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Abstract

Cooperative diversity systems have been recently proposed as a solution to provide spatial
diversity for terminals where multiple antennas are not feasible to be implemented. As in MIMO
systems, space-time codes can be used to efficiently exploit the increase in capacity provided
in cooperative diversity systems. In this paper we propose a two-layer linear dispersion (LD)
code for cooperative diversity systems and derive a simulation-based optimization algorithm
to optimize the LD code and power allocation in terms of block error rate. The proposed
code design paradigm can obtain optimal codes under arbitrary fading statistics. Performance
comparisons are made to other cooperative diversity schemes. The effect that distances between
source, relays, and destination terminals have on the energy allocation between the broadcast

and cooperative intervals is also studied.
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1 Introduction

In recent years multiple-input multiple-output (MIMO) systems have been extensively studied
because of its promise of enormous capacity gain [1, 2]. Cooperative diversity has been proposed
for systems with multiple single-antenna devices as an attempt to realize the spatial diversity gain
similar to that of a MIMO system [3]. The mobile terminals share their antennas with other users
in the network to create a virtual antenna array and provide spatial diversity for transmission.
Fig. 1 shows a typical cooperative diversity system setup. The capacity of wireless relay channels
has been analyzed in [4] and relays have also been shown to extend the coverage area and system
performance. In [5, 6], it is also shown that for a two-user cooperative diversity system, the
achievable capacity region of the system is increased for a flat, block-fading channel; and that the
users’ achievable rates are also less susceptible to channel variations.

Due to the similarity between cooperative diversity and MIMO systems, space-time codes have
been proposed as a possible solution. These codes utilize both the spatial and time domains to
introduce correlation between signals transmitted from the different antennas at different time slots
[7]. An important class of space-time code is the space-time block codes (STBC). The Alamouti
code [8] is one example of STBC for MIMO system with two transmit antennas. In a cooperative
diversity system, space-time coding can also be used to take advantage of its MIMO-like properties
to obtain spatial diversity, coding gains, and higher spectral efficiency. In [9, 10, 11], performance
analyses are made for various cooperative schemes in flat fading channel using the Alamouti code;
and it is shown that systems using the Alamouti code outperform systems that employ the simple
repetition coding.

To retransmit the received signal to the destination, relays can choose from two relay schemes:
amplify-and-forward (AF) and decode-and-forward (DF) [12]. Using an AF relay scheme, the relays
generate the space-time codewords using the received signal, and transmit the space-time codewords
to the destination at a predetermined energy level. When using a DF relay scheme, the received
signal is first decoded, and then the decoded symbols are used to generate the space-time codewords

to be transmitted. It is easy to see that a cooperative diversity system is different from a MIMO



system in one important aspect: all transmitting antennas except those located at the source have
imperfect knowledge of the information to be transmitted. The imperfection of the source-to-relay
channels is a source of errors for the cooperative diversity system.

In this work, we propose a new coding scheme for AF cooperative diversity systems based on
linear dispersion (LD) codes [13, 14, 15]. Using LD codes, the energy of the transmitted symbols
is spread out along the temporal and spatial dimensions. In [15], a LD coding scheme is proposed
for the cooperative diversity system. In this work, the LD dispersion matrices are applied to the
received signal at the relays, where the source and relays act as a multi-antenna system and trans-
mit the resulting LD code matrix. Diversity gain is then analyzed for pairwise-error-probability.
However, no scheme is proposed to construct the code to optimize the error probability.

In our proposed scheme, instead of using the LD code only in the relay-to-destination trans-
missions, we take a two-layered approach to design a LD code for cooperative diversity systems.
The first layer of the LD code is generated at the source by @) -QAM symbols with the first set of
dispersion vectors. The second layer of LD code is then generated by the cooperative nodes with
the second set of dispersion matrices using the received signals. The power allocated to each node
and communication link is also an important design parameter in the performance of the coopera-
tive diversity system [16]. For cooperative diversity systems using LD code, an explicit analytical
expression for the block error rate (BLER) does not exist, and therefore deterministic optimization
techniques cannot be used. Here we employ a simulation-based stochastic approximation technique
together with gradient estimation [17] to jointly optimize the LD code and power allocation with
respect to the BLER. This method is useful when the objective function and the gradient cannot
be evaluated analytically but can be estimated.

The remainder of the paper is organized as follows. In Section 2, we describe the system model
for cooperative diversity systems using a two-layered LD code. In Section 3, we employ simulation-
based stochastic approximation and gradient estimation techniques to optimize the LD code and
power allocation with respect to the BLER. In Section 4 we present simulation results to compare

the performance of the optimized LD code and power allocation with other space-time code designs.



Finally Section 4 contains the conclusions.

2 System Model

Unlike MIMO systems, where the transmit antennas all are part of a single antenna-array, and each
transmit antenna has perfect knowledge of the information to be transmitted, transmit antennas in
a cooperative diversity system can belong to several independent terminals where only the source
has perfect knowledge of the symbols to be transmitted. To be able to use the cooperative nodes as
relays to transmit information jointly to the destination, the information first need to be distributed
to the cooperative nodes.

Consider the co-channel transmission, cooperative network illustrated in Fig. 1 consisting of
1 source terminal, (M — 1) relay terminals, and 1 destination terminal, denoted as S, R,,, m =
1,....,M —1, and D respectively. The source has one transmit antenna, each relay has one antenna,
and the destination has N receive antennas, with the n-th receive antenna denoted as D,,, n =
1,...,N. The system thus consists of M transmit antennas and N receive antennas, which we will
denote as an (M, N) system. The source-to-relay, relay-to-destination, and source-to-destination
channels are assumed to be mutually independent block-fading channels with arbitrary fading
statistics, and are denoted as Ny, gmn, and gy, respectively, where in the transmissions to the
destination, we designate the source as the M-th node. In our model, the source does not need
knowledge of the channels, and we assume that the destination has knowledge of all the channels
hm,y 9mm, and gy, m =1,--- M —1, n = 1,--- N, while relay m has knowledge of h,,. The
destination’s knowledge of the source-to-relay channels can be obtained from the corresponding
relays through some control channel which we assume to be perfect.

