926

IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 53, NO. 3, MARCH 2005

Reduced-Rank Channel Estimation for Time-Slotted
Mobile Communication Systems
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Abstract—In time-slotted mobile communication systems with
antenna array at the receiver, the space-time channel matrix is
conventionally estimated by transmitting pilot symbols within
each data packet (or block). This paper is focused on reduced
rank (RR) estimation methods that exploit the low-rank property
of the space-time channel matrix to estimate single or multiple
user channels from the observation of single or multiple training
blocks. The proposed RR methods allow to improve the estimate
accuracy by reducing the set of unknown parameters (rank reduc-
tion) and extending the training set (multiblock processing). The
maximum likelihood RR estimate is obtained as the projection of
the prewhitened full-rank (FR) estimate onto the spatial or tem-
poral signal subspace. The paper shows that, even for time varying
channels, these subspaces can be considered to be slowly varying,
and therefore, they can be estimated with increased accuracy by
properly exploiting training signals from several blocks. The ana-
lytical and numerical performance in terms of mean square error
for the RR estimate shows that the main advantage of the proposed
method with respect to the conventional FR one can be ascribed
to the reduced complexity of the channel parameterization.

Index Terms—Antenna arrays, array signal processing, code
division multiaccess, fading channels, least mean square methods,
maximum likelihood estimation, mobile communication, multi-
path channels, multiuser channels, parameter estimation, radio
communication, reduced-rank processing, time division multiac-
cess, time-varying channels, training.

1. INTRODUCTION

N mobile communication systems, the propagation channel
I is time-varying, and its estimation is mostly training based.
In order to allow channel estimation, the moving terminal trans-
mits periodically a sequence of known (pilot) symbols. Letting
the N training signals be received by an antenna array of M el-
ements through a frequency selective fading channel of length
W (expressed in symbol intervals), the discrete-time model for
the received signals is
y(t) =Hx(t)+n(t), t=0,...,.N—1. (1)
The M x 1 signal vector y(t) = [y1(¢) yar(8)]T s
obtained by sampling at the symbol rate 1/7" the matched
filter output at each receiving antenna, while x(¢) =
[#(t) z(t — 1) -+ x(t — W + 1)]T collects W symbols of
the transmitted training sequence {z(t)};- ;. from a finite
alphabet set. The M x W matrix H describes the discrete-time
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channel impulse response for the single-input-multiple-output
(SIMO) link from the (single-antenna) transmitter to the
(multiple-antenna) receiver. The impulse response includes the
array gain/phase adjustments, the effects of path fading, the
pulse waveform used in transmission, and the matched filter
at the receiver. The channel matrix H is herein referred to as
the space-time matrix, and it is considered to be quasi-static,
at least within the training period (block-fading channel).
The additive noise vector n(t) models both the co-channel
interference and the background noise, and it is assumed to
be a stationary normally distributed process with zero mean.
To simplify, it is approximated as temporally uncorrelated
but spatially correlated with unknown spatial covariance Q:
E[n(t)n"(t —m)] = Q8(m). The matrix Q is positive definite,
and its diagonal entries Q[m,m] = o2 form = 1,..., M
represent the noise power at each antenna element.

The problem addressed in this paper is the estimation of the
channel matrix H and the noise covariance Q under the as-
sumption of Gaussian noise. A straightforward approach is the
unconstrained maximum likelihood estimate (MLE) (see, e.g.,
[1]). However, a large number of channel unknowns (MW) or
low training sequence length (N) may limit the estimate accu-
racy and increase the probability of error in symbol detection. In
order to improve the accuracy of the estimate for block-fading
channels, the space-time matrix H has to be reparameterized
by using low-complexity models. Structured methods model the
channel in terms of multipath parameters and perform a joint
estimation of angles of arrival and times of delay [2], [3]. An al-
ternative and practicable approach, which is considered in this
paper, is the unstructured estimation based on rank reduction
of H. Low-rank channel matrices occur in several practical sit-
uations where the angle or delay spread of the propagation is
small compared with the system resolution (see the analysis in
[4] and references therein). In these situations, the M W entries
of the space-time matrix H are more than those really neces-
sary to describe the channel impulse response. Reduced-rank
(RR) methods provide a parsimonious parameterization by in-
troducing the low-rank constraint on the matrix H. With re-
spect to the aforementioned structured methods, the RR ap-
proach guarantees increased robustness against mismodeling (as
the knowledge of the spatial/temporal manifold is not required)
and lower computational complexity for channel estimation.

Several works are available in the literature about RR estima-
tion and filtering (see [1], [5], and references therein). Maximum
likelihood (ML) estimation for a RR linear regression in the
presence of spatially correlated Gaussian noise with unknown
covariance matrix is proposed by Viberg and Stoica [6]. The ex-
tension to both spatially and temporally correlated noise can be
found in [7]. RR channel estimation and equalization in wireless
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communication systems are in [8]-[10] for single-user systems
and in [11] for multiuser systems (i.e., DS-CDMA systems). For
rank-one channel matrices, RR methods have been proposed for
joint space-time equalization [12], where the space-time filter
can be equivalently obtained through the maximization of the
signal-to-interference ratio [13], [14]. Field tests have shown
that receivers based on the RR model outperform methods based
on the structured approach in all practical cases [15].

In this paper, the RR approach is investigated for the esti-
mation of the uplink (from mobile to base station) channel in
time-slotted mobile communication systems, where the trans-
mission is organized in data packets and each packet includes a
training block of N symbols. The paper shows that the RR esti-
mate proposed in [6] can be equivalently obtained as the projec-
tion of the whitened unconstrained MLE for the channel matrix
H onto the spatial or temporal signal subspace. The rank order
ro of the space-time matrix H is selected from the received sig-
nals as a tradeoff between distortion (due to under-parameter-
ization) and variance (due to noise) or, equivalently, between
simplicity of the model and reliability of the estimate [16]. For
known rank order, the mean square error (MSE) of the estimate
is derived in a new closed form, and it is shown to be uniformly
lower than the MSE of the unconstrained MLE. In particular,
for white noise and uncorrelated training sequence, the MSE de-
pends on the ratio between the number of independent parame-
ters that describe the low-rank channel matrix and the number of
training symbols N. The MSE of the estimate is also evaluated
for signals in temporally correlated noise showing the degrada-
tion due to noise mismodeling.

The new formulation proposed in this paper for the RR esti-
mate allows the extension of the RR approach to the following
cases: i) the estimation of the spatial or temporal structure of the
channel matrix from multiple training blocks (see Section IV),
and ii) the estimation of a multiuser channel through the redefi-
nition of the whitening terms only (see Section V).

With regard to the first extension, for block-fading channels,
the RR approach allows us to decrease the number of unknowns
and to (virtually) extend the training length by constraining the
temporal (or the spatial) subspace to be stationary across several
blocks. Different approaches for multiblock channel estimation
have been proposed in the literature. Structured methods exploit
the invariance of angles and delays to explicitly estimate the path
parameters from multiple blocks [17]. On the other hand, un-
structured approaches translate the stationarity of angles/delays
into the invariance of the spatial/temporal subspaces spanned
by the corresponding channel signatures. In particular, subspace
methods have been proposed to take advantage of the invariance
of either the spatial [18], [19] or the temporal [19] subspace of
the channel matrix. All these unstructured methods are derived
in this paper in a common framework as an extension of the RR
estimate to multiple training blocks. Depending on the specific
multiblock method, the channel estimate is obtained by parti-
tioning the low-rank channel matrix into a spatial (or temporal)
time-varying component and a temporal (or spatial) stationary
term. The MSE of both the multiblock estimators is calculated in
closed form for any number of blocks showing that the conver-
gence rate for the multiblock algorithms is related to the prop-
agation and interference environments. For a large number of

blocks, the analytical result coincides with the MSE bound de-
rived in [19].

In the literature, RR channel estimation has been investigated
mainly for single-user systems [such as the Global System for
Mobile Communications (GSM)]. An extension to multiuser
systems [such as the Universal Mobile Telecommunications
System time-division duplex (UMTS-TDD) [20]] can be found
in [4] and [21]. In this paper, we show how the channels of
all users can be estimated jointly with the constraint that the
space-time matrix for each user is low-rank. The method can
effectively cope with multiple access interference (due to the
non orthogonality of the training sequences) and co-channel in-
terference from neighboring cells. As the rank of each channel
depends on the interference level and the characteristics of the
propagation environment (delay and angle spreads), the rank
order needs to be estimated adaptively for each user.

In all the considered cases, the RR estimate is obtained
through the singular value decomposition (SVD) of the
whitened unconstrained [or full-rank (FR)] estimate. The
computational complexity required by this approach is larger
that the one of the conventional FR method. To lower the
complexity, the SVD can be implemented by appropriate fast
algorithms [22], or it can be approximated by subspace tracking
(such as [23]-[25]) or alternating power [5] methods. These
approximate methods are computationally more efficient than
the exact evaluation of the eigenvectors, especially in adaptive
multiblock estimation, where the subspaces are updated with
additional data from successive data blocks (see [19]).

The coverage of all these topics is organized as follows. The
essential theory for RR channel estimation is presented in the
first part of the paper; the RR signal model is introduced in Sec-
tion II; in Section III, RR channel estimation and order selection
are investigated; the performance analysis is in Section III-C, the
evaluation of the performance degradation for temporally corre-
lated noise is in Section III-D. In the second part of the paper, the
estimation method is extended to handle multiple block (Sec-
tion IV) and multiple user (Section V). Two multiblock estima-
tors are proposed, and their performance is evaluated analyti-
cally as a function of the number of blocks. Numerical results
are provided in Section VI to validate the analytical results and
the underlying theory, and the concluding remarks are in Sec-
tion VII. The notational conventions used throughout the paper
can be found in the Appendixes.

