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Abstract—In this paper, a novel signal-perturbation-free (SPF)
approach is presented for frequency-selective MIMO-OFDM
channel estimation. First, an efficient transmit scheme, which
bears partial information of the correlation matrix of the trans-
mitted signal called SPF data, is proposed for the cancellation
of signal perturbation error at the receiver. A detailed transmit
structure is designed to implement the SPF scheme, which is
then employed along with linear prediction (LP) to derive a new
semi-blind channel estimation algorithm. It is shown that the new
transmit scheme can completely cancel the signal perturbation
error in the noise-free case, while being able to sufficiently
suppress the perturbation error in noisy conditions. It is also
shown that the SPF data needs only to be transmitted over a small
number of subcarriers and moreover, its overhead to the overall
transmission is negligible as compared to regular pilot signals.
Computer simulations show that the proposed SPF solution
significantly outperforms the LP semi-blind method without using
the proposed transmit scheme as well as the least-square (LS)
method in terms of the mean square error (MSE) of the channel
estimate.

Index Terms—MIMO-OFDM systems, channel estimation, lin-
ear prediction, signal perturbation.

I. INTRODUCTION

Driven by wide-band multimedia and integrated services,
future wireless networks, called beyond 3rd generation (B3G)
or 4G, are anticipated to provide reliable transmission of very
high data rates ranging from 100Mb/s to 1Gb/s for high to
low-mobility applications. Two key enabling technologies have
been identified to meet the goals of B3G networks: multi-
input multi-output (MIMO) and orthogonal frequency division
multiplexing (OFDM) [1]. With multiple transmit and multi-
ple receive antennas, MIMO systems have been known for
achieving either a diversity gain to combat signal fading (e.g.
space-time block codes) or to obtain a capacity gain called
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spatial multiplexing (e.g. V-BLAST). It means that both high
data rate and superior system performance can be achieved
without increasing the total transmission power or bandwidth,
by employing MIMO transmissions. Meanwhile, the common
frequency-selective problem of wireless channels caused by
the inter symbol interference (ISI) can be solved or allevi-
ated by the OFDM technique without the need for complex
equalization. As such, MIMO-OFDM has been considered as a
strong candidate for future wireless communication systems.
It is well known that the advantages promised by MIMO-
OFDM systems rely on the precise knowledge of the channel
state information (CSI). It has been proved [2] that when the
channel is Rayleigh fading and perfectly known to the receiver,
the capacity of MIMO-OFDM systems grows linearly with the
lower number of the transmit and receive antennas. Therefore,
channel estimation is of crucial importance in MIMO-OFDM
systems.

Broadly speaking, MIMO-OFDM channel estimation ap-
proaches can be categorized into three classes, training-based,
blind and semi-blind approaches. Training-based methods,
such as the least-square (LS), the maximum likelihood (ML)
and the minimum mean square error (MMSE) methods,
employ known training signals to render an accurate chan-
nel estimation [3]. Blind MIMO-OFDM channel estimation
algorithms, such as those proposed in [4]-[8], exploit the
second-order stationary statistics, correlative coding and other
properties, and normally have a better spectral efficiency.
With a small number of training symbols, semi-blind channel
estimation algorithms have been proposed to estimate the
channel ambiguity matrix for space-time coded, non-redundant
precoded and multiuser MIMO-OFDM systems [4], [9], [10].

It is worth pointing out that most of the existing blind and
semi-blind methods, such as [4], [5], [9], [10] as mentioned
above, for MIMO-OFDM channel estimation are based on the
second-order statistics of a long vector, whose size is equal to
or larger than the number of subcarriers. To estimate the cor-
relation matrix reliably, these techniques need a large number
of OFDM symbols, and is not suitable for fast time-varying
channels. In addition, since the matrices involved in these
algorithms are of huge size, their computational complexity is
extremely high. Therefore, these methods impose a very high
complexity on the system implementation. In contrast, linear
prediction-based blind algorithms such as those proposed in
[11]-[15], which are based on the second-order statistics of a
short vector with a size only slightly larger than the channel
length, have been well investigated for the estimation of
frequency-selective MIMO channels. Moreover, the linear pre-
diction (LP)-based semi-blind algorithm proposed in [16] has
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been shown to be much more efficient than the conventional
LS methods for MIMO systems. This method was extended
for MIMO-OFDM systems in [17]-[19], in which the MIMO
channel is estimated with a very high accuracy by employing
only a few OFDM symbols while the full or partial information
of the channel correlation is not needed.

By using the perturbation theory [20]-[22], our previous
study on the LP-based blind channel estimation in [18] has
shown that some conventional LP-based blind algorithms such
as those in [12], [15], [23] are subject to a signal perturbation
error due to the finite data length effect in the calculation of
the correlation matrix of the received signal. It means that
these algorithms would suffer from a poor performance in
the MIMO-OFDM channel estimation if the number of the
OFDM symbols is not large enough. In contrast, the semi-
blind algorithm proposed in [17], [18] imposes an ideal nulling
constraint on the channel matrix in the absence of the noise
and therefore, gives a better channel estimation performance.
In [24], we have proposed for the MIMO systems a signal-
perturbation-free (SPF) transmit scheme, based on which the
signal perturbation error can be cancelled at the receiver, lead-
ing to a signal-perturbation-free semi-blind channel estimation
solution for frequency-flat MIMO channels. Since the MIMO-
OFDM channel is always frequency-selective, the estimation
algorithm for frequency-flat channels in [24] cannot be ap-
plied or easily extended to frequency-selective MIMO-OFDM
channels due to different system models as well as different
transmission schemes. In the present paper, we will develop a
new semi-blind MIMO-OFDM channel estimation technique
that is devoid of signal perturbation errors. The new signal
perturbation free algorithm has a significant impact on the
implementation of MIMO-OFDM systems. First, as mentioned
earlier, most of the existing blind estimation methods need a
large number (hundreds or more) OFDM symbols to render an
accurate channel estimation, whereas our semi-blind method
uses a small number (tens) of OFDM symbols which reduces
greatly the system implementation complexity. Second, our
method offers a much better estimation performance than the
conventional LS method if the same number of pilots are used
or requires only one-quarter to one-third pilots to achieve
a similar performance as the LS method, leading to a high
spectral efficiency of the communication system.

