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ABSTRACT determined. In both cases, simple closed-form solutions are ob-
In this paper, we present a simple signal design and transmissiorfained. In practice, when only finite received data are available,
technique to uniquely and blindly identify Alamouti space-time We propose to use the semi-definite relaxation (SDR) algorithm to
coded channels under both noise-free and complex Gaussian noisgpproximate ML detection so that the joint estimation of the chan-
environments in whickpth-order andjth-order statisticsy(andg nel and symbols can be efficiently implemented.
are co-prime) of the received signals are available. A closed-form Let us first examine the Alamouti space-time coded channel: Con-
solution to determine the channel coefficients is obtained by ex- sider a wireless communication system with two transmitter anten-
ploiting specific properties of the Alamouti space-time code and nas and a single receiver antenna in a flat-fading environment. For
the linear Diophantine equation theory. When only finite received the Alamouti space-time coding scheme, each set of two trans-
data are given, we propose using the semi-definite relaxation algo-mitted symbols spans over two consecutive time slots which is
rithm to approximate maximum likelihood (ML) detection so that designated drame Thus, at theith frame, during the first time
the joint estimation of the channel and symbols can be efficiently Slot, [sp:, sq:] are transmitted simultaneously from Antennas 1 and
implemented. Simulation results show that our signal design and 2, respectively. During the second time slot of thie frame, we
transmission method yields lower mean-square error in the estima{ransmit—s;, andsy,; respectively from Antennas 1 and 2. There-
tion of the channel when compared to other existing methods andfore, at the receiver antenna, the received signal in the two consec-
that the average symbol error rate approaches that of the coherenitive time slots of théth frame can be written as
detector which needs perfect channel information at the receiver.
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wheres,; ands,; are the two symbols chosen to be transmitted at
In recent development of wireless communications, multiple an- theth frame,h, andh, denote the respective channel coefficients
tennas and space-time block codes (STBCs) technologies [1-4}rom the transmitter Antenna 1 and 2 to the receiver antenna, and
have been employed to improve the spectral efficiency, while ¢,(1) and¢;(2) denote complex circular white Gaussian noises

maintaining satisfactory performance over fading channels. In par-with zero-mean and varianee in the two time slots. We assume
ticular, orthogonal STBCs [4, 5] have attracted much attention be- that|h, |2 + |ha|? # 0 andh., hs are constant withifl” time slots.

cause they can achieve maximum diversity and need only linear
processing for the coherent ML receiver. To decode OSTBC ef-
fectively, however, perfect channel state information (CSI) is re-
quired at the receiver which, in practice, is not easily attainable We now develop a novel signal design technique for the Alamouti
sinc%wirglte_ss cahan_neli u_sgally chabng:e constbar:tly.t_AIIthougl? Cr:]s'space-time coded channel so that the channel coefficients can be
can be obtained using training symbols, a substantial penalty has ; . . : -

o be paid for the loss in bandwidth efficiency [6,7]. This loss Sunlquely identified under noise-free and noisy conditions.

can be saved by using differential STBC (DSTBC) in flat fading .

channels [8, 9] which, unfortunately, involve an approximate loss 2-1. Noise-free case

of 3dB in performance compared to coherent detection. To arrive we now show that two distinct received signal vectors can de-
at a more satisfactory solution, blind channel estimation and de- tgrmine the channel coefficients and the transmitted symbols
coding algorithms were proposed for OSTBC [12-14]. However, yniguely in a noise-free environment. Using the Alamouti scheme
for the Alamouti space-time coded channel, there still exists the of transmission, for théth frame, we assign the symbals; and
ambiguity issue [12-14] for which the transmitted symbols may ; . in Eq. (1) such that,; € S, ands,; € S,, whereS, and

not be determined uniquely. . o S, are p-PSK andg-PSK constellations witp and ¢ being co-

In this paper, we propose a novel blind channel identification tech- yrime positive integers. Therefore, for two consecutive frames, say

nique for the Alamouti space-time coded channel by properly de- ; and; + 1. we will send out the Symbolspi, sqi }, {—5i, 55}
signing the transmitted signals. Using this new strategy we prove and{sp(i+1), onse

