-invariant filter, which is denoted the learning filter
Ly (g™1), that operates on a signal vector

fr & pre + Rilﬂt—l- ©
The introduction of the learning filter enables the use of Wiener
theory for the design of Mk(q_l) in (5); see [7]. This leads
to a decomposition of the inherent feedback structure that is
also useful for analyzing the tracking behavior of the algorithm

(4) and (5). The reformulation of the algorithm (4) and (5) to a
learning filter is central in this paper, and it is outlined below. If

iLt|t—1 = ¢ "My(q7")(pier)
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Fig. 1. Adaptive algorithm (5) (k = 1) reformulated as a time-invariant filter
operating on the signal f,. The learning filter £1(g~") represents the inner
time-invariant loop. The time-varying feedback loop around £1(g~*), via the
feedback noise Zh4|:—1, may cause instability even if the learning filter is
stable.

from (5) with £ = 1 is used in (9), then we obtain

(T+Rg "My (¢7Y) 7 fu.

Ptér =

The estimator (5) can thus, for arbitrary k, be expressed as

ZLk Lft i

heviie = Li(g (10)

in which
Li(q )

We now investigate the signal f;. Denote the k-step estimation
error htlt k= ht htlt k- By (4) and (1)

=Mi(q ") (I+Rg *Mi(g 1)) (1)

Prer = 1o haje—1 + prvy. (12)
Adding and subtracting RiLﬂt,l in (12) gives
pier = Rhy — Ry 1+ (019] — R) hye 1 + prvp. (13)
Define
Z. £ 00f - R (14)
m = Ztht|t_1 + @04 (15)

where we denote Z; and 7, as the autocorrelation matrix noise
and the gradient noise, respectively. By inserting (13) into (9),
ft may now be expressed as

Jt = Rh + Ztilﬂt—l + prv

= Rhy + m. (16)

The point of expressions (9)—(11) and (16) is to decompose
the feedback loop into two parts; see Fig. 1: an inner time-in-
variant loop via R, which is absorbed into the definition of
L1(qg71) by (11), and an outer time-varying feedback repre-
sented by Z, 7Lt|t_1, which we call the feedback noise.

The inherent feedback of adaptation algorithms can, of
course, be expressed in various ways. For example, use of the
gradient expression (12) in (5) results in a single loop with a
time-varying feedback gain matrix, as illustrated by Fig. 2. The
filter operating on @,y to produce fzt+1|t will be time-varying
(except for cases with scalar ¢; with constant modulus). It
can be noted that an approximation of ¢,¢; by its average R
in Fig. 2, i.e., using the direct averaging method described by
Kushner [29], would correspond to setting Ztﬁt“_l = 0 in
Fig. 1.

Fig. 2. Algorithm (5) for k& = 1, expressed as a time-varying filter operating
on the signal v, y;.

The one-step prediction learning filter £1(q~1) is part of the
loop for all k&, and its properties are crucial for the algorithm
stability. A necessary, but not sufficient, condition for asymp-
totic stability is internal stability of the learning filter £1(q1)
(representing the inner loop in Fig. 1). Wiener design, which
is described in Section II-D, guarantees asymptotic stability of
L (¢71) V k. For algorithms obtained by other means, stability
of the learning filter will have to be verified separately.

The stability requirement on £1(¢~!) has an interesting in-
terpretation for LMS, where

Li(Y) = (I-(I-pR)g™) " py

(17)
which is obtained by inserting (6) into (11). Asymptotic stability
of (17) coincides with the classical LMS condition for stability
in the mean [24], 0 < p < 2/Amax, Where Apayx is the largest
eigenvalue of R.

In general, the outer feedback ZtiLt‘t_l will also have to be
taken into account. A sufficient but conservative deterministic
condition for stability is then provided by the small gain the-
orem; see, e.g., [28]. Consider the mapping from ﬁtlt— 1 to iLH_l It
in Fig. 1 without external inputs, i.e., for hy = 0, vy = 0. If
L1(g71) is causal and asymptotically stable, L,,-stability will
be assured if

1£4(a™) (Zehee 1) by < Alhegeallys v <1 (8)

Condition (18) is of general use, but less conservative conditions
for special cases will be derived below.

C. Tracking Error
By (10) and (16), the tracking error can be expressed as

hosre = (I — ¢ LkR) hoyr — Li(prvr) — Ly, (Ztht\tq) :
(19)
The three error contributions are the lag error (I —
¢ Li(gH)R)hisr, a noise term Li(q ')(pv;), and a
feedback noise term Ek(q_l)(ZthLt‘t_l) caused by old param-
eter tracking errors.
By Assumption 1, h; and ¢;v; are independent. The steady-
state tracking error covariance matrix (after the initial transient)
can thus be expressed as

P, £ thJ& Piyrie = hm E}~lt+k|t}~l;k+k\t (20)
L k k
= tliglo (Vh,t + V pu,t + VZh ,t
k k
+ VhZh )t + V,oth t) @
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where

Vi, =E(I-q "LiR) hyyr

X ((T— ¢ *CkR) hoyr)” (22)
Vius =BLr(prve) (Li(pror)” (23)
Véh t =ELy (ZtiLt|t—l) (Lk (Ztimt—l))
t
=22 Lui
=0 j=0
X BAZu b iymi Wy Zi P L %)
with Ly ; denoting the impulse response matrices of L (g 1);
see (10). The last terms are
Vizie =B —a "LiR) hiy
X ([rk (Ztilt|t71))
—-E ((I - q_k[,kR) ht+k)*
x L1 (Zohiy ) 25)
ViuZh , = ELi(prvy) (Lk (Zt}NLt|t—1>)
+ B (Lx(ern))” L (Zehopon) . (26)

We analyze the convergence properties in MSE of (19) and pro-
vide conditions under which the feedback noise does not cause
instability. Furthermore, expressions are derived for the error
covariance matrix (20) and (21). In Section III, only the first two
terms V¥ h.¢ and V@U’t are used, whereas in Section IV, the term
Vk is added and estimated by taking feedback effects into
account The two last terms in (21) will be significantly smaller
than the terms (22)—(24); see Table III in Section IV for an il-
lustration. These contributions are either zero or are neglected
in the present analysis.

D. Wiener Design

When the term 7; in (16) is regarded as a zero mean stationary
additive noise, then stable Wiener-based learning filters can be
designed to minimize the steady-state tracking error covariance
matrix. The Wiener design presented in [7] will be used in Sec-
tion III, and it is for that purpose summarized here with slightly
modified notation.