In our proposed scheme, each transmission frame consists of two intervals:

1. Broadcast interval: source broadcasts information using first-layer LD code to cooperating

relays and destination.

2. Cooperation interval: source and relays transmit with second-layer LD code to the destination.



Unlike for MIMO systems, a code design for cooperative diversity system needs to take into
consideration the broadcast channels between the source and relays. Moreover, the energy allocated
in the broadcast interval to transmit the first-layer LD code to the relays has significant impact
on system performance. The total energy consumption Fy is fixed for each transmission frame
and then energy allocation to each interval has an important effect on the BLER performance of
the system. The optimal distribution of energy between the two intervals depends on the space-
time code, the statistics of the channels between source, relays, and destination, and the physical
distances between the terminals. If insufficient energy is allocated to the broadcast interval, the
first-layer LD code received by the relays during the broadcast interval can become so corrupted
that the performance of the overall system is degraded despite having more energy allocated to the
source-to-destination and relay-to-destination links in the cooperation interval. On the other hand,
if too much energy is assigned to the broadcast interval for reliable transmission of the first-layer LD
code to the relays, the lack of energy during the cooperation interval can still degrade the overall
system performance. It is then clear that energy allocation between the two intervals should also

be an optimization parameter.

2.1 Transmission Scheme

Let us define s, s2,...,5¢ as the @ different r~-QAM symbols that the source terminal wishes to
transmit to the destination terminal, where s, = oy + jf3;, ¢ = 1,...,Q, and IE{|SZ|} = 1. For a
cooperative diversity system with one source antenna, M — 1 relays, and N destination antennas,

we can construct the following cooperative transmission scheme:

1. Source forms 7 linearly combined symbols k = [k, ..., k|1 using Q r-QAM symbols, s, ..., 50,

and the first-layer dispersion 7 x 1 vectors ¢4, dg, ¢ =1,...,Q.
2. Source transmits ki, ..., k. to the relays and destination during 7 consecutive symbol intervals.

3. Source and relays form the second-layer LD codeword using their received signals corre-

sponding to ki,...,k; and with dispersion matrices A;, B, t = 1,...,7, where A;, B; have



dimensions (T — 7) x M, and each relay uses one column of the dispersion matrices.

In the broadcast phase, the vectors ¢, and d, disperses the g-th symbol along the time dimension.
In the cooperation phase, the signal received by the relays at time t is dispersed by A; and By along
both the time and spatial dimensions. Notice that 7, the number of linearly combined symbols
transmitted during the broadcast interval, is also the length of the broadcast interval. Since the
total length of the frame is fixed at T, the choice of 7 will determine the size of both the broadcast
and cooperation intervals. By choosing 7 > T'/2, we are devoting more resources to ensure that
information received by the cooperative terminals is less error prone. Intuitively, this is done when
the the source sees poorer channels to the relays compared to the relay-to-destination channels.
Conversely, we can make 7 < T'/2 when the relays see poorer channels compared to the source-to-

relay channels. Thus it is clear that 7 is also a design variable that needs to be optimized.

2.2 Energy Constraints

The energy allocated to the broadcast interval, F;, and cooperation interval, Fs, is constrained by

the fixed total energy constraint for one transmission frame Fy where
Ey=FE1+Ey, E; >0, E;>0, (1)
and we can write (1) as a function of an angular coordinate
Ey = Eycos*a, Ey = Egsin®a, « < (0,7). (2)

For an (M, N) cooperative diversity system, let us denote the normalized distance between
source and relay R, as dgg,,, m =1, ..., M —1, normalized distance between source and destination
as dgp, and normalized distance between relay R, and destination as dg,,p. Denote psp 1, psp 2,
PSR, and pr,. p as SNR between the source and destination during the broadcast and cooperation
phase, SNR between source and relay R,,, and SNR between relay R, and destination, respectively.

By assuming that the received noise has unit variance, and incorporating path loss into our model



it follows that:
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where v is the path loss exponent. The factor of 1/M divides the energy allocated in the coopera-
tion interval evenly among the M transmitting terminals. In the following analysis, unless stated

otherwise, we assume that v = 4 for urban environment [18].

2.3 Broadcast Interval

In this and the following subsection, in the interest of clarity in presenting the system model, we
will present the details of the matrices which involves the channel coefficients and the dispersion
matrices to Appendix A. This allows us to give a clearer presentation of the transmission scheme
proposed in this work.

For a given 7, let us denote the 7 x 1 complex-valued linear dispersion vectors for the source-
to-relay transmission as ¢; = [cig,---,Crq)t and dy = [dig,---,drg]’, ¢ = 1,...,Q. Recall that

8q = g + jfBy, the 7 x 1 linearly combined symbol vector to be transmitted is then

k =
q

Q
(Oéqu +]ﬂqdq)a q = 17"'7@' (4)
=1

The energy constraint is ]E{ka} < 7. Using the fact that a4, 3, are i.i.d. with zero mean and

1

variance 5, we get the following constraint

29
Q
Z (cfcq + dqu) < 27. (5)
q=1
Denote hy,, m =1,..., M —1 as the fading channel coefficients for the source-to-relay channels.

