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A Channel Subspace Post-Filtering Approach to
Adaptive Least-Squares Estimation
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Abstract—A major challenge while communicating in dynamic
channels, such as the underwater acoustic channel, is the large
amount of time-varying inter-symbol interference (ISI) due to
multipath. In many realistic channels, the fluctuations between
different taps of the sampled channel impulse response are
correlated. Traditional least-squares algorithms used for adapting
channel equalizers do not exploit this correlation structure.
A channel subspace post-filtering algorithm is presented that
treats the least-squares channel estimate as a noisy time series
and exploits the channel correlation structure to reduce the
channel estimation error. The improvement in performance of
the post-filtered channel estimator is predicted theoretically and
demonstrated using both simulation and experimental data.
Experimental data is also used to demonstrate the improvement
in performance of a channel estimate-based decision feedback
equalizer that uses this post-filtered channel estimate to determine
the equalizer coefficients.

Index Terms—Adaptive equalization, channel estimate-based
decision feedback equalization, least-squares algorithms, multi-
path channel, reduced subspace methods, system identification,
underwater acoustic communication.

I. INTRODUCTION

IME-VARYING intersymbol interference (ISI) due to

multipath is one of the major problems encountered while
communicating in dynamic channels [1]. Since it is generally
not possible to use universal precoding techniques that elim-
inate the effect of this ISI, active research has emphasized the
design of adaptive receiver algorithms that are able to track
and compensate for this time-varying ISI. Least-squares-based
algorithms [2], [3] are often used to track such time-varying
systems.

There is an extensive body of literature dealing with
the formulation and the analysis of commonly used
least-squares-based methods such as the exponentially
windowed recursive least-squares (EW-RLS) and the sliding
window recursive least-squares (SW-RLS) algorithms. For
such techniques, selecting an appropriate rate of adaptation
involves a tradeoff between the tracking error variance and
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the observation noise induced error variance [3]. In channels
with relatively short multipath responses and high received
signal-to-noise ratios (SNRs), in the absence of computational
constraints, optimal algorithm design using one of these
methods primarily involves selecting the appropriate rate of
adaptation based on the assumed channel-output model. On
the other hand, for channels with long multipath responses
and relatively low SNRs, merely varying the rate of adaptation
leads to unsatisfactory algorithm performance.

There have, however, been attempts at improving algorithm
performance by using techniques that exploit the characteristics
of the transmitted data or that of the channel itself. These
techniques can be broadly categorized into either subspace
methods [4]-[6], which exploit the low-rank nature of the
transmitted data covariance matrix or sparsing methods [7]-[9],
which exploit the sparse nature of the energetic taps of the
sampled channel impulse response. The method presented here
exploits a more general form of channel sparseness, that is, the
low-rank of the channel impulse response correlation matrix,
to improve algorithm performance.

The main result presented in this paper utilizes a different
paradigm introduced earlier in [10]-[12] while formulating and
implementing what will be referred to as the channel subspace
post-filtering (CSF) approach to adaptive least-squares estima-
tion. This approach exploits the correlations between the dif-
ferent taps of the sampled channel impulse response and any
low-rank nature of the channel subspace, that is, a consequence
of the correlated tap fluctuations in long multipath channels,
to improve the tracking performance of the channel estimator.
The resultant improved channel estimate is then used to deter-
mine the coefficients of a standard channel estimate-based deci-
sion feedback equalizer (DFE). As a result, the performance of
this DFE is improved as well. The CSF formulation is primarily
motivated by the need to improve the tracking performance of
classes of channels with low-rank multidimensional subspace
structures. However, it will also prove to be relevant when an-
alyzing and improving the tracking performance of single tap
least-squares algorithms.

The paper is organized as follows. Section II introduces a
simplified channel-output model that is used in the subsequent
analysis, whereas Section III presents the metrics for assessing
the performance of least-squares tracking algorithms. Sec-
tion IV introduces and analyzes the tracking performance of
the EW-RLS algorithm using an extended state space represen-
tation of an equivalent dynamic system. The EW-RLS channel
estimate is treated as a noisy time series and is post-filtered
using the channel subspace post-filtering (CSF) approach that
is presented in Section V. An analogously constructed but
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decidedly suboptimal post-filter, referred to as the abrupt rank
reduction (ARR) filter, is presented in Section VI. Section VII
analyzes the problem of channel order mismatch, where the
assumed number of taps when formulating the EW-RLS
algorithm is different from the actual number of taps in the true
channel model. It will be shown that the CSF approach remains
effective in such situations. Section VIII casts the CSF problem
into a familiar deterministic least-squares minimization
problem that leads to the development of an adaptive channel
subspace filtering (ACSF) algorithm. Section IX demonstrates
the improvement in channel estimator performance due to
the CSF approach on a single tap channel, a two-tap channel
with channel order mismatch, and on a low-rank multitap
channel, using simulated data. Experimental data is used in
Section X to demonstrate the improvement in channel estimator
performance due to the ACSF approach in a practical setting.
Section XI uses experimental data to show how these improved
ACSF channel estimates can also improve the performance of a
standard channel estimate-based DFE. Section XII summarizes
the main contributions of this paper.

II. SYSTEM AND CHANNEL MODEL

A simplified time-varying first-order Gauss—Markov model!
for system identification [2] is used as the channel model.
The unknown dynamic system is modeled as a transversal
filter whose tap-weight vector h(n) (i.e., discrete time impulse
response) evolves according to a first-order Markov process
written in vector form as

h(n+1) = ah(n) + v(n+1) (1)

where « is a possibly complex scalar, the underscore denotes
vectors, and all vectors are N X 1 column vectors. The time-
varying channel impulse response at time 7 is represented by
the vector h(n) with the process noise vector v(n) having a

correlation matrix R,, = FE[v(n)v(n)]. The output of the
system is given by
y(n) = b (n)z(n) + w(n) )

where the superscript H represents the conjugate trans-
pose (Hermitian), the received data is y(n), z(n) de-
notes the white transmitted data with correlation matrix
R,. = E[z(n)zf(n)] = o021, and w(n) denotes additive
white, Gaussian observation noise with a variance of o2. If
|| < 1, (1) and (2) collectively describe a time-varying system
with stationary statistics.

If h(n | n—1) denotes an estimate of the true channel impulse
response h(n) obtained using data up to time n — 1, then the
predicted data at time n, g(n | n — 1) is given by g(n | n —
1) = EH(n | n — 1)z(n). The corresponding prediction error
&(n | n— 1) is given by

§(nln—1)=yn)

(n|n-1)
=y(n) — "

(n|n—Dzm). @

IThis model has been chosen since it greatly simplifies the theoretical anal-
ysis that is to be presented in Sections IV and V. This resulting simplification
facilitates the derivation of closed-form analytical expressions for the perfor-
mance metrics that are to be introduced in Section III.
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The prediction error is used to the adapt the weights of the
channel estimate i(n | n — 1). Throughout the remainder of
this paper, for notational simplicity, ﬁ(n — 1) is used to denote
h(n | n — 1). Additionally, possibly time-varying quantities
are explicitly described using a functional dependence on the
time index n (e.g., R..(n)), whereas the omission of the time
dependence is used to implicitly denote time-invariant quanti-
ties (e.g., R..). It is assumed that the process noise vector v(1),
the input (data) vector (m), the observation noise w(n), and
the initial channel impulse response h(k)|x=o are independent
of one another for all /, m, and n. Without loss of generality,
an assumption is made that the number of taps in the unknown
system h(n) is the same as the number of taps N in the adaptive
filter h(n) used to model and track this system. In Section VII,
it will be shown that the proposed approach remains effective
even when there is a channel order mismatch between the as-
sumed and true channel model. These assumptions will be used
in Sections III-XI when analyzing the tracking performance of
the EW-RLS algorithm.