Assumption 2: Let the signals representing the gradient noise
7, and the parameter vector h;, be described by ARMA pro-
cesses with common denominator polynomials

1
=N

M(qg Yy hy = (27)

where N (g~1) is required to be stable, whereas D(g~') may
be marginally stable. Furthermore, let M(¢~!) and C(g~!) be
stably invertible with full rank on |z| = 1. Here, 14 and e; are
zero mean white noises, which are the innovation sequences of
7y and hy, respectively, with covariance matrices

Evy 2R, =\R,;

Eeef 2 R. = AR, (28)
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where R, is nonsingular. The white sequence v; is assumed
uncorrelated with h;_; and with fzt_i|t_i_1,i > 0. O

Remark 2: Uncorrelatedness between v, and flt,m,i,l, 7>
0 is a key assumption for Wiener design. It will in general not
hold exactly O

Remark 3: In (28), both A\, and )\, represent scalar scaling
factors. In the modeling of the signals 7; and h;, these scalings
are normally set to unity. The statistical properties of 7, and h;
are then solely determined by (27) and the covariance matrices
R, and R., respectively. In order to investigate slowly varying
parameters, we will regard A\, and A, as scalings that affect all
signal components of 7; and h; equally, while leaving the cor-
relation properties of 7; and h; unaffected. O

Under Assumption 2, the spectral densities of 7; and h; are
readily found to be

O, (w) = A&, (w) = ,\V% 09)
and
Oy (w) = APy (w) = /\6% o)

respectively. A Wiener design of £ (¢!
follows.

Lemma 1: Under Assumption 2 and assuming a nonsingular
R, the MSE-optimal learning filter (10) is asymptotically stable
and is given by

) is now obtained as

L (g HB(eH T NG HR

= Qg (31)

Here, B(g~!) is the stably and causally invertible solution to the
left polynomial matrix spectral factorization

BB, = \.CR.C.,NN, + A\, DR"'MR,M,R™!D, (32)

whereas Q. (¢~ "), together with a polynomial matrix U (q),
is the unique solution to the Diophantine equation

Aeq"CR.C.N, = Q, B, + q1DU,.. (33)

Proof: The proof is obtained by Theorem 1 in [7] and
modified to an ARMA model structure for ~; with common
scalar denominator polynomial. O

Integrating design models, i.e., models (27) with 1 — ¢~ ! as
factors in D(g~!), can be used to obtain unbiased estimators
of vectors h; that are not really random walks but have nonzero
means. An example is Rician fading mobile radio channels. The
general condition for unbiased estimation of nonzero mean vec-
tors hy is Lx(27')|__, = R™'. Wiener design based on in-
tegrating design models assures this property. The LMS algo-
rithm (17) will always satisfy this condition since it is based on
a random walk model; see [7, ex. 1].

The Wiener LMS or WLMS algorithm (4), (5), and (7) as-
sumes 7; to be white and all components of h, to have the same
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dynamics, i.e., C(¢g~1) = C(q~!)IL It has a learning filter given

by
_ Qk(q_l) -1
Li(gH=="""R"
w(a) Blg=1)
As outlined in [6], scalar versions of (32) and (33) provide op-
timized polynomials Q. (¢~1) and B(q~1).

(34)

E. Example for AR (2) Variations

For the purpose of illustrating results presented in Section III
and in Section IV-B, we consider tracking of the coefficients of
a scalar M -tap time-varying FIR system (1), in which

©0F = (g W1 -~ Ug—pr41)- (35)
The regressors u; are white with zero mean and unit variance,

yielding R = I. The parameter dynamics are governed by a
second-order oscillatory vector AR process (27) with

DigY)=1+4+dig ' +dyg?andC(q 1) =1
We select d1 = —2p COS(WO) and d2 — p2’ or

he — 2p cos(wo)he—1 + p2hi—s = e, (36)
and use p = 0.999 and R, = A L. The spectrum of h; then
follows readily from (30) as

@;L(w) = ——1I

with D(w) = 1—2p cos(w, )e ™7 +p2e~72% Inthe illustrations,
the number of regressors M and the frequency w, will be varied.
The variance of the noise v, is set to 0.01, and A, is adjusted to
give an output SNR of 20 dB, with h; having Euclidean norm
|h¢|? = 1 for all values of M and w,.

III. NEGLECTING THE TIME-VARYING FEEDBACK

We begin with a simplified analysis that neglects the feedback
noise Ztﬁm_l and the outer time-varying loop in Fig. 1. It thus
considers only the first two steady-state covariance matrices in
21).

Theorem 1: Let the contribution of the feedback noise
thz”t_l to the error covariance matrix (20) be neglected. If
Ly (g71) is stable, then (20) will under Assumption 1 be given
by

tliglo(v’]i,t + V:Z”at) 2 Vé + V:’;v 2 Pk,slow 37)
where
1 [7 )
Vi = o / (I-e“*Li(w)R) @p(w)
T J—x
x (I—e/“* L (w)R) dw (38)
1 ™
k
V(p'u = % Ly (W)(I)n (W)Lk* (w)dw 39)

J—m

and where @, (w) is the spectral density of ¢;v;.
Proof: The proof is immediate from (22) and (23). O

The integrands of (38) and (39) describe the spectral densi-
ties of the lag error and the noise-induced error, respectively.
They describe situations that include arbitrary spectral densities
®y,(w) of the parameters as well as colored measurement noise
v; and correlated regressor matrices ;.

Remark 4: By Assumption 1, the noise term Vﬁm is bounded
if L1(g~") is stable. The parameter estimation errors iLt+k|t
must have bounded variance even for drifting parameters, e.g.,
due to D(z71) in (27) having zeros on |z| = 1. This is guar-
anteed if and only if L£;(g!) is stable and marginally stable
factors of D(z~1) in (27) are canceled by all elements of the
lag error matrix

I-q"CrgHR. (40)
This is guaranteed by the Wiener design of [6] and [7]. O

A natural question is now if and when the feedback noise can
be neglected. This will depend on the structure and the tuning
of the adaptation algorithm. A general guideline for Wiener-de-
signed constant gain algorithms is given by Lemma 2. It con-
siders the situation when a sequence of Wiener designs is per-
formed based on the (not necessarily good) approximation n; =
vy for a sequence of problems in which the noise- and param-
eter spectral densities (29) and (30) differ only by the scaling
factor \.. Introduce the following relative mean square approx-
imation error:

