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Abstract— In this paper, space-time transmit diversity is
exploited to relax the restrictive blind channel identifiability
constraints for multiple-input multiple-output (MIMO) systems.
First, a simple structured transmit delay diversity scheme is
proposed. Unlike existing transmit diversity schemes, in which
different antennas transmit delayed, zero-padded, or time re-
versed versions of the same signal, in the proposed scheme, each
antenna transmits an independent data stream and therefore
promises higher data rate. Secondly, a second-order statistics
based blind channel estimation algorithm is developed for MIMO
systems with the structured transmit diversity. The proposed
approach involves no pre-equalization, has no limitations on
channel zero locations and does not require the MIMO channel
matrix to be irreducible. Simulation results demonstrate the
robustness and effectiveness of the proposed scheme.

I. INTRODUCTION

Due to the promised spectral efficiency, blind signal detec-
tion has attracted more and more research attention in recent
years, especially in multiple-input multiple-output (MIMO)
systems. It has been well understood that in single-input
multiple-output (SIMO) systems, blind channel identification
from second order statistics requires that all SIMO sub-
channels share no common zeros [9]. For MIMO systems, the
existing direct blind identification algorithms generally require
the matrix transfer function to be irreducible and column
reduced, see [1], [5], [8] for example.

However, these restrictive conditions could be relaxed for
MIMO systems by exploiting space-time diversity at the
transmitter end with the price of significantly reduced data
rate. In [10], a (semi-)blind channel estimation algorithm
was developed for space time OFDM transmissions with
Alamouti’s block code [2] applied on each subcarrier. While
[10] guaranteed channel identifiability without restrictions on
channel zero locations, the data rate of the whole system was
drastically decreased due to the Alamouti scheme. The time
reversal technique was used in [3] to establish blind channel
identifiability conditions that were based on the channel matrix
rank. It was shown that [3] also sacrificed the data rate to relax
the identifiability constraints.

In this paper, first, a simple transmit delay diversity scheme
is proposed to exploit the guard intervals for blind channel
estimation. Unlike existing transmit diversity schemes [4],
[6], [10], in which different antennas transmit the delayed,
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Fig. 1. The structured transmit delay diversity scheme for MIMO systems.

zero-padded, or time reversed versions of the same signal,
the proposed transmit delay diversity scheme promises higher
data rate since each antenna transmits an independent data
stream. Secondly, motivated by [10], a second-order statistics
based blind channel estimation algorithm is developed for
MIMO systems with the structured transmit delay diversity.
The proposed approach involves no pre-equalization, has no
limitation on channel zero locations and does not require the
channel matrix to be irreducible, which is a condition generally
needed by blind MIMO channel estimation algorithms.

The rest of this paper is organized as follows. The structured
transmit delay diversity scheme is proposed in Section II.
In Section III, the blind channel estimation algorithm is
developed. Simulation results are provided in Section IV and
we conclude in Section V.

Notation: Bold uppercase letters denote matrices, and bold
lowercase letters stand for column vectors. (·)T , (·)∗, (·)H
and (·)† denote transpose, conjugate, Hermitian transpose and
pseudo-inverse, respectively. E{·} stands for expectation. IK

denotes the identity matrix of size K, 0K×P represents an
all-zero matrix of size K × P , diag(x) generates a diagonal
matrix with x on its main diagonal and zeros elsewhere, and
A(:, i : j) denotes a submatrix of A composed of columns i
to j.

II. THE STRUCTURED TRANSMIT DIVERSITY SCHEME

The block diagram of the proposed transmit delay diversity
scheme is illustrated in Fig. 1. Take a 2 × 2 MIMO system
as an example. The input symbols are first split by a serial-
to-parallel converter (S/P) into parallel data streams. Each

matter experts for publication in the IEEE GLOBECOM 2005 proceedings.This full text paper was peer reviewed at the direction of IEEE Communications Society subject 