III. CRITERIA FOR TRACKING PERFORMANCE ASSESSMENT

The channel estimation error vector, which is also referred to
as the tracking error vector, may be defined as

e(n|n—1)=h(n)—h(n—-1). )

The relationship between the channel estimation error vector
and the prediction error, assuming the linear channel output
model given in (2), can be written as

§(n | n—1) =h" (n)a(m) +w(n) ~ b (n = 1)z(n)
= () = b -1)) " z(n) + w(n).  ©)

Substituting the expression for the channel estimation error
vector given in (4) results in

En|n—1)=€el(n|n—-1z(n)+wln). (6)
The mean-square channel estimation error is defined as
D(n) = E [lIh(n) = h(n = 1)1
=& [le(n | n — 1) ™

In the subsequent analysis, it is assumed that n is large enough
for any initialization transient of the least-squares algorithm to
have passed. Equation (7) may be alternately written as

D(n) = tr[Ree(n)] 8)

where R..(n) is the correlation matrix of the error vector e(n |
n — 1) defined as

Rec(n)=E [E(n |n—1)e(n|n— 1)] . ©)

An additional metric R ; (n) = R;LH (n), which is the cross cor-
relation matrix of the error vector e(n | n — 1) and the channel
estimate vector h(n — 1), is defined as

R,;(n) = E [e(n | n— DA (n - ol (10)
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The orthogonality principle states that if R ;(n) # 0, the
channel estimate is not a minimum mean-square error estimate
of the true channel impulse response.

The mean-square signal prediction error can also be ex-
pressed in terms of the mean-square channel estimation error
D(n) using (6) such that

+ E[w?(n)]
= 02D(n) + 0. (11)
The transmitted data vector z(n) is assumed to be independent
of the channel impulse response vector h(n), previous samples
of the transmitted data vector x(!), and the additive observation
noise w(l) for I = 1,...,n — 1. It is thus also independent
of previous samples of the received data y(l), given by (2), for
Il = 1,...,n — 1. Hence, by the definition of hA(n — 1) and
the expression for the channel estimation error vector in (4), the
transmitted data vector z(n) is independent of ¢(n | n —1). The
second equality in (11) follows from this fact. Equation (11),
which expresses the relationship between the channel estima-
tion error variance and the mean-square prediction error, states
that a reduction in channel estimation error leads to a corre-
sponding scaled decrease in the prediction error. In a realistic
scenario where the true channel impulse response is unknown,
it is difficult to ascertain the true channel estimation error. The
mean-square prediction error can therefore be used as a surro-
gate for the mean-square channel estimation error in gauging the
performance of an adaptive algorithm. This equivalence will be
used later on to replace an unobservable cost function expressed
in terms of the channel estimation error with an observable cost
function expressed in terms of the prediction error.

The mean-square channel estimation error can be expressed
as a sum of two components

D(n) = Di(n) + Da(n) (12)
where the first term Dy (n) = tr(Dy(n)) is referred to as the
tracking error variance, and Da(n) = tr(Da(n)) is referred
to as the observation noise induced error variance. The terms
in D1 (n) depend on the dynamics of the time-varying channel,
whereas the terms in Da(n) depend on the observation noise
variance. Separating these error terms, as above, provides in-
sight into the tradeoff involved when designing a least-squares
algorithm to track a time-varying system. This decomposition
is similar to that in [2].

For a given adaptive algorithm, best performance is achieved
by selecting a rate of adaptation that balances the improvement
due to any reduction in the tracking error variance D;(n) with
any resultant deterioration due to an increase in the observation
noise induced error variance Dz (n). Section IV formally intro-
duces a commonly used least-squares tracking algorithm, uses
an extended state space framework to theoretically analyze its
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tracking performance in terms of the channel estimation error,
and provides a basis for evaluating the improvement in its per-
formance due to channel subspace post-filtering.

IV. EW-RLS ALGORITHM AND ITS TRACKING PERFORMANCE

The exponentially windowed least-squares estimate i(n) of
the channel impulse response h(n) is given by

h(n) = 'n)\”‘kk—thQ 13
h(n) argémnz ly(k) — h™ (k)| (13)

k=1

where ) is a positive constant close to but less than 1. The recur-
sive update equation for such a least-squares algorithm is given
by

h(n) = h(n—1) + K(n)¢"(n | n = 1) (14)
where the superscript * denotes complex conjugation, K(n) is
an adaptation gain vector, and the prediction error £(n | n—1) is
defined as in (3). The adaptation gain vector may be computed
as

K(n) = (Z )\"‘_ig(i)gH(z’)) x(n), for A € [0,1]. (15)

Subtracting (1) from (14) and using the definition of the channel
estimation error vector in (4) results in

e(n+1]n) = ah(n) +v(n+1)
~ (=) + K@) (| n-1)). (16)

Substituting the expressions for {(n | n — 1) and e(n | n — 1)
to rearrange the terms results in

e(n+1]n) = (a - 1)h(n)

+(I-

Equations (1) and (17) together form a coupled state space
system that models the dynamics of the unknown system as
well as that of the channel estimation error “system.” Since
their dynamics are coupled, their behavior in steady state
may be analyzed by studying the dynamics of the equivalent
extended state space system in steady state. Assuming that
a = 1 reduces (17) to the form given in [2] and [3]. Consider
the augmented vector

K (n)w* (n) + v(n + 1)

K(n)z"(n)) e(n|n-1). (17)

o= 150 |

Combining (1) and (17), the extended state space system gov-
erning the evolution of g(n) may be described as

L&(ﬂ ?3»] N < (a iIl)I 1- K(S)z’f(n)>

h(n) }
) . (19)

(18)

% [g(n_|n -1)
v(n+1)
+ (y(n +1) - K(n)w*(n)
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The system may be rewritten as

g(n+1) = A(n)g(n) + B(n) (20)
where A(n) and B(n) are given by
al 0
Aln) = <<a ST I- K(n)zH(n)> @D
") = v(n+1)
0= (o Kl ) @

Equation (20) is a stochastic difference equation in the aug-
mented vector g(n), where the system matrix A (n) is a random
quantity. From [3], E [K(n)z"(n)] = (1 — M) so that
E [I-K(n)zf(n)] = AL Thus

ElA(m)] = < (o iI1)1 ,?1> '

The direct averaging method [13] may be used to study the con-
vergence behavior of such a stochastic difference equation in
an average sense. Based on this method, the solution of the sto-
chastic difference (20), operating under the assumption of o and
A close to 1, is related to the solution of another stochastic dif-
ference equation whose system matrix is equal to the ensemble
average given in (23).

More specifically, the stochastic difference equation in (20)
may be replaced with another stochastic difference equation de-
scribed as

(23)

g(n+1) = E[A(n)]g(n) + B(n). (24)
Generally, the notation in (24) should be different from that in
the original difference equation in (20). However, for the sake
of notational convenience, this has not been done here. The cor-
relation matrix R, is given by

Ry, = Elg(n+1)g" (n + 1)] (25)
where the expectation is taken with respect to the transmitted
data vector z(n), the process noise vector v(n), and the ob-
servation noise w(n). The correlation matrix Ry, = Efg(n +
1)g™ (n + 1)] in steady state is given by

Ry, = E[A(n)Ry, E[A" (n)] + E[B(n)B" (n)]

- ((a iI1)1 )?I) Rag <(a i11)1 SI)H

+ E[B(n)B" (n)] (26)

where E[A(n)] is substituted from (23). The correlation matrix
R, of the augmented vector g(n) under steady state can also
be written in terms of its submatrices as

_ th Rhe
Rgg n < Reh Rff )
where Ry, = E[h(n)h" (n)], Ry = E[h(n)e (n)], Ry =

Ele(n)h™ (n)],and R.. = E[e(n)e (n)] are the corresponding
correlation submatrices. For notational convenience, €(n) will

27)
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be used in place of €(n | n — 1) to represent the channel esti-
mation error vector given in (4). The correlation matrix Ry, of
the augmented vector g(n) under steady state can be written as

Ry, R
(R R) = plsms" )
ol 0 th Rhe
Tla-11 ar)\ R R
ol 0 "
X ((a—l)I AI) ' (28)

It is assumed that the additive observation noise w(n) is zero
mean and uncorrelated with both the transmitted data vector
z(n) and the process noise vector v(n + 1). Furthermore, the
independence between the Gaussian additive noise w(n) and
the transmitted data vector z(n) is exploited in deriving the ex-
pression [3]