N S [ N o [ A My | | an
145113 gy rl13
where

Bg}k\t = (I- ¢ "Le(¢7")R) hegr, — Li(g7 ") (prve)  (42)

is an approximation of the tracking error (19) that neglects the
feedback noise. While the resulting estimation error is Bt+ klt» it
would be B;’q_ klt if the design assumption 7, = ¢, v, was true.
Lemma 2: Assume a zero mean parameter vector h; de-
scribed by (30), with D(z71) stable. Let a Wiener design of
the learning filter be performed, based on the assumption that
1 = @4vy, with the spectrum of ¢, v, described by (29), with
M (2~ 1) stable and nonsingular on |z| = 1 and R,, nonsingular.
Under Assumptions 1, and with bounded regressors ¢y, the
relative approximation error (41) will then tend to zero as
Ae / A, — 0.
Proof: See Appendix A O
Thus, for optimally adjusted Wiener designed adaptation
laws, the feedback noise becomes negligible when \./\, — 0.
This can be interpreted as a situation with either slowly varying
parameters h; or with a high variance of v;. In other words,
we have a small parameter-drift-to-noise ratio. We may then
substitute ¢,y by its average R in Fig. 2, and the resulting
performance analysis via Theorem 1 will provide a small
relative error (41). For misadjusted algorithms or algorithms
with inappropriate structure, it may very well be the case that
the estimation error is so large that the feedback noise in (15)
cannot be neglected in situations where it would be negligible
for a well-adjusted Wiener design. This is illustrated in Ex-



108

Fig. 3. Spectral density of the lag error or integrand of (38) |[(I —
e~ L1 (w)(VA:/D(w))||? (solid) and the noise term or integrand of (39)
0.01]|£1(w)]||3 (dashed), for Wiener estimators (WLMS), and for LMS, for a
FIR system with two taps varying as AR2-processes with w, = 0.01 in (36).

ample 1. The degree of approximation will thus be algorithm
dependent.

A small parameter-drift-to-noise ratio is a situation some-
times referred to as slow variations, measured by various indi-
cators of “the degree of nonstationarity” (DNS) [12], [19], [22],
[30]. In the book [19] by Macchi (see also [8] and [12] for a
similar definition), the DNS is for the purpose of LMS analysis
characterized by the quantity

(43)

Ell@; (he — he1)|I3
EJuvg|? .

Parameter variations are considered slow if this quantity is
always small. For vanishing parameter-drift-to-noise ratios
Ae/Ay — 0, the variations will be slow according to (43).!
A low DNS by (43) is thus related, but not identical, to the
algorithm dependent property that the feedback noise can
be neglected in the performance analysis. This relation is
illustrated below.

Example 1: The validity of expression (37) as an approxi-
mation of P, and the applicability of (43) will be investigated
for the FIR system presented in Section II-E and for regressors
us € {1,—1,4,—i}. We first consider a system with M = 2
taps. One-step prediction estimates ﬁt+1|t are obtained by a
WLMS law (34), tuned to the dynamics (36). The design equa-
tions are given by (67)—(69) in Example 2. We compare this with
LMS (17), with step-size p tuned to optimize the simulated per-
formance.

In these designs with R = T and ®,, = RE|v;|* = 0.011, the
integrands of (38) and (39) will become diagonal 2 x 2 matrices,
with equal spectral densities along the diagonals. Fig. 3 displays
these spectral densities for w, = 0.01 in (36). Note the peak

IMore precisely, (43) will become small when A./\, — 0 if the system
generating h, in (27) is stable, except for at most one integrator in 1/D(g~").
(Integrators are, however, not covered by Lemma 2.)
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TABLE 1
ASYMPTOTIC TRACKING ERROR WHEN SECOND-ORDER FIR MODELS (35),
(36) WITH VARIOUS w, ARE TRACKED BY LMS AND WLMS. THEORETICAL
PREDICTIONS tr( P ¢jow ) FROM (37) (BOLD) ARE COMPARED WITH
SIMULATIONS OF tr(P1) (ITALICS). THE LARGEST NEGLECTED TERM tr( V] -)
OBTAINED FROM (24) IS ESTIMATED BY SIMULATION

eqn | w,=.005 001 002 010
DNS: (43) | .0s10  .1005 .2002  .9996
LMS:

tr(Pygow) (37) | 0027 .0045 .0075 .0360

tr(Py)  (20) | .0080  .0052 .0099 .0650
tr(Vi;)  (24) | 0003 0007 0020 0278
WLMS:

tr(Pygow) (37)| 0013 .0019 .0028 .0061

tr(Py)  (20) | .0014  .0021 0031 .0076
tr(Vy;)  (24) | o001 0002 0003 .0015

TABLE 1II

ASYMPTOTIC TRACKING ERROR tr(P1 410w ) WHEN FIR MODELS (35) AND
(36) WITH w, = 0.005 OF VARIOUS ORDERS M ARE TRACKED BY
WLMS. THEORETICAL PREDICTIONS FROM (37) (BOLD) ARE COMPARED
WITH SIMULATIONS (ITALICS). THE LARGEST NEGLECTED TERM
(V] ) IS ALSO SHOWN

(WLMS) eqn |M=2 M=4 M=10 M=20
tr (P gow) (37) | 0013 .0022 .0044  .0078
tr(Py1)  (20) | .0014 .0025 0057 0116
tr(Vy;)  (24) | L0001 0003 .0015  .0039

of the LMS lag error around w, and the contribution of high-
frequency noise to the LMS error spectrum.

We now vary w, in (36). Table I compares tr(P1 gjow) from
(37) (bold figures) with corresponding estimates of tr(P1) ob-
tained by simulation over 100 000 data (italic figures). Note the
much lower tracking error of the Wiener design as compared
with LMS.

The term tr(Vlzﬁ) = limy— 0o tr(Vlzﬁ,t), which is the largest
term due to the feedback noise in (21) is also measured. This
term essentially explains the difference between the expression
(37), which neglects the feedback noise, and the measured
performance. Let 10% represent a significant deviation of
tr(P1 slow) relative to the true tracking error tr(P; ). For LMS,
(37) then predicts the performance reasonably well for w, up
to 0.005. For the Wiener design, with better tracking ability
and thus less feedback noise, the performance is well predicted
up to w, = 0.02. A tuning based on neglecting feedback
effects will here provide adequate performance in a wider set
of circumstances. These differences are not captured by the
DNS (43).

We now fix wg to 0.0050 and increase the number of esti-
mated parameters M, whereas . is adjusted so that the output
SNR remains at 20 dB, with a DNS by (43) remaining fixed at
the small value 0.0510. However, the result for one-step pre-
diction with WLMS in Table II shows that the feedback noise
grows in significance with an increasing M and can no longer
be considered negligible for M > 4.
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IV. TIME-VARYING FEEDBACK

Our aim will now be to obtain closed-form expressions that
include the impact of the outer time-varying feedback loop and
derive conditions for convergence in MSE. The analysis is re-
stricted to scalar measurements ;.