The rest of the paper is organized as follows. Section II
presents some preliminary material needed to develop the
new channel estimation approach, including a formulation
of the data model for MIMO-OFDM systems and a brief
review of the LP-based blind channel estimation. Section III
presents a novel idea of signal perturbation error cancellation
for MIMO-OFDM systems. Based on a brief discussion on the
signal perturbation error in the LP-based blind estimation, a
signal perturbation error cancellation principle is established.
In Section IV, the new signal-perturbation-free (SPF) transmit
scheme is developed for MIMO-OFDM channel estimation.
First, we develop a detailed transmit structure that can be used
in the receiver to cancel the signal perturbation error in the
estimated correlation matrix of the received signal. Based on
the proposed transmit scheme, a signal-perturbation-free semi-
blind channel estimation algorithm is proposed. Section V
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Fig. 2. Schematic representation of a MIMO-OFDM receiver

conducts a simulation study comprising a number of computer
simulation based experiments to validate the proposed signal-
perturbation-free semi-blind approach and show its significant
advantage over some of the existing channel estimation tech-
niques. Finally, Section VI concludes the paper by highlighting
some of the contributions presented.

Throughout the paper, we adopt the following notations:

1 Pseudo-inverse, ® Kronecker product,

T Transpose, H Complex conjugate transpose,

® Circular convolution, || || » Frobenius norm,

¢ (k) = e27%  and vec () a stacking of the columns of
the involved matrix into a vector.

II. PRELIMINARIES
A. Data Model

Fig. 1 shows a block diagram of a typical transmitter in
a MIMO-OFDM system with the V-BLAST structure [1],
[25]-[27], in which there are Np independent links, each
connected to a transmit antenna and containing both pilot and
information data. The m-th OFDM symbol in the i7-th link
can be written as a vector of the frequency-domain signals,
namely, [X;, (m,0),X;, (m,1),,---, X, (m,K—1)]"
where K denotes the number of subcarriers. The IDFT
processing gives the time-domain OFDM si§nal, denoted as
[ip (M, 0), 24, (M, 1), 24 (m, K —1)]" . After adding
a cyclic prefix, each OFDM symbol is then sent out by the
corresponding transmit antenna.
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Fig. 2 shows the block diagram of the MIMO-OFDM
receiver including N receive antennas as well as a channel
estimation unit. After removing the cyclic prefix in each link,
the signal received at the ir-th antenna can be expressed
as [yi, (M, 0),yi, (m,1),--+,y;,, (m, K —1)]" . Then, the
received frequency domain signal after the DFT processing
is given by [Yi,, (m,0),Y:, (m,1),---,Y;, (m, K —1)]"

Most of the ex1st1ng channel estimation methods work on
a discrete-time MIMO-FIR channel, whose element can be
characterized as an L-tap FIR filter. Assuming that the channel
is constant during a number of consecutive OFDM symbols,
the channel matrix for the [-th tap can be written as

hii(l)  hia(l) hi,ny (1)
D A h21 (1) h22 (1) hz,N:T (1) W
hNR,l (l) hNR,Q (Z) h/NRyNT (l)

where A, i (1),(0 <1< L—1) represents the composite
channel response between the ¢x-th receive antenna and the
ip-th transmit antenna for the [-th tap. If the length of the
cyclic prefix is not less than the channel length L, the time-
domain signal can be written as

Z hig.ir (1

=1

yZR ® Lig (m n) + Vig (m n)

me {0, g—1} )

where g is the OFDM block size, i.e., the number of OFDM
symbols within which the channel is considered unchanged,
and v;, (m,n) € C is a spatio-temporally uncorrelated noise

with zero-mean and variance o2.

B. Brief Review of Linear Prediction based Blind MIMO
Channel Estimation

We now briefly review the MIMO linear prediction and
the related channel estimation methods [11], [18]. In the
following, the index m is omitted for the sake of notational
convenience. Define

y(n) Sy (n), o un, ()] 3)
yp(n-1)2 T (n-1), .y (n-P)]", @
R, 1 SE{yp(n- 1yl (n-1}, 5)

R, SE{y(m)yf (n-1)}, (©6)

where P is the length of the prediction filter. The MIMO linear
predictor can be written as

Pp2[Pp(1),Pp(2), -, Pp(P)

where Pp (n), (n=1,---,P), is an Ng X N matrix rep-
resenting the n-th tap of the prediction filter. The covariance
matrix of the prediction error is then given by

8 p =R, (0) —PpR] ®)

=R,R;!, ()

where
Ely(n)y" (n)]. )

Further, define

Pp(z) =1y, —

ZPP 7
L—1

z) = Z H®i)z"
i=0

It can be shown [11], [28] that if the transmitted signals
are uncorrelated and moreover, PNr > (L + P — 1) Np, we
have

Pp (Z) H(z) =H(0),

H (0) H" (0).

