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Abstract—The whitening-rotation (WR)-based semi-blind
methods have been shown to achieve much better channel
estimation performance than the conventional training-based
methods for MIMO systems. In this paper, the performance
analysis is conducted for an ideal WR-based method, in which
the knowledge of the ideal whitening matrix is known a priori.
This analysis is a valuable study since the ideal WR-based method
provides the upper bound of the channel estimation performance
for WR-based methods. First, the expression of the error of
the rotation matrix is derived by using a perturbation analysis.
This result is then utilized to derive a closed-form expression of
mean square error (MSE) of the ideal WR-based method. The
simulation studies have shown that the theoretical MSE values
are consistent with the simulation results, confirming the high
accuracy of the derivation of the MSE expression.

I. INTRODUCTION

Channel estimation is a key part for the development of
MIMO systems. Based on known pilots, the MIMO channel
can be estimated by employing different kinds of training-
based algorithms such as the least square (LS), the maximum
likelihood (ML), the maximum a posteriori (MAP) and the
minimum mean square error (MMSE) algorithms [1]. In
contrast to training-based methods, blind channel estimation
algorithms like those proposed in [2]-[4], can achieve a better
spectral efficiency by use of the second-order statistics, cor-
relative coding or other properties of user data. By combining
the training-based and blind algorithms, semi-blind channel
estimation techniques can potentially enhance the quality of
MIMO channel estimation [5]-[7]. With a small number of
training symbols, problems such as ambiguities and mis-
convergence of the blind methods can be solved by semi-
blind techniques. On the other hand, the use of the available
information data yields an improved accuracy of the channel
estimation.

More recently, a whitening-rotation (WR)-based semi-blind
algorithm has been proposed for frequency-flat MIMO channel
estimation [8]. The WR-based semi-blind algorithm consists
of two steps: (1) estimation of a whitening matrix utilizing
information data; and (2) estimation of a unitary rotation
matrix using pilots. It is shown that this semi-blind technique
can achieve a better channel estimation performance than
the conventional LS method, when the number of receive
antennas is greater than or equal to the number of transmit
antennas. However, the perturbation analysis of the WR-based
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channel estimation method conducted in our previous work
[9] shows that, in the noise-free case, the blind part of the
WR-based method is subject to a signal perturbation error,
justifying that the WR-based method is efficient only in the
case of low SNRs. In [10], we have further developed an
enhanced transmit scheme to cancel the signal perturbation
error in the receiver, leading to a signal perturbation free
WR-based method. This new method has been shown to
achieve an channel estimation performance very close to the
ideal WR-based method, which obtains the whitening matrix
directly from the true channel matrix. Since the ideal WR-
based method is a very important reference to the WR-based
semi-blind methods, it is necessary to make an theoretical
analysis on it. In this paper, we would like to derive a close-
form expression for the MSE of the ideal WR-based method.

Throughout the paper, we adopt the following notations:

T Transpose, H Complex conjugate transpose,

® Kronecker product, and o Hadamard product.

II. BRIEF REVIEW OF WR-BASED CHANNEL ESTIMATION
ALGORITHM

Consider a spatial-multiplexed MIMO system with Np
transmit and Ng (> Nr) receive antennas. Suppose that the
frequency-flat fading MIMO channel is characterized by an
Ng x N7 matrix H whose (ig, iT)-th element h;, ;. repre-
sents the channel response from the i7-th transmit antenna
to the ig-th receive antenna. Given the transmitted signal
vector x (n) 2 [z1(n), -, zN, (n)]T whose elements are
independent identically distributed (i.i.d.) random variables
with zero mean and unit variance 5325 =1, the received signal

vector y (n) £ [yr (), -, Yng (n)]T can be written as
y (n) =Hx(n) + v (n) €]
where the noise vector v (n) & [vr(n),- -, ong ()] is

spatio-temporally uncorrelated with variance §2. Note that, in
each block, the transmit pilot matrix Xp consisting of the
first K of the N slots are used for training purpose and the
corresponding received pilot matrix is Yp.

We now briefly review a whitening-rotation (WR) based
semi-blind MIMO channel estimation algorithm [8]. Its idea
originates from a decomposition of the channel matrix,

H=wWQF @)

240

Authorized licensed use limited to: University of Southern California. Downloaded on November 16, 2009 at 16:29 from IEEE Xplore. Restrictions apply.



where W is a whitening matrix and Q is a unitary rotation
matrix. Performing the singular value decomposition (SVD)
of H gives

H=UxV" A3)

