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Abstract— Cooperative diversity is a rapidly emerging topic for
wireless communications, with ad hoc and hybrid/relay networks
as two main applications so far. In this paper, we investigate
the cooperative diversity concept for MIMO multicell networks,
where the processing must be optimized to account for the vari-
ability of the channel conditions across the cooperative devices.
This can be done via distributed precoding and is realistically
based on channel statistics (average gains, correlations, etc.). We
give a new approach to the previously coined equal diversity
spread principle, through minimization of an approximated
SER expression. Next, we focus on a low-complexity approach
to minimizing a PEP-based performance measure. Gains are
evaluated in a multicell scenario with collaborating base stations.

Index Terms— Cooperative systems, diversity methods, mini-
mum symbol error rate (SER), orthogonal space-time block code
(OSTBC), precoder.

I. INTRODUCTION

ULTIPLE-Input Multiple-Output (MIMO) signal

processing promises substantial increase in wireless
network capacity, through the well-defined multiplexing
and diversity gains [1]-[3]. One way to provide spatial
diversity at both ends of the communication link, is the use
of Orthogonal Space-Time Block Codes (OSTBC) [4], and
a large body of work has been dedicated to precoding and
power allocation for point-to-point MIMO communication
systems, see e.g. [5]-[7].

MIMO systems yield their best for uncorrelated channel
matrix elements, so recent interest focuses on network scenar-
ios providing additional and independent sources of diversity.
These typically include setups where the multiple antenna
elements are distributed over the network, instead of being
localized on a single device. Prominent examples are (i)
the multiuser multicell MIMO setup, where one or more
access points address the data needs of multiple user terminals
simultaneously and in a joint fashion [8]-[10], and by (ii) the
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cooperative diversity setup, where multiple devices collaborate
to combat the detrimental effects of fading [11].

In many cooperative scenarios, single-antenna user termi-
nals function as relays, to help a source terminal reach a target
destination [12]-[17]. Thus, the relaying phase serves as a
trick to broadcast the coded symbols over the spatially scat-
tered transmitters, which then perform distributed processing
towards a common destination. Cooperative diversity schemes
notably include the use of Space-Time Block Codes (STBC),
and the spatial elements of the codewords are distributed over
the antennas of the collaborating devices [13], [17]-[20].

In this paper, we focus on the cooperative processing aspect,
using a distributed OSTBC, ignoring issues associated with the
relay protocol. A relevant example is the downlink cooperative
diversity in a multicell network, where inter-connected base
stations (BS) collaborate to serve one mobile user (MU), and
all participants may be equipped with multiple antennas. Each
BS owns a copy of the codeword intended to the MU. The
results apply to terminal-based relay networks as well. Given
the large-scale separation of the transmitters, the channel
conditions from each BS to the common MU may be different,
unlike the scenario of point-to-point MIMO.

The cooperative diversity scheme should be optimized with
respect to the channel conditions. We tackle this challenge via
distributed precoding, which we optimize based on channel
statistics, rather than on the more overhead-incurring instan-
taneous channel knowledge. We investigate low complexity
approximated algorithms for optimization of the precoder,
with the following main contributions: 1) We generalize the
equal diversity spread principle, first presented in [21], to
multiple transmit antennas, and provide a justification behind
it in the form of a Gaussian approximation that simplifies
the exact Symbol-Error-Rate (SER) expression. 2) We present
an optimization problem and an iterative solution based on
minimizing the Pairwise Error-Probability (PEP). We evaluate
our solutions numerically for a multicell network, where
several BSs cooperate to serve a single MU.

This paper is organized as follows: Section II describes
the system model, and Section III presents the minimum
SER precoding problem. Section IV gives some approaches
to reduced complexity precoder optimization. We present our
simulation results in Section V, and conclude in Section VI.

II. SIGNAL AND CHANNEL MODEL

We consider L spatially distributed base stations, with
M, antennas each, engaged in cooperative downlink com-
munication towards one mobile unit, with M, antennas. The
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distributed MIMO-system has a total of M, =
transmit and M, receive antennas.