(10)
Y

Based on (10) and (11), some blind algorithms have been
proposed for MIMO channel estimation [11], [12], [15], [23].
The basic idea is to first acquire an estimate of H (0) from
that of 6)3,7 p according to (11), and then use (10) to obtain an
estimate of the channel matrix H (z).

IIT. SIGNAL PERTURBATION CANCELLATION SCHEME

In this section, the signal perturbation in the LP-based
blind channel estimation is first analyzed, showing that its
performance is affected by signal perturbation error. Then,
a signal perturbation cancellation scheme is developed to
eliminate the effect of the signal perturbation error in the
noise-free case.

A. Signal Perturbation in Linear-Prediction based Blind
Channel Estimation

As shown in our previous work [18], the LP-based blind
channel estimation is subject to a signal perturbation error due
to the finite data length in the computation of second-order
statistics. In this subsection, we disclose a perturbation form
of the correlation matrix of the received signal in terms of the
perturbation error of the correlation matrix of the transmitted
signal, justifying that the LP-based blind technique has a poor
channel estimation performance even in the noise-free case.

From (4)-(6), one can get

Ry (0) Ry(l) Ry (P_ 1)

- R, (-1) R, (0) - Ry(P-2)
R1 = : : : )

R,(1-P) Ry(2-P) R, (0)
. (12)
R,=[R,(1) Ry(2) R, (P) | (13)
where

R, () 2E{y ()" (n=D}(=0,1,---,P). (14)
Obviously, the estimation of R, (I), (! =0,1,---,P) plays

a key role in the linear prediction-based blind method.

For the sake of simplicity, let us consider first one
A

OFDM symbol with K subcarriers. Letting H 4

A
[H(0),H(1),--, HE-D] vin) = fu(n),
oy ()], x(n) = [w1(n), - onp ()] and xp (n) =
xT(n)---xT(n—L+1)] ,(n=0,1, ---,K — 1), where
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x (n) = x (K + n) for n < 0, the circular convolution (2) can
be rewritten in the matrix form as

y(n) =Haxy (n)+v(n).

Using (15), the estimate of R, (I) given in (14) can be
expressed as

5)

=
R, () = > [y )y (n-1)
n=0
=HaR, . OH{ +R, ()  (16)
where

A A1 %

R, ()= 7 ng (n)xy (n—=1) (17)
and R, (Z) s the correlation term introduced by the noise.
Clearly R 1 (1) can be rewritten as

()=
qu) 2 (1+1) R, (I+L—-1)
R, (1—1) R, () R,(I+L-2)
R.,(I-L+1) R,(I-L+2) R, ()
(18)
where
K-

pal Z (n—1) (19)

is the estimate of the correlation matrices of the transmitted
signal x (n). It has been proved in [18] that, when the
transmitted frequency-domain signal can be considered as an
i.i.d. Gaussian process with zero mean and unit variance, the
transmitted time-domain MIMO-OFDM signal is uncorrelated,
ie, R, () 2 E{x(n)x (n—1)} = ()
property, (19) can be rewritten as

Iy,. Using this

(20)

where AR, (1) is the perturbation term of R, (1) as given by

A 1 K—-1
AR, (I) = 5 > x(m)x" (n—1)=5(1)In,.

n=0

2n

Note that the above expressions are derived using a single
OFDM symbol. When multiple OFDM symbols are used,
R, (1) as well as R, 1, (I) can be easily calculated by av-
eraging the results obtained from each OFDM symbol.

It is obvious from (16), (18) and (20) that the perturbation
error of the received signal, AR, () = R, (I) — R, (1), can
be expressed in terms of the perturbation error AR, (1) of
the transmitted signal. It is also clear that even in the absence
of the noise, the estimated correlation matrix of the received
signal suffers from perturbation error due to the existence of
AR, (I). Therefore, the existence of the signal perturbation
error would in general degrade the performance of channel
estimation methods utilizing the signal subspace. It has been
shown in our previous work [18] that, even in the noise-free
case, the conventional linear prediction-based blind algorithms
such as those proposed in [11], [15], [23] are subject to a signal

perturbation error, while the semi-blind algorithm using a blind
constraint derived from the linear prediction is free of signal
perturbation error since it gives an ideal nulling constraint on
the channel matrix. It should also be pointed out that in the
presence of the noise, although both the semi-blind and the
blind methods are subject to the noise perturbation terms, the
semi-blind method still outperforms the blind one, since the
perturbation introduced by the noise is in general significantly
smaller than the signal perturbation. In order to improve the
performance of the conventional blind approach, in the next
subsection, we will propose a transmit scheme to cancel the
signal perturbation error. The key idea is to send information
of the signal perturbation matrix AR, () to the receiver. The
received version of this information will then be exploited to
cancel the signal perturbation error in the correlation matrix
of the received signal.