] ! > 1 1 Sq(i+1) }> {—8q(i+1) Spi+1)t fOr the four consecu-
that a) in the noise-free case, only two distinct pairs of symbols jye time slots. At the receiver, if there is no noise, we can solve
are needed taniquelydetermine the channel coefficients, and b) Eq. (1) for the four consecutive time slots in framiemdi + 1,

in the case for which complex Gaussian noise are added and for

which thepth-order andgth-order statistics on the received sig- [h;] 1 spi —Sqi||zi(1)]_1 S;(iJrl) —Sq(i+1) | [zi+1(1)

nals are available, the channel coefficients can also be uniquely zi(2) 2i+1(2)
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From this we can further obtain
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Then, taking conjugates, Eq. (2) can be rewritten as
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Substituting the definitions af andb into (4) results in
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Now, the key problem is whether the quadratic equations (5a) and
(5b) have a unique solution with respect to symbol variab)gs
andsgn, n =1, ¢ + 1, for the givena andb in (4). The following

theorem provides the answer:

Theorem 1 Let sy, sqi @andspi1), Sq(i+1) b€ symbols selected
to be transmitted in the time frame@sand ¢ + 1 respectively
such thats,, € S, andsq, € Sg, n = 4, i + 1, whereS,

and S, are p-PSK andg¢-PSK constellations wittp and ¢ be-

ing co-prime positive integers. Lef; = [z(1),2:(2)]” and
ziv1 = [zi41(1), zi41(2)]7 be two distinct received signal vec-
tors from the Alamouti space-time coded channel within the two
consecutive time frames (four time slots). keand b be given

by Egs. (4). Then, in noise-free case, there exists a unique pair of

positive integerg andk with0 </ <p—1land0 <k <pg—1

such that
~ exp (]@) . atew (32—“) (6)
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Furthermore, two pairs of the transmitted symbgls;, sq:] and
[Sp(i+1)s Sq(s+1)) €N be uniquely determined as follows:

2 k kpP(a)—1
o =ew (25 (G (1-r) 40 27— )) 2
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wherep(q) is the Euler function [17], andz] denotes the greatest
integer not exceeding. In addition, the channel coefficients
andh, can be further uniguely determined by
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We would like to make the following remarks on Theorem 1.

1. Theorem 1 not only tells us that the channel coefficients
can be uniquely identified by transmitting two distinct sym-
bol pairs from two co-prime constellations in the four time
slots, but also provides simple and close-form solutions to
both the channel coefficients and transmitted symbols.

In the noise-free case, two different received signal vectors
are the smallest number of data requirement for the unique
identification of the Alamouti space-time coded channel

and symbols. In other words, from (1), one received sig-

nal vector will not enable us to determine the transmitted

symbols[sp;, s4:] Or the channel coefficients; andh..

In [12—14], it has been shown that if the transmitted sym-
bols are chosen from the same constellation for transmis-
sion through the Alamouti space-time coded channel, then,
information symbols and channel coefficients cannot be
uniquely determined no matter how many data sets are sent.

2.2. Complex Gaussian noise case

Let us now consider the Alamouti space-time coded channel model
with white complex Gaussian noises. We assume that at any time
frames, the two symbolss,; andsg; sent over the two transmit-

ter antennas are independent and are equally likely chosen respec-
tively from the p-PSK andg-PSK constellationsp and ¢ being
co-prime positive integers. In this case, the received signal vector

can be expressed as
20 L ]+

Now we formally state our second main result without proof.
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Theorem 2 Let two positive integers and g be co-prime. Then,
we have

{

whereE[-] denotes the expectation operator. From this, the chan-
nel coefficientd; andhz can be uniquely determined by

hy = B[z (1)]
hi = (=1)"E[{(2)]

By = E[2(2)

]
hg = E[2(1)] (10)

hy = B[P (D]['7e/ ) he = [E[2F (2)]]"/7e’% 11
with
9, — arg(E[zF(1)]) + 2mim _ arg((—1)E[z}(2)]) 4+ 2mam
p q
6, — arg(E[27(2)]) + 2nem _ arg(E[z] (1)]) + 2mam
p q

Here,0 < mi,m2 < gand0 < ni,n2 < p. arg(-) denotes
the phase angle in an intervél < arg(-) < 2w. Integersma,
mg andnq, ne can be uniquely obtained by solving the following
Diophantine equation using the Euclid algorithm,

arg((—1)E[z{(2)])p — arg(E[z] (1)])q
2
(D])p — arg(E[2](2)])q
2

= niq —mip

arg(B[#{

= N2gq — M2p

with0 < mq,m2 < gand0 < nq,n2 < p.