IEEE Globecom 2005 2964 0-7803-9415-1/05/$20.00 © 2005 IEEE



data stream is then packed into N -symbol blocks. Denote
the lth block from the 1st antenna and the 2nd antenna by
s1(l) = [s1(lN), s1(lN+1), · · · , s1(lN+N−1)]T and s2(l) =
[s2(lN), s2(lN + 1), · · · , s2(lN + N − 1)]T , respectively.
Assume that there are 2K blocks in a frame. Zero-padding
is performed according to the following structure:
for l = 1, · · · ,K,


s̄1(l)
∆= [s1(lN), · · · , s1(lN + N − 1), 0, · · · , 0︸ ︷︷ ︸

L+1

]T

s̄2(l)
∆= [0, s2(lN), · · · , s2(lN + N − 1), 0, · · · , 0︸ ︷︷ ︸

L

]T
(1)

for l = K + 1, · · · , 2K,


s̄1(l)
∆= [0, s1(lN), · · · , s1(lN + N − 1), 0, · · · , 0︸ ︷︷ ︸

L

]T

s̄2(l)
∆= [s2(lN), · · · , s2(lN + N − 1), 0, · · · , 0︸ ︷︷ ︸

L+1

]T ,
(2)

where L is the maximal channel order among all of sub-
channels in the system. After zero-padding, the size of each
extended block is P

∆= N + L + 1.

Let rj(l) = [rj(lP ), · · · , rj(lP +P −1)] be the lth received
block at the jth receive antenna. For n = 0, · · · , P − 1,

rj(lP + n) =
2∑

i=1

L∑
m=0

hji(m)s̄i(lP + n − m) + wj(lP + n),

(3)
where hji

∆= [hji(0), hji(1), · · · , hji(L)]T denotes the channel
impulse response between the ith transmit antenna and the jth
receive antenna, and wj(l)

∆= [wj(lP ), · · · , wj(lP + P − 1)]T

is the additive noise sequence.
Our discussion in the following sections is based on the

following assumptions:
(A1) The input information sequence is zero mean, mutually

independent and i.i.d.. This implies that E{si(lN +
m)sj(kN + n)} = σ2

sδi−jδl−kδm−n, where σ2
s is the

signal power.
(A2) The noise is additive white Gaussian, independent of the

information sequence, with variance σ2
w.

(A3) There are 2K blocks in a data frame and the channel is
time-invariant within each frame.

(A4) All the transmit antennas of a single user are synchro-
nized.

Denote

Hji
∆=




hji(0) 0 · · · 0

hji(1) hji(0)
. . .

...
... hji(1)

. . . 0

hji(L)
. . .

. . . hji(0)

0 hji(L)
. . . hji(1)

...
. . .

. . .
...

0 0 · · · hji(L)




(P−1)×N

(4)

The lth received block at the jth receive antenna can be
represented in matrix-vector form, for l = 1, · · · ,K,

rj(l) =
[

Hj1 01×N

01×N Hj2

] [
s1(l)
s2(l)

]
+ wj(l), (5)

for l = K + 1, · · · , 2K,

rj(l) =
[

01×N Hj2

Hj1 01×N

] [
s1(l)
s2(l)

]
+ wj(l). (6)

III. SUBSPACE-BASED BLIND CHANNEL ESTIMATION

A. Algorithms

Stack the lth block received from each of the two antennas
into a 2P × 1 vector. Denote

z(l) ∆=
[

r1(l)
r2(l)

]
. (7)

First consider {z(l)}K
l=1, we have,

z(l) =




H11 01×N

01×N H12

H21 01×N

01×N H22




︸ ︷︷ ︸
∆
=H

[
s1(l)
s2(l)

]
︸ ︷︷ ︸

∆
=x(l)

+
[

w1(l)
w2(l)

]
. (8)

The autocorrelation matrix of z(l) is

Rz = E{z(l)z(l)H} = HE{x(l)x(l)H}HH + σ2
wI2P (9)

Under (A1), E{x(l)x(l)H} = σ2
sI2N . Hence, Rz = σ2

sHHH+
σ2

wI2P .
In the absence of noise, the eigendecomposition of Rz can

be represented as

Rz =
[

U Ũ
] [ ∑

0
0 0

][
UH

Ũ
H

]
, (10)

where
∑

is a diagonal matrix of size 2N × 2N with
nonzero diagonal entries, and Ũ is a 2P × (2P − 2N)
matrix, whose columns span the null space N (Rz). Write
Ũ = [ũ1, · · · , ũ2P−2N ]. Because N (Rz) is orthogonal to the
range space R(H), it follows that

ũH
k H = 01×2N , ∀k ∈ [1, 2P − 2N ]. (11)

Let h̃1
∆= H(:, 1) and h̃2

∆= H(:, N + 1), i.e.,

h̃1 = [h11(0), h11(1), · · · , h11(L), 0, · · · , 0︸ ︷︷ ︸
N

,

h21(0), h21(1), · · · , h21(L), 0, · · · , 0︸ ︷︷ ︸
N

]T ,

h̃2 = [0, h12(0), h12(1), · · · , h12(L), 0, · · · , 0︸ ︷︷ ︸
N

,

h22(0), h22(1), · · · , h22(L), 0, · · · , 0︸ ︷︷ ︸
N−1

]T .