Let rg,, be the 7 x 1 received signal vector at relay R,, after passing through a matched filter and

normalizing by |h,,|. The received signal at relay Ry, is then given by

TR, = |hm|\/Psr, K+ ng,,, with ng, ~Ne(0,I), m=1,...,M—1. (6)

In the broadcast interval, the destination antenna D,, also receives the transmission from the source,



and the 7 x 1 received signal vector at antenna D,, is given as

TDn,B:gM,nw/pSD,1k+nDn7 with mp, ~ Ne (O,I), n=1,...,N. (7)

Denoting k; = ay + j@t, t=1,...,7, then from (4), we have the following relationship
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where @ is a 27 x 2@) matrix of elements of the first-layer dispersion matrices. Details for the
construction of @ is given in Appendix A. We further denote y; as the real-valued received signal
vector during the broadcast interval at the relays, i.e.,

9)
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Using (6) and (8), the received signal y; at the relays during the broadcast interval can now be

written as

1
y, = HPx +n, nNN<0,21>, (10)
with the real-valued 2(M —1)7 x 27 equivalent channel matrix H, composed of the source-to-relay
channel coefficients, and is given in Appendix A.
2.4 Cooperation Interval

In the cooperation interval, source and relays construct a new LD codeword using the received
first-layer LD codeword generated during the broadcast interval. We first need to normalize the

energy of the received signal during the broadcast interval. From (6) we have

E{rgerm} = \hmlngRmT—i-T. (11)



Thus before performing the linear combination on the received signals at the relays using the

second-layer dispersion matrices, we multiply by the normalization constant

A T
2 . om=1,...,M—1, 12
T \/Ihm|2pSRmT+T -
such that
Ve, E{r} TR} =T (13)

For the cooperation interval, we use a set of dispersion matrices {A;, B;};_,, with dimension
(T —7) x M. From (13), the 7 received symbols to be linearly combined have total energy of T,
thus we normalize the second-layer dispersion matrices as
T
> tr(AffA + Bf'B,) <2M(T — 7). (14)

t=1

For transmission in the cooperation interval, the source employs the first column of the the LD

matrices and transmit the following (7' — 7) x 1 signal vector

rg — Z %{kt}ant +j%{kt}bM,t7 (15)
t=1

The relay R,, will use the (m)-th column of the LD matrices and transmit the following (7' —7) x 1

signal vector

SL’Rm = YR, Z (?R{rRm,t}ami + j%{"ﬂRm,t}bm,t)a m = ]_, e ,M — 1, (16)
t=1

where a,,; and b,,; are the m-th column of the dispersion matrices A; and By, respectively.
Denote gmnpn, m =1,--- M —1, n =1,--- N and gy, as the relay-to-destination and source-
to-destination channel coefficients. Then the (7" — 7) x 1 received signal vector at the destination

antenna D,, during the cooperation interval is

M-1
TD.C = GMar/PSD2TS + D Gmny/PRADA TR, +VD,, VD, ~Ne(0,1). (17)
m=1

Define y, as the real-valued received signal vector at the destination in both broadcast and

cooperation intervals

yZé §R{T’1T71,B} %{7‘%1,3} %{T%N,B} g{rzT)N,B}

T
R{rh,c} S{rh.cl -+ Rlrhyc} Srbec) |

. 1
2NTx1 (18)



From (7), (9), and (17) we can write y, as
~ 1
Yy, = GPx + Gy, + u, u~N<0,2I>, (19)

where G is the 2NT x 27 real-valued equivalent channel matrix for the received signal component
at the destination from the source during the broadcast and cooperation intervals, and G is the
2NT x 2(M — 1)1 real-valued equivalent channel matrix for the received signal component at the
destination from the relays during the cooperation interval. The channel matrix G consists of
the second-layer dispersion matrices and the source-to-destination channel coefficients, where as G
consists of the second-layer dispersion matrices and the relay-to-destination channel coefficients.
The details of the equivalent channel matrices are given in Appendix A.

In order to perform data detection at the destination, we need to write y5 in terms of x, the

real-valued transmitted symbol vector. Substituting (10) into (19), we have

Yy, = Gspm+G(H¢m+n)+u:(G+éH)¢m+(én+u)- (20)

In (20) the effective total noise is colored, owing to the noise amplification and recombination at
~ =T
the relays, with covariance X = % (GG +1 ) In order to perform detection, we need to whiten

the noise first. That is, define
22 X iy, = X2 (G+éH> Sz +a, @~NO,I). (21)

We can then employ the sphere decoder [19, 20, 21] to perform ML detection on z to obtain &, the

ML estimate of x .

3 Optimization of Two-layer Cooperative LD Code

3.1 Stochastic Approximation and Gradient Estimation

In this section we develop an algorithm to find the two-layered dispersion matrices and the energy
allocation to minimize the BLER for a cooperative diversity system in an arbitrary fading sce-

nario. Since the exact analytical expression of the average BLER for an arbitrary set of dispersion

10



matrices and arbitrary fading statistics does not exist, we have to resort to stochastic gradient
algorithms to optimize the average BLER performance with respect to the dispersion matrices and
the energy allocation. Here we employ an optimization scheme based on the Robbins-Monro (R-M)
[22] algorithm and use the score-function algorithm for gradient estimation. The R-M algorithm
takes the recursive form

—

Wiyl = W; — oNT(wi), (22)

where w; is the estimated parameter value at iteration ¢, ﬁ(wl) is the gradient estimate of the

objective function at wy and {o;} is a decreasing step size sequence of positive numbers such that

oo oo
Zai = 00, Zai < 00. (23)
i=1 i=1

By choosing 0; = o/i where o is a positive scalar, the above stochastic gradient algorithm will
converge global optimum in a weak sense.