B. The Principle of Signal Perturbation Cancellation

Consider the computation of the signal perturbation matrix
AR, (1) at the transmitter using the frequency-domain data.
Define the transmitted frequency-domain signal vector at the
k-th subcarrier as

X (k) 2 (X1 (k) Xng (0] (22)

n [29], we developed a frequency-domain algorithm for the
estimation of time-domain correlation matrices of the received
signal in the nulling-based semi-blind channel estimation so
as to simplify the implementation of the receiver. Inspired by
this idea, we would like to express the correlation matrices
R, (1) of the transmitted time-domain signal in terms of its
frequency-domain version. It is proved in Appendix A that the
estimated correlation matrix of the time-domain signal x (n),
R. (1), can be calculated as

A =
R, ()= 22 > X(R) X7 (k) ¢~ (k) (23)
k=0
which, by using (20), leads to
K-1
R. () = 2 > X(B)X" ()67 (k) ~ () Tn,. 24
k=0

We have now obtained the perturbation term AR, (I) in terms
of the transmitted frequency-domain signal X (k), based on
which a novel SPF transmit scheme is developed. Interest-
ingly, R, (1) given by (23) can be regarded as the IDFT of
X (k) X (k). Accordingly, the estimate of the correlation
matrix of the received signal y (1), R, (1), can be represented
as an IDFT of Y (k) Y (k), where Y (k) is the frequency-
domain version of y (n). In order to develop a new transmit
scheme to cancel the perturbation error AR, (I) = R, (I) —
R, (1) due to AR, (I), we would like to further express
AR, (1) as an IDFT of a set of data T (k). From (14), (16)
and (18), one can see that the range of [ for AR, (1) is given
by

L1 <1<Ly,(Li=L-1,Ly=P+L—1). (25

As such, the size of the IDFT should be at least K =
Ly + Ly + 1. Considering that the total number of subcarriers
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usually satisfies K > L1 + Lo + 1, it would be sufficient and
convenient to choose K1 = % > L1+ Lo+1 where M is the
largest possible integer such that K is the smallest possible
power of two. By using the periodicity property of IDFT, we
have

Kr—1
Z T (l{i) ejQTrkZ/KT’

k=0
(l :Oala"'LQ)
Kr—1 .
Z T (k) ej27rk(KT+l)/KT’
k=0

(l=-Li,1—Ly, - —1)
(26)
Clearly, (26) gives a Kyp-size IDFT of T (k) with a gain of
K7, which means T (k) can easily be obtained from a K-
size DFT of AR, (I) with a gain of 1/K, namely,

AR, (I) =

T(k):KiT

Lo
ZAR£ (l) eijWkl/KT_F
=0

Kr—1

I=Kr—1L1

27)

In what follows, we show that as long as the N x Np matrix
T (k) can be factorized into

T (k) = T, (k) T (k) (28)

and Ty, (k) and TE (k) are transmitted to the receiver, the

signal perturbation error in R, (I) can be eliminated in the

absence of the noise.
First of all, we reveal that only a small number of subcarriers

are needed to transmit T (k). Noting that e/27k(+Kr)/Kr —
eI2mkl/ K1 — oi2nkMI/K (26 can be rewritten as

Kr—1

AR, ()= Y T(k)¢ M (k), (I=-Li,~Li+1,---Ly).

k=0
(29)

Interestingly, (29) corresponds to an M -rate decimated version
of the K-size DFT of T’ (k), where T” (k) is an up-sampled
version of T (k) by a factor of M, i.e., it can easily be
obtained by inserting M — 1 zero matrices following each
T (k). This observation gives us an idea that Ty, (k) and
Tr (k) should be transmitted over the kM-th subcarriers
only, (k=0,1,---, Kr — 1), which is particularly in favor of
practical applications since not all the subcarriers are required
for the transmission of T (k).

In order to exploit the received version of Ty, (k) and
Tg (k) for the cancellation of signal perturbation error
ARy, (1), let us first express the estimated correlation matrix
of the received signal in terms of the channel matrix and the
estimate of the correlation matrix of the transmitted signal in
the absence of the noise. Noting that the received frequency-
domain signal at the k-th subcarrier Y (k) can be written as

Y (k) = H (k) X (k) (30)

> AR, (- KT)e_jQ’Tkl/KT] (k=0,1,---,Kp —1).

where Hp (k), (k=0,1,---,K —1) is
domain channel matrix defined by

the frequency-

L—1
He (k)2 Y H(@)¢ k), (k=0,1,---, K ~1). (1)
=0

In a manner similar to the derivation of (23) as shown in
Appendix A, one obtains

K-1
R, ()= S YBY R H), 6
k=0

which, by using (30) and (31), leads to

L-1L-1 K-1

Ry() = YD H() & Y [XHR)X ()

11=012=0 k=0

o1 (1) B (1) (33)

Further by using (23) into (33), we have

L-1L-1

R, ()= Y H)R, (-1 +1)H" (Iy).

11=012=0

(34)

On the other hand, by using the received noise-free version
of the user specific data Ty, (k) and Tg (k), denoted as

Yoo (k) = Hp (kM) Ty, (k) , (35)

Yrr (k) = Hp (kM) Tr (k) , (36)

we can construct matrices Ryr (1), (! =0,1,---,L —1) as
Kr—1

(37

Ryr()= Y Yru (k) Yig (k) ¢~ (k).
k=0

Substituting (35) and (36) into (37) and using the definition
of Hy (k) in (31), we have

L—-1L-1 Kr—1
Ryr(l) = » > H(H) > [Tu(k)TH (k)
l1=0[2=0 k=0

G~ MU—bi+12) (k)} H (1), (38)

which, by using (28) and (29), can be further rewritten as
L—1L-1
Ry (1) =Y > H(l) AR, (I -1y + 1) HY (Iy). (39)
11=015=0
From (34) and (39), and noting that AR, (1) = R, (O)-R. (1)
and AR, (I) =R, (I) — R, (), it is now clear that Ry ()
gives exactly the signal perturbation error AR, ({). Therefore,

the correlation matrix of the received signal without the signal
perturbation error can be calculated by