Obviously, one possible choice of W and Q can be UX and
V. Thus, the WR-based channel estimation method can be
implemented with two steps:
(i) Estimate the whitening matrix W in a blind fashion
using the autocorrelation matrix of the received signal and
a subspace-based method;
(ii) Estimate the unitary rotation matrix Q by utilizing training
pilots and a constrained maximum-likelihood (ML) method.
However, the blind part of the WR-based method is subject
to a signal perturbation error [9]. By using a SPF transmit
scheme proposed in [10], the signal perturbation error can
be removed, leading to a signal perturbation free WR-based
method, which can achieve much better performance than
the original WR-based method. It is expected that more new
signal processing techniques can be proposed to improve the
performance of WR-based methods. However, the upper bound
of the WR-based methods is given by an ideal WR-based
method, in which the ideal whitening matrix W is known a
priori. In fact, the ideal whitening matrix W can be obtained
from the true channel matrix. To investigate the performance
of the WR-based methods, it is essential to disclose the MSE
expression of the ideal WR-based method. In the following,
we would like to derive such a close-form expression.

ITII. THE PERTURBATION ERROR OF THE ROTATION MATRIX

As W is ideal, to derive the MSE expression, we only
need consider the effect of the perturbation error of Q. In this
section, we derive the form of the perturbation error of Q.
First, we conduct an analysis for the training-based estimation
of Q given in [8]. In the noise-free case, the rotation matrix
Q can be calculated from

Q=VoUg @
where Ug and Vg are obtained from an SVD of the matrix
a1 H H
Yo = YpX
Q KU%W pXp, &)
namely,
Yo =UqgZgV5. (6)

As H has a full column rank, (3) can be rewritten as
_ s v
H—[U.S"UN][ O] [Vlfvf

where Ug and Uy are the signal subspace and the noise

subspace of U, Vg and Vy are the signal subspace and the
noise subspace of V. It is obvious from (7) that

Q)

W =Ug3s. (®)
By using (8) and noting that
1
—YpXE=H
Koz YPXP ; €))
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(5) can be rewritten as

Yo =3%VE. (10)
As such, one realization of the SVD of Yq is given by
Ug=L%g=3%Vgo=Vs (11)
Using (11) into (4) yields
Q=Vs. 12)

The above discussion indicates that the method in [8] gives
an ideal rotation matrix Vg in the noise-free case. In the
following, we derive an expression of the perturbation error
AQ of Q in the presence of noise.

In the noisy case, (5) should be modified to

1

Yo = %o? WHYpXE. (13)
Noting that o2 = 1, one can easily verify that
%prg =H+ARZ p (14)
where
Al & H
AR, p = E;x(n)v (n). (15)
Using (14), (13) can be expressed as
Yo=Yo+AYq=33V¥ + WHARE .. (16)

Our goal is to disclose an expression for AQ in terms of
the perturbation error AY g of Y that is caused by noise.
Let us consider the SVD of Y

Yo =0o2qV§ =[(Ug +AUQ) P
(S +A%q) (Ve +AVQP)T  (17)

where P is a diagonal unitary matrix used to represent a
general form of the SVD, since the SVD of ?Q is not
unique. By utilizing Ugp = (Ug +AUgQ)P and Vo =
(Vg + AVq) P, we have

AQ £Q-Q=Vo0f -VvoUuj

~ AVQUG + VoAUg. (18)
Using (11), (18) reduces to
AQ~ AVg + VsAUg. 19)

In general, if the noise subspace of Y exists, the expressions
for AVg and AUg can be easily derived in terms of the
perturbation error AY g by utilizing the analysis results of
the existing perturbation theory such as that in [11]. However,
these results are not applicable to our case, since only the
signal subspace exists in Y. To overcome this difficulty, we
use the following theorem to derive an expression for AQ in
terms of the perturbation error AY .

Theorem 4.1:Given an SVD of a full rank M x M matrix
Z,Z = UzX;VE, where £z = diag(0z,,04,,**,0zy)s
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for a small perturbed term AZ, the SVD of Z=7+AZis
defined as

Z = ﬁzzzvg = [(UZ + AUZ) PZ]
(B2 +A%z) [(Vz +AVZ)PZ)T (20

where P is a diagonal unitary matrix whose role is the same
as P in (17). Then, it can be shown that

Q2 AUEU; + VAV,

~Tz0(VFAZFU; - UJAZVy) @1)
where
_1 1 e — 1
20, 0. +0; Oz +02
1 1 1 1 2 1 1 M
Tu0t+0 20 Or0t0
I\Z — z2 z1 z2 22 M (22)
1 1 ce. 1
Oapg+0zy  Ozp+02, 202y

The proof of the theorem is omitted due to lack of space.
In order to use Theorem 4.1, we first rewrite (19) as

AQ~ Vs (AUGI+VIAVy).