Consider an (M, N) cooperative diversity system with () symbols to be transmitted, broadcast
interval length 7, and total transmission interval of T'. Let us define the real-valued channel vectors
corresponding respectively to channels from source to relay, and channels from relay to destination

and source to destination

¢ 2 | R} S} - Rlhaa) S{hM,l}}T,
P = {%{91,1} S{g11} - R{gun} %{QM,N}}T' (24)

For the cooperative LD code design problem, the optimization parameter set 8 consists of the broad-
cast dispersion vectors, the cooperative dispersion matrices, and the angular coordinate defining

the energy allocation, i.e.,

I {{cq,dq,qzl,...,Q}, {A,By,t=1,...,7}, a}, (25)

with constraints (5) and (14). Define the empirical BLER as v (2, x, ¢, 1, 0) for the given sets of
noise-whitened receive signal vector z, information symbol vector @, channel realizations ¢ and ),

and the given parameter 8. The empirical BLER is then given by an indicator function

v(z,2,0,%,0) 2 1(& £ x| z,,¢,9,0), (26)

11



where & denotes the decoded symbol vector. Recalling from (21) that z = Z’_%yQ, we can thus

write the empirical BLER as a function of y,. For given 8, the average BLER is then

T (0) = EwE(ﬁEq’bEyl,yﬂ a;7¢71,[){7 (y27 T, ¢> ¢7 0)} (27)

We want to solve the following optimization problem

minY (6 28
o 9), (28)
with the constraint set given by
Q T
> tr(cle,+dlfdy) <2r, > tr (Aff A+ BfB)) <2M(T 7). (29)
q=1 t=1

n (27), we have

y17y2|m '(p{’}/(y% 7¢ ¢7 )}
= // y27 7¢ ¢7 ) (yl,yg | w,¢’¢7a) dyldy2

= //ry (y27 T, ¢>¢7 0)p(y1 | T, ¢7 0)p(y2 | Y, T, 'lﬂ, 0) dyldyQ (30)

From (10) and (19), it follows that p (y; | , ¢,0) and p(y, | y;x, 1, 0) are both white Gaussian

pdf. Let us denote

1
P2 (i |2.6.0) = i, o |~ (v — HO@)' (y) - HPa)|, (31)

P

1 ~ \T ~
P(Y2| Y1, 2,9,0) = — exp [— (yz — GPx — Gy1> (yz - GPx — Gy1>] - (32)

Using (27), the gradient of the average BLER with respect to € is then given by

VoY (0) = EuByEy [ [ 1901 (22.0.9.0) PP

Y (y27 T, ¢7 ¢7 0) [(vepl) P2 + 7)1 (VGPQ)] dyldy2 (33)
For ML detection, it is shown in Appendix C that
Ba [ [ Vo (2. 6,6,0) PrPady,dy, = 0. (34)

12



Then (33) can be written as
VoY (0)
= EaByBy [ [2(02.6.%.0) (76P) Pe + Pi (V6P2)] dyrdy,
= EmE¢E¢//7(yz,m,¢,¢79) Vop (Y1, Y2 | x, @, %, 0) dy,dy,

Vep (ylayQ ’ w)q,)aw’e)
= ]E:BE E 9 ) 9 70 ) ) I 70 d d
é 1/,//7(1;2 z,¢,9,0) WYy | 7.6.95.0) P (Y1, Y2 | 2 ),%,0) dy,dy,

= EmE¢E¢Ey1’y2‘m’¢7¢ {7 (y27 z, ¢, v, 0) Velogp (yla Yo ‘ x, ¢, 1, 0)}

= EmEng'l,bEyl,yQ\ m,¢,1/1 {7 (y27 Z, ¢7 ":ba 0) Ve [log P1+ log 7)2]} . (35)

3.2 Simulation-based LD Code Optimization Algorithm

We now present the iterative simulation based algorithm to optimize the dispersion matrices and
the energy allocation. The optimal value for the design variable 7 is chosen by evaluating the
following algorithm at different values of 7 and selecting the one which gives the lowest BLER.

For a given 7 in the k-th iteration, let 8; be the set
0, = {{cg’ﬂ,dgﬁ),q =1,...,Q}, {A® BW =1 .. . 7}, a(k)}. (36)
Perform the following steps to update the parameter 0y, for the next iteration:
1. Generate symbol and signal samples:

1)  Draw L symbol vectors (1), x(2), ..., (L), uniformly from the constellation set.

2)  Simulate L observations y;(1), y;(2), ..., y;(L), where each y;(¢) is generated by |[cf.
(8), (10), (44)]

Yy () =HO)P)x(l)+n(l), (=1,2,...,L. (37)

3) Simulate L observations y5(1), y5(2), ..., y5(L), where each y,(¢) is generated by |[cf.
(46)-(48)

yo(0) = GIOB(O)z(0) + G(O)y,(6) +u(?), (=1,2,.., L. (38)

4)  Decode () based on (21) and compute the empirical BLER fy(z(ﬁ), x(0),p(l), (), 0k> .

13



2. Score function method for gradient estimation: Generate the estimate of (35)

O = iv( 2(0), @), (), 01 )
/=1
<6 [logp (41(0)] 2(0). 6(0).0) + logp (u5(0)| 4:(6). 2(0). (1), 0) ] |0, }.
(39)
The expressions of the gradients required in (39) are given in Appendix B.
3. Update parameters: The parameters are updated as
Ori1 =Ig [Ok - Ukﬁ(ak)} ; (40)

where IIg(-) is a projection operator onto the set @. That is, IIg (-) normalizes the first-layer
dispersion vectors and the second-layer dispersion matrices such that the equalities in (5) and

(14) are satisfied, respectively.

