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Blind-Channel Estimation for MIMO Systems With
Structured Transmit Delay Scheme

Qi Ling and Tongtong Li

Abstract—This paper considers blind-channel estimation for
multiple-input multiple-output (MIMO) systems with structured
transmitter design. First, a structured transmit delay (STD)
scheme is proposed for MIMO systems. Unlike existing transmit
diversity approaches, in which different antennas transmit de-
layed, zero padded, or time-reversed versions of the same signal,
in the proposed scheme, each antenna transmits an independent
data stream, therefore promises higher data rate and more flexi-
bility to transmitter design. Second, second-order statistics based
blind-channel estimation algorithms are developed for MIMO
systems with STD scheme. Channel identifiability is addressed for
both correlation-based and subspace-based approaches. The pro-
posed approaches involve no pre-equalization, have no limitations
on channel zero locations, and do not rely on nonconstant modulus
precoding. Third, when channel coding is employed, estimation
accuracy can be further enhanced through “postprocessing”,
in which channel estimation is refined by taking the tentative
decisions from the channel decoder as pseudo-training symbols.
Simulation examples are provided to demonstrate the robustness
and effectiveness of the proposed approaches.

Index Terms—Blind-channel estimation, multiple-input mul-
tiple-output (MIMO), structured transmit delay (STD).

I. INTRODUCTION

T HE DEMAND on high spectral efficiency has motivated
extensive research on blind-channel identification and

signal detection [1]. Relying solely on the received signals and
some a priori statistical knowledge of the input, blind-channel
identification allows robust receiver design in the absence of
training sequences. Earlier blind techniques are generally based
on higher order statistics (HOS), see [2]–[6] for example. In [7],
[8], it was proved that the second-order statistics (SOS) of over
sampled channel output could be exploited for blind-channel
identification. The same method was then extended to general
single-input multiple-output (SIMO) systems, either with mul-
tiple receive antennas or over sampled channel output [9]–[12].
For over two decades, considerable research has been conducted
on pursuing novel, more effective SOS-based blind-channel
estimation approaches, see [13]–[18], for example.

For SIMO systems, subspace-based blind-channel identifi-
cation approaches generally require that all the subchannels
share no common zeros [19]. In practice, subchannels with
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distinct but closely-located zeros often result in ill-conditioned
channel matrix and may heavily degrade the performance
of many SOS algorithms. For multiple-input multiple-output
(MIMO) systems, SOS-based blind-channel identification
techniques (such as subspace-based methods [15], [20] and
multistep linear predictor-based approaches [10], [16], [21])
generally require the system transfer function be irreducible
and column-reduced to ensure the existence of a finite-impulse
response (FIR) inverse of the MIMO system. In [18], [22], [23],
blind identification utilizing the group decorrelation method
relaxed the column-reduced constraint and relied on a weaker
condition. Nevertheless, the condition that channel convolution
matrix being irreducible is still required.

Along with advances in transmitter design, it has been
observed that with controlled diversity/redundancy at the trans-
mitter end, and/or relied on the orthogonal frequency-division
multiplexing (OFDM) framework, it is possible to relax the
restrictive conditions on SOS-based blind-channel identifica-
tion. Motivated by the pioneering work in [24], it was shown
in [25] and [26] that with periodic nonconstant modulus pre-
coding, also known as modulation induced cyclostationarity,
blind-channel identification can be performed regardless of the
location of channel zeros. Based on the OFDM framework, a
subspace based blind-channel identification method was pro-
posed in [27], through which an unbiased channel estimation
can be achieved when the channel frequency response has no
zeros located on the center frequencies of the subcarriers. Going
one step further, in [28] and [29], SOS-based blind-channel
estimation methods which had no constraints on channel zero
locations were proposed for OFDM systems. Later on, in [30],
relying on linear precoding and the Alamouti’s block code
scheme, blind-channel estimation algorithms were developed
for OFDM systems. Again, channel identification could be
achieved regardless of channel zero locations.

Existing results indicate that the transmitter design has a di-
rect impact on blind-channel estimation. Motivated by the ob-
servation that nonconstant modulus signals may not be easy
to generate, and that the general communication systems may
not be OFDM based, in [31], a structured transmit delay (STD)
scheme was proposed to enable simple blind-channel estimation
by exploiting the guard intervals between data-blocks in gen-
eral wireless communications. Unlike [30], [32], [33], in which
different antennas transmit the delayed, zero padded, or time
reversed versions of the same signal, higher data rate can be
achieved in [31] since each antenna transmits an independent
data stream.