A. Independent Gaussian Regression Vectors

We first use an assumption common in LMS analysis (see,
e.g., [24] and [25]) and apply it to the more general algorithm
structure (5).

Assumption 3: Consecutive regression vectors ¢ , ¥ are in-
dependent, with circular Gaussian elements, and R is a Toeplitz
matrix with ;_; as the element (4, 5). O

We then obtain the following properties.

Lemma 3: By Assumptions 1 and 3, Z; and }NLt|t71 are inde-
pendent. Then, the feedback noise ZthLt‘t_l is white with zero
mean, and it is uncorrelated with A, and ¢, v, for all 7.

Proof: See Appendix B O

Let the parameter vector h; be tracked by an estimator (10)
with asymptotically stable £ (q~1), resulting in stationary lag
errors (I — ¢ *L,R)h;ys, with zero mean. Then, the error
iLH_ k|t given by (19) will have zero mean since ¢; and v; have
zero mean by Assumption 1, and Ztﬁm_l has zero mean by
Lemma 3. Furthermore, the two last terms in (21) are zero.
Thus, the asymptotic covariance matrix, if it exists, is

Py = lim Pyyy = Jim (VE,+VE,, +VE ) @)

and since Z;hy;_ is uncorrelated with zero mean

t
Vé}l,t = Z LkaiPZﬁ,t—iLz,i 45)

1=0

where
— 7 . . 7 % *
PZ};,,t—i =E {thzht—ﬂt—z—1ht,i‘t,i,1Zt,i} .

In (44), VZ,t and ijm’t are here assumed bounded and asymp-
totically time-invariant. The conditions for this were discussed
in Remark 4 in Section III. Using (37), we may then express
(44) as

P = Pglow + lim V7, (46)
By Assumptions 1 and 3, Z, and 7Lt|t_1 are independent; there-
fore

P, =E {Zthﬂt,lﬁ;tflz:} = BZ/P,,_ 12}
= E‘Pt‘PIPﬂt—l@t‘P: - RPt|t—lR
= Rtr(RPt‘t_l) (47)

where the second last equality follows from direct use of (14)
and the last from [23, Sec. 9.6].
The main result of this section can now be presented.
Theorem 2: Consider a scalar linear regression (1), and let
h: be estimated by (9) and (10) with asymptotically stable
Ly (g7 1), resulting in stationary lag errors (I — ¢ * LR )hs s,

with zero mean and finite second-order moments. Under As-
sumptions 1 and 3, the tracking error iLt+k|t and the feedback
noise Ztﬁt”,l will then have bounded covariance matrices
and be asymptotically stationary if and only if the linear
time-invariant scalar system

1
K(z71) 2 — (48)
1-— Z tr (RLl,lRLTz) z—i-1

1=0 )

is asymptotically stable, where {L; ;} are impulse response
coefficient matrices of the one-step prediction learning filter
L1(q71). The steady-state tracking error covariance matrix is
given by (46), with

lim V5, =K lo1t(RPgow) D L RLE ;. (49)

t—oo 2
=0

Proof: See Appendix C. O

The expressions in Theorem 2 can be used for the adaptive
algorithm (4) and (5) with arbitrary My, (¢~1), and it holds for
arbitrary lags k. The stability condition involving (48) will limit
the gain of £;(e/*). Stability of the scalar transfer function
K(271) can be verified, for example, via the Nyquist criterion.

B. FIR Systems With White Inputs

Consider now (1) being an FIR system with scalar y; and
regressor vector (35) of length M. We will assume the input data
u; to be uncorrelated (white) so that Eu;u} = 0 fort # 7 and to
have zero mean, with variance E|u;|?> = o2. Hence, R = o021
The learning filter will in this subsection be constrained to be
diagonal

Li(q") = ZLk,in_i (50)
i=0

where L, ; are scalars. Such learning filters appear, for example,

in the LMS algorithm in (17) and the WLMS algorithm in (34)

with white regressors ;.

We here also specialize to

tw(Py) = lim Elherel3 (51)
which is the sum of mean square FIR-tap estimation errors, as
the criterion to be evaluated.

The feedback noise will be correlated for M > 2. However,
its trace remains uncorrelated under certain circumstances. This
simplified an analysis of the properties of tr(P}) considerably.
Expressions will be derived for tr(P) under the following ap-
proximations.

Approximation 1:

tr {Ezizt}}w_lﬁ*

TlT—1

} —tr {EZiZtEfzm_lﬁle_l} .
(52)
Approximation 2: The feedback noise ZtiLt‘t_l is uncorre-
lated with @, v, and h., V 7.
Under Approximation 2, the cross terms (25) and (26) in (21)
are neglected. Approximations 1 and 2 make it possible to base

the analytical expressions on fourth-order moment properties.
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As shown by Lemma 4 in Appendix D, they hold exactly for FIR
systems of order M < 2 when the regressors u; have constant
modulus. Those conditions coincide with the channel properties
in the North American Digital Cellular system IS-136 [31].2
They also hold when tracking each RAKE finger separately in,
e.g., the WCDMA system, with 4-QAM modulated data.

Approximations 1 and 2 do not hold exactly for M > 2, but
they are also good approximations for FIR systems of high order
with white zero mean regressors.

An assumption of independent regression vectors would
imply (52), but such an assumption is not equivalent to (52); it
would place unnecessarily strong restrictions on the statistics.
Independence will furthermore not apply in some cases when
Approximations 1-2 hold exactly, such as under the conditions
of Lemma 4 in Appendix D.

Explicit expressions for EZ,Z7 are now derived.

Lemma 5: Consider the FIR system (1) and (35) of order M,
having as input stationary white data u; with zero mean and
variance 03. Then, we have the following.

e For circular complex valued regressors, the covariance
function of Z, is given by
EZ,Z: = ol (ky + M — 2)16, , (33)

where 0,  is the Kronecker delta, and «,, is the Pearson
kurtosis of u;, which is defined for zero mean variables u;

as’
A E|Ut|4
Ky = =575 - (54)
(Elue]?)?
¢ For real-valued regressors
EZ.Z} = 0 (ky + M — 2)T (55)
and fort # 7
(BZ,23)i; =0 (i.j <2)
(BZiZY)ij=oti—j=2(t—71), 2<i,j<M (56)

where (-);; denotes the ijth element of EZ,Z7.
Proof: See Appendix E O
Thus, Z; is a white sequence if u, is white and circular com-
plex. This is, however, not true for real-valued regressors unless
M < 2, as illustrated by (56). When Z; is white, the trace of
the feedback noise correlation will be “white” under Approxi-
mation 1, i.e., (52) will be zero for ¢ # 7.
The main result of the section can now be presented.
Theorem 3: Under Assumption 1, consider the FIR system
(1) and (35) with white input data u; that are either circular

2Coherently demodulated signals and fractionally spaced equalization, with
two samples per symbol period, will provide good detection performance, al-
though the optimal sampling phase may vary with time over a TDMA slot.
The fractionally spaced method can here be regarded as providing two symbol
spaced sequences, each separated by a half symbol period and each modeled by
a two-tap channel. Two trackers, operating on each data sequence, can be used
to track the taps.