II. RR SIGNAL MODEL

According to the multipath model for propagation, the
channel response can be described as the superposition of P
path contributions. The space-time matrix H is thus a function
of 3P path parameters that will be considered to be stationary
during the training period: the directions of arrival 4 =
[¢1 - - - Ip], the times of delay 7 = [y ---Tp], and the com-
plex-valued fading amplitudes @ = [« -- - ap]. The channel
matrix can be expressed as

H=3 a,a(d)g" () =F@A@G (r). @

Here, the W x 1real-valued vectorg(7,) = [g(—7,)9(T — 1)
- g((W — 1)T — 7,)]T contains samples of the delayed
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waveform ¢(7) that represents the convolution between the
transmitted pulse and the matched filter at the receiver. Similarly,
the complex-valued vector a(d,) = [a1(9,) -+ an(9p)]T
denotes the M x 1 array response to the narrowband signal
impinging from the direction ¥J,,. For a linear array of half-wave-
length spaced omnidirectional antennas, the entries of a(4, ) are
am(¥,) = exp(—jm(m — 1)sind,). By collecting the set of
P temporal/spatial vectors into the temporal/spatial matrices
G = [g(n) ... g(rp) and F(@) = [a(d)) --- a(¥p)],
the multipath formulation for the space-time channel matrix
simplifies as indicated in the third member of (2), where the
diagonal matrix A(a) = diag[a, ..., ap] embodies the fading
amplitudes.

Let the spatial (rs) and temporal (1) rank orders be defined
as

rs =rank [F(9)] < min(P, M)
rp =rank [G(1)] < min(P, W).

(3a)
(3b)

From (2), it follows that the rank order of the channel matrix
ro = rank[H] is

ro = min(rs,r7) < min(M, W) = rmax 4)

where 7 ,.x denotes the maximum rank order. Notice that rg and
7T equal, respectively, the number of angles and delays that the
system can resolve in the multipath pattern (namely, the spatial
and temporal diversity orders). They depend on the angular and
delay spread compared to the resolution of the antenna array
(that is related to the array geometry and the number of an-
tennas) and the resolution of the pulse waveform (that is related
to the signal bandwidth).

Let us assume that the number of resolvable angles is rg <
Tmax (01, dually, that the number of resolvable delays is 1 <
Tmax), the channel matrix H is rank-deficient, and, thus, the
number of independent entries in H is less than M W . This oc-
curs when the paths in (2) can be grouped into few groups of
scatterers (clusters) having angular (or delay) spread below the
system resolution. In this case, the rank order 7 can be approxi-
mated by the number of independent clusters that the system can
resolve either in time or space. For instance, in the first example
of Fig. 1(a), the rank order is determined by the spatial domain
as the P = 3 paths are grouped into a single scattering cluster
that can no longer be resolved in space as 197 = o = J3: Itis
ro = rs = 1, 7 = 3. In the second example (see the right side
of Fig. 1), the P = 3 paths have all similar delays so that the
rank order is given by 79 = rt = 1, while the angular diversity
order is rg = 3.

In the following, the channel matrix H is assumed to have
rank

70 < Tmax (5)

(as 79 = rmax degenerates to known estimation methods), and
it is rewritten as the product of two full column rank matrices
A =Ja,...,a,,]and B = [by,...,b,]:

H = ABY. (6)

The M X r( spatial component A and the W X r( temporal com-
ponent B parameterize the spatial and the temporal structure of
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a) Delay diversity
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LNT,RT,~T

SCATTERERS
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M x1 w1 M x1 W=l
Fig. 1. Examples of rank-1 (7o = 1) channel for the link from mobile station

(MS) to base station (BS). The channel is composed of P = 3 paths having
similar angles or delays. The diversity orders are rs = 1, rr = 3 on the left
and rs = 3, rr = 1 on the right. (a) Delay diversity. (b) Angle diversity.

the propagation channel, respectively. Each spatial (or temporal)
vector a; (or by) can be obtained as a linear combination of the
spatial (or temporal) signatures for all paths composing the /th
cluster, and thus, it represents the equivalent signature for the
cluster. As an example, a rank-1 channel H = ab™ is obtained
from (2) when the angular spread is null so that ¥, = 9, Vp
(single cluster channel). The channel is described blz the spatial
signature a = a(¥J) and the temporal fillerb =} _, a;g(7,)
(see the left side Fig. 1). The same holds if the channel has
no delay spread, namely, 7, = 7, Vp. In this case, itis a =
Z;:zl apya(dy,) and b = g(7) (see the right side of Fig. 1).

III. RR CHANNEL ESTIMATION

The signal model (1) can be rewritten into the conventional
form

Y=HX+N )

where the M X N matrix Y = [y(0) --- y(N — 1)] collects N
time samples of the received signal and X = [x(0) --- x(N —
1)] is the W x N Toeplitz matrix for the convolution with the
training sequence, while N = [n(0) --- n(/N — 1)] collects the
noise samples. It is assumed that N > M + W.

The problem addressed in the following is the joint estimation
of the channel matrix H and the noise covariance Q from the
received signals Y and the known training sequence X, under
the assumption that the matrix H has rank r9 < 7max-

A. Method

According to the signal model (7), the normalized negative
log-likelihood function is given by

1
L(H,Q) =1og|Q| + 1Y - HX[|§ ®)

where [[Y — HX|[3, . = «[Q™(Y — HX)(Y — HX)"].
The RR MLE {H, Q} is given by the joint minimization of (8)
with respect to H and Q under the RR constraint (5). The rank
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order rq is assumed to be known. Notice that for 7 = 7., the
solution reduces to the unconstrained FR MLE

H,=R,,R;; (9a)
1 _
Q. =+ (Ryy ~ Ry:R Ry, (9b)

where R, = YX", R,, = XX" and R,, = YY" are
sample correlation matrices (R, is assumed to be positive def-
inite). The estimate (9a) coincides with the least squares esti-
mate (LSE) of the space-time channel matrix.

The RR estimate is reproposed below by two alternative ex-
pressions fully equivalent to [6].

Proposition 1: The joint MLE of {H,Q} under the con-
straint (5) is

H=Qi (Ps,,H.) R’ (10a)
= Q? (AP, ) R.. (10b)
Q= (Y HX)(Y - HX)! (11)
where I:Iu indicates the whitened FR channel estimate
H. = Q. *H,RZ, (12)

and f’s . and f’T .r, denote, respectively, the projectors onto
the subspaces spanned by the ro leading eigenvectors of the spa-
tial (Rg) and temporal (R.r) correlation matrices:!

Rs =H, 0" = Q. °*R,,R;'R,,Q: > (13a)
R U _u 1

Ry =HIH, =R..’R,,Q;'R,,R.>. (13b)
Proof: The RR MLE formulated as in (10a) is derived in
Appendix A. ~ ]
The RR solution depends on the matrix H,, that is referred to
as the whitened channel estimate, as it is Cov[vec[H,|] — Insw
for N — oo [4]. Let the SVD of H be

DI

H,=UsXUX=[Us,, Ug,, [0 nt

o | Ut
(14)

where Us ., and U, denote, respectively, the left and right

eigenvectors corresponding to the r largest singular values

¥,, = diag[o1,...,o0,,] arranged in nonincreasing order. The

spatial and temporal projectors are

= US,ro Ugﬂ“o

H
= U, UYL, .

(15a)
(15b)

Ps, o = Pfk 7o

PT o —PR o

From the definitions above and (14), it follows that Pg o Hu =
HUPT 7o = Ug ry 2, UT o which easily proves the equiva-
lence between (10a) and (10b) The constrained channel esti-
mation can thus be performed either in the spatial domain [with
(10a)] or in the temporal domain [with (10b)] by evaluating the
signal subspace from (13a) or (13b), respectively.
Furthermore, the terms within brackets in (10a), or in (10b),
are fully equivalent to the SVD of H,, truncated to the first ro

singular values:
. I - _u
H = Q¢ svd,,[Hu]Rzs - (16)

IThe sample estimate for i Rs.u, RT_“} is here briefly indicated as
{R\ RT} instead of {Rs_m RT_“},just to simplify the notation.

This highlights that the RR MLE can be interpreted (and even-
tually implemented) as follows: i) pre-whitening of the full-rank
channel estimate (left multiplication by Q. H/2 and right mul-
tiplication by fo/ 2 of H,, to obtain I:Iu); ii) truncation of the
SVD of H, to the r largest singular values; iii) cancellation of
the prewhitening (left multiplication by QE/ % and right multi-

. SH)2
plication by R, 7).

Remark 1: The RR problem was first solved by Stoica and
Viberg [6] as an unconstrained estimation by replacing H with
(6) in the expression (8) and then maximizing the likelihood
function with respect to A, B and Q. Similarly to (10b), the
estimate therein obtained for H is a projection in the temporal
domain where the spatial whitening Q. 0724 replaced with the
term Ry_yH/ ®Even if the whitening is different, the solution is
fully equivalent to (10b) (see [4]), and it can be also rewritten
into the dual formulation in the spatial domain, as in (10a) (see
Appendix B). The solutions (10a) and (10b) have the advantage
that they can be easily extended to multiuser systems (see Sec-
tion V).

Remark 2: The estimate H is also the minimizer of the norm

Al _u m 2
72 ||f - Qi HR., (17)

(or, equivalently, the minimizer of ||[Y — HX]?_, =
F + M). Indeed, as shown in Appendix A, by selecting
the RR estimate H, each eigenvalue A;[G] of the matrix
G = (H. — Q7"*HRY/*)" (|, — Q7"/?’HR/2) reaches
its minimum value. Thus, the optimizer of £ in (82) is also the
minimizer of 7 = tu[G] = Y ;=% A\x[G]. Notice that for a
generic structured estimation, minimizing £ is not equivalent
to minimizing the trace F, and the equivalence holds only
asymptotically for N — oo (see [26] for the proof).

Remark 3: From (16), it can be seen that the additional com-
putational complexity required by the RR method with respect
to the FR one is in the operations of whitening/dewhitening and
the SVD (the overall complexity is comparable with the one of
the RR method [6]). More precisely, the implementation of (16)
requires the computation of the spatial/temporal whitening fac-
tors (O(W?3) + O(M?3) flops), the evaluation of H,, from H,,
(O(W?2M) + O(M?W) flops), the computation of the SVD of
ﬁu truncated to the first 7o singular values, and finally, the can-
cellation of the whitening (O(W2M) + O(M?W) flops). Effi-
cient algorithms can be used to compute the SVD, such as the
alternated power (AP) method, that can be implemented with
O(MWrg) + O(Mr2) + O(Wr?) flops for each iteration (the
number of required operations is usually very small). Notice that
for rg < min(M, W), the SVD cost becomes very small, and
the computational burden reduces to the operations required be-
fore and after the SVD. Some of these operations can be avoided
by precalculating the terms depending on R, (that are fixed).
Still, for large r, the overall RR computational load is consid-
erably larger than the FR one.