This paper is focused on blind-channel identification of gen-
eral MIMO systems. First, based on our prior work in [31],
the STD scheme is extended to general MIMO systems. With
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the proposed MIMO transmitter design, a total symbol rate of
times of the symbol rate at each transmit

antenna can be achieved without extra bandwidth requirement,
here is the length of the data-block, is the maximum mul-
tipath delay spread and is the number of transmit antennas.
At the same time, the STD scheme allows spectrally efficient
constant modulus data transmission, and does not depend on
the OFDM framework. Second, after analyzing the limitation
of the correlation-based blind-channel estimation algorithm in
[31], a subspace-based blind-channel estimation algorithm is
developed for MIMO systems with STDs. With the proposed ap-
proach, MIMO channels can be identified with a vector (phase)
ambiguity, instead of a unitary matrix ambiguity as in most blind
algorithms for MIMO systems. The vector ambiguity can be re-
solved by adding one pilot symbol at each transmit antenna. It
will be seen that the proposed approaches involve no noncon-
stant modulus precoding, no pre-equalization, and have no limi-
tations on channel zero locations. Third, when channel coding is
employed, a further enhancement of the estimation accuracy can
be achieved through “postprocessing”, in which channel estima-
tion is refined by taking the tentative decisions from the channel
decoder as pseudo-training symbols.

The rest of the paper is organized as follows. In Section II,
the STD scheme is introduced and the limitation with the di-
rect correlation-based channel estimation method is discussed.
In Section III, a subspace-based blind-channel estimation algo-
rithm is developed for a 2 2 system with the STD scheme. In
Section IV, channel identifiability is addressed for both the cor-
relation-based and the subspace-based approaches, and a suffi-
cient condition for channel identifiability of the subspace-based
method is derived. In Section V, the STD scheme and the pro-
posed subspace-based blind-channel estimation algorithm are
extended to MIMO system with more than two transmit an-
tennas. In Section VI, considering the error-correcting capa-
bility of channel coding, a feedback process is proposed to fur-
ther improve the estimation accuracy. In Section VII, simula-
tion examples are provided to demonstrate the robustness and
effectiveness of the proposed approaches. And we conclude in
Section VIII.

Notations: Bold uppercase letters denote matrices, and bold
lowercase letters stand for column vectors. , , ,
and denote transpose, conjugate, Hermitian transpose and
pseudo-inverse, respectively. stands for the expectation
operator. denotes the identity matrix of size ,
represents an all-zero matrix of size , stands
for a diagonal matrix with on its main diagonal and zeros
elsewhere, and denotes a submatrix of composed
of columns to .

II. PROBLEM FORMULATION

A. STD Scheme

The transmitter design has a direct impact on channel identi-
fication. Here, we introduce a STD scheme, as shown in Fig. 1.

Consider a MIMO system with transmit antennas and
receive antennas. For simplicity, we illustrate the design

Fig. 1. STD scheme for MIMO systems.

through a dual-branch transmitter here and post-
pone the discussion for systems with more than two transmit
antennas to Section V. Assuming , the input symbols are
first split by a serial-to-parallel converter (S/P) into two parallel
data streams; each data stream is then packed into -symbol
blocks; the blocks are further formulated into frames, each of
which contains blocks. Denote the th block from the 1st
antenna and the 2nd antenna by

and
, respectively. Zero-padding is then

performed according to the following structure in each frame:

(1)

(2)

where is the maximal channel order among all the subchan-
nels in the system. After zero-padding, the size of each extended
block is .

Let be the th re-
ceived block at the th receive antenna. For ,

, we have

(3)

where denotes the channel
impulse response between the th transmit antenna and the th
receive antenna, and
is the additive noise sequence.
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Denote

. . .
...

...
. . .

. . .
. . .
. . .

...
. . .

. . .
...

(4)

Then can be represented in matrix form

(5)

(6)

In this paper, we consider blind-channel estimation for
MIMO systems with STD based on the following assumptions.