3.3 Complexity Issues and Convergence

Implementation Complexity: The code design methodology proposed in this paper is an off-line
algorithm. Therefore, once the dispersion matrices have been designed, the actual use of the code
is similar in complexity to the scheme proposed in [15], with additional memory requirement for
storage of the dispersion matrices for different physical system configurations and fading environ-
ments. The need for symbol-level synchronization does incur additional overheads. However this
assumption has been adopted in many cooperative diversity literature. Moreover, symbol-level
synchronization is also easier to implement in a cellular-network architecture which is assumed for
this work.

Convergence: The time it takes for the stochastic gradient algorithm to converge depends on the
size of the system and the fading environment. They both affect the computational cost of the
sphere decoder. For off-line implementation, the changes in the fading conditions does not affect

the performance of the system once the dispersion matrices have been designed.
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4 Simulation Results

In this section we present simulations to demonstrate the performance of cooperative diversity
systems using the BLER-optimized LD code obtained by the algorithm given in Section 3.2. It
is well-known that the orthogonal codes are only capacity-achieving in a (2,1) system [23]. At
data-rate that exceeds the rate limit of an orthogonal code for a given system configuration, the
orthogonal code no longer yields full-diversity. When operating at the same high data-rate, the
proposed two-layer LD code can be optimized to perform at a lower BLER compared to the or-
thogonal codes. Because explicit analytical equations do not exist for BLER of the two-layer LD
code, the diversity of the system can be obtained by observing the slope of the BLER curves.
Several two-layer LD codes for cooperative diversity system are optimized for minimum BLER
for different physical system configurations and fading environments. Their BLER performances
are compared against other coding schemes, including orthogonal codes such as the Alamouti’s
code, for the range of total energy available for the system. For all examples, the two-layer LD
codes are designed at energy level where the BLER is approximately 1072. It will be seen that
codes designed at a particular SNR also works well for a wide range of SNR.
Ezample 1 - Cooperative LD code for a (2,2) system: We first examine the performance of the
cooperative LD code in a system with one source terminal, one relay terminal, and a destination
terminal with two receive antennas. Figure 2 compares the cooperative LD code with that of the
Alamouti code for cooperative relays [9, 10, 11] in different fading channels for increasing total
energy Foy. We can see that the optimized cooperative LD code outperforms the Alamouti code in
a wide range of SNR values. At BLER of 1072, the cooperative LD code has a 1 dB gain in both
the Rician K = 2 and Rayleigh fading, and a 2 dB gain in Nakagami m = 0.5 fading. This shows
that the benefit of using the two-layered cooperative LD code over the Alamouti code increases
as the channel conditions worsen. In this example, the terminals are all equal-distance and have
ii.d. fading to all other terminals. The BLER performances of cooperative LD code and Alamouti
code are compared in Rayleigh, Rician K = 2, and Nakagami m = 0.5 fading channels. The

Rician K = 2 channel represents better-than-Rayleigh channels while Nakagami m = 0.5 channel
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represents worse-than-Rayleigh fading conditions [24]. For the cooperative LD code we have chosen
T=4,Q =2, and 16-QAM constellation for rate R = 2, and the dispersion matrices are optimized
for the given channel statistics. We have found that the optimal length of the broadcast interval
is at 7 = 3. This means that for this particular physical setup, more resources are needed in
the broadcast interval for optimal BLER performance. For fair comparison we consider the same
rate, using 16-QAM constellation for the Alamouti code, and energy is equally divided between the
broadcast interval and cooperation interval by choosing o = 3.

In [13], it was determined that LD codes with good performance typically have
Q =min(M,N) x T. (41)

In this example, we can see that this constraint is met for both layers of LD code. Since for the
broadcast interval the transmitted symbol size is 3 and min(M, N) x T' = 3. In the cooperation
interval, we fall short of this limit since we are transmitting 3 linearly combined symbols while
min(M, N) x (T'— 1) = 2. However, since the first-layer LD code is simply the linear combination of
the two 16-QAM symbols, we can see that from the overall system point of view, we are transmitting
two 16-QAM symbols over 1 time periods in a (2, 2) system, thus satisfying the constraint. For the

cooperative LD code, the constraint in (41) becomes
Q =min(M,N) x (T — 7). (42)

Example 2 - Cooperative LD code for different system configurations: In this example, we compare
systems with different physical configurations. Figure 3 shows the performance of an Alamouti
code and four cooperative LD codes optimized at different physical system setups. The Alamouti
code is simulated under a (2,2) system with dgr, = 1 and dg,p, = 1. Cooperative LD code 1 is
optimized for a (2,2) system with dsr, = 1 and dg,p, = 1. Cooperative LD code 2 is optimized
for a (4,2) system with dggr, = 1, dgr,, p, = 1. Cooperative LD code 3 is optimized for a (4,2)
system with dgg,, = 0.1, dg,, p, = 1. Cooperative LD code 4 is optimized for a (4,1) system with
dsgr,, = 1, dgr,,p,, = 1. All codes are chosen to transmit with R = 2 and are compared under

Rayleigh fading. We can see that the LD code for a (4,1) system has the worst performance. The
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LD code for the (2,2) system and both LD codes for the (4,2) system outperforms the Alamouti
code for a (2,2) system. It is interesting to see that the LD code for (4,2) system using relays that
are farther away from the source does not offer much improvement over the LD code for a (2,2)
system. On the other hand, the LD code for (4,2) system using relays that are much closer to the
source offers much bigger performance gain, indicating that the choice of relays with which the
source chooses to cooperate with is critical in improving system performance.

Ezxample 3 - Cooperative LD code for a (4,2) system: We present a cooperative LD code for a system
of one source, three relays, and one two-receive-antenna destination terminal. The terminals are
again all equal-distant and have i.i.d. fading to all other terminals. In Figure 4 we compare the
optimized cooperative LD code with randomly generated LD code in different fading enviroments.
For both the optimized cooperative LD code and randomly generated code we have code length
T = 12, broadcast interval length 7 = 8, and number of substreams transmitted = 8. The optimal
broadcast interval length is chosen by comparing the BLER performance of different interval length.
When QPSK constellation is used we have rate R = 16/12. The energy is evenly divided between
the broadcast and cooperation intervals for the randomly chosen code, while for the optimized
cooperative LD code it is determined by the proposed algorithm. We can see that in general, a
randomly chosen code does not provide good performance, and the performance of the cooperative
LD code is shown to be significantly improved for all fading environments.