Let H̃µ denote the frequency response of h̃µ, i.e.,

H̃µ = Vh̃µ, u = 1, 2, (12)
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where V denotes a 2P × 2P Vandermonde matrix with the
(m + 1, n + 1)st entry e(−j π

P mn).
Note that H can be factorized as

H = [FH
2P D1F2P Θ FH

2P D2F2P Θ], (13)

where Dµ
∆= diag(H̃µ), F2P denotes a 2P × 2P FFT matrix

with the (m + 1, n + 1)st entry 1√
2P

e(−j π
P mn), and Θ is the

first N columns of an identity matrix with size 2P . It follows
from (11) & (13) that

ũH
k H = ũH

k [FH
2P D1F2P Θ FH

2P D2F2P Θ]
= ũH

k FH
2P [D1F2P Θ D2F2P Θ]

= 01×2N (14)

Let ṽk
∆= F2P ũk for k ∈ [1, 2P − 2N ], we obtain{

ṽHk D1F2P Θ = 01×N

ṽHk D2F2P Θ = 01×N
(15)

Note that aH ·diag(b) = bT ·diag(a∗) for any N×1 vectors
a and b, it follows that, for µ = 1, 2,

ṽHk DµF2P Θ = H̃
T

µ diag(ṽ∗
k)F2P Θ

= h̃
T

µ VT diag(ṽ∗
k)F2P Θ︸ ︷︷ ︸

Qk

(16)

Stacking (16) for each ũk with k ∈ [1, 2P − 2N ], it yields

h̃
T

µ [Q1, · · · , Q2P−2N ]︸ ︷︷ ︸
Q

= 01×2N(L+1), µ = 1, 2. (17)

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 [7]). Under
(A4), the non-zero initial delay assumption is equivalent to
hji(0) �= 0,∀i, j ∈ [1, 2] and implies that h̃1 and h̃2 are
linearly independent, therefore {h̃1, h̃2} forms a basis that
spans null space N (Q). Determine two eigenvectors {χ1, χ2}
corresponding to two 0 eigenvalues of Q. Since both χ1 and
χ2 exist in a two-dimensional space whose basis is {h̃1, h̃2},
it yields the following two equations:{

α1h̃1 + α2h̃2 = χ1

α3h̃1 + α4h̃2 = χ2
(18)

where α1, α2, α3, α4 are unknown nonzero constants.
Under assumptions (A1) ∼ (A4), h̃2 can be blindly esti-

mated as follows:

1) Compute the ratio α1
α3

.

β1 =
α1

α3
=

α1h̃1(0)
α3h̃1(0)

=
χ1(0)
χ2(0)

(19)

2) Estimate h̃2 up to a complex scalar.

ĥ2 = χ1 − β1χ2 (20)

3) Extract two individual channels from ĥ2.

ĥ12 = {ĥ2(1), · · · , ĥ2(L + 1)} (21)

ĥ22 = {ĥ2(P + 1), · · · , ĥ2(P + L + 1)} (22)

In the presence of white noise with variance σ2
w, the SVD

of Rz has the following form:

Rz =
[

Us Ũw

] [ ∑
s 0

0
∑

w

] [
UH

s

Ũ
H
w

]
, (23)

where
∑
s

= diag(σ2
1 , · · · , σ2

2N ),
∑
w

= diag(σ2
w, · · · , σ2

w) with

σ2
1 ≥ · · · ≥ σ2N > σ2

w. The only difference is that we need
to use Ũw to generate Q in (17) instead of using Ũ.

To estimate all the sub-channels related to the 1st antenna,
similar procedures are applied to {z(l)}2K

l=K+1, which can be
written as

z(l) =




01×N H12

H11 01×N

01×N H22

H21 01×N




︸ ︷︷ ︸
∆
=H′

[
s1(l)
s2(l)

]
︸ ︷︷ ︸

∆
=x(l)

+
[

w1(l)
w2(l)

]
. (24)

Let h̃
′
1

∆= H′(:, 1) and h̃
′
2

∆= H′(:, N +1). The blind estimation
algorithm can be summarized as follows:

S1) Collect the received data blocks z(l), and compute

R′
z = 1

K

2K∑
l=K+1

z(l)z(l)H.