EK(n)w* (n)K" (n)w(n)] = EIK ()K" (n)] E[w’(n)]
=o’(1- AR, (29)

so that E[B(n)B¥ (n)] in (28) can be written as

R’U’U

BBmE ] = (R R

R., +o? (1= AR, )
(30)
By expanding terms on the right-hand side of (26) and relating
them to the corresponding terms of the resultant submatrices on
the left-hand side of the expression, the following relationships

are obtained:

1
Run = R GD)
Ry = a(a — 1)*th + alRpe + Ry (32)
R, =0o*(a — )Ryp + 0* ARy, + Ro (33)
R.. = |a — 1|2th, + (a — 1))\].:{}7,F + (Oz — 1)*)\R€h
+ MR + 02(1 = M)’R.! + Ry, (34)

Combining (31) through (34) and eliminating common terms
results in

_RH _ (1-a)
R =R = TP .
R — IT-—aXN)(1-a")+(1—-a*N)(1-a)
T ORIy
5
(1=2) o
iy R (36)
D

where the underbraced terms in (36) represent the aforemen-
tioned tracking error variance Dy = tr(D1 ) and the observation
noise-induced error variance IDQA: tr(D3) terms, respectively.
Recalling that €(n) = h(n) — h(n — 1), it is apparent by in-
spection that for nontrivial cases, R_; = Ren — Ree # 0. By
the orthogonality principle, this indicates that the channel esti-
mate ﬁ(n) is not optimal in a mean-square sense. An optimal
post-filter may thus be constructed, as detailed in Section V, for
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which expressions for R, ; and R;; will prove to be useful.
These may be written in terms of Ry and Ry, as

R,; =RZ =Ry, — Ry (37)
RilfL = th - Rhe - Reh + Ree (38)
where the factthat R, ;, = RH follows from Ry, = RE . After

substituting (31), (35), and (36) into (37) and (38), the following
simplified expressions are obtained:

B a(l—A)
o = T T —an >
SR Y O O TE RN
hie ™ (1 —{a2) (14 A)(1 — ad)(1 — a*X)
i

The steady state mean-square channel estimation error ¢7(R..)
expressed in (36) captures the inherent tradeoff between
tracking error variance D; and the observation noise-induced
error variance Dy when a rate of adaptation A is chosen.
Furthermore, the channel estimate A(n — 1) and the channel
impulse response vector h(n) are correlated, and their cross
correlation matrix R, ; = Rglh is given by (39).

V. CHANNEL SUBSPACE POST-FILTERING

The EW-RLS channel estimate (13) may be treated as a noisy
time series so that from (4)

h(n —1) = h(n) — e(n). (41)
This noisy channel estimate can be post-filtered so that
hy(n — 1) = Fh(n ~ 1) (42)

where Ep(n) is the post-filtered channel estimate, and F is the
post-filter. The optimal filter F is given by

IE] =

Let the eigenvalue decomposition of R, be givenby R, =
UX,, U, where the columns of U are the eigenvectors
of R,,, and ¥,, is a diagonal matrix. Since from (31),
Ry, = Ryy /(1 —|al?), the eigenvectors of the process noise
correlation matrix R, are also the eigenvectors of the channel
correlation matrix Ryy,. In adition, given the assumption R, =
021 = 02UU¥  examination of (39) and (40) makes it apparent
that the columns of U are also the eigenvectors of the matrices
R,; and R;;. Hence, the post-filter F can be expressed
in terms of these eigenvectors U as F = UX fUH , where
Yy = diag(of1,0¢2,...,0¢n). The post-filter F is referred
to as a channel subspace filter (CSF) because its eigenvectors
U are the same as those of the channel correlation matrix.
The CSF coefficients, which are the diagonal elements of X ¢,
are given by

RR_

F = argmin¥ [H@(n) - Fﬁ(n hh (43)
F

a(l+ N (1 —a*N)opi202

= 44
(1—=]a2X2)07.02 + (1 — aX)(1 — a*X)o? “44)

o[ =
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where i = 1,2,3,...,N, 0%, = 02,/(1 — |a|?) is the channel
impulse response energy corresponding to the ith eigenvector,
and 02, > 02, > --- > o2 .. From (44), it may be noted that
for real o, oy is also real. For complex «, however, og is gen-
erally complex. The post-filter F = UY. ;U may thus have
complex eigenvalues and is, hence, non-Hermitian for complex
« and Hermitian for real «. The CSF coefficients depend on
the parameters « and ), the observation noise energy o2, and
the energy distribution in channel subspaces (subspace profile).
This Wiener channel subspace filter weights the subspaces with
higher energy more favorably than subspaces with lower energy
and eliminates the observation noise error associated with any
null subspaces. In general, the CSF coefficients shape the ampli-
tude and phase of the subspaces, thereby compensating for the
EW-RLS algorithm-induced amplitude and phase distortion.

The correlation matrix of the channel estimation error after
post-filtering is given by

R.s = Ru — R, RRE. (45)
R.; is diagonalized by the eigenvectors U so that Ry =
U, fUH , where the diagonal elements of the matrix X5 are
g 52 fi =0 }Zn
2 2).2 2
% (1 _ la[*(1 = A*)oj0z ) (46)
(1= ]a2A?)07.02 + (1 — aX)(1 — a*A)o?

where? = 1,2,..., N.The channel estimation error of the CSF
algorithm is E[||gf( n)|]?] = ZZ 1 aefl From (36), the eigen-
vectors U also diagonalize the EW-RLS channel estimation
error correlation matrix R... The equivalent diagonal matrix for
the unfiltered EW-RLS estimate Y. has diagonal elements

s (IT—ad)(1—-a")+ (1 -a*N)(1—-a) ,

el = 1+ ML= aM(1—a*)) hi
(1-2X)o?
— 47
(1+A) o2 “7)
where ¢+ = 1,2,..., N. The channel estlmation error of the

EW-RLS algorithm is E[||e(n)||?] = 2, 02 . Equations (42),
(46), and (47) will be used in Section IX to compute the optimal
theoretical channel estimation error and compare them with the
simulation results.

VI. SUBOPTIMAL CHANNEL SUBSPACE POST-FILTERING

The channel subspace post-filter is the solution to the MMSE
problem formulated in (43). This post-filter F' can be expressed
in terms of the eigenvectors U and the channel subspace
filtering coefficients og given in (44). The optimal post-filter
is thus characterized by the channel subspace filtering co-
efficients, which, as discussed earlier, weight the subspaces
with higher energy more heavily than subspaces with lower
energy and compensate for amplitude and phase distortion. For
a low-rank channel, a simplified but suboptimal filter may be
considered.

Consider such a low-rank channel where Ry, has only r
significant eigenvalues and r» < N, i.e., significant energy is
limited to an r dimensional subspace. A suboptimal post-filter,
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referred to as the abrupt rank reduction (ARR) filter, may be
constructed in such a manner that only the  channel subspaces
with significant eigenvalues are retained so that

F,=Ux,U" (48)
where ¥,, = diag(1,1,...,1,0,0,...,0). The ARR channel
—_——
T N-—r

estimation error vector ¢, (n) = h(n) — Fqh(n— 1) has a corre-
lation matrix R, . This correlation matrix is diagonalized by the
eigenvectors U so that R, = UX.,UH where the elements
of the diagonal matrix X, are

s (1—aM)(1—-a*)+(1-a*A)(1-a) ,

Tcai = A+ NI —aNl—a*r) Ok
(1-2X)o? )
—, fori=1,... 4
+(1+A)0‘§, or e ’ 7T (9)
1
fore=r+1,...,N. (50)

= 1— |Oé|2 Ovi

The ARR channel estimation error is E[lle,(n)|?] =
Zf\;l o2,.. Any improvement in channel estimation error using
this filter is the result of the elimination of any observation
noise-induced error variance associated with the null subspace
of the channel impulse response correlation matrix. The
ARR filter is simply a projection onto a reduced-dimensional
subspace.

