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Abstract
Joint space-time (ST) coding and constellation rotation is
considered in the presence of imperfect channel state infor-
mation. The combined system with two transmit antennas is
shown to be more resistant to channel estimation errors than
ST coding. Experiments involving several cases of channel
estimation errors verify related theory reported in the liter-
ature.
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1. INTRODUCTION

A well-known approach for increasing link quality against
multipath fading is to apply receiver diversity. For wireless
communication systems where it is not feasible to deploy
multiple antennas at the receiver, transmitter diversity of-
fers a powerful alternative. Many techniques incorporating
space-time (ST) coding have been proposed in recent years
(see e.g. [8, 9] and the references therein). In [1] and [11]
orthogonal designs achieving full diversity are presented.
However, these orthogonal designs exist only for the cases
where number of antennas is equal to2, 4 and8, and rate-1
codes exist uniquely only for two antennas.

Alternatively, signal space diversity combats fading by
rotating the constellation and applying componentwise in-
terleaving [2]. The interleaver is required for the indepen-
dent fading of the real and imaginary parts of the constel-
lation points. Although this is a bandwidth and power effi-
cient solution, it introduces additional complexity and time
delay as a result of the interleaving procedure.

Recently, another model that uses both signal space di-
versity and ST coding is introduced in order to achieve full
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diversity for more than two antennas, while simultaneously
eliminating the interleaver from the system design [5, 12].
In [5], no extra gain is achieved from the introduction of
rotated constellations with two antennas, which is expected
because the Alamouti scheme [1] exploits all the diversity
in the system.

The impact of channel estimation errors on the system
performance has been investigated for transmit diversity with
ST coding. Specifically, the criteria that are customarily
used in code design for coherent receivers do not induce
any penalty in the diversity order when the channel state in-
formation (CSI) is imperfect, even though the bit error rate
may suffer [6, 10]. This is intuitively plausible because di-
versity gains become observable at high signal-to-noise ra-
tios (SNR), where estimates are very reliable [6]. Bit error
probability computations and formulas for a complex Gaus-
sian error distribution are presented in [3, 4].

In all relevant work [2, 5, 12], the channel is assumed to
be perfectly known and constant throughout the code block.
In this paper, we present joint ST coding and signal space
diversity for two transmit antennas, and show that the com-
bined system is more resistant to channel estimation errors,
compared to ST coding alone.

The organization of the paper is as follows: In Section
II, we present the system model which employs a simple
scheme that combines the diversity techniques of [1] and
[2]. We test the performance of the joint diversity system
for different estimation error types in Section III, and follow
that with the conclusions in Section IV.

2. SYSTEM MODEL

We consider a hybrid system that combines the diversity
ideas in [1] and [2] (hereafter referred to as joint diversity).
The system architecture is given in Fig. 1. Leta0 anda1

be two rotated complex constellation points that are consec-
utively transmitted. For simplicity, we assumeπ/8-rotated
quadrature phase-shift keying (QPSK) symbols [2]. With
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Fig. 1. The system model for combined space-time coding
and signal space diversity.

constellation interleaving, the real and complex parts of the
symbols are interchanged so that

b0 = <{a0} + i={a1},

b1 = <{a1} + i={a0},

i =
√
−1 are obtained. Next, the symbolsb0, b1 are space-

time coded according to the Alamouti scheme, and eventu-
ally transmitted through the two transmit antennas..

The received baseband signals are

r0 = h0b0 + h1b1 + n0,

r1 = −h0b
∗
1 + h1b

∗
0 + n1, (1)

whereh0, h1 and n0, n1 are the complex channel coeffi-
cients and the complex additive white Gaussian noise for
antennas1 and2, respectively. Space-time processing via
Alamouti-type decoding ofr0, r1 and component-deinterleaving
achieve maximum diversity gain as in [1] with the availabil-
ity of CSI. To account for channel estimation errors, con-
sider the channel matrixH as

H =
h0 + ξ0 h1 + ξ1

h0 + ξ2 h1 + ξ3
(2)

where the columns ofH correspond to channels seen by dif-
ferent antennas, and rows correspond to channel consitions
at different time instants. The estimation errors{ξi}3

i=0 are
modeled as random variables with zero-mean additive, com-
plex white Gaussian distributions and variances{σ2

i }3
i=0,

respectively. Hence, (1) becomes

r0 = (h0 + ξ0)b0 + (h1 + ξ1)b1 + n0

r1 = −(h0 + ξ2)b∗1 + (h1 + ξ3)b∗0 + n1. (3)

