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ABSTRACT

In this paper, we introduce the novel idea of linear spatial precod-
ing based on fixed and known parameters ofMIMO channels to im-
prove the performance of differential space-time coding schemes.
Antenna spacing and antenna placements (geometry) are consid-
ered as fixed parameters of MIMO channels, which are known at
the transmitter. This new linear spatial precoding scheme exploits
the antenna placement information at both ends of the MIMO chan-
nel to ameliorate the effect of non-ideal antenna placement on the
performance of differential space-time coded systems. With this
design, the precoder is fixed for fixed antenna placement and the
transmitter does not require any feedback of channel state informa-
tion (partial or full) from the receiver. A second precoding scheme
is proposed by exploiting the non-isotropic scattering distribution
parameters of the scattering channel. Unlike in the first scheme, the
second scheme requires the receiver to estimate the non-isotropic
distribution parameters and feed them back to the transmitter. Sim-
ulation results show that first scheme provides significant perfor-
mance improvements at low SNRs and the second scheme provides
significant performance improvements both at low and high SNRs.

1. INTRODUCTION

Multiple-input multiple-output (MIMO) communication systems us-
ing multi-antenna arrays simultaneously during transmission and
reception have generated significant interest in recent years. Under
the assumption that the fading channel coefficients between differ-
ent antenna elements are statistically independent and fully known
at the receiver (coherent detection), theoretical work of [1] and [2]
revealed that the channel capacity of multiple-antenna array com-
munication systems scales linearly with the smaller of the number
of transmit and receive antennas. Motivated by these works, [3-
5] have proposed several modulation and coding schemes, namely
space-time trellis codes and space-time block codes, to exploit the
potential increase in capacity and diversity gains using multi an-
tenna arrays with coherent detection.

The effectiveness of these space-time coding schemes mainly
relies on the accuracy of the channel estimation at the receiver.
Therefore, differential space-time coding (DSTC) schemes proposed
in [6-8] make an attractive alternative to combat inaccuracy of chan-
nel estimation in space-time coding schemes with coherent detec-
tion at the receiver. With DSTC schemes, channel state information
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is not required at either end of the channel. However, it is well
known that DSTC schemes suffer a 3dB performance loss com-
pared to space-time coding schemes with coherent detection at the
receiver.

In this paper, by exploiting the spatial dimension of a MIMO
channel we propose a linear spatial precoding scheme to improve
the performance of differential space-time coded systems. Related
work which addresses, in a different way, the issue of exploiting
the statistical information of the MIMO channels can be found in
[9, 10]. In our work, the precoder is derived based on fixed and
known parameters of MIMO channels, namely the antenna spacing
and antenna placement which are readily known at the transmit-
ter. Therefore, with this design, the precoder is fixed for fixed an-
tenna placement and the transmitter does not require any feedback
of channel state information (partial or full) from the receiver. Fur-
thermore, this spatial precoding scheme reduces the effect of non-
ideal antenna placement, which is a major contributor to the spatial
channel correlation, on the MIMO system performance. In addition,
since the precoder is designed based on fixed parameters, this pre-
coder can be used in stationary channels as well as non-stationary
channels.

A second precoding scheme is proposed which exploits the non-
isotropic scattering distribution parameters (angular spread and mean
angle of arrival/departure) of the scattering channel. Unlike in the
first scheme, the second scheme requires the receiver to estimate
the non-isotropic distribution parameters and feed them back to the
transmitter. We demonstrate the precoding gains achieved from pro-
posed precoding schemes by simulating the performance oftwo dif-
ferential space-time block codes proposed in the literature consid-
ering various spatial scenarios. Simulation results show that first
scheme (feed-back free) provides significant performance improve-
ments at low and moderate SNRs and the second scheme provides
significant performance improvements both at low and high SNRs.

Notations: Throughout the paper, the following notations will
be used: [.]T, [.]* and [.]t denote the transpose, complex conjugate
and conjugate transpose operations, respectively. The symbol x
denotes the Matrix Kronecker product. The notation E { } denotes
the mathematical expectation, IAI denotes the determinant of ma-
trix A, tr{A} denotes the trace of matrix A and vec{A} denotes
the vectorization operator which stacks the columns of A. The ma-
trix I,, is the n x n identity matrix.