3For constant modulus data, x, = 1 for circular complex Gaussian data
Ky = 2, and for real-valued Gaussian regressors, x,, = 3. For real-valued
stochastic variables, «,, — 3 is also known as the Fisher kurtosis, or normalized
kurtosis.
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complex for arbitrary FIR degree M or real-valued, for M < 2.
Let the parameter vector h; be estimated by (9) and (10) with a
stable £;,(¢~1) having the structure (50), resulting in stationary
lag errors (I—q~* L, R)hy ), with zero mean and finite second-
order moments. Under Approximations 1 and 2, a finite steady-
state mean square parameter error (51) then exists if and only if

1
G(="1) = = 57)
1 —mod Y |Ly)?2z~"1
1=0
is stable, where
mEky, +M-—2. (58)
The k-step estimation error is given by
tr(Pr) = (Vi) + (V) + (V) (59)
where
, _ _ 2
w(Vi) = |X= ¢ *Lrlg™") o) et |, (60)
tw(VE,) =Mololsy, (61)
tr(V52) =moyte(P1)%y, (62)
in which
Sk 2> Lkl (63)
=0
r(V}) +w(Vy,)
P, = e, 4
r(P1) 1—moi¥, ©4)

Here, i, is defined as in (54), whereas 02 = E|u;|? and 02 =
E|ve]?.
Proof: See Appendix F O
Note the presence of the FIR order M in (58). As a conse-
quence, the allowed gain of £;,(¢ 1), which is determined by
(57), decreases as M increases. In addition, note the dependence
of m on the kurtosis x,,. The impact of M and of the distribu-
tion of the regressors on adaptation performance has been noted
by Gardner in [21] and [22].
In the particular case of considering WLMS tracking with the
learning filter (34), the terms (60) and (63) can be expressed as

2

Bla™) — a7 *Qu(g™)
VvE) = hy 65
tr(Vy) H Blg D) -+ , (65)
1 1 Qr(z™h) > dz
o hale e 2

Wiener design of constant-gain adaptation laws will in gen-
eral have to be performed iteratively, since it depends on the
variance and color of the gradient noise (29), which, by (15),
will depend on the properties of the estimation error [7]. The-
orem 3 can be utilized to simplify the iterative Wiener design of
WLMS algorithms. The contribution of the feedback noise to
the gradient noise variance can be computed analytically; there-
fore, an estimation by Monte Carlo simulation can be avoided.
Performance and robustness for various mismatched designs
can also be investigated by Theorem 3; see [31] and [32].
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C. Illustration of Theorem 3

Example 2—Wiener LMS Performance: The parameters of
the FIR system discussed in Section II-E, with regressors u; €
{-1,1, —i,4}, are estimated. We here select w, = 0.1, which
corresponds to a case where the feedback noise is significant,
see Table I. The degree of nonstationarity as measured by (43) is
0.9996. The one-step prediction learning filter of the WLMS law
(34) for k = 1 is tuned to the dynamics of (36). Since 03 =1,
L1(q71), and M;(g~!) can be expressed as

Li(qg ") = MI,

Blg~1)

Here, Q1(¢~") and A(¢~") = D(¢7") + ¢7'Qu(q7") (cf. [6,
(34), (48), and (C.4)]) are given by

Mg = Gy

67
D(q™t) ©n

—1\ _ —dy _ -1
Qila) =wn <71 NG dag ) (68)
-1y _ di(1+do)(1—p) _4
Ala ) =1+ 0=
+da(1 - p)g? (69)

where dy and d5 are obtained for second-order AR statistics (36)
as d; = —2pcosw,,ds = p?. A scalar step-size parameter s,
which should be 0 < p1 < 1 [6], is tuned to minimize tr(P4) in
(64).

Table III displays terms contributing to the minimal crite-
rion value obtained from Theorem 3 (bold). Feedback noise-re-
lated terms are also estimated by simulation over 100 000 data
(italics). The two cross-terms (25) and (26), which are neglected
by Theorem 3 are seen to indeed be small as compared with
tr(VIZ;L). The validity of Approximation 1 is also investigated.
The relative difference between right- and left-hand sides in
(52), called the error in (52) in Table II, is below 7%. The de-
viation between the theoretical and the measured performance
peaks around M = 10.

Fig. 4 displays the tracking performance tr(P},) for different
lags k from Theorem 3 (o) and by simulations (). The step-size
p is tuned to minimize tr(P1), and the polynomials Q. (g 1) are
obtained from [6, Cor. 1]. (The performance for £ = 1 can be
found in Table IIL.) It is evident that the simulated results are
in agreement with the theory of Theorem 3 for M = 2 and
that (59) is a good approximation of tr(P}), even for higher
order FIR systems like M = 10. It is also evident from Fig. 4
that fixed-lag smoothing (k negative) substantially improves the
tracking performance and should therefore be used in applica-
tions where the use of a delay is acceptable.

The bottom line is that Table III and Fig. 4 indicate a good
agreement between the theory and measurements, with The-
orem 3 giving a small overestimate of tr(Py) for M > 2 in
this example.