The transmit correlation is assumed negligible, thanks to
generous transmit antenna and inter-cell spacing. Terminal
antennas will be correlated, however. The degree of receive
correlation, as well as the path loss and slow fading co-
efficients, are assumed to depend on which BS the signal
originates from. The average channel gains can be equalized,
using slow power control. We consider both equal and unequal
average signal-to-noise ratio (SNR). The BSs are assumed
synchronized upon transmission, via fast links to a central
unit. The channel is flat fading, but results are expected to
carry over to an OFDM setting.

The L BSs collectively transmit a vector of independent
symbols & = [x¢,1,...,2x_1]7, obtained from MK bits,
using M-ary, linear and memoryless modulation. Among the
possible cooperation schemes, we choose the cooperative
diversity setup, applying an OSTBC to the vector x, yielding
the B x N matrix C(x). To compensate for the effect of
uneven path loss, we apply linear precoding, given by the
M, x B matrix F', before launching the codeword. The M, x N
receive matrix at the MU builds as Y = H FC(z) + V,
where the M, x N-sized matrix V is the additive, white noise,
vij ~ CN(0,02). After reception, Maximum Likelihood (ML)
decoding, and demodulation is performed. A model of the
chain is shown in Fig. 1.

The overall M, x M;-sized MIMO channel is H = H_P,
where H. = [he, he, -+ he,, ]| represents correlation
and fast fading, while P = diag([\/po, \/p1, =" ; \/PM,—1))
gives the path loss. If antennas ¢ and k are located on the same
BS, then p; = pi. Further decomposition gives vec(H ) =
R'?vec(H ), where R is the global correlation matrix
and H, € CM~*M: contains the fast fading coefficients,
(Hy)ij = hw,, ~ CN(0,1). The vec-operator stacks the
columns of a matrix into a vector, from left to right.

R = E[vec(H,) vec? (H,.)]

L-1
=0 My,

R,, O, % M, Ons, x M,
O, x 0, R, On1, x M, (1)
Onr,.x v, Oarx o, R, .

R; = Elh,, hg ] is the correlation of the i-th transmit path.
We have H = [R}nfhwo er,l/zhwl er’]/vi,lthtfl] P,
where Ry, = [, s Py, s - hwiMril]T represents the fast
fading channel from the i¢-th transmit antenna to the corre-
lated receiver array. Note that the different transmit antennas
experience different correlation matrices upon reception. The
reason is that the signals from different base stations may see a
very different angular spread at the terminal. Interestingly, this
leads to a practical instance of the non-Kronecker correlation
structure, evoked recently in [22].

The precoder F' is optimized by the transmitters, with
access only to long-term statistical channel state information,
given by the path loss and correlation matrices, P and R. The
receiver is assumed to know H perfectly. This is consistent
with a practical multicell signaling overhead.

We let B = M; and have that, for all }%eneralized complex
orthogonal designs, C(x)C* (x) = a Zk:_olmk\QIMw where
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Iy, is the M;-sized identity matrix and a depends on the
chosen orthogonal design [4]. Now, define the scalar o =
| H F||%, where || - || is the Frobenius norm. Using general
results from [21], for our special case, we know that this
OSTBC system with precoder F' and channel correlation
matrix R has an equivalent Single-Input Single-Output (SISO)
formulation, where all input symbols x; experience the same
channel gain v/a and independent noise v, ~ CA(0,02/a),

giving the output y;g = axg + v;f, ke{0,1,..., K —1}.

III. MINIMUM SER PRECODING FOR COOPERATIVE
DIVERSITY

From the above SISO formulation, the instantaneous re-
ceived SNR + is expressed as

v £ (acZa) /o) =ba =6|HF|;, 6= (aoc2)/os. (2)

When all the symbols go through the same channel, the
average SER of the system is [21]

SER £ Pr{Error} :/ Pr{Error|y}p (y)dy :/ SER,p, (v)dy,
0 0

3)
where p.,(7y) is the probability density function (pdf) of SNR
«, while SER,, is the symbol error probability for a given
and bit-to-symbol mapping (e.g. M-PSK).