Example 4 - Cooperative LD code for systems of different channel statistics: In this example,
we show that a code designed for one type of fading condition no longer provides the optimal
performance when used under other types of fading conditions. Figure 5 compares two sets of
dispersion matrices designed under different fading environment. Both sets of dispersion matrices
are optimized for a (2, 2) system, one for the Rayleigh fading channel and one for Nakagami m = 0.5
channel. Both codes are then simulated in a Rayleigh fading environment. Although it is also
optimized for BLER, it can clearly be seen from Figure 5 that the Nakagami m = 0.5 code does
not offer the best performance under Rayleigh fading conditions, and that it suffers a 1dB loss due

to the mismatch in channel conditions.
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In Figure 6 we can see how different fading channels and different system setup affect the
resulting optimized code in terms of the energy allocations. In this example, we fixed the distance
between source and destination at dgp = 2, while varying the ratio of the source-relay and relay-
destination distances. In all fading environments, for dgr/drp between (%, 2), the allocation of
energy to the broadcast interval increases as dgr/drp increases. When the distance between source
and relay increases, more energy is needed to improve the SNR of the received signal at the relay
during the broadcast interval. We can see that having a clean copy of the symbols to be transmitted
at the relays is just as important as having a good channel between the relay and destination. For
dsr/drp between (%, %), there is a decrease in the allocation of energy to the broadcast interval
as the ratio increases. This range of ratio represents the setups of having drp > dgp. In this case,
there is less path loss between source and destination than relay and destination. Recall that the
destination receives a copy of the transmission from the source during the broadcast interval, and
the received signal is also used in detection. Thus BLER performance is improved by increasing
the energy allocation to the broadcast interval to better utilize this portion of the transmission.
On the other hand, system setups with dgr/drp between (2, 3) represents having dgp < dsp. The
slight decrease in energy allocated to the broadcast interval in this region represents the devoting
of more system resources to the second-layer LD code, which is affected by drp. However, we
can see that the decrease in energy is not as dramatic as the decrease in the range of (%, %), since
the poorly received signal at the relay during the broadcast interval will also adversely affect the
BLER. This effect can be seen by comparing the energy allocation in different fading environments.
Figure 6 shows clearly that for all ratios of dsr/drp, the worse fading channel will require more

energy being allocated to the broadcast interval.

5 Conclusions

In this paper we have proposed a two-layered linear dispersion code-based space-time coding scheme
for cooperative diversity systems and a simulation-based optimization algorithm to construct the

optimal code based on BLER performance. The proposed code design algorithm can obtain optimal
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codes under arbitrary fading statistics and arbitrary system configuration in terms of both number
of terminals and distances between the terminals by finding the optimal set of code matrices,
energy allocation scheme, and broadcast interval length. Since the codes are designed off-line,
codes for different configurations can be obtained beforehand, and chosen by the system to match
the detected configuration. In this paper, we have also assumed flat-fading environment. This is a
reasonable assumption given that the source terminal in general will select relay terminals in close
proximity to the source. In the case where the transmitting terminals are far from the destination,
both the source and the relay terminals will have relatively equal distance to the destination. Also,
since this code design algorithm is simulation-based, appropriate modifications to the transmission
model, and the corresponding gradient computations can also be designed in a frequency-selective
fading environment. Therefore, the same simulation-based code optimization approach can be used
for different model assumptions, where as other code designs, such as delay-diversity codes only

work well under the specific assumption of frequency-selective channels.

6 Appendix A: Definitions

For (8) we define

[ R{cu) -S{du}  Rewn} - Rfag) -S{dig} |
po | Rlen} —Sldn}  Rfen) o Reo) ~S{dno) )
S{ennt  R{du}  S{ee} - Sagr R{dig}
| S{en} R{da}  S{en) o S{eg)  R{deg)

- 2TX2Q
For (10) we define

\h1]\/Psr Torxor
: (44)

har— T
|hai—1|\/PSRay 1 d2rx2r oM 1)rcar
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For (19) we define

P
e AMJgM,l ’AMﬂ'gM,l BM,lgM,l BM,TQM,l , (45)
A e Ay B s By
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where
A Rlam:y —S{ams} A =S{bms} —R{bms+}
Am,t = 3 Bm,t = 5
o R b _ S0
SHame} {am.} 2AT—7)x2 R{bmi} —S{bme} 2T —7)x2
and
8%{QM,n} R{g , }
gM,né vV PSD,2 ) gmm,éryRm\/ PRD - ’ m = ]-7 )M_]-u (46)
S{grn} S{gmmn}
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T
P2 /pspi| P, Py --- Py , (47)
2NTX2T
where
Pné §R{gM,n}ITXT %{QM,H}ITXT (48)
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We further define
OoNrxo(M—1)r
A1,191,1 A1,791,1 31,191,1 BM—1,TQM_1,1
G= A11g12 0 Airgie Biigip 0 Bu-1:9m-1p (49)
i ./41,191’]\/ Al,fgl,N 13’1,191,N BMfl,Tngl,N JonTxov—1)r
7 Appendix B: Gradient Derivations
7.1 Gradient Calculation for Energy Allocation
Recall from (35) that
Vologp (Y1, Y| @, @,1,0) = Vg [logP1 + log Po] . (50)
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From (31) we have P; distributed as multivariate Gaussian. Define
N1~ (y, - Hoz)' (y, - Hbx). (51)

Then from (2), (3), and (44), we have

T
afé (ia) _ 9w —aOIjrdim) (y, — HPx) — (y, — HOz)" 3 (yy 5@H¢w)
- —ZI;Z [(H Px)' (y, — HPz) + (y, - HPx)' (H@w)} : (52)

In the cooperation interval we have from (32) that P is also multivariate Gaussian distributed.