With replacements AUz = AUg, Uz = I, Vz = Vg,
AVz = AVg, 7 = ¥% and AZ = AYgq in (21), we
immediately obtain

(23)

AQ~ Vg (TgoII) (24)
where
B 1 1 . 1 T
20351 05, T0s, asl+asNT
1 1 1
0% +o 202 o% +o
Lo=| = 7 & T (29)
1 U
| a%NT +0§1 agNT +a§2 ZJSNT |
I =V{AY§ - AY,Vs. (26)

Note that og,, (i =1,2,---, Nr) is the diagonal element of
3 5. Substituting (16) into (26), we obtain

II=V{AR,, pUsZEs — SsUJARL Vs, (2D

As a result, the perturbation error of Q has been expressed in
terms of the perturbation error AR, p. In the next section,
we will derive the MSE of the ideal WR method by utilizing
the expression of AQ as given by (24).

IV. MSE OF THE IDEAL WR-BASED METHOD

The estimation error of the channel matrix H due to the
perturbation error can be written as

Thereby, we have

vec (AH) = vec [V ® (UsZs)] [vec (T'q) o vec (TI7)].
(30)
Then, the MSE of the channel estimate can be expressed as

MSEwR ideal = Trace {E {[V5 ® (UsZs)|{[vec (T'q)
vecH (Tq)] o [vec (TT¥) vecH (I17)]}
[Vi® (UsSs)]" }}. @

In the following, we simplify the calculation of MSEwR jideal.
It is clear that MSEwR ideal can be rewritten as

MSEWR,ideal =

Trace {[V5 ® (UsZs)] T [V ® (UsZs)]"} (32
where
TEE {[vec (Tq) vecH (Tq)] o [vec (IT7) vecH (117)]} .
(33)
By using (27) along with (15), it can be proved that
E [vec (IT7) vec” (I17)]
2
=2 (S} ly, +1n, 0 5F). (34)

Utilizing (25) and (34), one can easily verify that Y is a
diagonal matrix with diagonal elements being given by

. . o2 1
S;

Letting ug; and vg; be the i-th and j-th column vectors of
Ug and Vg, respectively, one can find the [-th column vector
of Vi ® (UsXg) as aSivgj ® ug,. Therefore, (32) can be
expressed as

2 Nt N 2
Ty E : 95;
MSEWR,ideal = ? mTrace
j=1i=1"5i S;

/
<
&
[

2

N—

/

H
V5, ®us,) ] 36)

Since Trace (vgj ® ugi) (vgj ® us,.)H ] =

vaj ® usiH = 1, from (36), we obtain the closed-form
expression ofF MSE of the ideal WR-based method
2 Nt Nr 2 9 9
— UU US,; _ N TU’U
MSEwR ideal = N7 E 2 oI 1ol - 2K 37
j=1i=1"5: S;

V. SIMULATION RESULTS

We consider a MIMO system with 4 transmit and 8
receive antennas, in which the QPSK modulation is used

A _ H
AH=H-H=WAQ". (28 and a Rayleigh channel, whose elements are i.i.d. complex
Substituting (24) into (28) gives Gaussian variables with zero qlean and unit variance,‘ is
assumed. Here, the orthogonal pilots are generated by using
AH ~UgXg (I‘Q oITH ) ng . (29) the scheme proposed in [12]. Here, the ideal WR-based
242
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MSE (dB)

et versus the pilot length. Fig. 2 shows the MSE plots from 20000
Monte Carlo runs of the transmission of one data frame of

1000 slots for an SNR of 10 dB. Again, the simulated results

are almost the same as the analysis results, confirming the high
accuracy of the derivation of the MSE expressions in Section
Iv.

VI. CONCLUSIONS

In this paper, the perturbation analysis is conducted for

the WR-based semi-blind MIMO channel estimation method.
By using the perturbation analysis, the expression of the
perturbation error of the rotation matrix is obtained for the
ideal WR-based method, which assumed to have knowledge
of the ideal whitening matrix. Then, this expression is used
to derive a closed-form expression of MSE of the ideal

2 9 e 2 ®  WR-based method. Simulation results have shown that the
theoretical MSE values are consistent with the simulation
Fig. 1. MSE versus SNR results, confirming the high accuracy of the derivation of the

MSE expression of the ideal WR-based method.

-10 T T T T T T T

—— analysis
—©- simulation

MSE (dB)

10 20 30 40 50 60 70 80 90 100
pilots

Fig. 2. MSE versus pilot length

method, which obtains the whitening matrix directly from
the true channel matrix, is simulated in our experiments. For
comparisons, the MSE value calculated from its theoretical
MSE expression as given in (37) is also provided.
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Experiment 1: MSE versus SNR

In the first experiment, the channel estimation performance
in terms of the MSE versus the SNR is investigated. The
simulation is undertaken based on 20000 Monte Carlo runs
of the transmission of one data frame with 1000 slots out of
which 100 are used as pilots. Fig. 1 shows the MSE plots
of the ideal WR-based method from simulation and analysis,
respectively. It is clear the MSE results from simulation are
highly consistent with those from analysis at all SNR levels.

Experiment 2: MSE versus pilot length
Here, we investigate the channel estimation performance
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