2. SYSTEM MODEL

Consider a MIMO system consisting of nT transmit antennas and
nR receive antennas. At time instance k, the space time encoder at
the transmitter takes a set of modulated symbols C(k) = {cl (k),



C2 (k), , CKc(k) } and maps them onto an nT xT code word ma-
trix Sf(k) C V of the unitary space-time modulated constellation
matrices set V = {SI, S2,... , SL}, where T is the code length,
L qK and q is the size of the constellation from which ci(k),
i 1, ..., K are drawn. Similar to [7,8] we assume that T =

nT. By setting ci (k) = K/A, each code word matrix S3 in
V will satisfy the unitary property StS=J S5t = InT for
j 1, 2, L. The information matrix Sf(k) is differentially
encoded according to the rule

X(k) = X(k -1)S~(k), for k = 1, 2, (1)
with X (0) = InT. Then, each encoded X (k) is multiplied by a
nT x nT fixed linear precoder matrix F before transmitting out from
nT transmit antennas. Assuming quasi-static fading, the signals
received at nR receiver antennas during nT symbol periods can be
expressed in matrix form as

Y(k) = EHFX(k) + N(k),
where E is the average transmitted signal energy per symbol pe-
riod, N(k) is the nRxnT white Gaussian noise matrix in which
elements are zero-mean independent Gaussian distributed random
variables with variance o7'/2 per complex dimension and H is the
nR x nT channel matrix. The elements ofH are modeled as zero-
mean complex Gaussian random variables (Rayleigh fading). By
taking into account physical aspects of scattering, the channel ma-
trix H can be decomposed into deterministic and random parts as
[1 1]

H = JRHSJT7 (2)

where Hs represents the random non-isotropic scattering environ-
ment surrounding the receiver and the transmitter regions, while JR
and JT represent the antenna placement at the receiver and trans-
mitter antenna arrays, respectively. The reader is referred to [11]
for definitions of Hs, JR and JT.

Assuming the power distribution at the receiver is independent
of the power distribution at the transmitter, the correlation matrix of
the channel (2) can be written as [12]

where y(k) = (vec{Y(k)T})T, X(k) = R X (FX(k)), h =

(vec{HT})T, n(k) = (vec{N(k)T})T, Sf(k) = InpR S(k)
and w(k) = n(k)- n(k- 1)S(k). From (5), the transmitted
code word matrix can be detected differentially using the maximum
likelihood detection rule:

Sf(k) = arg max Re{y(k -)Sf(k)y(k)t}.
S,e(k) EV

(6)

3. PROBLEM SETUP

In [13] it was shown that the average pairwise error probability
(PEP) P(Si - Sj), defined as the probability that the receiver
erroneously decides in favor of Sj when Si was actually transmit-
ted, is upper bounded by

P(Si -- 5)S)
1 1
2 I + 1 -X(k -)tRX(k 1) + I) Di,

(7)
where -y = Eo, is the average signal-to-noise ratio, Di, =

InR ( ((Si- s) (Si-, ) t) is the code distance matrix and R is
the correlation matrix of the channel H defined as R = { ht h}
with h = (vec{HT})T.

In this paper, we mainly focus on the space-time modulated
constellations with the property

(8)

where 3i3j is a scalar. Space-time orthogonal designs in [5] and
some cyclic and dicyclic space-time modulated constellations in [7]
are some examples which satisfy property (8) above. Applying (8)
on (7) and then using the unitary property of X(k -1) and the de-
terminant identity I + ABI = II + BA , after straight forward
manipulations, we can simplify the PEP upper bound (7) to

P(Si -- S ) K ( )8 R(i,j) FFt

I + O(8+A7 )R(In,, X FFt)
(9)

(JTMT JT) (3)

where h = (vec{HT})T, MR and MT are modal1 correlation
matrices at the receiver and transmitter, respectively. Note that (3)
is mathematically identical to the so called Kronecker model. The
(f, f')-th element of MR and the (im, m')-th element of MT are

given by

/ ~ ~ ) / i(m m '!dpaf et = y ¢) (, >,/=y () f
where 'P(Q) and P(so) are the azimuth power distributions (APD)
at the receiver and the transmitter regions. Usually, APD is charac-
terized by the mean angle of arrival/departure and angular spread.
Note that we have "rich" scattering when MR = I and MT = I.