VII. CHANNEL ORDER MISMATCH

The criteria for assessing tracking performance were intro-
duced in Section III, with the assumption that the number of taps
in the adaptive filter used to model the unknown channel was the
same as the number of taps in the true channel. When this as-
sumption does not hold, there is a channel order mismatch. If the
number of taps in the adaptive filter is greater than the number
of taps in the true channel model, there in an overestimation of
the channel order. Conversely, when the number of taps in the
adaptive filter is less than the number of taps in the true channel
model, there is an underestimation of the channel order. This
section analyzes both these situations and shows that the CSF
approach is applicable even when there is overestimation or un-
derestimation of the channel order.

A. Overestimation of Channel Order

When there is an overestimation of the channel order, the
channel model in (1) may be written as
h,(n+1) = ah,(n) +v,(n+1) Q)]
where, if the number of taps in the assumed channel model is
N, > N, theaugmented N, x 1 vectors h,(n) and v,(n) may be
viewed, without loss of generality, as the vectors h(n) and v(n)
appended by an (N, — N) x 1 column vector of Zeros On, N>
respectively. In vector notation, hX (n) = [bT (n) 0% Oy, n|>and
v2(n) = [v¥(n) 0% _y]. The channel output in (2) be alter-
nately expressed as

(52)
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where, by inspection, 27 (n) = [z”(n) 0%, _y]. The correla-
tion matrix R, can be expressed as R.,., = U,%,, ., UZ.
The eigenvectors U, of the augmented process correlation ma-
trix R,,_,, may be expressed in terms of the eigenvectors U of
the true process correlation matrix R,,,,, as

U 0
Uo = <0 INO_N>'

Similarly, it is easy to verify that the first N eigenvalues of
R, ., are identical to those of R,,, whereas the remaining
N,—N eigenvalues are 1dentlcally equal to zero, i.e., 02, = 02,
fori=1,...,Nando? , = Ofori = N+1,..., N,. Applying

the formulas from Section V yields

(53)

a1+ A)(L = a*N)od,02

T10r = 1 1alZA)02 02 + (1 — aM) (1 — a* \)o2
hoi”x
(54)
o2 = (1—a)(d —a”) + (1 - ") - 04)02 ;
€oi (1 + /\)(1 — og/\)(l — a*)\) hoi
(1-X)o?
(1+X) o2 2
and
U?foz 0—’2ﬂ'

)\2) 2

|(1|2( OhoiTx

1-—
" < (1= [aPA%)07 0% + (1 — aX)(1 — a*X)o?

) (56)

for 2 = 1,2,...,N,. The channel estimation error of the
CSF algorithm is E[||gfo( ) = SN L 0Cp0i- Note that
Ofoi = 0 for 1 = N 4+ 1,...,N,. Furthermore, from (55)
and (56), 02, = (1 — Ao 2/(1 + A)o2, whereas 02, . = 0
fori = N 4+ 1,...,N,. By comparing (47) and (56), it is
apparent that overestimation of the channel order results in an
increased EW-RLS channel estimation error because of the
observation noise-induced error variance associated with the
N, — N extra taps. Equation (46) and (56) imply, however, that
the CSF post-filter, to within the limits of the direct averaging
method, improves the EW-RLS channel estimator performance
by eliminating the observation noise-induced error variance
due to these extra taps and by compensating for the EW-RLS
algorithm-introduced phase and magnitude distortion.

B. Underestimation of Channel Order

When the channel order has been underestimated, the channel
model in (1) may be equivalently represented as

hy(n+1)| _ Th,(n) v, (n +1)
iw + 1>i - [Mn)i " iw +1)
where if the number of taps in the assumed channel model is
N, < N, then the modified N,, x 1 underestimated vectors
h,(n) and v,,(n) in (57) may be viewed, without loss of gen-
erality, as the first N,, elements of the vectors h(n) and v(n),

(L (n) BT ()]
and v"(n) = [vl(n) v (n)], where h,(n) and v,(n) are the

residual N — N, taps of the true channel impulse response
vector h(n) and the process noise vector v(n), respectively.

] (57)

respectively. In vector notation, h'(n) =



NADAKUDITI AND PREISIG: CHANNEL SUBSPACE POST-FILTERING APPROACH

The process correlation matrix R, can be expressed in terms
of its submatrices as

Rvuvu Rvuvr
R’U’U - [RUTUM ervr} (58)
where Ry, = E[v,(n)vH(n)], Ry, = RE, =

E [v,(n)vH (n)], and R,,., = E[v,(n)vf(n)] are the
corresponding correlation submatrices. The channel correlation
matrix Ry can also be expressed as
Ru,n
Run = u v (59)
Ru.n, Rn,n,
where the correlation submatrices are analogously defined as
in (58). Using the notational decomposition of the channel
impulse response vector h(n) into the underestimated and
residual vector introduced above, the channel output in (2) may
be written as

(60)

where w,,(n) rZ(n)z,(n) + w(n), and z,(n) and
z,.(n) are, respectively, the samples of the data vector
2T (n) [T (n) 2T (n)] associated with the taps of the
underestimated channel impulse response vector h,, (n) and its
residual h,.(n), respectively.

Recalling that the additive white Gaussian observation noise
w(n) is uncorrelated with z(n) and h(n), it is clear that w(n)
is also uncorrelated with and independent of z,(n), z,(n),
h,(n), and h,(n) as well. Furthermore, since the elements
of the data vector z(n) are assumed to be independent and

uncorrelated, (Rm = 021), and it can readily be verified that
E [@f (n)gu(n)gH(n)ﬂr(n)} — 0. Hence, wy(n), as defined,

'

is independent and uncorrelated with the term ﬁf (n)z,(n)
in (60). It is therefore the equivalent additive white Gaussian
observation noise for the underestimated channel response
vector h,(n), whose channel model is embedded in (57). Its
variance E [w2(n)] = o2 can be shown to be given by

o2 =o* +c*tr(Ry, ) > 02

w

(61)

The channel estimation error vector ¢(n | n — 1) is given by

awin-v= 3] -10-0]-[54] @

h(n)

where e,(n) = h, (n) —h(n—1), and h, (n) is the residual true
channel impulse response vector defined earlier. The formula of
Section V can be applied to the reduced order system described
in (57) and (60), resulting in a filter that reduces the estimation
error €,(n) in (62). Channel order underestimation leads to
an increase in the equivalent observation noise, reflected in
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(61), which adversely impacts the performance of the EW-RLS
algorithm by increasing the observation noise induced error
variance. While the CSF algorithm improves the performance
of the EW-RLS algorithm by weighting the subspaces with
higher energy more favorably than the subspaces with lower
energy, this improvement is diminished by the constant offset
term ¢r(Ry, 5, ), due to the untracked taps of the true channel
impulse response. The energy in these untracked taps, relative
to the energy in the taps that are being tracked, ultimately
determines the extent to which the CSF algorithm can improve
the performance of the EW-RLS algorithm.

VIII. ADAPTIVE CHANNEL SUBSPACE FILTERING ALGORITHM

The CSF approach described above relies on explicit knowl-
edge of the system parameters for the assumed channel model in
(1). In a realistic scenario, even if the simplistic channel model
in (1) were assumed to be valid, the parameters «, U, ., and
o2 are unknown or, as in some instances, not directly observ-
able. Merely the received data y(n) and the transmitted data
z(n) are known. From (11), it is clear that minimization of the
unobservable mean-square channel estimation error also min-
imizes the observable mean-square prediction error. The CSF
formulation in (43) expressed as a minimization of an unobserv-
able cost function can hence be rewritten as a minimization of
an observable cost function

F = argminF [ly(n) - b" () FHx(m)?].  (63)
F

In arealistic scenario of unknown channel system parameters,
the MMSE formulation in (63) is the basis for a deterministic
least-squares problem expressed as

F(n) = argmin > Blnk)lly(k) = B (BE (R (64)
k=1

where 3(n, k) is the weighting function, and f(n) is the es-
timated post-filter. If 3(n,k) = ", then (64) takes on an
EW-RLS form. For the remainder of this section and the dis-
cussions that follow, it will be assumed that (n, k) = 1 only
fork=n—M+1,...,n and O elsewhere. Equation (64) thus
takes on an SW-RLS form, which is written as

n

F(n) = argmin
(n) e >

k=n—M+1

ly(k) — B () E (k) (65)

where M is the length of the averaging window. This SW-RLS
form was chosen for convenience.