B. Selection of the Rank Order

In real systems, the rank order g of the propagation channel
is not known, and an estimate  has to be derived from the avail-
able measurements. The choice r = r¢ is the minimum order
that yields an unbiased channel estimate, but in general, it does
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not provide the lowest MSE. As demonstrated in the following,
for low signal-to-noise ratio (SNR), it might be more convenient
to choose a biased estimator (i.e., 7 < 7¢) and trade distortion
for estimate error (see also [16]).

Assuming N — oo, define the “true” whitened channel and
spatial correlation matrices as H=Q 2HRH/ 2 and Rg =
HHH , respectively, and let r denote the order adopted to calcu-
late the RR channel estimator (10a). From (7) and (9a), the error
for the FR estimate is

AH, =H, - H=NX"R_1 (18)

By using the latter result and recalling the definition for the
whitened FR channel estimate (12), the RR channel estimator
(10a) for rank order r can be rewritten as

>
fas}

H(T) QE ASrQu ZH
H
_Qu PS rQu 2H+Qu PS rQu AHu (19)
It follows that the asymptotic error AH(r) = H(r) — H is split

into two terms:

LSRN _
= 915 (PS,T - PS)QU

~~

AHd (7‘)

H H A _H
AH(T) *H+ Ql? PS,rQu 2 AHu

AH,(r)

(20)
where the spatial projector Pg is the orthogonal projector onto
the -dimensional subspace R[Rg]. Since Q, —Q = O(1/N),
in (20), it is assumed that QH/QPSQJH/QH — Hfor N — oc.

The first term in (20) AHq4(r) accounts for the distortion of
the RR estimate and depends on the difference Pg — 155,,,. No-
tice that for finite SNR, there is a mismatch (for any ) between
the estimated projector las,T and the true projector Pg, as the
former is calculated from the matrix f{s that, in general, does
not span the same subspace as Rg: R, [Rs] # R[Rsg]. This
bias decreases for increasing . In particular, if r = rq the esti-
mate for the signal subspace is R [Rs] — R[Rs] for SNR —
0o, which implies Psy,, — Pg, and therefore, AHq4(r) = 0.
Similarly, for any r > ro, it is R[Rs] D R[f{s], and again,
AH,(r) = 0. Hence, for r > 1y, the distortion can be consid-
ered to be negligible, and the error is dominated by AH,,(7).
This second term AH,,(r) depends mainly on the noise, and it
increases with the noise power. Since it is obtained as a projec-
tion of the noise onto R, [RS], the mean square value of the
Frobenius norm for AH,(r) increases with the subspace di-
mension 7.

The reasoning above implies that there is a tradeoff between
distortion (due to under-parameterization) and variance (due
to over-parameterization) that minimizes the overall MSE of
the estimate E[||AH(r)||?]. The choice r = 7o provides low
AHg(r) but could lead to high MSE for low SNR, as the number
of parameters to be estimated is large. Conversely, the choice
r = 1, which corresponds to the simplest parameterization,
minimizes the variance but it is distortion limited. The appro-
priate rank r, with 1 < 7 < ryg, is the one that yields the best dis-
tortion/variance tradeoff (or parameterization simplicity/com-
plexity) and minimizes the overall error. In particular, for low
SNR, it is convenient to accept a little bias in order to gain a
reduction of the overall error, whereas for large SNR, r should
approach the effective value rg.
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n
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rank order r

Fig. 2. MSE of the RR channel estimate versus the rank order r used for the
estimation. (Left) White noise and (Right) Spatially correlated noise M = 8,
W =57,ry = 5.(a) SNR = —3 dB. (b) SNR = 3 dB. (c) SNR = 13 dB.

The model order r can be selected by using any method
(e.g., Akaike [27] or MDL criterion [28]) aimed to estimate
the number of uncorrelated sources from the analysis of the
eigenvalues of Rs. In the following example, the MDL estimate
is adopted, and it is calculated as the minimizer of [28]

H1 r—i—l)\M )

1 M )
M—r Zi=T+1 /\Z

+%r(2M —r)logW (21)

MDL(r) = =W (M —r)log

where \; = \; [RS] are the eigenvalues of the matrix (13a).
This criterion is shown to provide a reasonable tradeoff between
distortion and variance.

Example 1: The channel matrix H is randomly gener-
ated with M = 8, W = 57,7, = 5, and E[||H||?)] =
A training sequence with N = 456 quadrature phase shift
keying (QPSK) symbols is chosen from UMTS-TDD specifi-
cations [20] but for a single-user environment. The result of
the comparison is shown in Fig. 2 for white noise (left) and
spatially correlated (right) noise with covariance [R],,, =
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020.91 = exp[—im (¢ — m)/\/2]. Each simulated MSE value
is the result of 500 independent runs of channel and noise. The
plots (a)-(c) show the MSE of the RR estimate versus the order
used for rank reduction, for SNR equal to —3, 3, and 13 dB,
respectively. The SNR is defined as SNR = E[||H||?]/o? (here,
it is 02 = 1). Both E[||AH,||?] and E[||AHg4||?] are repre-
sented, together with the total MSE E[||AH||?]. As expected,
for increasing r, the distortion decreases and the noise variance
increases. For large SNR, the performance tends to the ideal
case of known signal subspace. The distribution of the MDL
estimate is shown below each graph as a histogram. Notice that
when the noise is white, for low SNR, the optimum rank order
is 7 = 1 [plot (a)], while for large SNR, it moves toward the
correct rank order = 5 [plot (c)]. For low SNR but correlated
noise, this property does not hold.

C. Performance Analysis

The performance of the RR estimate is evaluated in terms of
MSE of the estimate for large N and known rank order r = .
The proof of consistency and the derivation of the asymptotic
covariance of the estimate are given in [6]; the result is recalled
in the following proposition.

Proposition 2: Considering the constrained MLE (10a) and
defining the vector h = vec[H], the estimate is unbiased, and it
is asymptotically (for N — o) normally distributed with zero

mean and covariance matrix
Cov[h] = DJ'DH (22)

where the MW x r(M + W) matrix D and the r(M + W) x
r(M + W) matrix J are defined as

D= [B* Q Iy IVV ® A]
J=D"(R;,®Q")D

(23)
(24)

and, according to the rank-rg model (6), A and B are the spatial
and temporal components of the channel matrix H.
Proof: See [6]. [ |

The asymptotic MSE calculated from (22)

MSEgg = E [||f1 - H||2} = u[DI'DY] (25
depends on the pseudoinverse of the matrix J. The latter matrix
is rank deficient as rank[J] = rank[D] = ro(M + W) — r?
(see the proof in [6]). For large samples, the right-hand side
of (22) coincides with the Cramér—Rao lower bound, and J
equals the Fisher information matrix of the parameter vector
8 = [vec[A]Tvec[BH]"] .

For 19 = 7max, the MLE of the channel reduces to the
LSE: H = H,,. In this case, the matrix D is full-row rank as
rank[D] = rax (M + W) — 72, = MW, and therefore, it
is DJI'D® = DDf(R*, ® Q1) 'DHIDE = (R_1)* ® Q.
From (22), the covariance matrix R, = Covlh,] for the
channel estimator h,, = vec[H,] simplifies as

R, =R ®Rus = (R) ©Q. (26)
The corresponding MSE can be expressed as

MSE, = E [|[H, - H|’] = @ [Ly, R, ;] 2[1x, Q] (27)

where ®[P, T] = «[TH/2PT"?] (see [19] for the properties
of the operator ®).

The aim here is to further analyze the result (25) for g <
T'max 10 order to derive a more explicit expression for the asymp-
totic MSE that could be easily compared to the MSE for the FR
estimate (27). This new closed form is given in the following
proposition.

Proposition 3: The MSE of the RR estimate is asymptoti-
cally given by one of the equivalent forms

MSEgrg =@ [Iy, R3] ®[Ps, Q] + @ [P1,R;}] @ [PS, Q]
(28)

=& [Pr,R;}] @Iy, Q] + @ [P1.R;}] 2[Ps. Q]
(29)

where Ps = AAT and Pr = BBT denote, respectively, the
projectors onto the column space of the whitened channel com-
ponents A = Q~1/2A and B = R2/’B.
Proof: See Appendix C. ]

Let us compare (27) with (28) and (29). For rg = 7max, One
of the two projectors in (28), (29) reduces to the identity matrix
Ps =1y if rpax = M, or Pt = Ly if ripax = W) and, as
expected, the MSE of the RR estimate equals the expression for
the FR estimate (27).

For 19 < 7Tmax, consider the MSE (29), and notice that
R[Ps] C R[Ir]. Itis ®[Pgs, Q] < ®[Ins, Q], and therefore

MSEgg < @ [P1, R, @I, Q]
+@ [P, R} @Iy, Q] = MSE, (30)

with equality for 79 = 7,ax. This implies that the RR estimate
outperforms the FR estimate for any 79 < 7max:

MSEgr < MSE,. 31)

This result can be explained by observing that in the RR ap-
proach (see Proposition 1), the FR estimate I:Iu is projected onto
the spatial (by Pg) or the temporal (by Pt) subspace. The noise
contained in H,, is reduced by the projection, as it can be seen
from the bound (28) and (29). The MSE of the RR estimate is
thus given by the residual noise that can no longer be eliminated
as it belongs to the same subspace of the signal.