Example 3—Wiener LMS Stability: We increased the Wiener
LMS gain 1 in (68) and (69), until instability occurred. In Fig. 5,
the FIR system (1), (35), and (36) with w, = 0.1 and M =
2 is considered, and the adaptation gain is varied. Two types
of real-valued inputs are used: Binary data (B) and Gaussian
signals (G) with variance 1. The tracking MSE tr(P ) obtained

TABLE 1II
CONTRIBUTIONS TO THE ASYMPTOTIC ONE-STEP PARAMETER PREDICTION
ERROR tr(P;) WHEN FIR MODELS WITH w, = 0.1 OF ORDER M ARE
TRACKED BY WLMS IN EXAMPLE 2. THEORETICAL PREDICTIONS FROM
RELEVANT EXPRESSIONS IN THEOREM 3 (BOLD) ARE COMPARED WITH
SIMULATIONS (ITALICS)

Term: eqn |[M=2 M=4 M=10 M=20
tr (Pq) (59) | .0076 .0153 .0403 .0785
Simulation: L0076 0146 L0379 0767
tr (V}) (60) | .0021 .0061 .0184 .0394
tr (Viﬂ) (61) | .0040 .0043 .0047 .0046
tr (Vl/i,) (62) | .0015 .0049 .0172 .0345
Simulation: L0015 .0042 L0153 L0305
—tr (V,l]’z;') (25) 0 L0002 0011 .0011
tr (VL” 4 (26) 0 L0001 L0002 .0002
Error in (52): 0 2.7% 6.5% 3.7%
0.06
0.05f
o
*
o
0.04} M=10 o *
o *
o *
o *
0.03f o *
~ °o .
o *
~ o0.02}
®
®
0.01f M2 R ®
L]
@ ® ® @ °
0 . .
-5 4 3 2 1 0 1 2 3 4
k

Fig. 4. Tracking performance tr(P) of WLMS for different lags & from
Theorem 3 (o) and by simulations (*) for FIR systems with A/ = 2 and
M = 10 taps.

from Theorem 3 is plotted as a function of p and compared
with measured values from simulation (). The dashed curve
is the theoretical result obtained from (37) by neglecting the
feedback noise. It results in large errors and predicts stability
for all admissible 0 < p < 1, instead of the correct stability
limits fimax = 0.336 (G) and pimax = 0.632 (B). Evidently, the
results obtained by simulation are in agreement with the theory
of Theorem 3, but a simplified analysis based on Theorem 1
(neglecting the feedback noise) would be unsatisfactory in this
example.

In the binary case (B), Z;, which is given by (D.1), will have
singular values bounded by unity. The use of the small gain the-
orem (18) then gives the condition ||e™/“L;(w)||sc < 1. For
(67)-(69), the largest magnitude of the spectral density of Q1 /5
should thus be < 1. This is fulfilled for ;# < 0.0529. Hence,
the small gain theorem applied to the outer loop of Fig. 1 is a
too-conservative tool in this example. For Gaussian regressors,
the magnitude of the elements of Z; will not be bounded, and
(18) cannot be used directly.
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Fig. 5. Performance tr(P;) as a function of y in the WLMS algorithm (67)
in Example 3 when tracking a second-order FIR system (1), (35), and (36) with
w, = 0.1. Results by theory from Theorem 3 (solid) and by simulation (*) for
white real-valued binary (B) and Gaussian (G) regressors. The dashed curve
neglects the feedback noise. The vertical line at ¢ = 0.05 is the stability bound
obtained from the small gain theorem (18) for binary regressors.

The plots clearly show that input data with larger kurtosis
(Gaussian data) result in larger tracking errors and in perfor-
mance curves that are more sensitive to the choice of gain p.
However, one should note from (58) that the relative impact of
the regressor distribution (via «,,) diminishes with an increasing
FIR order M.

V. CONCLUDING REMARKS

We have proposed a novel formalism for analysis of adaptive
algorithms that perform tracking of linear regression models.
The formalism was applied on general linear algorithms with
constant gains.

The considered decomposition of the feedback loop can also
be used as powerful tools for analyzing the tracking perfor-
mance for slow time-variations of RLS algorithms with slow
adaptation and of Kalman predictors. See [33] for such results.

Theorem 1 can be used for vector-valued measurements 7;
and parameter variations described by general spectral densi-
ties, but it provides reasonable approximations only when the
variance of the feedback noise Z; fzt|t_1 is small relative to the
variance of ¢;v;. The assumption of independent regressor vec-
tors used in Theorem 2 is restrictive, but it is approximately ful-
filled for the antenna array application discussed by Horowitz
in [25].

An interesting insight resulting from the present work is that
tracking of FIR systems with white regressors can be analyzed
under approximations that are milder than an assumption of in-
dependent regression vectors, which would evidently be wrong
in such situations. This analysis, which is presented in Sec-
tion IV-B, was here limited to algorithms with diagonal learning
filters. Theorem 3 can be generalized to the criterion (20) and
to general algorithms (11), but the feedback noise will then not
be uncorrelated.

A further generalization of Theorem 3 to FIR systems with
colored regressors would be interesting but appears problem-
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atic since whiteness of the regressors u; is a key assumption in
Lemma 5. An exact tracking analysis for fast variations with col-
ored regressors might require considerably more complicated
tools, perhaps along the lines explored by Douglas and Pan in
[34] or by using the energy conserving approach of [18].

APPENDIX A
PROOF OF LEMMA 2

We will investigate how the relative approximation error (41)
behaves as A. /A, — 0. In the sequel, we set A, to unity and let
Ae tend to zero. The design of L (g~!) is based on (31)—~(33).
Under the stated assumptions, the right-hand side of the spectral
factorization (32) is nonsingular on the unit circle. Therefore, a
causally and stably invertible polynomial matrix B(z 1) exists.
Thus, det 8(271) has all zeros in |z| < 1, whereas det 3, (2)
has all zeros in |z| > 1. Furthermore, from (32)

Aligloﬂ = DR™'MR!/? Jim B, = RY?M,R™'D,

’ ‘ (A.1)
which are nonsingular on |z| = 1 since M(e™) is assumed
nonsingular and R, is nonsingular. Note that D(z~!) is here
assumed to have all zeros in |z| < 1 so that D, (z) will have all
zeros outside |z| = 1.

Equation (33) is a unilateral Diophantine equation for a scalar
D(z~1). It will have a unique solution since D(z~') with all
zerosin |z| < 1anddet 8, (z) with zeros in |z| > 1 are coprime;
see [7, App. A]. By equating for different powers of z and z
in (33) and transposing, a linear system of equations (A.2) is

obtained, where B¢y contains the corresponding coefficient
matrices of (2*C(271)R.C.(2)N.(2))T

r o0 0 | I 0 71 - QO .
T | dil :
T
ng
T S dy I diI | | Ung«
L 0 ST 0 d,, 11 L Uox -
A:;D Xqu
= A.Bcn. (A.2)

Previously, np,ng, ng and ny have denoted the degrees of the
polynomial D and the polynomial matrices (., Q) and Ug.s,
respectively. Since the polynomial matrix Diophantine (33) is
uniquely solvable for all )., the corresponding block-Sylvester
coefficient matrix A gp is nonsingular for all A, [35]. By (A.1),
it converges to a constant nonsingular matrix (involving the co-
efficients of limy, o 3«(z)) as \e — 0. Denote this limiting
matrix A gp. Thus, the solution pair (Q,(z 1), Uk.(z)) tends
to zero proportional to )\, since

Xqu = AAjpBeon (A3)
where Agé — Agé as A\ — 0.By (31) and (A.1), the impulse
response'coefﬁciehts of the optimal learning filter will also tend
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to zero proportional to A\, when . is sufficiently small so that
B! (z1) is close to its limiting expression.