Since F is an N x N matrix, even for moderate to large
N, the formulation in (65) would require an unreasonably
large number of samples of y(n) for the solution F(n) to
converge. The number of parameters to be estimated can be
reduced by exploiting the fact that for the channel model in (1),
the channel estimate correlation matrix in (40) has the same
eigenvectors as the CSF filter computed as F = UYL, U,
If the channel estimate time series were used to estimate
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eigenvectors IAJ(n)2 then the post-filter, which is written as
F = U(n)X;(n)UH (n), could be computed using an estimate
of the N CSF coefficients that form the diagonal matrix X f( n).
The modal decomposition of F can be used to express the
least-squares problem in (65) in terms of the required CSF
coefficients such that we have (66), shown at the bottom of
the page, where 4,(n) is the ith column of the estimated
eigenvector matrix U(n) and the F = 31_, &q1;(n)al (n).
Equation (66) is a least-squares problem that can be solved for
a given M. In several communications applications, it may be
necessary to minimize the ng-step prediction error. A more
general way of writing (66) is thus (67), shown at the bottom of
the page. In the communications system application of interest
here, if there are Ny, samples per transmitted data symbol,
then ng = Ny,. Regardless of the value of ng used to calculate
the optimal post-filter F(n), the notation ﬁp(n) = F(n)h(n)
will be used.

The deterministic least-squares problem posed in (67) con-
stitutes the basis for an adaptive CSF algorithm. However, the
intended use of such an ACSF algorithm in low-rank channels
and the sensitivity of subspace-based methods in such channels
motivates a desire to introduce the channel rank as an addi-
tional parameter for the proposed ACSF algorithm. In low-rank
channels, from (44), a number of the CSF coefficients will have
an expected weight of zero. Thus, if the presumed rank of the
channel is 7, then only the corresponding # CSF coefficients
will have to be estimated, whereas the remaining N — 7 coeffi-
cients will be assigned zero weight. To fulfill this criterion, (67)
can be rewritten as (68), shown at the bottom of the page. This

2This could be done by first computing the (unnormalized) channel
estimate sample correlation matrix R ;(n | n—1) = "= h(k)h H(k),
then computing the eigenvalue (or singular value) decomposition, yielding
eigenvectors U(n).
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equation can be solved for a given M and 7 and forms the basis
for the proposed ACSF algorithm. Tables I and II summarize a
proposed causal and noncausal ACSF algorithm.? Regardless of
the causality of the solution, introducing the following variables
allows (68) to be posed as traditional least-squares problem

gf(n; 7) =lop(n;7),op2(n; 7). . opr(n; f“)]T (69)
[ W)
z(k +mno;7) = T
h (k)i (n)
ay (n)z(k + no)
s (70)
ay! (n)z(k + no)

where it may be recalled that 7 is the conjectured rank of the
channel and that the (-x) operation denotes an element-by-el-
ement multiplication of the adjacent vectors. Using these vari-
ables, the deterministic least-squares problem can be posed as
(71), shown at the bottom of the page, whose conjectured rank
7 dependent solution is given by

=R (n;7)Rey(n;7)

Gs(n;7) (72)

where R...(n;7) and R, (n; ) are computed as

n

Ro.(m;i)= > z(k+mne#)z" (k+no;#) (73)
k=n—M+1

Roy(ni) = Y z(k+no;#)y*(k+no). (74)
k=n—M+1

3Following the notation introduced earlier, use of the time index n denotes
functional time dependence, whereas its omission denotes functional time in-
variance. To maintain generality, the time index n will be retained for the re-
mainder of this section.

n N
diag(¥f)(n) = arg min Z Jﬁh s(n)a (n)z(k) (66)
diag(Ts) k=n—n+1 i=1
n 2
diag(i]f)(n) = arg min y(k + no) Z Uﬁh k)a; (n)al (n)z(k + no) (67)
diag(sy) k=n—r+1
n 2
diag(f]f)(n; 7) = arg min y(k + no) Z Jﬁh k)i (n) ! (n)z(k 4 no) (68)
diag(y) k=n—M+1
n 2
G4(n;7) = arg min Z y(k +no) — af H(n;#)z(k 4 no; ) (71)
9y (MP) j=n M1
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TABLE 1
SUMMARY OF CAUSAL ACSF ALGORITHM

Initialization: Pick M, no = Ny, 7. Set R;; = 0.
Operation: For every n =1,...,L,
1) Compute A(n — 1), the RLS channel estimate.

2) Update R;; (n) = Ry (n) + h(n — DA (n - 1).

3) Compute/update eigenvectors U(n) of ﬁ,-‘,-l(n).

4) Compute R (n;#) and R.y(n;#) using U(n) as in (70), (73) and (74).
5) Calculate ACSF coefficient vector & (n; #) using U(n), Rzz(n;7) and R.y(n;#) as given in (72).

6) Compute post-filter F(n; 7) = 3°7_, o7:(n; #); (n) (n).
7) Post-filter the RLS estimate ﬁp(n; 7) = F(n; #)k(n).

TABLE I
SUMMARY OF NONCAUSAL ACSF ALGORITHM

Initialization: Pick no = Ny, 7.

Operation: Given RLS estimates An—1)forn=1,

1) Compute R;; = S°5_, h(n — 1)ﬁH (n—1).

2) Compute eigenvectors U of f{iul-

...,L,set M = L and,

3) Compute R...(#) and R.,(#) using U as in (70), (73) and (74) setting n. = L.
4) Calculate ACSF coefficient vector o¢(7) using U, R.. () and R.y(7) as given in (72), (73) and (74).

5) Compute post-filter F'(7) = 3°7_, o7:(F) @ .

=129

6) For n =1,..., L, post-filter the RLS estimate ﬁp(n; ) = F(F)A(n).

The ACSF coefficient vector G(n;7), as given in (72),
can be calculated using an RLS algorithm using z(n) and
y(n) as its inputs. The estimated ACSF is computed as
F(n;#) S Ga(n;#)a;(n)a (n). In experimental
scenarios, the performance of the ACSF algorithm versus
7 can be evauated using the rank-7-dependent ACSF

prediction error metric (1/N) Zgzl |£;‘°(n;f)|2. Here,

o (ni7) = y(n + no) — Ef(n,f)g(n + ng), and ﬁp(n,f)
depends on the rank 7 used to compute the ACSF post-filter
F(n; 7). For the channel model in (1), it is reasonable to expect
this rank 7* to correspond to the true rank of the channel. The
noncausal ACSF algorithm introduced is a benchmark for eval-
uating the performance of the practically implementable causal
ACSF algorithm. The causal and noncausal ARR algorithms
are similar to their ACSF variants, with the exception that
the rank-7-dependent filtering coefficients are, by definition,
identically equal to 1, with the remaining filtering coefficients
equal to 0.

IX. SIMULATION RESULTS

The models for the time-varying system described in (1)
and (2) were used to generate data used in the simulations.
Equiprobable =1 BPSK symbols were used to generate samples
of the transmitted data vector z(n). For multitap simulations,
the eigenvectors U of the correlation matrix R,,,, were chosen
randomly. The performance metrics for the simulations were
calculated on a single channel realization using a large number
of generated samples of received data y(n). Only the samples
of the channel estimate vector corresponding to the steady-state
regime of the EW-RLS algorithm, i.e., after the transient phase

of the algorithm was assumed to have been completed, were
used for these performance evaluations. The ACSF algorithm,
when used for comparison, refers to the noncausal variant
described in Table II.