The zero-mean assumption ensures that the estimates are
unbiased, which is necessary to preserve the diversity order

regardless of the CSI imperfections [6]. The optimal com-
bining of [1] gives

b̂0 = (|h0|2 + |h1|2)b0 + I0 + h∗
0n0 + h1n

∗
1

b̂1 = (|h0|2 + |h1|2)b1 + I1 + h∗
1n0 − h0n

∗
1 (4)

where the interference termsI0, I1 are

I0 = h∗
1(ξ0b0 + ξ1b1) + h0(ξ∗2b1 + ξ∗3b0)

I1 = h1(ξ∗3b0 + ξ∗2b1) + h∗
0(ξ1b1 − ξ0b0) (5)

For high SNR, the interference terms in (5) are the per-
formance limiting factors, rather than the noise components
in (4). On the other hand, ifh0, h1, ξ0, ξ1, ξ2 and ξ3 are
all mutually uncorrelated as per the independent fading as-
sumption [10], then so areI0 andI1. This fact can be ex-
ploited through signal space diversity. If component inter-
change is again applied for the symbols at the receiver as

â0 = <{b̂0} + i={b̂1}, â1 = <{b̂1} + i={b̂0},

then both the real and the imaginary parts of the symbols
are contaminated by random but uncorrelated interference,
which results in a system that is more tolerant to channel
estimation errors. In the next section we support this idea
via simulation results.

3. SIMULATIONS
The simulations are performed for the system model given
in the previous section for1000 independent channel real-
izations. Each run is terminated when 1000 errors are ob-
served. The transmitter sendsπ/8-rotated QPSK symbols
as in Fig. 2. The complex Gaussian distributed channel
gain has unity variance. Several channel estimation error
scenarios are considered. When there is no estimation error,

Fig. 2. Theπ/8-rotated QPSK constellation [2].

the results in [5] and our simulations both indicate that the
performance is the same for the Alamouti scheme with or
without signal space diversity. Hence, in the bit error rate
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(BER) graphs, we refer to both with a single line labeled as
’”no estimation error”.

In Fig. 3, the effect of estimation error in only one chan-
nel coefficient is considered. The error variance is taken as
0.01, and the channel gain is assumed to be unity. Simu-
lations show that the system performance does not depend
on which specific errorξi is set to be nonzero. Fig. 3 in-
dicates that the BER performance of joint diversity is very
close to that of the Alamouti scheme with perfect CSI. For
Eb/N0 > 5 dB, joint diversity it is uniformly better than
the Alamouti scheme alone when the latter operates in the
presence of channel estimation errors.
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Fig. 3. Two-antenna transmit diversity performance when
only one channel estimation is incorrect.

Next, we assume that errors exist in the second time
slots only; i.e.,σ2

0 = σ2
1 = 0, σ2

2 = σ2
3 = 0.01. This

is a realistic scenario because channel estimation errors are
more likely to happen in the second time slot due to the vari-
ations in the channel coefficients over time. The gain of the
joint diversity scheme is given in Fig. 4, which exhibits the
same slopes as those in Fig. (3). Thus, diversity orders are
preserved even if the CSI is imperfect, which is consistent
with the theory reported in [6] and [10].

The gain of the joint diversity for the case whenσ2
0 =

σ2
1 = σ2

2 = σ2
3 = 0.01 is displayed in Fig. 5. Unlike the

previous experiments, the bit error rate deteriorates slightly
here due to the back-to-back erroneous estimates.

Finally, we evaluate the impact of the variance of the
error random variables. The BER performances under the
parameter setsσ2

0 = σ2
1 = 0, σ2

2 = σ2
3 = 0.02 andσ2

0 =
σ2

1 = 0, σ2
2 = σ2

3 = 0.04 are presented respectively in
Fig. 6 and Fig. 7. The performance of combined ST cod-
ing and constellation rotation degrades with increased error
variance, approaching that of space-time coding alone.
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Fig. 4. The effect of channel estimation errors on the trans-
mit diversity schemes forσ2

0 = σ2
1 = 0, σ2

2 = σ2
3 = 0.01.

0 5 10 15
10

−4

10
−3

10
−2

10
−1

E
b
/N

0

B
E

R
Alamouti Scheme
Rotated Alamouti Scheme
No estimation error

Fig. 5. The effect of channel estimation errors on the trans-
mit diversity schemes forσ2

0 = σ2
1 = σ2

2 = σ2
3 = 0.01.