(A1) The input information sequence is zero mean, mutu-
ally independent and i.i.d.. This implies that

, where is the
signal power.
(A2) The noise is additive white Gaussian, independent of
the information sequence, with variance .
(A3) Each frame consists of data-blocks and the chan-
nels are invariant within one frame.
(A4) All the transmit antennas are synchronous.

Note that we impose no limitations on channel zeros.

B. Limitation With the Direct Correlation-Based Approach

In [31], we proposed a correlation-based approach by
exploiting the unique transmit delay structure, for which
the channel estimation can be achieved directly from the
correlation matrix of the received data. Here we briefly il-
lustrate the correlation-based approach [31] through a 2
1 system. Consider the auto-correlation matrix of the re-
ceived signal, , for and

, respectively. Let .
It turns out that, for the first blocks

(7)

for the next blocks,

(8)

Without loss of generality, we assume for ,
2. Then, can be determined up to a phase ambiguity (which
can be resolved with a single training symbol or differential en-
coding)

(9)

for (10)

The estimate of noise variance, i.e., , can be readily achieved
through either of the two methods provided in [31]. Under the
circumstance when the initial transmission delays are nonzero,
the same approach can still be applied with the cost of additional
zeros inserted between successive data-blocks [31].

The major limitation of the direct correlation-based approach
is its sensitivity to the relative power of the first tap. The accu-
racy of channel estimation directly relies on the estimate of the
first nonzero path. If the relative power of the first path is small,
error propagation will occur when estimating other paths. In this
paper, by exploiting more information from the received signal,
we propose a novel subspace-based method that can deliver sig-
nificantly better results.

III. PROPOSED CHANNEL-ESTIMATION ALGORITHM

In this section, a subspace-based blind-channel-estimation
algorithm is developed for a 2 2 system with the STD
scheme. With prior channel order information, collaborative
transmission can be carried out to simplify the algorithm by
means of joint channel estimation. Extension of the algorithm
for MIMO systems with two transmit and multiple receive
antennas is briefly discussed.

A. Algorithm Description

Stack the th block received from each of the two antennas
into a vector. Define

(11)

For , we have,

(12)

The corresponding auto-correlation matrix is

(13)
Under (A1), , it then follows that

.
In the absence of noise, the eigen-decomposition of can

be represented as

(14)

where is a diagonal matrix of size with nonzero
diagonal entries, and is a matrix, whose
columns span the null space of , denoted as . Write
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. Because is orthogonal to the
range space of (denoted as ), it follows that

(15)

Define and . Let denote
the frequency response of , i.e.,

(16)

where denotes a Vandermonde matrix with its
th entry being .

Note that can be factorized as

(17)

where , , is the first N
columns of a identity matrix. It follows from (15) and
(17) that

(18)

By defining for , we obtain

(19)

Note that for any vectors
and . It follows that, for , 2,

(20)

Stacking (20) for all ’s with , we have

(21)

Without loss of generality, we assume that the initial delay
is zero (the algorithm can be generalized to the case when the
delay is not zero by padding more zeros as in [31]). Under (A4),
the nonzero initial delay assumption is equivalent to ,

and implies that and are linearly indepen-
dent, therefore forms a basis that spans the null space
of , denoted as .

Determine two eigenvectors corresponding to two
eigenvalues of . Since both and lie in the null space of

spanned by , we have

(22)

where , , , are unknown nonzero constants.
Under assumptions (A1) (A4), can be blindly estimated

through the following steps.

1) Compute the ratio of to .

(23)

2) Estimate up to a complex scalar .

(24)

3) Extract two individual channels from .

(25)

(26)

In the presence of white noise with variance , the SVD of
has the form as follows:

(27)

where ,
with . The only difference is that we
need to use to generate in (21) instead of using .

To estimate all the subchannels related to the 1st antenna,
similar procedures are applied to , which can be
written as

(28)

Let and . can be estimated
through the following steps.

1) Collect the received data-blocks , and compute
.

2) Determine the eigenvectors , cor-
responding to the smallest eigenvalues of the
matrix .

3) From these eigenvectors, generate as defined in (21) by
substituting for . Determine two eigenvectors and

corresponding to the smallest two eigenvalues of .
4) Compute .
5) Estimate up to a complex scalar

(29)

6) Extract the estimated subchannels

(30)

(31)

B. Joint-Channel Estimation

Once (22) is obtained, joint estimation of and can be
performed if or . More specifically, the
channel-estimation algorithm can be summarized as follows.
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1) Compute the ratios , .