A. Single Tap Channel Simulation

A single tap channel was simulated with the following pa-
rameters: @ = 0.9995 eﬂ”/?’oo, SNR = 5 dB, and 03 = 1.
From (31), this corresponds to a% of about 30 dB+ and a noise
variance o2 of about 25 dB. Channel estimates were generated
using the EW-RLS algorithm and post-filtered using a scalar
CSF filter that was computed using (44). Fig. 1 shows the agree-
ment between the theoretical and simulated results for the op-
timal performance of the EW-RLS, CSF, and ACSF algorithms.
The CSF algorithm improves performance by about 4 dB. The
ACSF algorithm matches the performance of the CSF algorithm
to within 0.1 dB. Fig. 2 shows the magnitude and phase of the
optimal CSF coefficients for this example.

For the parameter « in this example, the channel dynamics
as described using (1) primarily consist of phase rotations. The
coherent averaging of the channel impulse response over the
equivalent averaging window [14] of the EW-RLS algorithm
introduces a phase and magnitude distortion in the channel
estimate. For smaller values of A, of up to about 0.975, the
magnitude of the CSF coefficient is fairly close to 1, whereas

4Although dB is a logarithmic measure that is conventionally computed from
dimensionless quantities, it has been used dually in this paper to express the
magnitude of dimensionless quantities such as SNR and quantities such as vari-
ance and theoretical channel estimation error that are clearly not dimensionless.
Its use in this manner will be obvious from the context; in such situations, the
logarithmic dB measure computed as 10* log 10(-) is relative to a unit 1 mea-
sure of the relevant quantity.
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Fig. 1. Tracking performance of the EW-RLS, CSF, and ACSF algorithms on
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10°
—— CSF Coeff. Magnitude |- i:: Fiiiie R

SNR=5dB,

10 E 0 50,9995 ¢! 271390

Magnitude

05 0.55 0.6 0.65 0.7 0.75 0.8 0.85 09 0.95 1

10' T T T T T

— - CSF Coeff. Phase
T .o SNR'=5dB, P
S 10 0 = 0.9995 g1 27/300: :: . : : 4
5 Z
g : e
b L
& -1 =7
£ 10 By e = TTITIT : o
1072 L 1 I L L 1 1 1 I
05 0.55 0.6 0.65 0.7 0.75 0.8 0.85 09 0.95 1

Fig. 2. Channel subspace filtering coefficients for simulated one-tap channel
data.

its phase increases with A. In this regime, the CSF algorithm
primarily compensates for the phase distortion due to the
coherent averaging of the EW-RLS algorithm. At higher values
of A, the CSF algorithm needs to account for both the phase
distortion and the magnitude reduction in the channel estimate
caused by the averaging of the rotating phasor over a longer
window.

The minimum point in the performance curve for the CSF
algorithm occurs at a greater value of A than that of the EW-RLS
algorithm, as seen in Fig. 1. At this higher value of ), for the
EW-RLS algorithm, the observation noise-induced error vari-
ance decreases but cannot offset the increased tracking error
variance due to the greater phase and magnitude distortion in-
troduced by the larger coherent averaging window [14]. The
CSF algorithm is, however, able to compensate for this phase
and magnitude distortion and, hence, improve the overall per-
formance of the EW-RLS channel estimator. This constitutes
the basis for the improved performance of the CSF algorithm in
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tracking channel dynamics composed of phase rotations. Sec-
tion IX-B analyzes the performance of the CSF algorithm when
there is a channel order mismatch.

B. Channel Order Mismatch Simulation

With the previous example in mind, a two tap channel was
simulated with the following parameters: o = 0.9995 ¢I27/300,
SNR = 5 dB, and R, = [1 0.25;0.25 0.2]. The eigenvalues
of the process correlation matrix are 02, = 1.0717 and 02, =
0.1283. As before, channel estimates were generated using the
EW-RLS algorithm and post-filtered using a CSF filter. How-
ever, unlike before, three sets of channel estimates were gener-
ated corresponding to an underestimation of the channel order
(with N,, = 1), perfect estimation of the channel order (with
N = 2), and overestimation of the channel order (with N, = 3).

Fig. 3(a) shows the deterioration in EW-RLS tracking perfor-
mance due to overestimation and underestimation of the channel
order. Underestimation of the channel order results in a tracking
performance that is 5 dB worse relative to the tracking perfor-
mance of the N = 2 tap EW-RLS algorithm. Overestimation of
the channel order, on the other hand, results in a 1.5-dB degrada-
tion in performance that is primarily due to the increased noise
in the subspace associated with the extra tap. At higher values
of )\, where the observation noise-induced error variance of the
EW-RLS algorithm decreases, the performance of the N, = 3
tap EW-RLS algorithm gets increasingly closer to the perfor-
mance of the N = 2 tap EW-RLS algorithm. At values of A very
close to 1, where the observation noise-induced error variance
term vanishes the N,, = 1 tap EW-RLS algorithm, the N = 2
tap EW-RLS algorithm and the N, = 3 tap EW-RLS algorithm
have the same channel estimation error of about —30.97 dB.
This is equal to the energy tr(Ryy,) of the true channel impulse
response h(n), indicating that all of the estimators are unable to
track the fluctuations in the channel impulse response.

Fig. 3(b) shows the improvement in performance due to the
CSF algorithm. There is also an excellent agreement between
the CSF and ACSF performance that is omitted from Fig. 3(b)
for clarity. The CSF algorithm applied to the N, = 1 tap
EW-RLS algorithm improves performance by about 0.6 dB.
It can also be seen that CSF algorithm applied to the ng = 3
tap EW-RLS algorithm results in tracking performance very
close to the CSF post-filtered N = 2 tap EW-RLS algorithm.
This improvement in performance is about 4 dB relative to the
N = 2 tap EW-RLS algorithm and about 5 dB relative to the
N, = 3 tap EW-RLS algorithm. This improved performance
occurs at a higher value of A, where the CSF algorithm is able
to compensate for the increased tracking error variance due to
the phase distortion induced by the EW-RLS algorithm.

It is insightful to compare the performance of the CSF
algorithm on the underestimated channel to the one tap example
presented earlier. As in the previous example, the minimum
point in the performance curve for the CSF algorithm applied
to the underestimated channel occurs at a larger value of A than
that of the EW-RLS algorithm. As discussed earlier, at this
higher value of A, for the EW-RLS algorithm, the observation
noise-induced variance decreases but is offset by the increased
tracking error variance due to the greater phase and magnitude
distortion introduced by the larger coherent averaging window.
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Fig. 3. Comparison of impact of channel order mismatch on performance of
EW-RLS and CSF algorithms.

The CSF algorithm compensates for this phase and magnitude
distortion and improves the overall performance of the V,, = 1
tap EW-RLS algorithm. While this improvement in estimator
performance relative to the tap in question is approximately
4 dB, from the previous example, the net improvement is
more than offset by the large offset term due to the untracked
tap. As a result, while the CSF algorithm still improves the
performance of the EW-RLS algorithm, the magnitude of the
improvement is diminished.

These simulations confirm that even when the channel order
is underestimated or overestimated, the CSF algorithm is able
to improve the performance of the EW-RLS algorithm. Sec-
tion IX-C analyzes the performance of the CSF algorithm in
tracking a multitap low-rank channel.

C. Multitap Channel Simulation

The time-varying channel impulse response vector h(n) was
modeled using a 35 tap transversal vector (N = 35). The eigen-
values of the driving process, i.e., the diagonal elements of X,,,,,
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determine the energy associated with each of the channel sub-
space eigenvectors. The correlation matrix R,,, was modeled
as having a rank of 5. The eigenvalues of the correlation ma-
trix were normalized so that the energy in the driving process
was unity, i.e., tr(3,,) = 1. The energy of the nonnull sub-
spaces, i.e., the nonzero eigenvalues of ¥.,,,,, were assigned to be
[0.6056,0.1831,0.1217,0.0608, 0.0303] such that, as described
earlier, tr(X,,) = 1. The time-varying system was evolved
as (1) with the parameter « = 0.9995. This resulted in the
time-varying channel impulse response h(n) having an energy
given by (31) as tr((Ry) = t(R,,)/(1 — |]?), which, for
a = 0.9995 corresponds to an an energy of about 30 dB. The
output of the system y(n) was generated using (2) with additive
Gaussian observation noise w(n) with a variance of o2, yielding
an SNR of 5 dB. Fig. 4 compares the performance of these al-
gorithms. The figure shows the theoretical values of channel es-
timation error computed with (47), (49), and (46) labeled as Th.
EW-RLS, Th. ARR, and Th. CSF, respectively.