The relationship between the FR and the RR estimates can
be easily derived for spatially white noise (Q = o2I,;) and
uncorrelated training sequence (R, = N Ug Iiy). In this case,
the MSE bounds (27) and (28) have the simple closed forms

MSE, =pMW
MSERgr = pro [(M + W) — 1]

(32)
(33)

where p = 02/No? is the ratio between the noise power and
the energy of the training sequence. The MSE (32) and (33) are
linearly related to the SNR p and to the number of indepen-
dent parameters that parameterize the (M X W) channel ma-
trix H. In the unconstrained model, H is full-rank, and there-
fore, the number of parameters is MW, while by using the
rank-rp model, the number of degrees of freedom for the ma-
trix H is reduced to 79(M + W — r(). The matrix H is indeed
univocally identified by its SVD that is composed of rqW —
ro(ro + 1)/2 free parameters for the left eigenvector (recall that
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ro(ro + 1)/2 is the number of constrains of orthonormality),
roM — ro(ro + 1)/2 for the right eigenvectors and r( singular
values. With respect to the FR estimate, the number of parame-
ters and, therefore, the variance of the estimator, is reduced by
a factor MW/[(M + W)rg — r3] that validates by simple argu-
ments the inequality (31).

D. Performance Loss for Temporally Correlated Noise

The RR MLE (10a) and (10b) is suboptimal when applied
to signals in temporally correlated noise. This is shown in the
following by evaluating the performance of the estimate in tem-
porally correlated noise for N — oco. The optimal estimate and
its MSE are given in Appendix D for the simple case of known
noise covariance.

The noise term in signal model (1) and (7) is assumed
to be a separable vector noise process [29] with covariance
En(t)n™(:)] = Q[i,t]Qs fori,t = 1,..., N. The matrices
Qr (N x N) and Qs (M x M) denote, respectively, the
temporal and spatial (Hermitian) covariance, with Q[t,t] = 1,
t = 1,...,N, and Qs[m,m| = o%>, m = 1,...,M.
The overall MN x 1 vector n = vec[N] has covariance
E[nn!] = Q% ® Qs. This type of impairment occurs when the
antenna array operates in a spectral homogeneous environment
where all the sensors are exposed to noise having the same
temporal correlation. Notice that for stationary noise, it is
Qrli, t] = qr(t — i) with ¢7(¢) denoting the scalar temporal
autocorrelation.

From (18), the covariance for the unconstrained channel es-
timate h, = vec[H,] can be written as R, = R} ; @ Rys,
where the spatial and temporal covariance are, respectively

Ryt = [Ry (XQrX")R,;] (34a)
R.s=Qs. (34b)

The corresponding MSE,, = tr[R,, 1]tr[R g] is given by
MSE, = ®[Iiy, Ry 7] ®[Irs, Ry s] (35)

that is equal to (27) for Qr = I, and it is larger for any Qr #
In.

In the following, the MSE for the RR estimate is calculated
from (34a) and (34b) by exploiting the result given in the Propo-
sition below.

Proposition 4: Let H be the minimizer, under the constraint
rank(H) = r¢, of the weighted norm

F = |[Ws(H, - HyW||’ (36)

calculated from the unbiased unconstrained estimate H,,,
having covariance R, = Rﬁ,T ® R,,s and for two given
full-rank weighting matrices Wg(M x M) and W (W x W).
The MSE for the estimate H is

MSEgpg = tr [W;l(PTRu,T)W;H} r [Ws—l(ng{u,s) WS_H}
+tr[Ru,T]tr[ng(PSRu,S)WS*H} 37)

where Ry s = WsR,sWE, and R, v = WrR, 1 WH are
the spatial and temporal components of the covariance R, =
R} + ® Ry s for the weighted unconstrained estimate h, =
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Fig.3. Analytical (lines) and simulated (markers) performance loss for the FR

and RR estimates due to noise temporal correlation.

vec[WsH, W1, while Pg and Pt denote the projectors onto
the column space of matrices WsH and W1 HH, respectively.
Proof: See Appendix E. |
Notice that (37) is minimized when l-ztuyT = I and Ru,s =
I,,, yielding the optimal performance:

MSEgr = ®[Pr,R.1]® [P35, Rus]

+®[Iw, Ry, 1] ®[Ps, Ry s].  (38)

This minimum is reached when the weights are chosen to whiten
the error of the unconstrained estimate: W = R;g/ Z and
Ws =R, I;/ ? (see Appendix E).

As pointed out in Remark 2, the RR estimate (10a) and (10b)
for N — oo can be equivalently seen as the minimizer of (36)
for Ws = Qg H/2 and Wr = R./2. For temporally correlated
noise, this choice of weights is suboptimal as the covariance of
the unconstrained estimate depends on

R.r =R (XQX1)R;,
Ru,S =1y

(39a)
(39b)

where f{mT is nondiagonal, as the temporal whitening does not
take into account the noise correlation Q. From (37), (39a),
and (39b), the MSE of the estimate (for N — o0) is

MSEgg = ® [PTRU7T, R;;} o [P, Qs]
+®[Iiy, Ry, 1]®[Ps, Qs]

that is larger than (28) for any Qt # I, and it is equal for
Qr = In.

In Fig. 3, we evaluate the performance loss AMSE with re-
spect to the minimum MSE (given in Appendix D or, equiv-
alently, in (38)) for the FR estimate (9a) and the RR estimate
(10a) and (10b) in temporally correlated noise. The channel ma-
trix H is randomly generated with M = 12, W = 20, and rg =
4, where an m-sequence of length N = 63 is used as training se-
quence. The complex Gaussian noise is modeled as a stationary
AR-1 process, with temporal covariance [Qr],, ,
and spatial covariance [Qs],,, = ¢20.9/¢=™ exp|—ir(f —

(40)
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m)v/3/2]. The SNR is SNR = 20 dB (defined as in Example 1).
Fig. 3 shows the performance loss for varying . The degrada-
tion, which is larger for the RR method, becomes relevant only
for high correlation v > 0.5.

IV. RR ESTIMATION FROM MULTIPLE TRAINING BLOCKS

In time-slotted communication systems, the performance
of channel estimation can be improved either by reducing the
number of parameters that describe the channel matrix or by
extending the training set. So far, we have investigated only the
first solution (i.e., the RR parameterization). In this section, we
propose to further improve the performance of the RR estimate
by exploiting the training data from L successive data blocks
to virtually extend the training set.

A. RR Model for Multiple Training Blocks

The discrete-time model (7) is adapted here to describe the
signals over L disjointed training periods. The signal received
within the /th training block, forany ¢/ = 1, ..., L, is expressed
as

Y()=H{)X +N() (41)
where the training sequence X is assumed to be the same for all
blocks, and the Gaussian noise IN(¢) is stationary with block-
independent covariance matrix Q (the interference is considered
to be stationary). Furthermore, the propagation channel H(?) is
assumed to be constant within the /th training interval and to be
generated by the same multipath structure (2), i.e.,

H(¢) = F(9)A (a(0)) G (7)

where a({) = [a1(f) ap(?)]. The fading amplitudes
Ala(l)) = diaglay(?) ap(?)] change rapidly due to
the user movement, whereas the angle/delay pattern {d, 7} is
considered to be stationary over the L blocks. This assumption
is reasonable if the number of training periods L is chosen
according to the mobile speed and multipath geometry [19].
Furthermore, the complex random variables () are assumed
to be block-fading and uncorrelated from block to block (for the
effect of correlated fading, see [19]). From (42), it follows that
the rank order of the channel matrix H(¥) is block-independent,
and it is rank[H(¢)] = ro.

According to the signal model (41), the negative log-likeli-
hood function is now given by

H(L),Q)

L
1
=log|Ql + w7 D IIY(0) ~ H()X[[gr . (43)
(=1

(42)

£(H(1), ...

The aim here is to derive the MLE of the ensemble {H(¢)}Z_;
and Q under the low-rank constraint 7g < 7max. FOr 79 = Tmax,
the (full-rank) solution is

H,({) =R,.(O)R;} (44a)

1 & -
Qu = ﬁ;{Ryy(a_Ryx(aRmmlRl"y(Z)} (44b)

where R, (¢) = R:I;Iy(f) =Y(O)X"E, R,,¢) = Y)YH(0),
and R, = xXxH

In the following, the multiblock constrained estimation is re-
formulated as an equivalent single-block RR problem distin-
guishing two different cases: spatial reduced-rank (S-RR) for
ro = rs and temporal reduced-rank (T-RR) for ry = r1. Both
solutions are obtained by rewriting the multiblock signal model

(41) in the form

Y=HX+N (45)

where ), H, and AV collect the received signals {Y (¢)} 5:1» the
overall channels {H(¢)}L_,, and the noise {N(¢)}L_; for the
whole set of L blocks, while X depends on the training sym-
bols X. The way each of these compound matrices is arranged
depends on the specific RR method (S-RR or T-RR), as will
be explained below. The noise is spatially correlated with co-
variance matrix Q. Similar to the estimation problem discussed
in Section II, the channel matrix is defined in such a way that
rank[H] = ro and it is expressed as

H = ABY (46)

where A and B are full column rank matrices of rank 7. The
estimation of H and Q from (45) under the implicit constraint
(46) is obtained by applying the RR method derived in Sec-
tion III. Once again, we will show that the solution depends
on the set of L FR estimates (44a) after a whitening operation:
H,(0) = Qi "/*H, ()R, for ¢ =

B. RR in the Space Domain (S-RR)

1) Signal Model: Let us assume that the rank order is deter-
mined by the spatial manifold: rg = rg < 7. The multipath
channel model (42) can be expressed as

H() =ABY(0), ¢=1,...,L

(47)

The M X rg spatial component A is block-independent, whereas
the W x o temporal component B(¢) changes from block to
block. This model is suitable for rich multipath environments
where the delay diversity is large (e.g., vt ~ W), but the an-
gular spread is low compared to the receiver resolution [4]. An
example is shown on the left side of Fig. 1, where the spa-
tial/temporal diversity is given by rs = 1 and v ~ 3. The
amplitudes [ (£)az(£)as(€)] are assumed to be block-depen-
dent, and therefore, it is H(¢) = ab"™ (¢).
The L channels are arranged into the rank-r¢ matrix H in the

following way:

H=[H1)--- (M x LW)

A=A (M X 7‘0)

B=[BT(1)---BY(L)]" (LW x ro)
where the components A and B are full column rank (as it is
WL > rg). The multiblock RR model is given by (45), with the
following augmented matrices:

H(L)]
(48)

Y=[Y(1)---Y(L)] (MxLN)
X=I,8X (LW x LN) (49)
N =[N(1)---N(L)] (M x LN).