We want to find F such that the exact SER is minimized,
under a sum power constraint on the transmit block Z =
FC/(x). Such a constraint makes engineering sense when we
assume many symmetrically distributed and mobile users. This
is equivalent to an optimized power distribution across the cell,
where each user is allocated the same multicell total power.

With the total power available P, the pooled power con-
straint across all M, antennas is a K o2 Tr{FF®} = P. The
problem of minimizing the SER can then be expressed as:

Problem 1:

min SER. 4
{FeCMtxMt|aK o2 Te{ FFH}=P}

The transmitting antennas are assumed to be uncorrelated
(unlike the receive antennas), and by applying Theorem 1
of [21], we show that the minimum SER precoder F' is limited
to the family of diagonal precoders, with real and non-negative
diagonal elements. Note that the authors of that paper did not
consider different path loss specifically, but we observe that
by building scaled correlation matrices R, = piR,,, their
theorem can be made to hold here as well.

The problem of optimal precoding for cooperative diversity
is thus reduced to an optimal power allocation (PA) over M;
transmit antennas, and implementing this precoder is fully
compatible with distributed processing in each cell (rather than
multicell joint processing). For the PA optimization, we begin
with the SER expression, and then resort to a simpler criterion.

Ti

A. Optimal SER Precoder

It is well-known that a simple, closed-form expression of the
exact SER in (3) is not obtainable. Also, minimization of the
SER with respect to the power values f7 is difficult, as direct
differentiation gives expressions of an order proportional to the
number of antennas M;M,.. This makes finding the optimal
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Fig. 1. Block model of a linearly precoded MIMO-system.
PA complicated, but the task is feasible with the iterative Theorem 1: Each power weight f;, i € S, is found as
algorithm of [21].
In general, the optimal PA depends on the receive correla- fi = B where 3 = 1 (6)
. . @ M. =12 M;—1 1
tion conditions, the path loss p; and the average SNR. As a >ito A it ST
special case, if the SNR-related coefficient § = ac? /o2 — oo, =0 T
with non-zero path-loss and eigenvalues of R;, then we can _ M1 ]\/Ir_l 2 2
zero p g i Proof: We define g = >,77 570 (f7 Mt) +

show, using the argumentation of [23], that the optimal PA will
approach the even distribution f? = 1/M;. We now approach
the optimization via a different optimality criterion.

IV. REDUCED COMPLEXITY APPROACHES TO PRECODER
OPTIMIZATION

A. Closed-Form Precoder for Equal Average SNR

Now, assume that slow power control is activated at the
BSs, so the path loss coefficients are equal, while the cor-
relation matrices remain possibly different. We generalize
the equal diversity spread principle, introduced in [21], to
the case of M; > 2 transmit antennas, and formulate a
closed-form precoder. For efficient notation, define the set
S§={0,1,..., M;—1}.

1) The Equal Diversity Spread Principle: Given F' diago-
nal and normalize as P/(aKo2)=1, we have Tt{FF"} =
ZMt ! f? = 1. The receive correlation matrices R,, of
(1), have eigen-decomposition R,, = VnAnVH The in-
stantaneous SNR writes as 7y (SZMt_l pif?|he,|I? =
LD D D ffxijm;vij 2  is the j-th el-

ement of h;ui Vg hy,, and );; is the j-th eigenvalue
of R,,. The matrices V,, are unitary, so the elements of
h;}i follow the same distribution as those of h,,,. Thus,
the instantaneous SNR of (2) is a random variable on the
form v = leigl a;|Z;|?, with deterministic a; and random
Z; ~CN(0,1).

Equal path loss coefficients, p;, = 1, ¢ € S, yields the
SNR-expression 7y ZMt L (Zﬁﬂ;l Aij B, 12
simplified sum of M;M, uncorrelated, weighted, dliversity
branches. In accordance with the proposed equal diversity
spread principle [21], we attempt to spread the energy evenly
across all these branches, making the weights as equal as
possible under a sum power constraint. We use Tr{R,,} =
M,, i € S, and find that the arithmetic mean of the weights
is m = 1/(M,My) Y00 S0 2N = g

We propose that the weights be decided according to the
following minimum variance problem:

, where hw

Problem 2:
M¢—1 M, —1
5 \2
2y
min (l ) . (5
{fl>0 eS| oMt e 1} jgo Y Mt

The simple, closed-form solution is stated in Theorem 1.