Assume that the scattering channel matrix Hs remains con-

stant during the reception of two consecutive received signal blocks
Y(k -1) and Y(k), which are expressed in vector (row) form as

y(k -1) = hX(k -1) + n(k -1) (4)

y(k) v=EhX(k) + n(k),
y(k -1)S(k) + w(k), (5)

The set of modes form a basis of functions for representing a multipath
wave field [1 1].

The linear precoder F is designed by minimizing the maximum
of all PEP upper bounds subject to the power constraint tr{FFt } =

nT. Since log(.) is a monotonically increasing function, the loga-
rithm of the PEP upper-bound (9) is used as the objective function.
The optimum linear precoder F is found by solving the optimiza-
tion problem

min -log I+ ly7 )R(In xFFt)
(8±/ 3i,j)

subject to tr{FFt} = nT-. (10)

4. OPTIMUM SPATIAL PRECODER DESIGNS

We now propose two schemes for the optimal precoder F by con-

sidering two scenarios for the channel correlation matrix R.

Scheme 1 - Fixedscheme: Assume the scattering environment sur-

rounding the transmitter and the receiver regions is "rich", i.e.,
MR = I and MT = I. In this case, the channel correlation
matriX2 R is given by,

R =(JRJ)

The Kronecker channel assumption can be relaxed in this case.

R = {hth} = (JRMRJR)

(Si Si) (Si SX = /3i,j I-T I V'7. il

i,itT



Since JR and JT are fixed and deterministic for given antenna
configurations, the precoder is fixed. Therefore, in this scheme,
the transmitter does not require any feedback information about
the channel to derive the optimum precoder F. This precoding
scheme exploits the antenna placement information at both ends of
the MIMO channel to compensatefor any detrimental effects ofnon-
ideal antenna placement on the performance of differential space
time coded systems.

Scheme 2 - Feedback scheme: This scheme exploits the non-isotropic
scattering distribution parameters ofthe scattering channel and the
antenna placement information. Unlike in the fixed scheme, this
scheme requires the receiver to estimate the non-isotropic distribu-
tion parameters andfeed them back to the transmitter

We now derive the precoder F for Scheme 2. The precoder
F for Scheme 1 can be easily derived from Scheme 2 by letting
MR = I and MT = I. Using the eigen-value decomposition we
can write

JTMTJiT UTATUt, AT =diag{ti,t2,*.tnT.
JRMRJR URARUt AR = diag{ri, r2, rfl },

where UR, UT are unitary and ti, rj are eigen-values ordered in a
decreasing order. Substitution of above decompositions in (3) and
then the result in (10) gives

min -log |I + (AR X AT)(InR X Q)

subjectto Q >- 0, tr{Q} = 13ij 7n (1 1)

where Q = (3j,j-/(8 + f3i,j))Ut FFt UT. To derive (13), we
use the matrix identity I + AB = II + BA and Kronecker
product identity (A x C)(B x D) = AB x CD. The linear
spatial precoder F is then given by

F -l/ 3j
UTQ2U , (12)

where Un is any unitary matrix. Note that Q is positive semi-
definite as FFt is Hermitian and UT is unitary. By applying
the Hadamard's inequality on I + (AR X AT) (I x Q) gives that
this determinant is maximized when (AR X AT)(I X Q) is diag-
onal [1]. Therefore Q must be diagonal as AT and AR are both
diagonal. Since (AR X AT)(I X Q) is a positive semi-definite di-
agonal matrix with non-negative entries on its diagonal, I + (AR X
AT) (I x Q) forms a positive definite matrix. As a result, the ob-
jective function of our optimization problem is convex [14, page
73]. Therefore the optimization problem (10) above is a convex
minimization problem because the objective function and inequal-
ity constraints are convex and equality constraint is affine.

Let Q = diag{ql, q2,*** , qn1T}. The optimization problem
(10) then reduces to finding qi > 0 that attains

nR nT

min -EE log(1 + tiqirj)
j=1 i=1

1T y/3nTisubject to q 0, 1q =(8 ±)

where 3 = mini,j {3i,j } over all possible codewords3, q

*** qnT ]1T and 1 denotes the vector of all ones.

(13)

[ql, q2,

3Setting = mini,A }ijI will minimize the error probability of the
dominant error event(s).