The rank 5 ARR filter, as constructed, exploits only the re-
duced dimensionality of the channel. The rank 5 CSF filter,
on the other hand, implicitly exploits both the reduced dimen-
sionality of the channel as well as the correlation between the
channel estimate and the true channel impulse response. This is
manifested in the improved performance of the CSF filter for all
values of the tracking parameter A, as evidenced in Fig. 4. It may
be noted that best performance is achieved at a smaller value of
A. For this example, a smaller value of A decreases the tracking
error variance and increases the observation noise-induced error
variance for the EW-RLS algorithm. When « is real, it can be
shown from (44) that oz < 1 when only a magnitude correction
is needed. The rank 5 CSF algorithm improves the channel esti-
mation error by eliminating a major part of this increased obser-
vation noise-induced error variance associated with the null sub-
spaces and by weighting the subspaces with higher energy more
favorably than those with lower energy. The rank 5 ARR filter
is also able to achieve comparable performance by eliminating
this increased observation noise-induced error variance associ-
ated with the null subspaces. In this case, the performance of the
rank 5 ARR filter is comparable to that of the CSF filter, sug-
gesting that in some situations, the use of an ARR filter might
provide the expected gain in computational efficiency without
sacrificing too much algorithmic performance. Both the ARR
and the CSF algorithms improve the channel estimator perfor-
mance by about 3 dB.

Fig. 4 shows the agreement between predicted (Th. EW-RLS,
Th. ARR, and Th. CSF) and realized channel estimation error
(Sim. EW-RLS, Sim. ARR, and Sim. CSF) as well as the equiv-
alence between the ACSF (Sim. ACSF) and the CSF (Sim.
CSF) solutions. This figure also shows the mismatch between
the predicted performance and the simulation performance
for smaller values of A\, where the assumptions of the direct
averaging method begin to break down.

Fig. 5 demonstrates that the performance of the ACSF algo-
rithm is sensitive to eigenvector estimation errors. Here, for a
given 50 000-point data window, the eigenvectors used to deter-
mine the ACSF solution are computed using an estimate of the
channel estimate correlation matrix composed of 50 000, 500,
100, and 50 equally spaced channel estimates, respectively. It
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Fig. 4. Tracking performance of the EW-RLS, CSF, and ACSF algorithms on
multitap channel simulated data. The curves from top to bottom at A = 0.975
are Sim. EW-RLS, Th. EW-RLS, Sim. ARR, Sim. ACSF, Sim CSF, Th. ARR,
and Th. CSF, respectively.

can be seen that there is a deterioration in algorithm perfor-
mance of approximately 1.2 dB. While a rigorous analysis of
the performance of the ACSF algorithm is beyond the scope of
this paper, simulation results such as Fig. 5 suggest that eigen-
vector estimation errors do indeed affect the performance of the
ACSF algorithm.

X. RESULTS ON EXPERIMENTAL DATA

The ACSF algorithm presented earlier was used to process
experimental data collected in acoustic communication experi-
ments [15]. This section presents the results of processing this
data over a range of operating channel conditions. This will
serve to demonstrate that even though a simplified theoretical
channel model was initially used to formulate the algorithm, an
ACSF algorithm is able to exploit the assumed channel subspace
structure to improve the performance of the overall channel es-
timator.

The received signal with a carrier frequency of 2.25 kHz was
sampled, brought to baseband, lowpass filtered, and downsam-
pled to a rate of 2.5 kHz corresponding to two baseband sam-
ples per transmitted data symbol interval. The baseband sam-
ples were processed to compensate for any Doppler shift [16].
A 88 tap model was used to represent the time-varying base-
band channel impulse response. Fig. 6 shows the magnitude of
a sample baseband channel impulse response estimate generated
using the EW-RLS algorithm with A = 0.955. The ACSF coef-
ficients were computed using ng = 2, whereas its performance
was evaluated using ng = 3. Fig. 7(a) shows the improvement
in performance obtained by using an ACSF approach. The rank
3 ACSF solution is within 0.1 dB of the best performing rank
75 ACSEF solution. Fig. 7(b) shows the performance versus A
curve and demonstrates the 9-dB improvement in performance
due to the rank 7 ACSF algorithm. It can also be seen that both
the causal and noncausal processing demonstrate this improved
performance. Fig. 7(a) shows that the tracking performance of
the rank 3 ACSF filter is comparable with the rank 88 ACSF
filter. The rank 7 ARR filter achieves a performance gain of
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Fig. 6. Magnitude of a sample baseband channel impulse response estimate.

about 1.5 dB. This demonstrates that the ACSF coefficients used
to compute the post-filter achieves the additional 7.5 dB of per-
formance gain by compensating for the magnitude and phase
distortion due to coherent averaging. Fig. 8§ compares the mag-
nitude and phase of the ACSF coefficients computed using an a
priori assumed rank of 3 and 88, respectively. Since the rank 3
ACSF coefficients in Fig. 8 have a magnitude close to 1 and a
phase of about —0.0873 rad (or about —5°), the performance
gain is primarily due to a phase compensation, rather than a
magnitude correction. This is similar to the single tap channel
example presented in Section IX.

The improvement due to the ACSF approach is a result
of exploiting both the reduced dimensionality of the channel
subspace and the correlation between the channel estimate
and the true channel impulse response. Hence, despite the
relative computational efficiency of the ARR algorithm, its
performance degradation relative to the ACSF algorithm is
severe. The performance of the causal and the noncausal
versions of the ACSF algorithm are within 1 dB of each other.
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Improvement in estimator performance on additional channels
is demonstrated in [12].
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XI. APPLICATION TO A CHANNEL ESTIMATE-BASED DFE

Prior work [17] has shown that the performance of channel
estimate-based DFEs is adversely affected by channel estima-
tion errors. This suggests that improved channel estimation due
to the CSF approach would lead to improved performance of
the channel estimate-based DFE. The details of the channel es-
timate-based DFE are omitted here for the sake of brevity. The
performance of the standard channel estimate based DFE [18]
in Section XI-A is compared on experimental data, where the
DFE feedforward and feedback taps are computed using either
ACSF post-filtered or (unfiltered) EW-RLS channel estimates.

A. DFE Performance on Experimental Data

The channel estimate-based DFE algorithm was used to
process the same experimental data used in Section X. Fig. 6
shows the magnitude of one of the sampled complex baseband
channel impulse response estimates that was generated using
this data. For the experimental results presented, the channel
estimates were obtained using the EW-RLS algorithm. The
channel estimate time series is postprocessed using the ACSF
algorithm as described earlier. The postprocessed channel
estimate is used to compute the coefficients of the feedback
and the feedforward filter, as in [18].

Fig. 9(a) compares the equalizer performance, i.e., the soft
decision error in dB, of a channel estimate based DFE using
post-filtered channel estimates and conventional EW-RLS
channel estimates. Fig. 9(b) compares these channel esti-
mate-based DFEs in terms of the number of incorrect decoded
symbols. For this data set, 3200 quadrature phase-shift keying
(QPSK) data symbols were transmitted at a rate of 1250
symbols/s and subsequently decoded. The performance of the
ACSF post-filtered channel estimate-based DFE, configured
using 40 feedback and 24 feedforward taps (ten anticausal and
14 causal taps, respectively), is demonstrably superior to that
of the conventional EW-RLS channel estimate-based DFE.