8 (ZMt_l 2 - 1) using a Lagranglan multlpher A with

constraint » ;"% ff = 1. Differentiation wrt the transmit

M, 71
powers f? yields 5‘3% =300 2(fAN; - Mt))\lj +4 =
-1 5M, _ _oM, _ B
2fzz A7~ 2Mt + 3 =0. Using 8= A — 2, yields
fi= ZM%U\Q i €S, where 3 = —g————— comes
g=0 i 2i=o ST
from the sum power constraint. ’ ]

In words, the power is distributed so that a transmit antenna
i, for which the receive correlation is negligible, will be
allocated more power than an antenna j that sees a higher level
of correlation at the receiver. In the first case, the correlation
matrix R,, is close to identity, s.t. Z My 71 )\2 ~ M., while
in the second case R, has more dlfferent elgenvalues so the
sum of their squares increases compared to the uncorrelated
case. Antennas that see similar receive correlation conditions
will have the same amount of power allocated for transmission.

From Theorem 1, note that the PA after the equal diversity
spread principle is SNR independent, unlike the exact SER
(3). It turns out this is a good criterion for low to moderate
values of SNR and shows sub-optimality at high SNR.

2) A Gaussian Approximation: Next, we pursue another
approach, not presented in [21], which also yields the above
presented idea of equal diversity spread. As v is a sum of
MM, equally weighted, independent random variables, the
central limit theorem and the known positivity of v motivates
approximating its distribution by a truncated Gaussian. For

C

v > 0, we define the pdf
e , /
o4V 2m c (TAY
(N

The correction factor C ensures fooo py(7)dy = 1L
With M-PSK mapping, the SER, of (3) is SER,

(M — l)7r _

g
1 fo e Sin%%)’ydﬁ [21]. Using the approximated pdf,
ylelds the SER

(v *mw)Q
20‘2

(’Y m'y)
20‘2

d’y/

py(7)=

1 _(’v*m»y)z
” (- mw
/ / PO drydf .
0771'\/27'1'

We substitute s = —gpsg/ sin2(9) in (8), and use the correc-
tion factor C, to approximate the Gaussian mgf ¢ (s) [24],
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despite the truncation. From this, we rewrite the SER

1 1
SER ~ —/ exp(mys—l- Sos )d9 9)
0

s

Now, we propose to minimize the integrand of (9), for any

value of 6. Then the problem reduces to finding the minimum
of (m,y + oy ) The mean and variance of v are derived in
a stralghtforward manner, and given as m., = 0M, and 0'
§2 Mt (f2y2 ZMr ! A7, respectively. Thus, the problem
of mrmmlzmg the SER is further reduced to minimizing the
variance 07, and the solution is found using the same approach
as for Theorem 1, giving f;, i € S, as

B

fi: M —1 where (10)
Zj:ro )\22]
M;—1 1
D N R T
=0 > i=0 =T T

That this closed form precoder is identical to the one ob-
tained from the equal diversity spread principle, is interesting
and gives some insights into the justification of the use of this
principle, beyond the simple intuition.

B. Precoder for Unequal Average SNR

In the most general case, the different transmit antennas
may see a different average path loss. If the path losses are
substantially different and slow power control is not activated,
the Gaussian approximation above loses credibility. Here, we
propose to optimize a version of the PEP-based metric of [25],
modified to accommodate the different path losses p;, ¢ € S.

2

ad?.
d t(I min
et| Larnm,+ 102

max
{FG(CNIt ><B}

(11
for Tr{FF"} 1, where d2. is the minimum inter-
symbol distance for the modulation scheme, while Rp =
diag([polixns, s, p1lixas, pm,—111xa1,]) R contains
correlation and path loss. With uncorrelated transmitters, it
still holds that the optimal F' can be chosen as diagonal,
real and non-negative, and we may, as in [25], s1mp11fy the

optimization. Takrng the logarithm, and using Z f 2 =1,
and k = ad?, /(402), yields the equivalent problem
My—1M,—1
log(1+ kpifPNi,) -
{F=diag([fo fMt 1)), fieRy} Z ]ZO g pifi) ])
12)

Interestingly, the maximization of the above sum of loga-
rithms resembles the well-known capacity maximization prob-
lem, for which the solution is the classical water-filling.
Unfortunately, because each power variable f? appears in M,
terms of the sum, it is a totally different problem, except in
special cases. Note that the function ZM’_l ZMT_l log(1+
kpifZX;,) in (12) is concave, and the partial double derivative
0?/(0f%)2, k € S is always negative or zero.