R, () =R, () —Ryr (1) = (40)
L—-1L-1
SO H) R (1- 1+ 1) HY (1) = R, (IX41)
11=0102=0

The above discussion shows that via the transmission of
T}, (k) and Tg (k), the signal perturbation error in the receiver
has been completely eliminated in the noise free case. From
(41), it is interesting to note that, under the assumption of
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R. (1) = 6(1)Iy,., the ideal correlation matrix of the received
signal, R, (1), can be expressed in terms of the channel
matrices H (1), i.e.,

L—-1
R,()=> H@HH"(i-1),(1=0,1,---,L—1). (42)
i=l

It should also be mentioned that, in the noisy case, R; (1)
calculated using (40) would be, in general, different from
R, (1) obtained from (41) or (42) due to the existence of both
signal and noise perturbation errors in f{y (1). However, it is
consistently found2through a computer siglulation study that
HR; () - R, <1)HF < HR,, (1) - R, (z)HF as seen from Fig.
4 in the simulation section. This is because the noise perturba-
tion is much smaller than the signal perturbation whereas the
latter has been completely cancelled in 15{; (1) by using (40).
This means that the estimation accuracy of the correlation
matrix of the received noisy signal has been significantly
improved using T, (k) and Ty (k). In the following section,
we will propose a detailed structure for T, (k) and Ty (k) to
facilitate the implementation of the new SPF transmit scheme.

IV. IMPLEMENTATION OF THE SPF TRANSMIT SCHEME
FOR CHANNEL ESTIMATION

A. The Signal-Perturbation-Free Data Structure

We now propose an idea to obtain Ty, (k) and Ty (k)
by using the singular value decomposition (SVD) technique.
Performing the SVD on T (k) gives

T (k) = Uz (k) =1 (k) V7 (k) (43)

where
Ur (k) = [ur (k) ,ur2 (k) -, ur Ny (k)]
Vo (k) = [vra(k),vra(k), -, vr . (K)],

and X7 (k) is a diagonal matrix conposed of the singular
values o ; (k), (i=1,2,---, Np) of T (k). We can construct
the matrices Ty, (k) and Tg (k) using the singular values
ot (k) and the singular vectors ur; (k) and vr; (k).

Note that the total power of N transmit antennas at one
subcarrier in each OFDM symbol can be written as djy 2 Nr.
Clearly, the power required to transmit Ty, (k) and Ty (k)
depends on o (k). It is found from extensive computer
simulations that the value of o7, (k) is much smaller than
Oint. In order to ensure a reliable transmission of the SPF
data in noisy conditions, we should allow the use of one or
multiple OFDM symbols at the kM -th subcarrier to carry an
amplified version of op; (k). To this end, we use a scaling
factor 7 to split o ; (k) into Mt ; (k) > 0 times of iy, plus
one fractional term ot ; (k) as

”Tn(k) = M (F) Gine + 57,7 (k) (44)

where y on (k:)
i (k)= ot IE (45)
5rs () = T2 ) ) . (46)

n

By letting
Trint,i (k) = Vdincur; (),

TL_frac,i (k) = \/ 07, (k)ur; (k),

one can construct an Np X [Mr,; (k) + 1] matrix Ty ; (k)
for the i-th singular value by stacking Mt ; (k) consecutive
vectors T'p,_ins,; (k) and one vector Tp_frac; (k). In a sim-
ilar manner, by using the right singular vector vo; (k), an
Np x [Mr; (k) + 1] matrix Tg; (k) that satisfies

UT,i (k)

Ty (k) TR (k) = ur,; (k) vy, (k)

can be constructed. Thus, the complete Ty, (k) and Ty (k)
can be formed as

Ty (k) = [Tra (k) Trz (k) -+, Tog (K)],

Tr (k) = [Tra (k), Tr2 (k) Tr.ny (K)] -
Obviously, each of Ty, (k) and Tg (k) has a total of Np +
% Mr; (k) columns.

K2

(47)

(48)

7%rom the above discussion, a new data structure, which
consists of user’s data, pilots and the signal-perturbation-
free (SPF) data Ty, (k) and Tg (k), can be designed as
shown in Fig.3. Here the pilots allocated in the first g,
OFDM symbols are transmitted only at the subcarriers k =
0,M,---,(Kp — 1) M as normally specified in OFDM sys-
tems. As such, the SPF data Ty, (k) and Tg (k) are presum-
ably transmitted at the same subcarriers as the pilot. Note that
the pilots will be utilized in this paper to estimate the ambigu-
ity matrix of the blind channel estimation, as will be explained
in the next section. The zero symbol, namely, the symbol with
zero amplitude, proceeding the SPF data is used to identify
Ty, (k) and Ty (k). It is now clear that the total column size
of Ty, (k) and T (k) is inversely proportional to the scaling
factor 1. One can easily find a value of n such that as low
as 2Nr symbols are required for the transmission of Ty, (k)
and Ty (k). In general, the choice of 1 should depend on the
number of the transmit antennas as well as the length of the
user data. Our simulations show that, for a 2 x4 MIMO-OFDM
system, with a properly chosen value of 7, on the average, up
to 8 OFDM symbols per SPF subcarrier are required for the
transmission of SPF data to sufficiently suppress the signal
perturbation error. This overhead is negligible as compared
to the pilot budget required by OFDM systems. It should be
mentioned that the construction of T, (k) and Tg (k) is rather
simple since they are readily obtained by stacking a scaled
version of the left and right singular vectors of Np x Np
matrix T (k). Moreover, T (k) can easily be computed by
a Kp-size DFT of AR, (I) where K is a small number,
for example, K7 = 8 in our study when 512 subcarriers are
employed. It should be noted that the SPF data Ty, (k) and
TR (k) suffer from the channel noise during their transmission
just as the pilot and user data do. However, this noise effect has
been significantly reduced by using multiple OFDM symbols
to bear properly scaled singular vectors of T (k). As will be
seen from Fig.4 in Section V, the proposed signal perturbation
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Fig. 3. Signal perturbation free transmit structure for MIMO-OFDM systems