The training sequence has correlation R,, = XX H_1 L ®
R.., whereas the noise covariance is E[NAVR]/LN = Q. 1tis
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important to notice that in (48), the temporal length is virtually
increased by a factor L, i.e., W,, = LW, as the temporal com-
ponent varies from block to block. On the other hand, the spatial
component is constant, and therefore, the spatial length is equal
to M. The overall number of parameters in H is thus increased
by L, and it is estimated by using a training sequence of length
Ny = LN.

2) Method: The constrained estimation of H and Q can be
obtained from the model (45)—(49) by using the RR single-block
solution (10a) in the spatial domain:

~ A A H . ~ H

H=AB" = Q7 Ps . HuRza®

where H, = [Hy(1) - - - Hy(L)] is the whitened multiblock es-

timate. According to the block partition of H, the estimate for
the /th block channel estimate is

(50)

N o H N .
H(/) = AB"(¢) = Q2 Ps,,, H.()R.. . (51)
Q. is defined in (44b), and Ps,, = Us,, U, is the pro-
jector onto the subspace spanned by the r leading eigenvectors

(IAJSJO) of the spatial correlation matrix
(52)

Since the spatial basis is estimated by averaging the signals over
L blocks, the accuracy is expected to increase with L when the
fading is uncorrelated. The estimate for the covariance matrix
of the noise is

(53)

| L
:N—Z:

vyhich is obtained :from the residuals of the channel estimation:
N =Y({) —H(¢)X.

C. RR in the Time Domain (T-RR)

1) Signal Model: This variant assumes that the rank order
depends on the temporal manifold: 79 = rt < rs. The multi-
path channel model (42) is rewritten as
{=1,...,L (54)
where the M X r spatial component A (/) is varying, and the
W x 1y temporal component B is constant. This model is suit-
able to describe environments with large angular spread but low
delay spread [4]. An example of this scenario is given on the
right side of Fig. 1, where the multipath is characterized by
rs = 3, rp ~ 1. The amplitudes [ (£)aa(€)as(¢)] change
from block to block, and thus, it is H(¢) = a(¢)bt.

The rank-r matrix H collects the L channels in the following
way:

H=[H"1)-- - HY(L)]" (LM x W)
A=[AT(1)--- AT(L)]" (LM x ro) (55)
B=B (W X 7"0).
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A and B have full column rank (itis M L > rg). The equivalent
RR model (45) is here obtained by defining

Y=[YT(1)--YT(L)]" (LM x N)
X=X (W x N) (56)
N = [NT(1)---NT(L)]T (LM x N)

where the training sequence has correlation R, = XX H_
R, while the noise has spatial covariance Q = I, ® Q. It may
be noticed that the spatial length in (55) is virtually increased by
a factor L, i.e., M, = LM.

2) Method: From the RR single-block solution (10b) de-
rived in the time domain, it follows that

. SH H o . _u
H=AB" = Q3 H P, Rus’ (57)
where H, = [HT(1)--- I:IE(L)]T denotes the whitened FR
channel estimate for the multiblock model and 9, = I, ® Q..
The RR estimate for the /th block can be expressed as
H . ~ _H
l% Hu(‘g)PT,ro Rzz

H(/) = A(¢)BY = (58)

PT,TO = UT ) U
spanned by the r( leading eigenvectors (U ., ) of the temporal
correlation matrix:

is the projector onto the subspace

sTo

(59)

The noise covariance matrix is estimated as in (53).

D. Performance Analysis

The MSE for the multiblock estimate (normalized by the

number of blocks) is defined as
1 1 & 2
» 2

MSE = 7E [||H H)| ] - Lz_: [HH (z)H }
B (60)
This is calculated according to the results (28) and (29) by using
the augmented matrices of the multiblock problem.

The asymptotic (for N — o0) MSE for the S-RR esti-
mate is obtained from (28) by replacing ®[Pt,R;!] with
tr[B(BHRmB)_lBH] and recalling that B = [BT(1)---
BT(L)]T and R, = I ® Ru,:

MSEs(L) = % (@ [P¢. Q] [B(5"R...5) ' 5]

+(I)[PS7 Q](b I:ILVV7 R;arl ]

T [PL.q]
L L -1

x Y tr | B(0) (ZBH(@B(@) B (1)
=1 (=1

+ ®[Ps, Q] [Iw, R, ] 61
where B({) = R%QB(Z), and Pg is the projector onto the
column space of A = Q~H/2A.

For the multiblock estimate in the time domain (T-RR),
the asymptotic MSE is obtained by using the result (29). By
replacing ®[Ps, Q] with tr[A(AY QilA)_lAH] and recalling
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T

that the multiblock variables are A = [AT(1)--- AT(L)]” and

0 =1I; ® Q, it follows that

MSEr(L) :% [@ [PL R [A(AH Q—lA)‘lAH}

+® [Pr,R,, | ®[ILas, Q]
1 _
Lo fphra

x Y i |A(0) (ZAH@)A(@) AH(p)
+® [P, R, 9[Tx, Q] (62)

where A(¢) = Q~H/2A(¢), and Pr is the projector onto the
column space of B = Rx/IZB.

For single-block (L = 1), the MSEs (61) and (62) for the
multiblock estimates equal the MSEs (28), (29). On the other
hand, for L — oo, the first term in both (61) and (62) is O(1/L)
and the MSE’s reduce to

MSEs(L — o0) =& [I, R, }] #[Ps, Q]
MSEr(L — o0) = @Iy, Q)@ [Pr, R,

(63a)
(63b)

rxr

according to the bounds derived in [19]. In the trivial case of
spatially white noise (Q = o1 ) and ideal training sequences
(I{‘EZ = NO'%IVV), it is

MSEg(L) = %TS(M F LW —rg)

= pmbTS(M + me - TS) (64{:1)
MSEr(L) = %TT(LM FW - )
= pmbrT(Mmb + W - TT) (64b)

where p, = p/L = 0%/(Nmpo2) is the noise to signal ratio
for the multiblock. This result equals the MSE of the RR estimate
for a system with a training sequence that is L times longer than
the single-block one and a virtual channel length of LW samples
(for MSEg) or a virtual number of LM antennas (for MSEr). By
increasing L, the accuracy in estimating the spatial or temporal
basis improves and the error reduces asymptotically to

MSEg(L — o0) = prsW
MSE1(L — oo) = pro M.

(65a)
(65b)

This means that for L. — oo, the lower bound of the MSE de-
pends only on the ratio between the number of parameters to be
estimated on a block-by-block basis (the rs W entries of B(¢) or
the M entries of the space component A (¢)) and the training
sequence length (N).

The performance comparison between the spatial/temporal
multiblock methods and the RR/FR single-block methods is
straightforward in the case of white noise and uncorrelated
training sequences. Indeed, by comparing (65a) and (65b) with
(32) and (33), it follows that

MSE5<L — OO) S MSERR S MSEm for To =Ts
MSE1(L — c0) <MSEggr < MSE,, for rg = rr.

(66a)
(66b)
Notice that the MSE reduction with respect to the FR single-

block method depends on the spatial (M /rs) and temporal
(W/rt) gains. For spatially correlated noise and/or temporally

correlated training sequences, the relations (66a) and (66b) still
hold (see also [19]), but the performance gains are modified,
depending on the unconstrained estimate covariance projected
onto the channel subspace.

V. RR ESTIMATION FOR MULTIUSER CHANNELS

The results obtained in Sections III and IV on the MSE of
the RR estimate motivate the extension of the method to mul-
tiuser systems. In this section, we derive the MLE of a multiuser
channel from a single training block (L = 1) under the con-
straint of reduced rank for each user channel. The extension to
multiple training block follows the same steps described in Sec-
tion IV (this topic is not covered here).

A. Signal Model

The M x N matrix Y collects the signals received by the
antenna array in a K -user system

K
Y =) HX;+N (67)

k=1
where the M x W channel matrix H;, and the W x N training
matrix Xy refer to the kth user, for £ = 1,..., K. N accounts

for the background noise and any other interfering signal (e.g.,
intercell interference in cellular systems), and it is temporally
uncorrelated and spatially correlated with spatial covariance Q.
The channels are constrained to have rank

rp =rank(Hy) < rmax, k=1,..., K. (68)

The estimation of the channel matrices {Hy}X_, might be
obtained in a single-user fashion by decomposing the multiuser
problem into K RR single-user problems. This method will be
referred as the single-user RR estimation. However, when the
training sequences of different users are correlated, this single-
user estimate turns out to be biased by multiaccess interference
(MAI), as shown in Section VI. In order to properly account for
MALI, the K channels have to be estimated jointly from (67), as
described below.

B. Method

The joint MLE of the K channels from (67) is obtained by
minimizing the negative log-likelihood function
2

1
L(H,Q) =log|Q| + 1 ‘ (69)

K
Y - Z H. X,
k=1

Q!
with respect to {H}, } £ | and Q, under the constraints (68). For

Tk = Tmax, the solution reduces to the conventional multiuser
FR estimate

Hy1-Hyx] = RyﬂcR;ﬂb1 70
1
Qu= N (Ryy - R?/-’?RT_/-“}RW) 7D
where itis Ry, = YY" and R, = [YXT ... YX1], and
)(1}(11—I Xlxll—xl’
Ro,=| : 72
X e XH X X5
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is a KW x KW block-partitioned matrix with blocks
[Rm]k’ B = XkX}L{ of dimension W x W. Notice that, differ-
ently from Section III, R, account for the correlation between
the training sequences of different users as well.