Define
~\T -
22~ (v2 - GP2 ~Gyy) (v - GOz - Guy) (53)
and
G=A+ A, (54)
where
O2Nrx2r
e P 14 Aiagny 0 Av9ug Biagug 0 Bisgan
Oon(T—r)x2r : :
Al,lgM,N ALTQM,N Bl,lQM,N Bl,rgM,N
) (55)

Thus G is separated into two matrices: A, which depends only on E;, and A, which depends only

on Ey. From (46)-(48), we have

8f;(i0z) _ [sina _ cosa (]1 33+Gy1) val}T(yQ—GQS:c—CM}’yl)

COS ¢ sin o

sin a COS «

- <Ad>cc + Gy, — Véy1>] . (56)

— ( — GPx — Gy1 [
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where

Oonrxo(M—1)r
YriA21911 0 ImA2rgin YR B21910 0 YRy BMmrGu-1
VG £ YR A21910 0 ARA2:910 TRB2ig1s o ARy Bumasguoia | O7)
| ImAn91 N 0 TRArgiNy TrRB2igin 0 YRy Buaguoin |
with
TR = |hm|? Psgm cos asin . (58)
cos? a

Combining (52) and (56), the gradient of logp (y,,ys | x, ¢, 1, 0) with respect to « is given by

of1 (a) +<9f2 (@)
Oov oo

Ve Ing(yla Yo | T, ¢>¢7 0) |a = (59)

7.2 Gradient Calculation for Dispersion Matrices

First-layer dispersion vectors: Next we provide the gradient of f; and fo with respect to cp 4.

The t-th entry of the gradient of fi (cg,q) is

[3f1 (CR,q)} iy J1(CRa FO€) — fi(CRq)
Ry 5 ’

(60)

where €; is a 7 X 1 column vector with one at the ¢-th position and zero elsewhere else. From (8)
we have

Doy r6, = P+H0Ei2-1, Pep 166, =P+ 0511241,
Py o6, = PHO0Erii2q, Pay o6, =P — 0512, (61)
where Z; ; is a 27 x 2() matrix with one at the (7, j) position and zeros everywhere else. Therefore
fileng+de) = —(y1— HPey i5e,2) (Y1 — HPeyy 1 56,)
= —(y,— H®zx —6HE, 5, 12)" (y, - Hbx — SHE 5, 1)
= [+ 0(HE 2 12)" (y, — HPx) + 6 (y; — Hbx)" (HE; 5, 1)
+o(9). (62)
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Therefore we have

afi (c
[{;C(RR’CI)} = (HE\2917)" (y, — H®x) + (y; — H®x)' (HE 29 1) . (63)
a1t
Similarly for the gradients of fi with respect to ¢;4, drg, and dy 4, we have the following
expressions
Of1(crq)] - =
| (HE ) () - HED) ¢ (4~ HE0) (HE 13)
s Jt
df1(dg, - -
[ 36(1qu) = (HE, 1 12)" (y) — HOx) + (y, - HOz)" (HZ,4127),
s t
Of1(drg)]
Sldi) | () (g, - HEw) — (y, — HE2)" (HE,201). (64)
odrg |,
We now compute the gradient of log P> with respect to cg 4 for the cooperation intervals. We
have
~ AT ~
fo(cpg+0€) = — (yz —GPep, 156, T+ G’!h) (y2 —GPbep, 15e, T+ G’y1)
= f2+0(GEiz12)" (y, — Gz — Gy,
~ \T
) (y2 — GPx — Gyl) (GE2q9-12) +0(5). (65)
Therefore we have
dfs(c ~
[f;c(R’q)] = (G5t72q71$)T <y2 — GPx — Gyl)
R,q t

~ \T
+ (y2 - GPr — Gyl) (GEi2q-1) . (66)

Similarly for the gradients of fo with respect to ¢ 4, dr 4, and d; 4, we have the following expressions

P (CLq) _ — T p
[8017,1 . = (GErit2-1T) <yz - Gdx — Gyl)
~ T
+ <y2 - GPx — Gyl) (GEr4it2¢-17)
an (dR,q)_ _ — T s
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- T
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8f2 (dl,q)- _ — T ~
|: 8d17q . — - (Gh—rtquw) <y2 - G@m - Gyl)

~ T
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Second-layer dispersion matrices: We can see that p (y; | =, ¢, 0) is independent of the second-
layer dispersion matrices, therefore the gradient with respect to the second-layer dispersion matrices
is zero, and we only have to evaluate the gradient Vglogp (y, | y;, x, v, 0).

Let us evaluate the gradient of logp (y, | ¥y, x, v, @) with respect to Ar;. Note from (45) and
(49) that G depends only upon the M-th columns of the second-layer dispersion matrices, while G
is independent of the M-th columns of the second-layer dispersion matrices.

Let ¢, and Kk,, be T'— 7 and M dimensional vectors with 1 at the n-th and m-th position,

respectively. Define

GAR,t‘Hkn"{I = G—i—(SEﬁIZ’Jt,
~ AR +0s, kT, P =
be Rt H0SnK _ G‘i‘(s':';:git? m=1,...,M —1, (68)
where _ -
Oanrxor
A, 4 0 A;?R’thl 00 0
En,Mt = ’ ) (69)
0 A;?R’th,N 00 0
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OoNrx2o(M—1)r
A
0 AR g 0 0 0 0 0
i o no Gma , om=1,.. M-1,
AR
(70)
with
S 0
A s | " (7)
0 g,
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Thus for m = M we have
f2 (ARs + 0snkiy)
~ T ~
= — <y2 — GPx — 552%@3} - Gy1> (y2 — GPx — 55;:?;;45:1: — Gyl)

— 46 (Efjfd%c)T (v~ G~ Gyy) +5 (v, G éyl)T (s51#2) + o(d).