Theorem 2 shows that even in complex Gaussian noise case, our
signal design approach is also able to provide a unique closed- -
form solution to the channel coefficients if thth- andgth-order

statistics of the received signals are available. However, in prac-
tice, the channel coefficients of a wireless communication system

will change randomly from the one observation period to the next.
Thus, only a limited number of samples will be available during
one observation period. Under such conditions, it is well known
that the optimal solution is the joint estimation of the channel and
signals based on maximum likelihood (ML) detection. Unfortu-
nately, in general, this is@ondeterministic polynomial-tim@P)
hard problem, i.e., the globally optimal solution cannot be found
in polynomial-time complexity. In the next section, taking advan-
tage of the orthogonality of the Alamouti space-time code, we will
exploit the semi-definite relaxation (SDR) method [10, 11] to ef-
ficiently approximate the ML decoder for our designed constella-
tion.

2.3. Semi-definite relaxed maximum likelihood decoding

In this section, we will use ML detection to jointly estimate the
channel coefficients and signals. Suppose we have recaitiate
frames in which we receive signal vector{z;}, ¢ = 1,2,--- , L
during2L observable time slots whese = [z;(1) 2(2)]”. Let

Xiz{j;’i. zﬂ i=1,---,L (12)
qt p

Then, the received signal can be represented in a compact form asI'J _ 21 (1),

z=Xh+¢ (13)

wherez = (27,22 ,...,27|7, X = [XT, X7, . XT]",h =
[h1,ho]" and¢ = €7, €7, -+, €7])T with €] = [&:(1) &(2)]".
Then, our problem can be formulated as

{X,h} = arg I)I(ll{.l ||z — Xh||? (14)

Differentiating the object function w.r.h, and using the orthogo-
nality of Alamouti code, we have:

h=(X"X)"'X"z = L xH, (15)
2L
Substituting (15) into (14) yields
1 . H 1 u H
{X} = arglr%én{z Z— 572 XX"z}. (16)

Since the termx” z is constant, the above optimization problem is
equivalent to

{X} = arg max (X" z)"(X"z). a7

Note thatX "z = S°5 | Xz, with
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Hence X z can be represented as

Xz = {’ 25:1 zi(2)sqi + XiiL:l 21(1)321} )
Doy Zi(2)spi + 0L, 2i(1) sy
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Figure 1: Channel MSE vs. SNR and the block length. The ran-
domization number of the SDR-ML is set to be 40.

It can be verified that problem (17) can be reformulated as a
homogenous quadratic problem

max s7UUFs§ (19a)
st s =1, for i=1,.---,2L. (19b)
where
* * * T
zp(1), —=21(2), -+ —21(2)
z1(2), z0(2), =a(1), oo oz(1) | 7

andg/r = [8;17"' 75;L73q17"' 78(1L]' SincegHQg =

Trace(s5" Q), problem (19) can be further reduced to
Seg%%iu tr(SQ) (20a)
st. S=3s3" (20b)
Si=1,i=1,---,2L (ZOC)

whereQ = UUY, andQ = Q” ¢ C*/*%L, Relaxing this
rank-1 constraint (20b) , problem (20) can be reformulated to

seg%%)i% tr(SQ) (21a)
st S»o0 (21b)
Si=1, i=1,--- 2L (21C)

whereS > 0 means tha$ is symmetric and positive semi-definite
(PSD). Thus, this complex-valued SDR problem can be efficiently
solved using the interior-point method [15]. Once the solution of
the SDR problem (21) has been obtained, we use the Goemans-
Williamson randomization technique [10, 11, 16] to obtain the ap-
proximate solution of the original problem (19).

3. SIMULATIONS

We now carry out two simulations whege= 4 andq = 3, i.e.,
QPSK and TPSK constellation. The first simulation compares the
mean square error performance of channel estimation using our
proposed signal design method with that of the method transmit-
ting symbols from only one constellation. The results are shown in
Fig. 1. We see that the method transmitting only one constellation
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