(32)

If and , then

(33)

If and , then

(34)

If and , then

(35)

2) Estimate and jointly up to complex scalars

(36)

(37)

3) Extract four subchannels from and

(38)

(39)

(40)

(41)

The major advantage of joint channel estimation is that now
we only need blocks instead of blocks to achieve the same
estimation accuracy as described in Section III-A. This implies
that the requirement on the channel coherence time is relaxed.

Since the assumption or can not
always be guaranteed, we resort to some prior information about
the channel length at the transmitter. Denote as the order of
the channel between the th transmit antenna and the th receive
antenna. Let be the maximal channel order among all the
subchannels related to the th transmit antenna, in this case,

(42)

Cooperative transmission at two antennas is fulfilled ac-
cording to the following criterion: the branch with the smaller

transmits data-blocks with no delay, and the other branch
starts transmission after delaying one symbol period.

This strategy guarantees can be obtained through one of
the three equations(33), (34), and (35), as either

or , where and
are two eigenvectors corresponding to the two smallest eigen-

values of which is generated from (21). Therefore, (32)–(41)
can be performed to estimate multiple channels jointly.

C. Systems With More Than Two Receive Antennas

If the receiver employs more than two antennas, the algorithm
described in the previous subsections is still effective with some
minor changes.

Assume the number of receive antennas is . Again, stack
the th received blocks at all the antennas into a
vector . Calculate the auto-correlation matrix of and
generate using (14)–(21). The channel convolution matrices
that belong to the same transmit antenna, i.e.,
and , are actually concatenated column-wise in

. By defining two composite channel impulse responses
and , forms a basis

which spans . In other words, the dimension of
is always two, no matter how many receive antennas are used.
In fact, the dimension of equals the number of transmit
antennas, as will be discussed later in Section V. Determine
two eigenvectors and corresponding to the two smallest
eigenvalues of and perform (32)–(37) to estimate the two
composite channels and . Since each composite channel
contains all the subchannels belonging to the same transmit
antenna, all the estimated channels can be extracted as in
(38)–(41).

IV. CHANNEL IDENTIFIABILITY

In this section, channel identifiability is addressed for both the
correlation-based and the subspace-based approaches. As can
be seen from the previous sections, we impose no limitations on
channel zeros for both methods. The identifiability of the cor-
relation-based approach even requires weaker conditions. For
the subspace-based algorithm, a sufficient condition for channel
identifiability is derived.

A. Correlation-Based Method

Channel identifiability for the correlation-based method is
stated as follows.

Proposition 1: As long as the amplitude of the first channel
path is nonzero, i.e., , the channel impulse response
can be blindly estimated using the first row of the auto-correla-
tion matrix of the received signal.

Simplicity and robustness are main advantages of the correla-
tion-based method over the subspace-based method. However,
the direct correlation-based approach relies on the estimate of
the first nonzero path, resulting in the sensitivity of the accu-
racy of channel estimation to the relative power of the first tap.

B. Subspace-Based Method

Define as a shift matrix

. . .

. . .
...

. . .
. . .

. . .
...

(43)

The columns of can be written as

(44)
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for (45)

where .
The following proposition provides a sufficient condition for

channel identifiability.
Proposition 2: Let

. A sufficient condition for identi-
fying all the channels blindly up to a vector ambiguity1 is

(46)

Proof: We will show that, under condition (46), if there ex-
ists a nonzero vector such that ,
then there exist scalars and such that .

If , then belongs to the null space of
, it follows from (18) & (21) that, for ,

(47)

(48)

(49)
By definition, the null space of , which is spanned by

, is orthogonal to the subspace spanned by the
columns of , . The union of these two sub-
space composes the full space of dimension , which indicates
that , .

Suppose that , where and
are complex scalars, for . Rewrite (49) for

, 1, ,

(50)

(51)

(52)
By (46), are independent of

, which implies that
is not orthogonal to , therefore, the only
solution with (52) being all zeros is and .

Similarly, re-evaluating for step
by step results in the conclusion that and
for . Finally, we have . In
other words, the null space of is spanned by .