The optimization problem we have here is identical to the op-
timization problem derived in [15] for precoder design with coher-
ent detection, except a different scalar for the equality constraint.
For nR = 1, the optimal solution to (13) is given by the classi-
cal "water-filling" solution found in information theory [1]. For
nR > 1, the main problem in finding the optimal qi for given ti
and rj, j = 1, 2,... , nR is the case that, there are multiple terms
that involve qi on (13). Therefore we can view our optimization
problem (13) as a generalized water-filling problem. In [15], closed
form solution for the optimum qi is given for systems with up to
three receive antennas and a generalized method is presented for
more than three receive antennas. Following the results derived in
[15] here we present optimum qi for (13) for nR = 1, 2 and 3 re-
ceive antennas.

4.1. MISO Channel

The optimization problem involved in this case is similar to the
water-filling problem in information theory, which has the optimal
solution

I° t o hV < ti,
otherwise,

(14)

where the water-level 1/v is chosen to satisfy ZI1 max(O, 1/v
l /ti )= -/3nT /(8 + d3).

4.2. nT X 2 MIMO Channel

The optimum qi for this case is

qi =
A + VK, v < ti (rl + r2);
0, otherwise,

where v is chosen to satisfy
nT

Emax(O,A+VK)
i=l

(15)

'v3nT
(8±+ 3)'

with A = [2r1r2t2 -vti(ri + r2)] /2vr1r2t2 and

K v2 ti2 (rl _ r2) + 4r1r2 i

2vrlr2ti

4.3. nTx 3 MIMO Channel

For the case of nT transmit antennas and nR = 3 receive antennas,
the optimum qi is given by

X _a2 + Z v < tj(ri + r2 + r3);
qi =

0, otherwise,

where v is chosen to satisfy
nT

E max (0, -a2/3a3 + Z)
i=l

(16)

ay/3fnT
(8+ 3)'

with

Z= [2+ z/z][z2 z\I 3z2
22 33ala3- a2 9aia2a3- 27aoa3- 2a2

9a2 ' 54a3
33

a3 = vrlr2r3ti, a2 = vtif(rlr2 + rlr3 + r2r3) -3rlr2r3t ,
ai = vti(ri + r2 + r3)n 2t2(r1r2 + rlr3 + r2r3) and ao
v- t(rl + r2 + r3).



5. SIMULATION RESULTS

In practise, insufficient antenna spacing and non-isotropic scatter-
ing cause individual antennas in an antenna array to be correlated,
which leads to performance loss from space-time coded systems.
We now demonstrate the performance advantage achieved by us-
ing the spatial precoders proposed in the previous section. In our
simulations we use the rate-I space-time modulated constellations
(orthogonal space-time block codes) constructed in [5] from or-
thogonal designs for two and four transmit antennas. Normalized
QPSK alphabet {±1/ 2i/2X2} and normalized BPSK alphabet
{±I1/ 2} are used with two and four transmit antenna orthogonal
space-time block codes, respectively.

For simplicity, here we only consider the modal correlation
at the transmitter region and assume the effective communication
modes available at the receiver region are uncorrelated, i.e. MR =

I, for nR > 1. It was shown in [16] that all azimuth power distribu-
tion models give very similar correlation values for a given angular
spread, especially for small antenna separations. Therefore, without
loss of generality, here we restrict only to the uniform-limited az-
imuth power distribution. In this case, the (im, m')-th entry ofMT
is given by [12]

'Ym,m/ = sinc((m- m)A)ei(m m'!o

where A represents the non-isotropic parameter of the APD, which
is related to the standard deviation ofthe distribution (angular spread
c7t = 3/3) and oo is the mean angle of departure (AOD).

In our simulation, a realization of the underlying MIMO chan-
nel H is generated by

vec{H} = R1/2 vec{Hiid},

where R1/2 is the positive definite matrix square root of R and
Hiid is a nR x nT matrix which has zero-mean independent and
identically distributed complex Gaussian random entries with unit
variance.