cancellation scheme is indeed very efficient at moderate to
high SNR levels.

It is of interest to consider the implementation complexity
of the proposed SPF transmit scheme. Note that the main
computational effort to implement the SPF scheme is on the
transmitter. First, the calculation of the correlation matrix as
shown in (23) requires K (NT + N%) complex multiplica-
tions. Performing a Kr size DFT cost K% multiplications.
The realization of an SVD of T (k), (k=0,1,---, Ky — 1),
needs K7 N7 multiplications. Considering that the values
of Kr and Np are usually small in practical applications,
the computational complexity of the proposed SPF method
is very small, which means that the implementation of the
SPF transmit scheme introduces only a light burden on the
transmitter while providing a significant gain in the SOS
estimation at the receiver.

B. Application to MIMO-OFDM Channel Estimation

By employing the proposed signal-perturbation-free trans-
mit scheme, the correlation matrix of the received signal after
the perturbation cancellation, f{; (1), can be obtained from
(40). Then, by employing (12) and (13), the estimate of 1-:{”_1
and Rn is obtained, which is to be used to compute the MIMO
linear predictor (7). In the absence of the noise, by following
the linear prediction process [18], one can easily obtain the

expression for H (i), (i =1,2,---, L —1) in terms of H (0)
as given below

where P (7) can be iteratively calculated by

Pr(1)=Pp (1),

Pr(2)=Pp(2)+Pp(1)Pp(1),
Pr (3) =Pp (3) +Pp (2) Pp (1) +Pp (1) Pp (2)
+Pp (1)Pp(1)Pp (1),
Eq. (49) indicates that once the channel matrix at

zero tap, H(0), is available, the matrices at other taps
H@) (i=1,2,---,L —1), can be obtained from the above
recursion. In the following, we use the whitening rotation
(WR) algorithm [30], [31] to determine H (0).

The idea of WR method starts from the decomposition of
H(0) as

H (0) = WoQ}

where Wy, is a whitening matrix and Q) is a unitary rotation
matrix. From the singular value decomposition (SVD) of
H (0),

(50)

H (0) = Uy V{, (51)

one can see that a possible choice of Wy and Qg is Uy
and V. Substituting (51) into (11) gives

62 p=UoZ B U{, (52)

implying that Wy = U3, can easily be estimated from
the SVD of the prediction error 5~ _p- We now consider the
estimation of Qg by using the tralmng pilots placed in the
kM-th subcarriers (kK =0,1,---, Kp — 1) during the first g,
OFDM symbols as shown in Fig.3. By stacking a pilot matrix
from all g, symbols at the kM -th subcarrier as

a received version of X p (k) can be expressed as
Yp (k) =Hp (EM)Xp (k). (54)
On the other hand, using (49) in (31) gives
Hy (k) =Pg r (k) H(0) (55)
where
L L
Prr(k) =) Pr(i)¢ (k) (56)
1=0
By defining
Yo (k) £ WPH - () Yp ()XE (), (57)
A <&
Yo=Y Yo(k) (58)
k=1

one can prove that the rotation matrix Qg can be calculated
as

Qo = VoUy (59)

where Ug and Vg are obtained from an SVD of Y as given
by

Yo =UgZoV{. (60)

Having estimated W and Qq, the channel matrix H (0) is
readily given by (50) and thereby, H(!), ({=1,---,L—1)
can easily be computed from (49).



IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS I, VOL. X, NO. XX, MON YYYY 8

conventional method 7
method using SPF scheme

54 L L L . . . . .
16 17 18 19 20 21 22 23 24 25

SNR (dB)

Fig. 4. MSE of the estimate of the correlation matrix of the received signal
versus SNR

V. SIMULATION RESULTS

We consider a MIMO-OFDM system with 2 transmit and
4 receive antennas. The number of subcarriers is set to 512,
the length of cyclic prefix is 10. In this paper, the QPSK
modulation is used and an SUI-3 type MIMO channel is
assumed. In particular, the channel is modelled as a 3-tap
MIMO-FIR filter, in which each tap corresponds to a 2 x 4
random matrix whose elements are i.i.d. complex Gaussian
variables with zero mean and an equal variance. Moreover, the
channel has an exponentially decaying profile, giving 0 dB, -
5 dB and -10 dB powers for the first, second and third taps,
respectively. In Experiment 1 to Experiment 4, M and Kt
are set to be 64 and 8, respectively, suggesting that the pilots
and SPF data are transmitted only in the subcarriers indexed
by 64 x k, (k=0,1,---,7), which, for the convenience, are
referred to as the SPF subcarriers.