3 [(F*FT)®IMT]RP%) ,

IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS, VOL. 6, NO. 12, DECEMBER 2007

1) Solution for Uncorrelated Case: As a special case, we
assume that both sides of the channel are uncorrelated, so that
R,, = I, Vi, and the problem in (12) simplifies to

M1 M1
2
{Fedjag(lﬂgic)lvltxl}M ; log 1+kpz Zf =1.(3)

We recognize this problem as one for which the solution is
the classical water-filling, finding f;, ¢ € S, such that

f?=(u—k;)+> ()4 = max(,

Mi—1

Z ff=1.04)

This special setting of unequal average SNR and no cor-
relation, can be seen as an equivalent to the optimization
problem presented in [26]. There, the authors assume transmit
correlation, no receive correlation and equal average SNR.
These two scenarios may be compared by substituting the
transmit correlation matrix R /T in [26] with our diagonal
path loss matrix P, a 51mp11ﬁcat10n Following the steps in
[26] then leads to the same water-filling solution as in (14),
thus the two approaches correspond.

2) Modified Water-filling Solution for Correlated Case:
We return to the most general case where each transmitter
experiences a different path loss and receive correlation. To
find a solution to the optimization in (12), we introduce a
Lagrange multiplier z, with power constraint Tr{ FF*} = 1,
and differentiate with respect to f?. This yields M; equations
on the form

M,—1

D

=0

kpi>\‘

2]

—_— for i €S.
1+ k;piff)\ij or ¢ €

+up=0, (15)
For each equation, we optimize with respect to the first
term in the sum, fixing the other M, —1 terms in a constant

M1 kpidig
Ci = Zj:l 1+kp'if—i2/\ij .
ordered, so A\;, > \; i Vj # 0. Now, (15) can be rewritten as
kpiXig

1+ kpzf2>\w

The eigenvalues are assumed to be

—(u+c¢), forieS. (16)

We impose the power constraint ZMt ! I? 1, and
attempt to find p. This approach means solving an equation

of degree My, so, if a closed-form solution is desired, it holds
for M; < 4.

M;—1 M;—1

1 1
; (s ; ('U’+C7;+kp’i>\’io):1.

Oof J&he 1possrble values for p, we use the one that minimizes
St | f2], and update the powers f? = uicl kpllAl for
(RS S This procedure is repeated until convergence is reached
although no formal proof for the conditions of convergence are
available yet.

3) Modified Fixed-Point Iteration: Depending on the path
loss, the SNR and receive correlation conditions, the above
fixed-point iteration might not converge.

Assume the whole procedure of iteration k + 1 can be
expressed by the iteration function ¢((f?)®* ), so that the
relation between two consecutive power values (f?)*) and
(f5)+D) s expressed as (f2)FH) = o((f)W), i €

A7)
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Algorithm 1: Modified water-filling for My = 2

B =1, F3 =3, k=0
while not converged do
M1 Regy, ;
cj =220 W? je{0,1}
A—l—i—ZJ 0 Fpy Ay )\ , B=(co+c1)A+2,
C =coc1A+ o —‘,—Cl
= TEEVEEAAC, e (1,2)
2 _ 2 2 ;
],l_ﬁ(,ul+cj+kp)\ _F(k))—"_F](k)? 36{071}
‘foz|+|f1z‘ le{l 2}
FO =[F3 fO il such that S; = min(S1, S2)
it [FZ(k+1) k)\ < e then convergence is reached
else [+ = (’3 E=k+1
end while

S. From the theory on fixed-point iterations [27], non-
convergence may appear in cases where the derivative of the
iteration function ¢((f2)*) is such that |6 ((f2)®)| > 1.
To avoid this, we slow down the change by solving an
equivalent fixed-point problem: (f7)F+1) = gF) ¢ ((£2)*)) 4
(1— 8% (), 0 < B*) < 1. When convergence occurs,
we have ¢((f2)9) = (f2)¥), so that (f2)4+D = (52)),
The special case of M; = 2 is detailed in Algorithm 1.