S2) Determine the eigenvectors ũ′
k, k = 1, · · · , 2P − 2N

corresponding to the smallest 2P − 2N eigenvalues of
the matrix R′

z .
S3) From these eigenvectors, generate Q′ as defined in (17).

Determine two eigenvectors χ′
1 and χ′

2 corresponding to
the smallest two eigenvalues of Q′.

S4) Compute β2 = χ′
1(0)/χ′

2(0).
S5) Estimate h̃

′
1 up to a complex scalar.

ĥ
′
1 = χ′

1 − β2χ
′
2. (25)

S6) Extract the estimated sub-channels.

ĥ11 = {ĥ′
1(1), · · · , ĥ′

1(L + 1)}, (26)

ĥ21 = {ĥ′
1(P + 1), · · · , ĥ′

1(P + L + 1)}. (27)

B. Joint Channel Estimation and Identifiability Aspects

Once (18) is obtained, it is possible to estimate h̃1 and h̃2

jointly if h12(L) �= 0 or h22(L) �= 0. Specifically,

1) Compute the ratio α1
α3

,α2
α4

.

β1 =
α1

α3
=

χ1(0)
χ2(0)

(28)

If h12(L) �= 0, then

β2 =
α2

α4
=

χ1(L + 1)
χ2(L + 1)

(29)
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If h22(L) �= 0, then

β2 =
α2

α4
=

χ1(2P − N)
χ2(2P − N)

(30)

2) Estimate h̃1 and h̃2 jointly up to complex scalars.

ĥ1 = χ1 − β2χ2 (31)

ĥ2 = χ1 − β1χ2 (32)

3) Extract four sub-channels from ĥ1 and ĥ2.

ĥ11 = {ĥ1(0), · · · , ĥ1(L)} (33)

ĥ21 = {ĥ1(P ), · · · , ĥ1(P + L)} (34)

ĥ12 = {ĥ2(1), · · · , ĥ2(L + 1)} (35)

ĥ22 = {ĥ2(P + 1), · · · , ĥ2(P + L + 1)} (36)

The major advantage of joint channel estimation is that
now we only need K blocks to achieve the same estimation
accuracy as described in Section III.A, which means the
complexity is significantly reduced.

Since the assumption h12(L) �= 0 or h22(L) �= 0 can not
always be guaranteed, we hope to use some information about
the channels at the transmitter. Denote Lji as the order of the
channel between the ith transmit antenna and the jth receive
antenna. Let Li be the maximal channel order among all the
sub-channels related to the ith transmit antenna, i.e.,

Li = max{L1i, L2i}, i = 1, 2. (37)

The transmission sequential is designed according to the
following criterion: the branch that transmits data blocks firstly
has the smaller Li, and the other branch needs to delay a
symbol period before transmission.

According to this scheme, it guarantees χ1(L+1) �= 0 (also
χ2(L + 1) �= 0) or χ1(2P −N) �= 0 (also χ2(2P −N) �= 0),
where χ1 and χ2 are two eigenvectors corresponding to the
smallest two eigenvalues of Q which is generated from (17).
Therefore, (28) ∼ (36) can be performed to jointly estimate
multichannels.

C. Systems with Multiple Receive Antennas

If the receiver employs more than two antennas, the al-
gorithm described in the above subsections only needs some
minor changes.

Assume the number of receive antennas is Nr. Stack the
lth received blocks at all the antennas into a NrP × 1 vector
z(l). Calculate the autocorrelation matrix of z(l) and generate
Q using (10) ∼ (17). Since the channel convolution matrices
that belong to the same transmit antenna, i.e., {Hj1}Nr

j=1 and
{Hj2}Nr

j=1, are actually concatenated column-wise in H, by

defining two composite channel impulse responses h̃1
∆= H(:

, 1) and h̃2
∆= H(:, N + 1), {h̃1, h̃2} forms a basis spanning

the null space N (Q). In other words, the dimension of N (Q)
is always two, no matter how many receive antennas are
used. In fact, the dimension of N (Q) equals the number
of transmit antennas. Determine two eigenvectors χ1 and
χ2 corresponding to the smallest two eigenvalues of Q and
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Fig. 2. Plot of zero locations of four sub-channels in the 2 × 2 system.

perform (28) ∼ (32) to estimate two composite channels.
Since each composite channel contains all the sub-channels
belonging to the same transmit antenna, all the estimated
channels can be extracted as in (33) ∼ (36).