The following proposition presents the sufficient conditions
for the matrix to be full column rank.

Proposition 3: if the following two
conditions are satisfied.

(C1)

(53)

(C2)

(54)

1The vector ambiguity can be resolved by adding one pilot symbol for every
� blocks at each transmit antenna.

Proof: To prove this proposition, it is equivalent to show
that under conditions (C1) and (C2), if there exists a vector

such that

(55)

then . This implies that all the column vectors
of are linearly independent and hence .

Note that (55) requires and .
According to the special structure of , we have

(56)

Recall that under condition (A4), if there is no transmis-
sion delay, then . If or

, then, from (56), . If both and

are nonzero, under the condition , it

yields .

Next, based on the conditions and
, along with the conclusion obtained above, we

have

(57)

Once condition (C2) is satisfied, the only solution to (57) is
and .
Similarly, the same deduction can be applied for pairs of

and , , in a successive manner. It
turns out that , . It is clear that

since is nonzero.
From the above discussion, we can obtain: and

It can be seen that, as long as conditions (C1)
and (C2) are satisfied, there does not exist a nonzero solution to
(55), hence, has full column rank.

Remark: If the subchannels share any common zeros, it is
easy to verify that does not have full row rank. However, the
existence of common zeros among subchannels has no direct
impact on the column rank of . It has been proved that, given
conditions (C1) & (C2), is of full column rank, regardless of
the number and the locations of common zeros shared by sub-
channels. This observation is also demonstrated through simu-
lation results in Section VII.

V. EXTENSION TO MIMO SYSTEMS WITH MORE THAN TWO

TRANSMIT ANTENNAS

A. With Prior Channel Order Information

Consider a MIMO system with transmit antennas and
receive antennas. Let denote the order of the channel be-
tween the th transmit antenna and the th receive antenna. De-
fine

(58)

(59)
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If the channel order information is known a priori at the
transmitter, sort in ascending order to obtain indexes

such that .
The transmitter adopts the structured delay scheme like a

two-branch system in Section II. First, partition the data stream
at each branch into -symbol blocks. Then, insert
zeros among successive data-blocks. To fulfill transmit delay di-
versity, for , add zeros at the beginning of
the th data stream. Now the size of the expanded transmis-
sion blocks is .

Without loss of generality, we assume

(60)

At the receiver end, the th received data-blocks at each receive
antenna can be stacked into a long vector

...

...
. . .

...
...

where is the channel matrix,
and is the additive white noise sequence of size

.
Let . Under (A1),

and the range space . Therefore, the dimension
of null space is .
To ensure , we further assume that

(A5) If there are antennas at the transmitter end,
then the number of receive antennas must satisfy

, where de-
notes the smallest integer greater than or equal to .

Note that this condition is not necessary for the correlation
method. Define , .
From (A4), are linearly independent.

Under assumptions (A1) (A5), multiple channels can be
jointly estimated through the following procedure.

1) Compute .
2) Determine the eigenvectors , , corre-

sponding to the smallest eigenvalues of the matrix .
3) Generate as defined in (21). Determine eigenvec-

tors corresponding to the smallest eigen-
values of .

4) Since (for ) exists in a -dimensional
space whose basis is , it yields the following set
of equations, denoted by :

... (61)

where , , , are unknown
nonzero complex constants.
Forward recursion and backward recursion are performed
to extract from .
• Forward Recursion

a) Initialize two sets: ,
.

b) Randomly select one equation in . Without loss of
generality, we select the first one. Eliminate the first
vector of from . For example, for the first time,
using and , ,
update

... (62)

c) Transfer the selected equation in b) to and re-
move the first vector from .

d) Repeat steps b) c) until .
e) Merge into . Finally, consists of the fol-

lowing equations:

...
(63)

where , , , are un-
known complex constants.

• Backward Recursion
a) Define .
b) Estimate the last vector in up to a complex scalar

using the last equation in . For example, for the
first time, .

c) Update by eliminating the estimated vector. For
example, for the first time, perform the following
procedures. Equation (60) implies that at least one
of are nonzeros,
and all of ,
for , are equal to zeros. Once a
nonzero is found,
we compute

... (64)

where .
d) Exclude the last equation from and remove the

last entry in .
e) Repeat steps b) d) until .