XII. CONCLUSION

A channel subspace post-filtering algorithm has been pre-
sented that treats the least-squares channel estimate as a noisy
time series and exploits the correlation structure of the channel
subspace to improve the tracking performance of the EW-RLS
tracking algorithm. This improvement in performance has been
demonstrated both analytically and using simulation data. An
adaptive CSF algorithm has been proposed that has been ob-
served to closely match the performance of the CSF algorithm
in the simulations presented. The simulation results suggest that
the CSF approach is useful in channels with moderate to low
SNRs, where there is either significant phase rotation, a channel
order mismatch, or an inherent reduced dimensionality of the
channel subspace. Although the channel model in (1) was fairly
simplistic, experimental data demonstrates the applicability of
the CSF approach on practical channels. A channel estimate-
based DFE that uses these post-filtered channel estimates to de-
termine the equalizer coefficients was shown to have improved
performance on the same experimental data. Additional results
in [10] and [11] show that the ACSF algorithm improves the
performance of the SW-RLS channel estimation algorithm on
the same experimental data presented here.



1914

2 Ew-RLS T T T T T T
-8 Non-Causal ARR : : : : : .
-©- Causal ARR
-~ Non-Causal ACSF
Of| - Causal ACSF

Equalizer Soft Decision Error (dB)

8 A A

= =1=.§.§Q:':Q: Q::g:.:ﬂ::g:ﬁgi

P e e e

2 s v I
0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99 1
A

(a) Equalizer performance vs A

A~ EW-RLS FEE EEEEE

8- Non-Causal ARR
©- Causal ARR T
= Non-Causal ACSF [ """ ": 77" miimimests
—#— Causal ACSF it

10 frrsnsinnnnnnnin

:Note :  Discontinuity in the Causal/ Non: - Causal ACSF curves below : :
is due to ZERO decoded symbol errors corresponding to:the
particular value of A

Number of Decoded Symbol Errors

51 1 I 1 I I I I 1

g

0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99 1
A

(b) Number of incorrectly decoded symbols vs A.

Fig. 9. Performance on experimental data.

ACKNOWLEDGMENT

The authors wish to thank the anonymous reviewers for their
comments that helped improve this paper.

REFERENCES

[1] H. V. Poor and G. W. Wornell, Eds., Wireless Communications: Signal
Processing Perspectives. Upper Saddle River, NJ: Prentice-Hall, 1998.

[2] S. Haykin, Adaptive Filter Theory. Englewood Cliffs, NJ: Prentice-
Hall, 1996.

[3] E. Eleftheriou and D. D. Falconer, “Tracking properties and steady state
performance of RLS adaptive filter algorithms,” in IEEE Trans. Acoust.,
Speech, Signal Processing, vol. ASSP-34, 1986, pp. 1097-1110.

[4] E. Moulines and P. Duhamel, “Subspace methods for the blind identifi-
cation of multichannel FIR filters,” IEEE Trans. Signal Processing, vol.
43, pp. 516-525, Feb. 1995.

[5] K. Abed-Meraim, P. Loubaton, and E. Moulines, “A subspace algorithm
for certain blind identification problems,” IEEE Trans. Inform. Theory,
vol. 43, pp. 499-511, Mar. 1997.

[6] L.L. Scharf and D. W. Tufts, “Rank reduction for modeling stationary
signals,” in IEEE Trans. Acoust., Speech, Signal Processing, vol.
ASSP-35, Mar. 1987, pp. 350-355.

IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 52, NO. 7, JULY 2004

[7]1 D. Kocic, D. Brady, and M. Stojanovic, “Sparse equalization for
real-time digital underwater acoustic communications,” in Proc.
OCEANS, 1995, pp. 133-139.

[8] I.J.Fevrier,S.B. Gelfand, and M. P. Fitz, “Reduced complexity decision
feedback equalization for multipath channels with large delay spreads,”
IEEE Trans. Commun., vol. 47, pp. 927-937, June 1999.

[9] Y. F. Cheng and D. M. Etter, “Analysis of an adaptive technique for
modeling sparse systems,” IEEE Trans. Signal Processing, vol. 37, pp.
254-264, Feb. 1989.

[10] R.Nadakuditi and J. C. Preisig, “A channel subspace filtering approach
to adaptive equalization of realistic acoustic channels,” J. Acoust. Soc.
Amer., pt. 2, vol. 109, no. 5, pp. 2476-2476, May 2001.

, “A channel subspace filtering approach to adaptive equalization of
highly dynamic realistic channels,” in Proc. 35th Asilomar Conf. Signals
Syst., vol. 2, Nov. 2001, pp. 1616-1623.

[12] R. Nadakuditi, “A channel subspace post-filtering approach to adaptive
equalization,” Master’s thesis, Mass. Inst. Technol., Cambridge, MA,
2002.

[13] H. J. Kushner, Approximation and Weak Convergence Methods
for Random Processes With Applications to Stochastic System
Theory. Cambridge, MA: MIT Press, 1984.

[14] J. G. Proakis, H. Lev-Ari, J. Lin, and F. Ling, “Optimal tracking of time-
varying channels: A frequency domain approach for known and new
algorithms,” IEEE J. Select. Areas Commun., vol. 13, pp. 141-154, Jan.
1995.

[15] L. Freitag, M. Johnson, M. Stojanovic, D. Nagle, and J. Catipovic,
“Survey and analysis of underwater acoustic channels for coherent
communication in the medium-frequency band,” in Proc. OCEANS,
vol. 1, Providence, RI, Sept. 2000, pp. 123-128.

[16] M. Johnson, L. Freitag, and M. Stojanovic, “Improved doppler tracking
and correction for underwater acoustic communication,” in Proc.
ICASSP, vol. 1, Munich, Germany, Apr. 1997, pp. 575-578.

[17] M. Stojanovic, “Analysis of the impact of channel estimation errors on
the performance of a decision-feedback equalizer in fading multipath
channels,” IEEE Trans. Commun., vol. 37, pp. 877-886, Feb. 1995.

[18] M. Stojanovic, L. Freitag, and M. Johnson, “Channel-estimate based
adaptive equalization of underwater acoustic signals,” in Proc. Oceans,
Seattle, WA, 1999.

[11]

Raj Nadakuditi (S’01) received the B.S. degree in electrical engineering from
Lafayette College, Easton, PA, in 1999 and the S.M. degree in electrical engi-
neering and Computer Science from the Massachusetts Institute of Technology
(ML.I.T.), Cambridge, in 2001. He is currently working toward the Ph.D. degree
at the Department Electrical Engineering and Computer Science at M.I.T. and
in the Joint Program of Applied Ocean Science and Engineering at the Woods
Hole Oceanographic Institution, Woods Hole, MA. His research interests are in
the general area of adaptive signal processing, information theory, and random
matrix theory with an emphasis on wireless communications applications.

Mr. Nadakuditi is a member of Eta Kappa Nu, Tau Beta Pi, Phi Beta Kappa,
Pi Mu Epsilon, and Omicron Delta Epsilon. He was a recipient of the ONR
Graduate Traineeship Award in 1999.

James C. Presig (M’91) received the B.S. degree in electrical engineering
from the United States Coast Guard Academy, New London, CT, in 1980,
the S.M. and E.E. degrees in electrical engineering from the Massachusetts
Institute of Technology, Cambridge, in 1988, and the Ph.D. degree in electrical
and ocean engineering from the Massachusetts Institute of Technology/Woods
Hole Oceanographic Institution (WHOI) Joint Program in Oceanography and
Oceanographic Engineering, Woods Hole, MA, in 1992.

He was a Postdoctoral Investigator at WHOI from 1992 to 1994 and a Vis-
iting Assistant Professor at Northeastern University, Boston, MA, from 1994 to
1997. Since July 1997, he has been on the scientific staff of the Department of
Applied Ocean Physics and Engineering at WHOI. His research interests are in
the areas of adaptive signal processing, underwater acoustic propagation mod-
eling, underwater acoustic communications, and numerical optimization.

Dr. Presig is the recipient of the 1999 ONR Ocean Acoustics Young Fac-
ulty Award and is a member of the IEEE Sensor Array and Multichannel Signal
Processing Technical Committee and the Acoustical Society of America Un-
derwater Acoustics and Signal Processing Technical Committees. He is also an
associate editor of the IEEE JOURNAL OF OCEANIC ENGINEERING.