If we can estimate the derivative of the iteration function,
the coefficient 3 may be directly initialized to a value that
allows for convergence. Otherwise, we may set 3(°) =1 and
update it for each iteration that has not lead to convergence,
g+ = gk — AB, with AS > 0. This method is both
more complex and more realistic than the minimum variance
approach, taking into account the possibility of unequal path
loss.

V. SIMULATION AND RESULTS

We present simulation results for some selected scenarios,
including both equal and unequal average received SNR. All
cases result in highly non-Kronecker correlation situations
which prevent the use of previously published precoders for
point-to-point space-time codes. In the case of unequal average
SNR, we plot BER-results for the PEP-based modified water-
filling optimization of Section IV-B.3, and the precoding gain
is evaluated through comparison with equal PA and also with
the iterative approach to SER minimization of [21]. For the
case of equal average SNR, we also include the equal diversity
spread principle of Section IV-A.1.

Our chosen scenario has two single-antenna BSs, so M; =
My, + M;, = 2, that transmit cooperatively to one MU with
M, = 4 antennas. The Monte Carlo simulations are run
over 2000 channel realizations. All simulations use receive
correlation matrices R,, = 1p, and R,, = I,;, where
1y, is an M; x M;-sized matrix of all ones. The two cases
correspond to a fully correlated link seen by one BS and a fully
decorrelated one seen by the other BS, an extreme situation.

First, the equal average SNR case is simulated, for which
the results are shown in Fig. 2. Next, given two cases of un-
equal SNR values, [pg, p1] = [1,0.75] and [po, p1] = [0.75, 1],
we obtain what is shown in Fig. 3 and Fig. 4. The results show
that the iterative PEP-minimizing algorithm gives the same
performance as the proposed, low-complexity, equal diversity-
based algorithm, for the equal SNR case, which motivates the
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Fig. 2. Comparison of BER-performance versus SNR for My = 2, M, =4,
in the case where R, = 1,7, and R, = I, and for equal average SNR,
[po, p1] = [1, 1]. The power allocations based on the Gaussian approximation
of v and the PEP-measure have almost equal BER-results, outperforming the
equal power allocation by close to 1 dB at BER 103.

use of the latter. In all cases, the methods presented loose only
negligible performance to the SER optimal solution of [21].

For the case of unequal average SNR, we observe that the
best BER results are obtained for the path loss [pg, p1] =
[0.75,1], in Fig. 4. This is natural, as the second BS is the
one that “sees” an uncorrelated receiver, which enables it to
make the best use of the power.

VI. CONCLUSIONS

We address the problem of distributed space-time coding
for the cooperative downlink cellular network. The channel
correlation structure is highly non-Kronecker because of the
likely variations in local correlation properties from one co-
operating device (e.g. BS) to the next. We compensate for this
by using a distributed PA scheme.

Approaches to low-complexity precoder optimization are
presented, including a closed-form precoder based on the equal
diversity spread principle and iterative solutions based on mod-
ified water-filling. The maximum diversity principle is shown
to be theoretically equivalent to a Gaussian assumption on the
SNR obtained after combining all the diversity antennas.
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Equal power allocation, uneq. avg. SNR, [p0 s p1] =[1,0.75]
PEP-based, modified water—filling, uneq. avg. SNR, [pO s p1] =[1,0.75]

Exact SER, from [21], uneq. avg. SNR, [p0 s p1] =[1,0.75]

Fig. 3. Comparison of BER-performance versus SNR for My = 2, M, = 4,
in the case where R, = 1), and R, = I, and for non-equal average
SNR, realized by setting the path losses as [po, p1] = [1,0.75]. The power
allocation based on the PEP-measure outperforms the equal power allocation
by close to 1 dB at BER 10~3.
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