5) Extract the desired channels from .
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Fig. 2. Proposed transmit delay diversity scheme for general MIMO systems.

Fig. 3. Postprocessing for the improvement on channel estimation.

B. Without Complete Channel Order Information, Only L is
Known

Assume the system is and the number of -symbol
blocks in one frame is .

The transmission scheme is shown in Fig. 2. For the first part,
which is Part 1 in Fig. 2, , ,

(65)
For the following parts, each branch delays one more symbol
period relative to its previous part. For example, the 1st branch
delays one symbol period at Part 2, two symbol periods at Part
3, and so on. If the delay exceeds , take the value modulo

.
Once receiving these blocks, the same procedures as de-

scribed in Section V-A, except for the backward recursion,
can be independently applied for each part to estimate one
composite channel. Specifically, is estimated from Part
1, from Part 2, from Part 3, from Part

. Finally, individual channels can be extracted from these
composite channels.

VI. POSTPROCESSING

Since channel coding is generally employed at the transmitter
end, the error-correcting capability of the coding scheme can be
utilized to improve the accuracy of blind-channel estimation. A
simple least-squares (LS) approach, which makes use of tenta-
tive decisions from the channel decoder as pseudo-training sym-
bols, turns out to be very efficient. The block diagram of post-
processing is shown in Fig. 3.

TABLE I
VALUES OF P FOR DIFFERENT� ���

Define

. . .
...

...
. . .

. . .
(66)

(67)

where is uniquely determined by the delay of
the th branch. For example, if the system employs the STD as
shown in Fig. 2, then the values of are listed in Table I.

Now the received data can be represented in matrix form (69),
where is a noise matrix with size of

.

...
...

...

...
...

...

...
...

...
(68)
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Once the tentative decisions are produced by the channel de-
coder, replace in (66) with its corresponding estimate
to generate . Using the LS method, can be solved through
the following equation:

(69)

Since all the subchannels are contained in , the inverse of a
matrix with size only needs to be com-
puted once. The induced extra complexity is modest, but the
system performance can be improved up to several orders of
magnitude, as will be shown through the simulation examples.

VII. SIMULATIONS

In this section, simulation examples are provided to demon-
strate the robustness and effectiveness of the proposed ap-
proaches. In addition to bit-error rate (BER), performance
of the channel estimation is also measured in terms of the
normalized mean-squared error (NMSE),

(70)

where and denote the th estimated channel and the th
true channel, is the total number of subchannels in a MIMO
system. The phase ambiguity is resolved by adding one pilot
symbol for every blocks at each transmit antenna. In the
simulation, each antenna transmits BPSK signals, unless oth-
erwise specifically claimed as QPSK signals (as in Example D).
A zero-forcing equalizer is applied for signal detection. More
specifically

(71)

where is formed by substituting for in (12). The
channel impulse response between each transmitter receiver pair
is generated randomly and independently. The channel is as-
sumed to be static within each frame, which is composed of K
blocks. SNR is defined as the ratio of the averaged transmission
power per bit to the noise power . The system parameters
are set as , . Systems with different block
sizes are tested. All the simulation results are averaged over 100
Monte Carlo runs.

Example A: Correlation-Based Versus Subspace-Based Ap-
proaches: A MIMO system with two transmit antennas and
two receive antennas is considered. The transmitter follows the
structured delay scheme presented in Section II.

The NMSE of the channel estimation for both methods
is depicted in Fig. 4(a). It is shown that, at dB,
performance of the subspace-based blind-channel estimation
is much better than that of the correlation-based method.
As increases, the time averaged approaches the
theoretical covariance matrix so that the estimation accuracy
is further improved. Fig. 4(b) shows the BER performance
corresponding to different channel-estimation methods. Due to
accurate channel estimation at dB, subspace-based
channel estimation leads to an improvement of several orders of

Fig. 4. Example A: Comparison of correlation-based blind-channel estimation
and subspace-based blind-channel estimation. (a) Normalized channel MSE. (b)
BER.

magnitude in the BER performance. As can be seen, the system
without channel coding can achieve good BER performance
even when only a simple zero-forcing equalizer is used at the
receiver end.

Example B: Robustness to Common Zeros Among Sub-Chan-
nels: The following four subchannels in a 2 2 system share a
common zero at (1,0).