For all the cases presented above, the BER performance
offered by space-time coding improves when it is employed
in conjunction with signal space diversity described in the
form of constellation rotation, even though there is no ap-
preciable gain in diversity order. While there is no BER gain
up toEb/N0 = 5 dB, the improvement becomes noticeable
aroundEb/N0 = 15 dB, when the diversity gain kicks in
and estimation errors are less pronounced.

4. CONCLUSIONS
In this paper, we considered joint space-time coding of [1]
and signal space diversity of [2]. Even though constella-
tion rotation on top of the Alamouti scheme does not offer
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Fig. 6. The effect of channel estimation errors on the trans-
mit diversity schemes forσ2

0 = σ2
1 = 0, σ2

2 = σ2
3 = 0.02.
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Fig. 7. The effect of channel estimation error on the transmit
diversity schemes whenσ0 = σ1 = 0, σ2 = σ3 = 0.04

additional diversity gain for two antennas, the combination
is very robust to CSI imperfections, which may be worth
the incurred complexity. Under unbiased channel estimates
with variances comparable to those of the channel gains, the
diversity order is verified to be independent of estimation
errors.

In [7], a rule of thumb is prescribed where the CSI can
be regarded as near-perfect so long as the error variance
is negligible compared to the reciprocal of the SNR. This
rule is satisfied in the experiments above for theEb/N0 =
10− 15 dB range, and the results are in agreement with [7],
particularly for the joint diversity system.

5. REFERENCES
[1] S. M. Alamouti, “A simple transmitter diversity scheme for

wireless communications”,IEEE Journal on Selected Areas
in Communications, Vol. 16, No. 8, pp. 1451-1458, October
1998.

[2] J. Boutros and E. Viterbo, “Signal space diversity: a power
and bandwidth efficient diversity technique for the Rayleigh
fading channel”,IEEE Transactions on Information Theory,
Vol. 44, No. 4, pp. 1453-1467, July 1998.

[3] X. Feng and C. Leung, “Performance sensitivity comparison
of two diversity schemes”,IEE Electronics Letters, Vol. 36,
No. 9, pp. 838-839, April 2000.

[4] D. Gu and C. Leung, “Performance analysis of transmit
diversity scheme with imperfect channel estimation”,IEE
Electronics Letters, Vol. 39, No. 4, pp. 402-403, February
2003.

[5] T. Jung and K. Cheun, “Design of concatenated space-time
block codes using signal space diversity and the Alamouti
scheme”,IEEE Communication Letters, Vol. 7, No. 7, pp.
329-331, July 2003.

[6] E. G. Larsson, “Diversity and channel estimation errors”,
IEEE Transactions on Communications, Vol. 52, No. 2, pp.
205-208, February 2004.

[7] A. Lapidoth and S. Shamai, “Fading channels: how perfect
need “perfect side information” be?”,IEEE Transactions on
Information Theory, Vol. 48, No. 5, pp. 1118-1134, May
2002.

[8] T. H. Liew and L. Hanzo, “Space-time codes and concate-
nated channel codes for wireless communications”,Pro-
ceedings of the IEEE, Vol. 90, No. 2, pp. 187-219, February
2002.

[9] Z. Liu, G. B. Giannakis, B. Muquet and S. Zhou, “Space-
time coding for broadband wireless communications”,Wire-
less Communications and Mobile Computing, Vol. 1, No. 1,
pp. 35-54, January-March 2001.

[10] V. Tarokh, A. Naguib, N. Seshadri and A. R. Calderbank,
“Space-time codes for high data rate wireless communica-
tion: performance criteria in the presence of channel estima-
tion errors, mobility, and multiple paths”,IEEE Transactions
on Communications, Vol. 47, No. 2, pp. 199-207, February
1999.

[11] V. Tarokh, H. Jafarkhani and A. R. Calderbank, “Space-time
block coding for wireless communications: theory of gener-
alized orthogonal designs”,IEEE Transactions on Informa-
tion Theory, Vol. 45, No. 4, pp. 1456-1467, July 1999.

[12] Y. Xin, Z. Wang and G. B. Giannakis, “Space-time diversity
systems based on constellation precoding”,IEEE Transac-
tions on Wireless Communications, Vol. 2, No. 2, pp. 294-
309, March 2003.

- 0276 -