IV. SIMULATIONS

In this section, simulation examples are provided to demon-
strate the robustness and effectiveness of the proposed scheme.

Channel estimation is measured in terms of the averaged
normalized mean square error (NMSE) defined as

NMSE
∆=

1
N

N∑
µ=1

‖ĥµ − hµ‖2/‖hµ‖2, (38)

where ĥµ and hµ denote the µth estimated channel and the µth
true channel, N is the total number of channels in a MIMO
system. The phase ambiguities are assumed to be known
here. The channel impulse response between each transmitter-
receiver pair is generated randomly and independently. The
channel is assumed to be static within each frame, which is
composed of K data blocks. For each block, BPSK signals are
transmitted and a zero-forcing equalizer is applied for signal
detection. More specifically,

x̂(l) = Ĥ
†
z(l), (39)

where Ĥ can be formed by substituting ĥji for hji in (8).
SNR is defined as the ratio between the average transmission
power per bit and noise power Eb/N0. In the simulation, a
typical MIMO system with two transmit and receive antennas
is considered. We set the system parameters as L = 5, N =
23, P = N + L + 1 = 29.

A. Robustness to Common Zeros among Sub-channels

The following four sub-channels in a 2 × 2 system share a
common zero at (1, 0), as shown in Fig. 2. From Table I, the
proposed subspace-based blind channel estimation algorithm
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TABLE I

AVERAGED NMSE OF CHANNEL ESTIMATION FOR ALL THE

SUB-CHANNELS WHICH SHARE A COMMON ZERO, K = 100.

SNR (dB) 0 5 10 15 20 25
NMSE (dB) -5.99 -5.82 -15.57 -21.05 -31.07 -32.38

achieves high estimation accuracy at SNR ≥ 10dB, which
demonstrates the robustness of our subspace-based method.

h11 = [ 0.54 −0.13 + 0.53i −0.47 − 0.03i
0.11 − 0.18i −0.18 + 0.00i 0.13 − 0.32i ]T

h12 = [ 0.36 −0.43 − 0.54i −0.19 + 0.08i
0.15 + 0.26i 0.40 + 0.07i −0.30 + 0.13i ]T

h21 = [ 0.65 −0.07 − 0.35i 0.05 − 0.15i
−0.16 − 0.09i −0.10 + 0.12i −0.39 + 0.46i ]T

h22 = [ 0.29 −0.19 + 0.23i −0.69 + 0.08i
−0.07 − 0.31i 0.21 − 0.06i 0.45 + 0.06i ]T

B. Effectiveness for MIMO Systems with two transmit anten-
nas

To show the efficiency of our approach, systems with
different block sizes, K = 100, 200, 400, are tested. All the
simulation results are averaged over 1000 Monte Carlo runs.

The NMSE of the channel estimation is shown in Fig. 3. It is
shown that, even when SNR = 7 ∼ 10dB, all the sub-channels
can be accurately estimated (NMSE< −15dB) with K =
400. As K increases, the time averaged Rz approaches the
theoretical covariance matrix so that the estimation accuracy
is further improved. Fig. 4 shows that the BER is improved
by several orders of magnitude through increasing K. As can
be seen, the system without coding can achieve good BER
performance even when only a simple zero-forcing equalizer
is used at the receiver end.

In the simulation, the overall data rate is N
P = 0.7931, while

the data rate of the corresponding Alamouti scheme in [10]
with the same block size is N

2(N+2L) = 0.3276.

V. CONCLUSION

In this paper, a structured transmit delay diversity scheme
is proposed. A subspace-based blind channel estimation algo-
rithm is developed for MIMO systems based on the transmit
diversity scheme. As can be seen, the proposed approach
involves no pre-equalization at the transmitter and has no limi-
tations on channel zero locations. Moreover, the identifiability
constraints do not require the channel matrix to be irreducible.
Further extension of the proposed scheme to MIMO systems
with more than two transmit antennas is under investigation.
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