For the purpose of comparison, the channel vector h is
estimated by the proposed SPF LP-based semi-blind algorithm,
the LP-based semi-blind algorithm without using the SPF
transmit scheme and the LS method. For easy citation, we call
these three methods as the SPF LP semi-blind, LP semi-blind
and LS methods. The estimation performance is evaluated in
terms of the MSE of the estimate of the channel matrix given
by

1 Nmc

where Nyc is the number of Monte Carlo iterations, and h,,
and h,, are the true and the estimated channel vectors with
respect to the n-th Monte Carlo iteration, respectively.

~

2
MSE = h, —h,

(61)
MC

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 involves 2000 Monte Carlo runs of the transmission
of 60 OFDM symbols with pilot length g, = 20. Here, the
scaling factor in the SPF scheme is set to be = 9.5 x 1074,
which corresponds, on the average, to 5.8 OFDM symbols

-24q : : :
SPF LP semi-blind
—— - LP semi-blind
-26¢ © - LS with same pilots ||

o O

LS with 3 times pilots

-40 L L . . .
16 17 18 19 20 21 22 23 24 25

SNR (dB)

Fig. 5. MSE of the channel estimate versus SNR
TABLE 1
THE AVERAGE NUMBER OF SPF SYMBOLS NEEDED FOR THE
TRANSMISSION OF T, (k) AND TR (k) VS VALUE OF

scaling factor m =95x10"% [ 9y =1.9x1073
average number | 5.8 4.1
of SPF symbols

per SPF subcarrier used for the transmission of Ty, (k) and
Tg (k). First of all, Fig. 4 shows the MSE of the estimate
of the correlation matrices of the received signal from
Nyic Monte Carlo iterations which is defined, in a manner
similar to (61), by using the norm of the error correlation
matrix. Clearly, the conventional correlation matrix estimation
without using the proposed SPF cancellation scheme achieves
very little gain in the MSE with increasing the SNR level.
In contrast, by using the SPF cancellation scheme, the MSE
of the estimated correlation matrix has been significantly
improved, which is linearly proportional to the increase of
the SNR. Fig. 5 shows the channel estimation results of
the SPF LP semi-blind, LP semi-blind and the LS methods
with 20 pilot symbols. Moreover, the result from the LS
method using 60 pilot symbols, which is three times the pilot
length of other methods, is also provided for comparison. It
is seen that the SPF LP semi-blind algorithm consistently
outperforms the LP semi-blind method and the LS method.
Also, one can find that the performance gain of the SPF
LP semi-blind algorithm over the LP semi-blind algorithm
becomes larger with increasing the SNR level. In particular,
the MSE is improved by 2.9 dB when the SNR is 25 dB.

Experiment 2: The effect of scaling factor n on the
channel estimation performance

In this experiment, the channel estimation performance in
terms of the MSE for different scaling factors 7 is investigated.
Using the same condition as in Experiment I, the simulation
is undertaken based on 2000 Monte Carlo runs for the scaling
factor i given by 7, = 9.5 x 107* and 7y = 1.9 x 1073,
respectively. Table I shows the average number of OFDM
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-30 T T T T
——+— SPF LP semi-blind for n,
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34}

MSE (dB)
@
(o2}

-381 T

16 17 18 19 20 21 22 23 24 25

42 L . .

SNR (dB)
Fig. 6. The effect of the scaling factor  on the MSE of channel estimate
versus SNR

TABLE 1T
THE SELECTED 7) VALUES FOR FIVE OFDM BLOCK SIZES

conventional method
method using SPF scheme ||

52 L . . . . . .
40 50 60 70 80 90 100 110 120

symbols

Fig. 7. MSE of the estimate of the correlation matrix of the received signal
versus the OFDM block size for fixed number of pilots

o

OFDM block size The value of n
40 1.164 x 103
60 9.5 x 107

80 8.216 x 10~ 1%
100 7.313 x 1074
120 6.712 x 10~ %

SPF LP semi-blind
— - — - LP semi-blind
O -+ LS with same pilots

symbols per SPF subcarrier used for Ty, (k) and Ty (k) for
three values of 7. Clearly, more OFDM symbols are needed
for a smaller value of 7. Fig. 6 shows the MSE plots of
the LP semi-blind algorithm and the SPF LP semi-blind
algorithm for the two 7 values. It is seen that the performance
of the SPF LP semi-blind algorithm for both two cases is
better than that of the LP semi-blind algorithm. Moreover,
the performance of the SPF LP semi-blind algorithm
corresponding to each value of n depends on the SNR range.
For example, n; gives slightly better performance than 7
when the SNR is less than 17 dB, while 72 achieves much
better performance than 7; when the SNR is larger than 17 dB.

Experiment 3: The effect of OFDM block size on the
channel estimation performance

Now, we examine the effect of the OFDM block size
on channel estimation performance. In order to have a fair
comparison, we have chosen a proper value of 7 for a different
OFDM block size g = 40, 60, 80, 100, 120 as shown in Table
IT such that the same average number of OFDM symbols
is used for the transmission of the SPF data. It has been
verified through simulations that the average number of OFDM
symbols for the SPF data is then 5.8 for all the five cases.