The matrix Z; will have bounded elements since ; is as-
sumed to have bounded elements. Therefore, the small gain the-
orem applies. Since by the above reasoning £1(e/“) — 0V w
when A\, — 0, we can conclude that the feedback loop via
/M fzm_ 1 will be stable for Wiener-optimized learning filters de-
signed for sufficiently small parameter drift-to-noise ratios.

With a stable filter generating A in (27) and a stable feedback
loop, both /; and h|;_; will be stationary processes with finite
variance so that i~zt|t_1 is stationary with finite variance.

Thus, since Z; iLt|t,1 is guaranteed to have finite power when
A is sufficiently small and since the impulse response coeffi-
cients of the optimized learning filter will, by (A.3), tend to zero
proportional to \., there will exist a constant & < oo such that
the numerator of (41) is bounded by

% /7!' tr( L (W) P 7 (W) Lix (w))dw < N (A4)

where the spectral density of the feedback noise is denoted by

D,

The spectral densities of hy fmd n = vy (With A, = 1) used
in the design are A\.®; and ®,, which are given by (30) and
(29), respectively. Then

= Xe [T iy _
||h;l+k|t||§ = %/ tr(T— e 7“F L, R) Dy,

—T
™

tr([,k i),,[,k*)dw.

—T

x(I—e7“*L,R),)dw + 2i (A.5)

™

Therefore, the relative approximation error vanishes as )\, tends
to zero due to the factor A2 in (A.4).

APPENDIX B
PROOF OF LEMMA 3

The estimation error ilt]t—l depends only on data up
to time ¢ — 1, whereas Z;, due to the independence as-
sumption on ¢, will not depend on data older than ¢.
Thus, Z; and hy,_; are independent. As a consequence,
E(ZtiLt‘t_l) = E(Zt)E(}NLm_l) = 0. Whiteness follows since

E(Ztil’tlt—lil*

‘r|‘r—1

Z%) = E(Zy)E(hy—1 b

TIT—lZ:) =0
for t > 7 since Z, will be independent of all other factors, and
E(Z,) = 0. Fort < 7, Z* will be independent of all other
factors. Since Z; depends neither on A, (by Assumption 1) nor
on ht|t71

Ehr(Zihyje—1)* = B(h-hjj,_,)B(Z7) = 0.

Now, consider E{¢ v, iL’t“l +_1Z}}, whichis zero for 7 # ¢ since
NZ;* is then independent of all other factors. For 7 = ¢, v, and
h:|t71 are independent of the regressors; therefore

E{pwvihiy_1Z7} = E{pE(vihy,_,) 2}

The outer expectation over first- and third-order moments of the
Gaussian regressors is zero. Thus

E{prihiy_1Zi} = 0 = B{ o B{h,_, Zi}.

APPENDIX C
PROOF OF THEOREM 2

Consider (44) for k = 1, without letting ¢ — oo, as a recur-
sion in ¢. This recursion must converge (convergence in MSE).
The use of (47) in (45) gives

t
Pt+1|t = V}L,t + Vglo'u,t + Z Ll,iRtr(RPt—i|t—i—1)LL‘-
i=0

Premultiply by R and take the trace to obtain
tr(RP ;) = r(RV}, ;) + r(RV, )

t
+t(R Z Ly Rtr(RP,_;,_;_1)L} ;). (C.1)
1=0

Replacing P;_;j;—;_1 by ¢7' 7' Py 1) in (C.1) yields

t
<1 —tr (RZ Ll,iRL;iq—H)) tr(RP 411

1=0
=u(RV},) + u(RV], )

or
tr(RPyy1)) = K(¢~)((RV},,) + (RV, ;) (C2)
where the transfer operator (48) is in the limit ¢ — oo
1y A 1
Klg—) = = (C.3)
1-— tr(RLl,,;RLT_i)q_i_l
=0 ’

and it determines stability. By using the static gain, i.e., substi-
tuting z = 1 for ¢ in (C.3) and using the limits V}; and V', by
(37) in (C.2), we obtain

Jim tr(RP,),) £ w(RP1) = K(27) |1 tt(RP glow)-
(C4
The expression (C.4) gives the excess MSE due to model mis-
adjustment. The k-step covariance matrix is then given by (46),
with

lim Vi 2VE =3 LyP,Li;. (€9
1=0

t—o0

Here, P, = limy—oc P 45, ,. For stable £5,(¢~") and bounded
P,;, Véﬁ by (C.5) is bounded. By (47) and (C.4)

P =R lim tr(RPy,_1) = RK(z71)[o=1tr(RP giow)-
(C.6)
The use of (C.6) in (C.5) then gives (49).
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APPENDIX D
PROOF OF LEMMA 4

For M = 2 and independent inputs with constant modulus,
|u¢|? = o2, (8) and (14) give Z; as

u;‘ 27 0 u’{ut_l
1) -0 1= . (D.1
() we=ott= (0, 57 ) 0

Denote the elements of fzt‘t_l by fzf_ll = 0,1. The mean
value of Zh;;_, becomes

* 71
B uyur—1hy_q _ 0
g’ h? o
tUp_1 g1
since u;, with zero mean, will be independent of w;_1 and of
7e
hi_q.

Let z; £ uius—1. The correlation function of the feedback
noise now follows as

7 7 % *
Ethiht—i\t—i—lht7j|t7j71Zt7j

Al Al *
-F <Zt—’thti1 ) <Zt—1htj1 )
- % 70 * 70
%t—iht—j—l Zt—jht—jjl .
1 1% Lok 1 0% . .
E (ht—i—lht—j—lzt—zzt—j ht—i—lht—j—lzt—zzt—y )

70 71x * * 70 7 0% * .
ht—i—lht—j—lzt—izt—j ht—i—lht—j—lzt—iztfj
(D.2)

If i < j,then uj_; in zs—; = uj_;us—;—1 (Or us—; In 2;_;)
will be independent of all other factors of each product, and if
@ > j, then uy_; is independent of all other factors. Thus, the
feedback noise is white. In addition, note that for u; without
constant modulus, each element of (D.2) would have four terms,
all of which would not be zero when 7 # j. The feedback noise
would then not be white.