Fig. 1 illustrates the bit error rate (BER) performance of the
DSTBC with two-transmit antennas and nR = 1, 2 receive anten-
nas for a uniform-limited APD with angular spread oJt = 15° about
the mean AOD oo = 0°. In both cases, two transmit antennas
are placed 0.1A distance apart, where A is the wave-length. When
nR = 2, the two receiver antennas are placed A apart, giving negli-
gible spatial correlation effects at the receiver due to antenna spac-
ing. From Fig. 1, it is observed that both precoding schemes provide
significant BER improvements at low SNRs. At high SNRs, the
BER performance of the fixed precoding scheme approaches that
of DSTBC without precoding. In contrast, the feedback scheme
provides significant BER improvements at high SNRs. However,
we expect the performance of the feedback scheme to converge to
that of DSTBC without precoding at higher SNRs. Reason for this
convergence will be discussed in Section 6.

BER performance results for 4-transmit uniform circular array
(UCA) and 4-transmit uniform linear array (ULA) antenna config-
urations4 are shown in Figures 2 and 3, respectively for a uniform-
limited APD with angular spread cit = 15° about the mean AOD
oo = 0°. For both antenna configurations, the minimum separa-

tion between two adjacent transmit antenna elements is set to 0.2A,
corresponding to aperture radii 0.142A and 0.3A for UCA and ULA
antenna configurations, respectively. As before, when nR = 2, the
two receiver antennas are placed A apart. For both transmit antenna

4This precoder can be applied to any arbitrary antenna configuration.
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configurations, simulation results show that the BER performance
of both precoding schemes is better than that of the non-precoded
system. For example, when nR = 2, it can be seen that at 10-3
BER, the performance ofthe fixed precoding scheme is about 1.5dB
better than that of the non-precoded system, for both transmit an-
tenna configurations. As before, we observed that the performance
of the fixed scheme converges to the performance of non-precoded
system at high SNRs. With the feedback scheme, we observe sig-
nificant BER improvements over all SNRs considered.

6. DISCUSSION

In the proposed schemes, the number of non-zero qi's determines
the diversity order of the differentially space-time coded system.
For instance, it is observed that at low SNRs, only one qi is non-
zero for systems with two transmit antennas considered in previ-
ous sections. In these cases, all the available power is assigned
to the highest eigen-mode of JTMTJt (or to the single domi-
nant eigen-channel of H) and as a result, systems are operating
in eigen-beamforming mode. With the four transmit antenna cases
considered previously, at low SNRs precoder assigns zero powers
to some ofthe eigen-channels of H, so the systems are operating in
between eigen-beamforming and full diversity modes. As the SNR
increases, more eigen-channels come into use and the diversity or-
der increases until full diversity order is achieved. Furthermore, in
the high SNR region, the performance of the precoded system is al-
most similar to the non-precoded DSTBC system. This is because
precoder equally distributes the available power among the transmit
antennas, yielding no performance difference compared with non-
precoded DSTBC system.

In the proposed fixed scheme, the linear spatial precoder is de-
rived based on fixed and known parameters ofMIMO channels such
as antenna spacing and antenna placement, which are known at
the transmitter. With this design, the precoder exploits the antenna
placement information at both ends of the MIMO channel to elimi-
nate the effects of non-ideal antenna placement on the performance
of differential space-time coded systems. Since this precoder is de-
signed based on fixed and known parameters ofthe MIMO channel,

10o
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Fig. 2 Precoder performance with nT 4 and nR 1 2 antennas

for a uniform-limited APD with angular spread u7t 15° and mean
AOD ioo = 0°: UCA transmit antenna configuration.

the precoder is fixed for fixed antenna placement and the transmit-
ter does not require any feedback of channel state information from
the receiver. In contrast, the feedback scheme requires the receiver
to estimate the non-isotropic scattering parameters and feed them
back to the receiver. Simulation results show that use of feedback
scheme helps to improve the performance of DSTBC systems at
high SNR region. In the low SNR region, the transmitter can em-

ploy the fixed scheme to obtain significant performance improve-
ment without knowing the scattering channel statistics at the trans-
mitter. Also, when nT > 2, the fixed scheme provides significant
performance improvements at moderate SNRs.
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