Fig. 7 shows the MSE of the correlation matrices as a
function of the OFDM block size by the conventional and
SPF estimation methods based on 5000 Monte Carlo runs
for the pilot length g, = 20 at an SNR of 18 dB. It is
seen that the MSE of the estimated correlation matrix by
using the SPF cancellation scheme consistently outperforms

MSE (dB)

—40 . . . . .
40 50 60 70 80 90 100 110 120
OFDM block size

Fig. 8. MSE versus the OFDM block size for fixed number of pilots

that without using the proposed SPF cancellation scheme
by about 12.4 dB. Fig. 8 shows the corresponding channel
estimation results. For comparison, the performance of the
LS method with the same pilot length is also included. It is
seen that the performance of both the SPF LP semi-blind
and the LP semi-blind algorithms gets much better with
increasing OFDM block size. Also, one can find that the SPF
LP semi-blind algorithm consistently achieves a gain of 1.5
dB over the LP semi-blind algorithm.

Experiment 4: MSE versus number of subcarriers per
OFDM symbol

In this experiment, the channel estimation performance in
terms of the MSE versus the number of subcarriers per OFDM
symbol, K, is investigated. The simulation is undertaken
based on 500 Monte Carlo runs of the transmission of 60
OFDM symbols with 8 SPF subcarriers and pilot length
gp = 20 at an SNR of 18dB. Here, we use four different
values of K, namely, 128, 256, 512 and 1024, and set the
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TABLE III
THE AVERAGE NUMBER OF SPF SYMBOLS NEEDED FOR THE
TRANSMISSION OF T, (k) AND TR (k) VS NUMBER OF SUBCARRIERS PER
OFDM sYMBOL

Number of subcarriers | 128 256 512 1024
per OFDM symbol
Average number of | 6.9 6.2 6.4 5.7
SPF symbols needed
-25
26 - - 0 — — — — — — O — — — o _ _ __ a
=27t —<— SPF LP semi-blind |
—+—- LP semi-blind
s — © — LS with same pilots |
— 0\
@ 291
W N
D _al \
2 -30 .
-31p N
-32r Sie _
-33f T

200 300 400 500 600 700 800 900 1000
number of subcarriers per OFDM symbol

Fig. 9. MSE versus number of subcarriers per OFDM symbol

corresponding 7 values as 7 = 1.5 x 1073, n = 1.2 x 1073,
n=82x10"% and = 6.8 x 10~*, respectively. The pilots
and SPF data are transmitted only in the subcarriers indexed
by M x k, (k=0,1,---,7) for M =16, 32, 64 and 128,
for the four scenarios of K, respectively. Table III shows
the average number of OFDM symbols per SPF subcarrier
used for Ty, (k) and Tg (k) for the four values of K. Fig.
9 shows the MSE values for the four different cases of the
three methods. It is seen that the performance of the SPF LP
semi-blind and the LP semi-blind algorithms becomes much
better with increasing the number of subcarriers, which shows
a significant advantage of the two methods as compared to the
LS algorithm. Moreover, it is observed that, the gain of the
SPF LP semi-blind algorithm over the LP semi-blind algorithm
decreases slightly with increasing the number of subcarriers,
indicating that the SPF transmit scheme is more useful for the
case with less subcarriers (i.e. the case with respect to the SOS
estimation with less samples).

VI. CONCLUSIONS

We had previously shown that the LP-based blind channel
estimation method is subject to signal perturbation error and
therefore gives a poor estimation performance in the moderate
to high SNR levels. To improve its performance, in this
paper, we have developed a new scheme that transmits user
specific data bearing the information of the correlation matrix
of the transmitted signal to cancel the signal perturbation
error at the receiver. The new transmit scheme has then
been used to develop a signal-perturbation-free semi-blind
LP-based channel estimation algorithm. It has been shown

that the new semi-blind MIMO-OFDM channel estimation
solution is devoid of any signal perturbation error in the
noise-free case and is capable of efficiently suppressing the
signal perturbation error in the noisy case. Simulation results
have confirmed that, by using a small number of additional
slots for the transmission of the user specific SPF data, the
new semi-blind approach can achieve a significantly improved
channel estimation performance as compared to the LP-based
semi-blind method without using the signal-perturbation-free
transmit scheme as well as the LS method.

APPENDIX A
FREQUENCY-DOMAIN ESTIMATION OF THE CORRELATION
MATrIX R, (1)

From (19) and x (n) = [z1(n), -, 2N, (n)]", we have
Ria(l) Rz (D) Ry (1)
R Ry (1 Ro o (1 Rong (1
| P R0 2v: ()
RNT,I (l) RNT,Z (l) RNT’NT (l)
(A-1)

where

K-1
1
RiTl,iT2 (l> = ? Z Tiry (n) xig (’I’L - l) . (A-2)
n=0

Note that z;,, (n) for n <
Tigy (n—1) 2 Tip, (K +n —1) due to the circular convo-
lution. Utilizing

[ can be obtained using

K—-1
1 .
Lipq (n) = \/7 XiTl (k) e]2‘n’(kn/K), (A-3)
k=0
1 K—-1 )
Tiry (n) = 7 XiTz (k) e]27r(kn/K), (A-4)
k=0

Riy, iz, as defined in (A-2) can be written as
RiTl,iT2 (l)
1 K=l | K2 _
K Tigy (N) [ X7 (k) eJZﬂk(nl)/K]
K ~ K & i

1 K—-1 1 K
- K [ K Z Tir, (1) e_ﬂﬂkn/K]
) l

(A-5)
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Substituting (A-5) into (A-1) yields

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

R, (1)
X1 (k) X7 (k) Xi(k) X5 (k)
L X WXER) Xe (8 X5 ()
K : :
k=0 : :
Xnp (k) X7 (k) Xng (k) X35 (K)
Xy (k) X§, (k)
X () X () |

(A-6)
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