From Table II, the proposed subspace-based blind-channel-es-
timation algorithm achieves high estimation accuracy at

dB, which demonstrates the robustness of our
subspace-based method.

Example C: With and Without Prior Channel Order Informa-
tion at the Transmitter End: Again, a 2 2 MIMO system is
considered. As discussed in Section III-B, if the channel order
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TABLE II
AVERAGED NMSE OF CHANNEL ESTIMATION FOR ALL THE SUB-CHANNELS

WHICH SHARE A COMMON ZERO, � � ���

Fig. 5. The impact of channel order information. (a) Normalized channel MSE.
(b) BER.

information, like (42), is available, all the subchannels can be
estimated simultaneously through (32)–(41), so the number of
data-blocks required to achieve the same estimation accuracy
when prior channel order information is unavailable is expected
to be drastically reduced.

In Fig. 5(a) and Fig. 5(b), the dashed lines are generated by
the algorithm in Section III-A while the solid lines are produced
by the algorithm in Section III-B. Both figures show the com-
parative performance in the two scenarios, but the number of
blocks is reduced by half with prior information . Thus,
the prior channel order information plays an important role in
transmit delay scheme design and channel estimation.

Example D: Effectiveness for MIMO Systems With Mul-
tiple Transmit and Receive Antennas: The proposed transmit
delay scheme for general MIMO systems (with more than two
transmit and receive antennas) is shown in Fig. 2. Since the
channel paths are randomly generated according to Rayleigh

Fig. 6. Example D: Performance of blind-channel estimation and blind signal
detection for three STD system, � � ���. (a) Normalized channel MSE.
(b) BER.

distribution, (60) is guaranteed, which can simplify the trans-
mission scheme by only applying zero-padding structure as
Part 1 of Fig. 2 throughout the whole transmission. For the 3

3 and 3 4 systems, we let , , , so
that channels in the system have different lengths. For the 4
4 system, we use QPSK modulation so that complex-valued
signals are transmitted, instead of real-valued BPSK symbols.

Fig. 6 shows the MSE of channel estimation and the BER
of signal detection for three STD systems when .
Comparing the results of the 3 3 system with those of the
3 4 system, as expected, when the number of transmit an-
tennas is fixed, utilizing more receive antennas results in better
performance as more diversity is introduced. These results also
demonstrate the robustness of the proposed scheme for MIMO
systems.

Example E: Performance Improvement Through Postpro-
cessing: Once channel coding is employed, postprocessing
for channel estimation can be carried out as shown in Fig. 3.
In this example, a 1/2-rate turbo code [34] is employed for a
3 3 system. The generation matrix of the constituent code
is given by , where and
are the feedback and feedforward polynomials with memory
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Fig. 7. Example E: Performance improvement by means of LS method for the
feedback from the channel decoder in a 3 � 3 STD system. (a) Normalized
channel MSE. (b) BER.

length 2, respectively. At the receiver, tentative hard decisions
generated through BPSK demodulation are fed into the de-
coder, and the outputs of the turbo decoder are not fed back
to the demodulator. The decoding algorithm is the canonical
log-MAP [35]. The number of decoding iterations is 5, and no
early termination scheme is applied.

Fig. 7(a) illustrates that channel estimation can be signifi-
cantly improved through postprocessing, which consequently
leads to the remarkable improvement of the BER performance,
as shown in Fig. 7(b). Due to the strong error-correcting capa-
bility of turbo codes, the performance of LS channel estima-
tion using tentative decisions from the turbo decoder as pseudo-
training symbols is comparable to that of direct LS channel es-
timation with known training symbols.

VIII. CONCLUSION

In this paper, a general STD scheme was proposed to provide
more design flexibility for general MIMO systems. While
maintaining high data rate, the elaborate transmitter design
allows the receiver to estimate channels without pilot aids.

Based on the transmit delay structure design, a subspace-based
blind-channel-estimation algorithm was derived. It has been
proved that blind-channel estimation for MIMO systems
could be carried out without nonconstant modulus precoding,
and regardless of channel zero locations. Simulation results
demonstrated the robustness and effectiveness of the proposed
subspace-based method and its superior performance over the
correlation-based approach. It was also shown that in combina-
tion with turbo coding and postprocessing, the overall system
performance could be further improved.
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