As pointed out in Remark 2, for large N, the RR MLE can be
shown to be equivalent to the minimization of the loss function

H 2
2

F= Q¥ Hus HoglRE - Q0¥ [Hy - Hi]RY,
73)

However, unlike the single-user case, the whitening factor REJ{ 2

in (73) introduces MAI on the channel matrices {Hu,k}k}“’:1
due the correlation between the training sequences. This can
be easily seen by partitioning the KW x KW Cholesky factor
Riéz into blocks of dimension K x K, with [R}f]k , = 0 for
k> handh, k=1,..., K. The whitened FR estimate for the

kth user is then given by

. _u I
H,.=Q."H, [Ra?w:| . + AHyark (74)
and
K
AHyare= Y Qi (Hyu—H )[R%} (75)
MALE — u u,h h TT o h
h=k+1 ’
is the interference from users h = k + 1,..., K. It is conve-

nient to separate the likelihood function (73) as F = Zszl Fhs

where F, = [[Hy — 1TH/2H;€[Rg,,I,{g,{Z]MC||2 represents the
loss term for the kth users. The constrained MLE is given by the
minimization of the sum of {F; }2 | with respect to {H }X |
under the K constraints (68). Below, we propose an approxi-
mated solution based on a successive cancellation of MAI in
(74) similar to the technique used for interference cancellation
in multiuser detection (without any strategy for ordering the
users). The optimization of F with respect to the successive
users is performed starting from the K'th user down to the first
one. At the kth step, the MLE ﬂk is calculated on the base of F},
only, as this is the dominant term depending on Hy. The esti-
mates {I:I h}th ktls which are derived in the previous iterations,
are substituted into F},, and the loss function is minimized with
respect to Hy.. The result is summarized below.

The MLE for the multiuser channel {H 11X, and the noise
covariance Q under the constraints (68) is approximated by
calculating the channel estimates iteratively for £ = K, K —
1,..., 1 as

H, =Q: Pg  H [R‘g] (76)
k — u 'S ktluk TT Kk
1 K K H
Q= ¥ <Y— ;1 Hka) <Y— ;1 Hka) (77)

where I;Iu_,k is obtained from (74) by setting H;, = ﬂh for
h =k+1,...,K, and Pg; denotes the projector onto the

subspace spanned by the 7, leading eigenvectors of
Rsy = H,  HY . (78)

It is important to notice that in real mobile systems, the K
training sequences are selected to have low correlation between
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different users. Therefore, the whitened unconstrained estimate
(74) for the user k reduces to

. _u u
Hu,k = Qu 2 Hu,k[sz]]ik (79)

with temporal whitening [R.... E{f = (Xka)H/ 2 performed
separately for each user. The RR estimate (76) is simplified as
A H A ~ H
Hy = Qi Ps pHy k[Raa]; 7 (80)
where the projector f’s7 & 1s calculated from the correlation ma-
trix Rs,k = I:Iu,kI:IEk

The simplified multiuser solution (80) can be seen as a
straightforward extension of the RR estimate (10a) to mul-
tiuser systems. The correlation (and projection) matrices are
calculated in a single-user fashion, while the whitening terms
are properly redefined to take into account MAI. The temporal
decorrelation R! in the preliminary FR estimation (70)
accounts for the interference between the training sequences
of different users, while the spatial whitening factor Qy H/2
depends on the background noise only (and not on the users’
signals). Notice that the solution (80) cannot be obtained as
an extension of the RR estimate if the whitening is performed
by the factor R;yH /% as in (86) (see Appendix B), as R,
accounts for both MAI (intracell interference) and background
noise (intercell interference).

Remark 4: Even if the method is based on a user-by-user
temporal whitening, the multiuser RR estimate (80) outperforms
the single-user RR estimate (see Section VI). The gain in per-
formance becomes evident for large SNR, as the single-user ap-
proach is affected by an error floor due to MAI, while the mul-
tiuser RR estimate is unbiased. Indeed, the multiuser RR es-
timate is obtained as a rank reduction from the multiuser FR
estimate [H,, 1 - - - H,, x|, which is calculated jointly for the K
users. Asitis H,, , — Hy, from (80), it follows that flk — H;.

Remark 5: As shown in Section III for the single-user case,
the multiuser RR estimate can be equivalently written as either
a spatial projection, a temporal projection, or a SVD truncation
of the whitened FR estimate. The computational complexity of
the multiuser estimate is K times larger than the one required by
the single-user estimate. The rank orders ry fork = 1,..., K
need to be evaluated user-by-user from the sample covariance
matrices { R& 1 }X |, as shown in Section III.

VI. NUMERICAL RESULTS

A uniform linear array of M = 8 omnidirectional antennas
with half wavelength spacing is used at the base station. Mobile
users transmit a training sequence of N = 456 symbols chosen
from the UMTS-TDD standard [20], as in Example 1. The mod-
ulation scheme is QPSK at rate 1/7" = 3.84 MHz and carrier
frequency f. = 1.95 GHz. The pulse shaping is a raised cosine
pulse with roll-off 0.22. Both uncorrelated and spatially corre-
lated Gaussian noise is considered. According to standard spec-
ifications [20], the channel length is W < Wy .« = 57, where
W nax is the maximum length that can be estimated in the uplink
of a UMTS-TDD system with the given training set. Notice that
Wax 18 chosen rather large (14.8 us) as the considered system
is intended to work with a broad range of environments. This is



NICOLI AND SPAGNOLINI: REDUCED-RANK CHANNEL ESTIMATION FOR TIME-SLOTTED MOBILE COMMUNICATION SYSTEMS 937

T T T T T T T

102

QL1

True rank order

10" £ I'0=4

MSE

101F

102 -

1 0.3 L L L 1 1 Il 1
102 T T T v v T T

FR

10 | E

100 £

MSE

101 E

102F N 1]

10_3 1 I I 1 I Il L
SNR [dB]

Fig.4. Comparison of the performance of the FR estimate and the RR estimate
with r = rq for (top) uncorrelated and (bottom) spatially correlated noise.

the reason why in many situations, the full-rank parameteriza-
tion results are too redundant.

The performances of RR estimation methods are evaluated
in terms of normalized MSE = E[||AH||?]/E[||H||?] for dif-
ferent values of SNR = E[||H||?]/o? (here, it is 02 = 1). In
order to highlight the MSE threshold effect (for low SNR) and to
validate the asymptotic performance (for large SNR), the SNR
is made varying from —20 dB up to 20 dB, even though some
values might be not realistic. Simulations are performed at first
for the single-user single-block scenario; then, the extensions
to, respectively, multiblock and multiuser systems are consid-
ered; finally, simulation results on realistic multipath propaga-
tion channels are given.

A. Single-User Single-Block RR Estimate

Fig. 4 compares the MSE performance of the FR and the
RR estimates for an unstructured channel modeled as a 8 x 45
random matrix with rank order r¢ = 4. The simulated MSE
is obtained by averaging || AH||? over 200 independent runs of
channel and noise. The rank order used for RR estimation is 7 =
ro. The additive Gaussian noise is spatially white, Q = 021,
(top figure), or spatially correlated with covariance [Q].,.¢ =
020.91“ ™ exp[—im(£—m) sin f] and # = 7 /3 (bottom figure).
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Fig.5. Comparison of the performance of the FR estimate and the RR estimate

for varying r. (Top) Uncorrelated and (bottom) spatially correlated noise.

In addition to the simulated MSE, the figure also shows the
asymptotic MSE calculated from (28). It can be seen that the
RR estimate outperforms the FR estimate by a factor equal to
ro(M + W —ro)/(MW) = 2.6 dB for white noise, while it
can be quantified from (28) in terms of approximately 7 dB for
correlated noise.

Fig. 5 shows the performance of the RR estimate for the same
example of Fig. 4 when the rank order r used to perform the re-
duction ranges from 7 = 1 to r = 4. As expected, for low SNR,
the preferred choice is » = 1, as it is better to estimate the min-
imum number of channel dimensions. By underestimating the
rank order, the variance of the channel estimate is indeed re-
duced by 7 /r¢, while the bias error introduced by the mismod-
eling remains negligible when compared with the noise error.
For increasing SNR, the distortion becomes remarkable, and
the noise error decreases; hence, the optimum rank order (that
provides the minimum MSE) moves toward the true rank order
(ro = 4). The minimum MSE for each SNR value can thus be
obtained only by an adaptive selection of the rank order. This
is confirmed by the numerical results in Fig. 5, where the MSE
of the RR estimate with MDL rank-order selection (solid line
with circle markers) envelopes the lower values of the fixed rank
MSE, and it approaches the MSE bound for large SNR.
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B. Multiblock RR Estimate

Figs. 6 and 7 compare the simulations for the MSE of the
multiblock estimates (markers) with the MSE bounds calculated
in Section IV-D (lines). A single-user system is considered
and the channel matrix is 8 x 15, and rs = rt = 3. These
rank orders are assumed to be perfectly known. The MSE is
evaluated for L = 40 and varying SNR on the top figure and for
SNR = 20 dB and varying L on the bottom one. Fig. 6 refers to
spatially uncorrelated noise, while in Fig. 7, the Gaussian noise
is spatially correlated (as in Figs. 4 and 5). The results show
that the multiblock RR methods approach the analytical MSE
bound and outperform the FR estimate. Moreover, the bound
for . — oo can be easily reached with a reasonable number
of blocks (in practice, L. > 20). In particular, in Fig. 6, the
simulation results show that for increasing L, the MSE of the
multiblock estimates converge as 1/L, according to (64a) and
(64b): MSEs(L)/MSEs(L — o) = 1+ (M —rs)/(WL),
MSEr(L)/MSEr(L — o0) = 1+ (W — rp)/(ML). For
L — oo, the performance gains of the RR methods with
respect to the FR one are, from (32) and (33), (65a) and
(65b): MSE,,/MSEgrgr = MW/[ro(M + W — rq)] = 3 dB,

IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 53, NO. 3, MARCH 2005

102 T T T T T T T
L =40 O FR
"~ O RR
10! . E
xe B ¢ SRR
S -N v T-RR
ok T~ \&Q:ng ~g —- Asymptotic MSE L —x
\\‘\.QQ:k:\Q ‘\.\
N S \B\
& 101+ Sa X9 R ]
= ~. mi\ S\~\ 3
\\Q \:§28 ’\&
\_\\\ .§:§.\ .\.\
-2 b . o . p
10 LN \&:§:\ ‘El\\\
N, NI
3 Q.\\ =@¢:§:\ o
103 : <y
o9
S
10 . . . . . . .
-20 -15 -10 -5 0 5 10 15 20
3 SNR [dB]
3 —
SNR =20 dB O RR
16 F O S-RR 4
v T-RR
14| —-- Asymptotic MSE L —w | |
12 ¢ E
= Q.00 000 Q0000000000000
0.8 J
D At e A ama - aun Ve Vs s e o 25 50 2n 2 4
0.6 1
04 1
©0=0-0-0-0-0-0—0-0-L—0—0-0—0
0.2 ! . 1 A ! Y Y Y Y
10 20 30 40 50 60 70 80 90 100
Number of slots L
Fig. 7. MSE of the multiblock RR estimate in spatially correlated noise. (Top)

For varying SNR and L = 40. (Bottom) For varying L and SNR = 20 dB.