For i = j, the z-related factors in (D.2) are either (|u;|?)% =
Uﬁ, due to the constant modulus, or zero. In the case of real-
valued input data and models, the covariance matrix of the feed-
back noise becomes

71 71 71 70 22 12
AR <ht1ht1 htlht1> — gt (pttl pttl)
u 70 71 70 70 — Yu 12 11 .

hi_1hi_y  hi_1hi_y Pijt—1 Prjt—1

For circular complex data, factors z;z; in (D.2) for 2 = j contain
uyuy, which is independent of all other factors. Since ujuy =
uzuy = 0 1in the circular case, off-diagonal elements of (D.2) are
zero.

That Ztilﬂt_l is uncorrelated with A, follows since u; in Z;
in (D.1) is independent of h, as well as of iLt|t_1. Uncorrelat-
edness between thzﬂt_l and @,v, is true for 7 > t due to
whiteness and zero mean of v; and its independence of all other
terms. For 7 < ¢

E{prv:hiy 1 Z7} = B{orvr(urui_yhiZyujue_1hy®y)}

vanishes since wu; is zero mean and independent of all other
terms.
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APPENDIX E
PROOF OF LEMMA 5

For FIR systems having stationary and white inputs with zero
mean and variance o2

EZ,Z* = Egifor0f — ol (E.1)

u

Let the ijth element of Ep; ¢} ¢, ¢* be denoted by /. Then,
with ¢} = (ugts—1 ... ur—pr41), this element can be expressed
as

M
w9 = Bui_ ety (E2)

=1
fore,5 =1,..., M.Forequally distributed zero mean variables

ug, fourth-order moments are expressed by

Ewjujupue = BufujEujue + Buf upEujue + Bufug

1
xBujuy, + — (Fu — kS Eufu;BujuBuu)  (E.3)
o

u

see, e.g., [36, p. 549]. Here, k,, = E|u;|*/(02)? is defined in
(54), whereas £C is the kurtosis of Gaussian variables. kK& = 2
is defined for circular complex variables, whereas k& = 3 is
defined for real variables. The second right-hand term is zero for
white circular variables, where Ew;u; = 0V i, j. The last term
vanishes for Gaussian data where x,, = nf. It contributes only
when ¢ = j = k = £ and is constructed so that the right-hand
side of (E.3) then equals E|u;|*.

Applying (E.3) on (E.2) for white circular data (for which
k& = 2) yields, with Eufu; = 026; ;

M

9 = ol 2(51‘,[54,]' + 64— r—jbsr + (Ku —2)0i 000,61 7).
(=1
(E.4)

We notice that the third term within the parenthesis of (E.4)
contributes to the sum only for = j = £ and 7 = ¢, whereas
the first contributes when 7 = j = £ and the second contributes
for 7 = ¢t when ¢ = 5. Thus

4
i ik i Ou(Eut M —1), =t
=0 i e _{03, T # 1.
This observation and the use of (E.1), which subtracts crﬁI, com-

pletes the first part of the proof. Applying the formula (E.3) on
(E.2) to real-valued data (k¢ = 3) yields

M
4
z = Oy E (61',,/6f,j + 6t—i,7—f6t—f,r—j + 6t—i,T—j6t,T
(=1

+(ku — 3)0;,000,j01,7). (E.S5)

Since we have real-valued input data, the second right-hand term
of (E.3) also contributes. The second term within the parenthesis
in (E.5) contributes to the sum whenever i — j = 2(t — 7),



AHLEN et al.: ANALYSIS OF STABILITY AND PERFORMANCE OF ADAPTATION ALGORITHMS 115

whereas the first, the third, and the fourth terms contribute as
for the previous case of circular data. Thus

i otk +M—-1), 7=t
i _ w\ Py ’ E.
0, T=1
z¥ )0, r#tandi,j=1,2
i Yot i-j=20t—7) ED
AL 2<ij< M.

The use of (E.1) then completes the proof.

APPENDIX F
PROOF OF THEOREM 3

For colored v;, Assumption 1 and white regressors imply

Et(p,v-07¢7) = B(¢} o7 )E(v,0]) = Mogolé,r  (E1)

since E(pf ;) = Zi]\igl Euj_,ur_; = 0fort # 7 and equals
Mo? for t = 7. Therefore

tr(Enmy) = tr(E(ZtiLﬂt—l + @vt)
X (Z‘rhr\‘r—l + (p‘r’u‘r)*)
:tr(EZ:ZtEhtlt—lh’:h_l)

+ Eplo Bl (F2)

where Approximations 1 and 2 were used in the second equality.
Under the stated assumptions, Z; is white due to Lemma 5.
Using (53), (55), (56), (F.1), and (F.2)

tr(Enenl) = (oi(fiu + M — 2)tr(Pt|t,1) + Ma?‘of) Otr

02
=0, <mtr(Pt|t1) + MU—2> Ot (E3)

u

where we introduced . 2 ., + M — 2 in the last equality. Since
the two last terms in (21) are neglected under Approximation 2,
we obtain

te(Pyp1p) = (Vi) + (V5 ) + tr(VIZ;L’t) (F4)
where, from
hoprpe = T = ¢ Li(¢7) 02 e — Le(g™m  (FS)

the asymptotic lag error is given by

. _ _ 2
w(VE) = lim u(VE,) = | (T~ ¢ (g™ )odhewsf5.

(F.6)
By using (63) and (F.1) in (23)
u(V,) = lim w(VE, ) = Moo, 3. (F7)

—00

Note that (50) is assumed to have scalar impulse response coef-
ficients Ly, ;. By using (F.3) and the whiteness of the feedback
noise in (24)

t
u(Vy;,) = mo, > Ll w(Pyemy). (B8
1=0

The use of (F.8) in (F.4) gives a scalar linear time-invariant re-
cursion

w(Pryrye) = Gla ) ((Vi ) + (V) (F9)

where G(g~1!) is given by (57) in the limit ¢ — oo. Under
the stated assumptions, tr(PH_Ht) will converge to a finite sta-
tionary limit tr(Py) if and only if the filter G(q™') is stable.
The steady-state error tr(Py) = lim;_, oo tr(Py41}¢) is obtained
by using the steady-state gain G(1) (substituting z = 1 for q)
of G(g~ ') and using the steady-state values (F.6) and (F.7) for
k = 11in (F.9). This gives (64). Expression (62) is obtained by
replacing q_itr(Pt‘t,l) by tr(P1) in (F.8) and using (63). With
(60) obtained from (F.6) and (61) from (F.7), we have (59) for
tr(Pk).
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