MSEU/MSES = M/TS =4.3 dB, MSEU/MSET = W/’I“T =
7 dB. Since the temporal gain in this case is larger than the
spatial gain (W/rt > M/rg), it is MSET < MSEg. Notice
that in Fig. 7, the comparison between the two multiblock
methods for the same example but with spatially correlated
noise yields the opposite result, i.e., MSEr > MSEg. This is
due to the spatial correlation of the noise that modifies the MSE
of the S-RR method according to (63a), while the MSE of the
T-RR method remains unchanged.

C. Multiuser RR Estimate

The performances of single-user and multiuser channel esti-
mates are compared in Fig. 8 for K = 8usersanda L = 1
training block. The parameters are the same as in Fig. 4. The
propagation channel Hy, is simulated independently for each
user as a 8 X 45 random matrix of rank r, = 4, Vk. The
K complex training sequences are obtained according to stan-
dard specifications [20] from a single periodic basic code of
length N = 456. Simulations confirm that single-user algo-
rithms (dashed lines) reach an error floor for large SNR, as they
are biased by MAI On the other hand, multiuser estimates are
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shown to properly handle MAI and to outperform single-user
methods.

The comparison between Figs. 4 and 8 shows that the MSE
of the multiuser RR estimate for K = 8 (Fig. 8) has a small
degradation compared with K = 1 (Fig. 4). Since the mul-
tiuser RR estimate is a re-estimation from the FR estimate, the
performance for K = 8 can be obtained from the single-user
case by considering the SNR degradation experienced at the
output of the FR estimator due to the interference between
the training sequences of different users. As shown in [4],
the SNR degradation for UMTS-TDD training sequences is
D = 10log;,[tr[R]/(N/KW)] = 0.65 dB, which con-
firms that the training sequences are practically uncorrelated.
Therefore, for RR estimation, the iterative approach (76) can
be replaced by the solution (80), with a negligible performance
degradation.

D. RR Estimate of Multipath Channels

The performance of the RR estimate is herein evaluated for
multipath propagation channels with varying angular/delay
spread. A stochastic model similar to COST-259 Directional
Channel Model [30] is considered. The channel impulse re-
sponse is modeled as in (2), and the P propagation paths are

grouped into N, disjoint clusters of NN, paths each, where
Ny and N, are deterministic parameters. Within each cluster,
angles, delays, and amplitudes of the paths are described by
random variables. To account for clustering, variables asso-
ciated with distinct clusters depend on different cluster mean
values. Furthermore, according to the wide sense stationary
uncorrelated scattering (WSSUS) assumption, variables asso-
ciated with different paths are independent from each other. A
detailed description of the model is in Appendix F.

The rank analysis for this channel model can be found in
[4], which shows that the dependence of the rank order on the
number of clusters (i.e., on the overall angular/delay spread)
is critical. For urban propagation environments, the number of
clusters can be reasonably set to N, = 1 (typical urban) or
N, = 2 (bad urban). In the following, we consider channels
composed of N, € {1,2} clusters, each with delay spread
Ormax = 1 ps, angular spread oy max = 10°, and number of
paths N, = 10 (see Appendix F). This leads to a rank order
ro =~ 2 + 3 for the typical urban and rg > 4 for the bad urban
environment.

The performance of the RR estimate for single-clustered (top
figure) and double-clustered (bottom figure) channels is shown
in Figs. 9 and 10. The uplink of the synchronous TD-CDMA
system [20] is considered with K = 8 users transmitting at fixed
spreading factor (Q = 16. The channel is simulated indepen-
dently for each user, taking into account slow fading, fast fading,
and path loss. Perfect power control is assumed, i.e., differences
in attenuation between users due to shadowing and path loss
(but not fast fading) are compensated so that E(||H||?) = 1,
Vk (but this power is not equally split between the N, clusters).
The background noise is generated spatially correlated, as in the
example of Fig. 4, but with § uniformly distributed in [—60°,
+60°].

Fig. 9 compares the MSE of the multiuser FR and RR es-
timates. Different RR estimates are obtained by using a fixed
rank order (with » = 1, 2, 3, and 4, dashed lines) and adaptive
selection of the rank order (marker o). The comparison between
single and double-cluster performance shows that the error floor
is larger for N, = 2 as double-cluster channels call for higher
rank orders.

The performance of the receiver, complete with channel es-
timation and MMSE multiuser detection (MUD [31]), is evalu-
ated in Fig. 10 in terms of bit error rate (BER) versus E, /Ny =
QE[||H%||%]/(2Mo?) (here, itis 02 = 1). If a fixed rank order
is adopted for the RR estimate (dashed lines), the distortion be-
comes very marked for large SNR, and the RR estimate per-
forms worse than the FR (thick line). On the other hand, the
adaptive selection of rank order (marker o) guarantees a gain
with respect to the FR estimate of approximately 2 to 3 dB for
all SNR values. For a single cluster channel, the rank-1 estimate
guarantees the lowest BER up to 12 dB, while for the double
clustered channel, rank 2 is needed at SNR = 0 dB. A fur-
ther improvement in performance can be obtained by a bootstrap
approach [32], i.e., by refining the initial RR channel estimate
through decided data symbols. In the simulation (dashed line
with marker o), the symbols detected by the MMSE-MUD are
used to extend the training set from the initial length N = 456
up to N = 656. As a result, the estimate accuracy is increased
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Fig. 9. MSE performance of the RR estimate for (top) single-cluster and
(bottom) double-cluster multipath propagation channel in spatially correlated
noise.

by a factor approximately equal to 656/456, and the bit error
probability is reduced.

VII. CONCLUSIONS

We have investigated reduced-rank estimation of the channel
matrix and the covariance of the interference in time-slotted mo-
bile systems. The method is based on an underparameterization
of the channel model that constraints the space-time matrix to be
low rank. The extension to multiple training periods is obtained
by assuming as stationary the spatial or temporal structure of
the fast varying channel. New closed-forms of the Cramér—Rao
lower bound and the MSE highlight the dependence of the es-
timate error on the complexity of the channel model (number
of unknowns), the overall training sequence length (number of
pilot symbols within each training block and number of blocks),
and the correlation of the noise and of the training sequence.
The model order has been selected as tradeoff between distor-
tion (due to the underparameterization) and variance (due to the
limited training set). Simulations indicate that the RR estimate
with adaptive selection of the rank order provides remarkable
improvement of the performance with respect to the conven-
tional unconstrained estimate.
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APPENDIX A
PROOF OF (10a)

The derivation of RR MLE (10a) follows the same steps as
the derivation of the equivalent solution [6], and only the main
differences are highlighted in the following. The minimization
of the negative log-likelihood function (8) with respect to Q
yields Q = (Y — HX)(Y — HX)®/N. By insertion of Q
in (8), the cost function reduces to (see, e.g., [26])

L oclog (|QullT+ G) (81)

where G = (H — H,)H(H — H,), H = Q;"/*HR!/, and
H,, is defined as (12). Letting {\x[G]};=7 denote the eigen-
values of the matrix G arranged in nonincreasing order (see no-
tational conventions in Appendix G), the MLE of H is equiva-

lent to the minimizer of

Tmax

log I+ G| =log H (14 X\[G]). (82)
k=1

The matri)g G can bg easily~rewritten~as G =AG+ Gq , where
AG = (H - PyH)YH - PzH,) > 0, Gy = HI(I -
P4 )H,, and Py denotes the projector onto the column-space
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of H. From the Poincaré separation problem (see, e.g., [33]), it
can be shown that A\, [G] > Ag[Go] > pg, with

HE = )\r0+k |:I:IUI:IE:| , k=1,...,Tmax — To- (83)
The minimum A, [Gg] = pu, is obtained if H= lss_’TOI:Iu, ie.,
if Py equals the projector Ps,,, onto the subspace spanned
by the ro leading eigenvectors of Rs. Therefore, the MLE of
the space-time matrix is given by Q. H/2HRH/2 = Ps,roHu
for the whitened channel, which yields (10a) after whitening
cancellation.

APPENDIX B
EQUIVALENT FORMULATIONS FOR THE RR ESTIMATE

Assuming R, > 0, the RR MLE proposed in [6] is

A _u
H =R,.R.7 P’T,,,0 R. (84)
where P’T,TO = U, UYL, is the projector onto the subspace
spanned by the 7o leading eigenvectors (U7, ) of the temporal
correlation matrix R, = H/FH/,, and H/, = R,/ *H,R./?
is a weighted version of the FR estimate. With respect to (12),
the spatial weighting in H/, is obtained by the term R;yH/ 2
Similarly to the formulation given in Section III, the estimate
(84) can be rewritten as the projection of H/, performed in the

temporal or spatial domain

H =R}, [ﬁ;?’mo] R.. (85)
—R2, |94 R.. (86)

or, equivalently, as H = R?I,{y/ > -svd,, [H.] R R2? (see [5]).

Here, Ps w0 = Us,, Ug. is the projector onto the subspace
spanned by the rg leadlng eigenvectors (Ug ,. ) of the spatial

correlation matrix Ry = HUH’ H The estimate H' can be
shown to be fully equivalent to the RR solution (10a) and (10b)
[4].

APPENDIX C
PROOF OF (28) AND (29)

By recalling the definition (24) for J and using (26), the MSE
(25) can be rewritten as

MSERR =tr |:

:t[

=tr [Rl

D'R;'D)' D¥|

'FU o

D)'DIR|

] 87)

H -
2
1
H
2
1

2D(DH
Pr

=111

R.

where Py = D(D'D)’ "DH is the projector onto the column
space of the whitened matrix D = Ry H2p, Recalling the
definition (23), it follows that the matrix D = [D; Dy]is
partitioned into the submatrices

(88)
(89)

Therefore, P is the projector onto the union R[D] = R[D;]U

R[D5]. The latter can be equivalently decomposed as
R[D] = R [P% 152} UR[D:]

where the two subspaces are chosen to be orthogonal:
R[PL D] N R[D;] = @. The projection matrix simpli-

fies then as
Py =P, 5, T Pff)1 (90)
Dy
where P151 , P% ;and P LB, denote the orthogonal projec-
Dy

tions onto, respectively, R []51] the orthogonal complement
R[Dl] and R[P Dg]

The projectors in (90) can be easily calculated by noticing that
for any given matrices U and 'V, the projector onto R[U ® V]
is Pugv = Pu ® Pvy. From (88) and (89), and by using the
properties of the Kronecker product (see the list of operators in
Appendix G), it follows that

Py =P7oly (91)
Pz =Pr @Iy (92)
D,
P D, =PXRZ ® A (93)
1
Pp. 5, =PH o P: &

Dy

where we used the definition for Pg in Proposition 3. By sub-
stituting (91) and (94) into (90), we get

Py =P+ @Ps+P; @Iy =Ly @Ps+PiLeIy —PLoPs.

95)
The latter result, along with (26) and (87), leads to

=tr [Q% PSQ%] w[Re, [+t [R;I%PTR;Z%] «[Q]

—tr [Q%PSQ%} r [R;EPTR;?}

(96)

o7)

which can be rewritten into one of the two equivalent forms (28)
or (29).

APPENDIX D
RR ESTIMATE FOR TEMPORALLY AND SPATIALLY
CORRELATED NOISE

To simplify, both the temporal (Qr) and the spatial (Qs)
covariance matrices are assumed to be known (e.g., estimated
by a sample covariance over N — oo observations). From the
signal model (7), the negative log-likelihood function is [36]

£=MIn|Qr|+ Nn|Qs|

+tr [Qg (Y — HX)Qr' (Y — HX)M] . (98)
By redeﬁning the received and training signals as Y = YQr 1/2
and X = XQ;1 /2 , the RR MLE for H turns out to be the min-

imizer of ||Y — HX ||2 -1 under the constraint H = AB™.
It is therefore understood that the RR MLE can be calculated
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as in (16) by simply replacing Q, with the known spatial co-
variance Qg and X with X. Similarly, the asymptotic perfor-
mance for the RR MLE can be calculated from (28) by setting
Q = Qg, replacing R, with R;;, and redefining Pg and Pt
as the projectors onto the column space of A = Qg H/2Z A and
B = R;éﬁzB, respectively.

APPENDIX E
PROOF OF (37)

Let & = [aThT]" be the vector containing the channel pa-
rameters a = vec[A] and b = vec[BH], where A = WA
and B = WB are the spatial/temporal components of the
weighted channel matrix H(6) = ABH. According to (36), the
RR estimate ﬁ(@) is obtained from the minimizer § = [a"bT)
of Fx(8) = |[H, — H(@)|]. Since the RR estimate is consis-
tent, for N — oo, the estimated parameters @ tend to the true
channel parameters 8y = [albg]" . Therefore, the asymptotic
Taylor expansion can be used for F} () around 6y, yielding

0=Fn(0) =~ Frn(00) + Fn(00) A8 ~ Fy(8o) + FL(8p)AB.

. 99)
Here, A0 = 0 — 6y denotes the parameter estimate error,
Fi(0o) is the gradient vector, Fy;(6o) is the Hessian matrix,
and F/L(6g) = imn_,oc FR (o) is the limiting Hessian. It is
then

A8 = — [FL(00)] - Fiv(80). (100)

It is convenient to vectorize the channel matrices as

h, = vec[H,], hgr = vec[H(#)], and h = vec[H(8)],
yielding

h, = (W} ® Ws)h, (101)

hrr = (Wi © Ws)h(d) (102)

h = (B* ® I]\/[)a = (IVV ® A)b. (103)

By defining Ah, = h, — h, the norm to be minimized reduces
to Fx = AhMAh,. It follows that F4 (8y) = DY Ah, and
F” (6y) = D'D, where D denotes the derivative of (103) with
respect to the parameter vector

onf]"
| o8

0=06,

(1>

D =[B*®Iy Iy®AlL (104)

From (100), we have Af = t(ﬁHﬁ)TﬁHAflu. The RR esti-
mate error Ahgrg = hrr — h is then

Ahgg = —DA@ = P[D]Ah,, (105)

where the projector P [f)] onto the column space of (104) can be
calculated as in (95) from Ps = AAT and Py = BBY. From
(105), the covariance for the weighted RR estimate is

Cov(hggr) = P[D]Cov(h.,) (106)
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while the covariance for the RR estimate h = h(é) is, from
(102)

Cov[fl] _ [WEI(PTRU,T)W;H] *® [Ws_l (Péﬁu,s)ng}

R+ @ [st 1(Psﬁu,s)WgH} . (107)

The corresponding MSE is obtained as MSE = t[Cov(h)],

yielding the results in (37).

APPENDIX F
CLUSTERED MULTIPATH CHANNEL MODEL

The paths of the propagation channel H =
Zf\;ﬁ Z;)V:rl aipa(¥;,)gr(r;p) are grouped into Ny
independent clusters of N, components, and the pth path
within the ith cluster is characterized by the parameters c; ;,
¥ p, and 7; . According to the WSSUS assumption, within
each cluster a; p,, ¥; , and 7; ,, are i.i.d. random variables with
probability density functions chosen as described below [30],
while the number of clusters IV, and paths N, are deterministic.

For the ith cluster, the mean value of the delays (7;), the an-
gles (¢;), and the powers (P;) have the following distributions:
Ti ~ 71 + U0, Timax], for i = 2,..., N, with Typa = 6.54
being the maximum delay; ¥; ~ U[—= /3,7 /3] and P; [dB] ~
N(L; [dB],02), fori = 1,..., N,. The delay for the line-of-
sight cluster (¢ = 1) is 71 = d/c, where d denotes the dis-
tance between mobile and base station. The power P; is sub-
ject to lognormal shadow fading with standard deviation o), =
9 dB. The path loss is L; o d; ", depending on the distance
d; between the :th cluster and the base station and on the path
loss exponent n = 3.8. The clusters are uniformly distributed
within a circular area of radius 2 km. Within the ith cluster,
the delay (o, ;) and the angular (oy,;) spreads are uniformly
distributed 09 ; ~ U[0,09 max), 0ri ~ U0, 0r max], Where
09 max and 07 max are the maximum spread values. According
to [34], the pth path is characterized by the following param-
eters: delay 7, = 7 + Ar, with A1, ~ E(1.170,,);
angle ¥;, = 9; + AV, , with AY;, ~ N(0,1.902,); am-
plitude v; , ~ CN(0, P; - P(A9; ,, AT; ,,)) with power delay
profile P(AY; p,, AT; ;) exponential both in |[AY; ,|/0y,; and
ATi,p/UT,i-

APPENDIX G
NOTATION

Lowercase (uppercase) bold denotes a column vector (ma-
trix). A[t, j] is the element (%, j) of the matrix A, and [A]; ; is
the block (7, j) of the block-partitioned matrix A. For a matrix
A(N) such that A(N) — B = O(1/N®) with a > 0, the fol-
lowing notation is used: For N — oo it is A(N) — B and
R[A(N)] — R[B] (or, equivalently, A(N)AT(N) — BB');
the same properties hold for random matrices with probability
1. For arandom variable X, the normal, complex normal, or ex-
ponential distribution of mean y and variance o2 is denoted by
X ~N(p,0%) or X ~CN(0,0%), X ~ E(u), respectively.

In Table I, the top part of the table summarizes the defini-
tions for the symbols used throughout the paper (the matrices
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TABLE I
List of symbols
Symbol Meaning
70 Rank order of the channel matrix - Sect. II
TS, T Spatial/temporal rank orders - Eq. (4)
Tmax Maximum rank order - Eq. (4)
H(H) Channel matrix - Eq. (2), (42), (48), (55)
A (A) Spatial channel component - Eq. (6),(46),(48), (55)
B (B) Temporal channel component - Eq. (6),(46),(48), (55)
Y (V) Received signal matrix - Eq. (7),(45),(49), (56)
X (X) Training sequence matrix - Eq. (7),(45),(49), (56)
N (WN) Noise matrix - Eq. (7),(45),(49), (56)
Q(Q) Noise spatial covariance - Sect. I, IV-B.1, IV-C.1
Riz (Raz) Training sequence correlation - Sect. III, IV-B.1, C.1
H, (Hu) Unconstrained MLE of H (H) - Eq. (9a), (44a),
Sect. IV-B.2, IV-C.2
Qu (Qu) Reduced-rank MLE of Q (Q) - Eq. (9b), (44b),
Sect. IV-C.2
H(H) Reduced-rank MLE of H (H) - Eq. (10a), (50), (57)
ﬁu (7:lu) Whitened channel est. - Eq. (12), Sect. IV-B.2, C.2
Ps,Prp Spatial/temporal projectors - Sect. 11I-C
ps,ro, pT,rO Estimate of Ps, P - Eq. (15)
f{s‘u, f{T,u Spatial/temporal correlations - Eq. (13)

List of operators

Operator Definition

X7 Transpose of the matrix X

XH Conjugate transpose of X

X Conjugate of X

Xt Pseudoinverse of X

tr[X] Trace of X

|X] Determinant of X

X% Frobenius norm weighted by A: tr[AXX"]

vec[X] Stack of columns of X into a vector

X1/2 Cholesky factor for X>0: X=X"'1/2x1/2

Xt Pseudoinverse of X

Ae[X] kth eigenvalue of X for non-increasing ordering

svd[X] Singular value decomposition for X

svd,[X] svd [X] truncated to the 7 largest singular values

R[X] Subspace spanned by the columns of X

R-[X] Subspace spanned by the columns of svd,[X]

Px Orthogonal projector onto R[X]

P;‘( Orthogonal projector onto Rt [X]

Px - Orthogonal projector onto R [X]

I, n X n identity matrix

diag [ml R N} Diagonal matrix with elements 1, ..., TN

X Kronecker product, this property holds [35]:
vec|[ABC]=(CT®A) vec[B],

O[P, T tr[T"/2PT'/2], see properties in [19]

are in bold for single-block and in calligraphic within brackets
for multiblock), while the bottom part of the table gives the ma-
trix operations.
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