(72)
Therefore
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(74)
Therefore
2B (shgr0) (v G- Gn) + (v G Bn) (Sw). (9

For the gradients with respect to Ar;, Br;, and By 4, similar expressions can be given for m = M,
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02NT><27'
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8 Appendix C

Here we provide the proof for (34). Given symbols {sq}g?:1 from a finite r-QAM constellation,
with s, = a4 + jf8,, define the symbol vector  as in (8), x = [al,ﬂl,...,aQ,ﬁQ]T, i.e., each
element in @ belongs to a /7-PAM constellation. Denote the set of all possible symbol vectors
Q= {x1,x2,...,x,¢}. We now show that for equiprobable symbol vectors and z = 2_%y2 it is

equivalent to showing

> [{vo[1- (i 0.0.0) | }p (=] 2.0 9.0) 4z ~0. (o1)
1€Q

where
p(zlx, ¢,,0)= (27T1)NT exp [—; (z— Bx)' (z — Bm)} , (92)

with B2 ¥-3 (G + éH) ®.

By making the substitution z = Eféyz and change of variable from z to y in (91), we have

2 (27r1)NT / {ve[t=1 21080 fexr [—;Hzé% ~ B, 2] |2 5|dy, = 0. (93)

1€Q)
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Rearranging (93) we now have

Z(QW)NT/{Ve[l—’y(y2,wi,¢ﬂ/),9)”

1€Q
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1€Q2

= Z//{Ve[l—7(y27w¢,¢7¢,0)]}Pledyldyg. (94)

(1S9
Thus it suffices for us to show (91) to complete the proof.
Recall the system model in (21). With the definition of +(+) in (26), signal models given in (10)

and (19), and the ML detection rule, we have

1_7('27"1:1'7(1)71!}70) - H(‘%:mi|zuw:xiv¢7¢7a)
=TI 1{Iz- Byl > |z - Bai|?}

JEQ,j#i
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JEQj#i Y
i|j by

Using (31), (32), and (34) we have

Z/Ve[l —v(z,wi,qﬁ,w,e)}mdz

1€
_ﬂ.NT(Ml)T//Z 3 {aﬁj (veB"z) - Vebm}
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1€Q,1#]
(96)

where 0(-) denotes the delta function, and we relied on the chain rule for the derivative of the

indicator function. Since a;; = —a;; and Vgb;; = —Vgbjj;, (96) becomes zeros by summing the

g

corresponding (i, 7) and (j,7) terms.

28



References

1]

[10]

I. E. Telatar, “Capacity of multi-antenna gaussian channels,” Furop. Trans. Telecommun., pp.

585-595, Nov. 1999.

G. J. Foschini and M. J. Gans, “On limits of wireless communications in a fading environment
when using multiple antennas,” Wireless Personal Commun., vol. 6, no. 3, pp. 311-335, Mar.

1998.

A. Nosratinia and A. Hedayat, “Cooperative communication in wireless networks,” IEFFE

Commun. Mag., pp. 74-80, Oct. 2004.

T. M. Cover and A. A. E. Gamal, “Capacity theorems for the relay channel,” IEEE Trans.

Inform. Theory, vol. 25, pp. 572-584, Sept. 1979.

A. Sendonaris, E. Erkip, and B. Aazhang, “User cooperation diversity - part I: System de-

scription,” IEEFE Trans. Commun., vol. 51, pp. 1927-1938, Nov. 2003.

——, “User cooperation diversity - part II: Implementation aspects and performance analysis,”

IEEE Trans. Commun., vol. 51, pp. 1939-1948, Nov. 2003.

B. Vucetic and J. Yuan, Space-time coding. John Wiley and Sons Inc., 2003.

S. M. Alamouti, “A simple transmit diversity scheme for wireless communications,” IEEE J.

Select. Areas Commun., pp. 1451-1458, Oct. 1998.

R. U. Nabar, H. Bolcskei, and F. W. Kneubuhler, “Fading relay channels: Performance limits
and space-time signal design,” IEEFE J. Select. Areas Commun., vol. 22, pp. 1099-1109, Aug.
2004.

P. A. Anghel, G. Leus, and M. Kaveh, “Multi-user space-time coding in cooperative networks,”

in Acoustics, Speech, and Signal Processing, ICASSP’03, vol. 4, Apr. 2003, pp. 73-76.

29



[11]

[12]

[13]

[14]

P. Herhold, E. Zimmermann, and G. Fettweis, “On the performance of cooperative amplify-

and-forward relay networks,” in 5th Int. ITG Conf. on Source and Channel Coding, Jan. 2004.

I. Maric and R. Yates, “Forwarding strategies for gaussian parallel-relay networks,” in Con-

ference on Information Sciences and Systems CISS’ 04, Mar. 2004.

B. Hassibi and B. M. Hochwald, “High-rate codes that are linear in space and time,” IFEFE

Trans. Inform. Theory, vol. 48, pp. 1804-1824, July 2002.

R. W. Heath and A. J. Paulraj, “Linear dispersion codes for MIMO systems based on frame

theory,” IEEFE Trans. Signal Processing, vol. 50, pp. 2429-2441, Oct. 2002.

Y. Jing and B. Hassibi, “Wireless networks, diversity and space-time codes,” in IEEE Infor-

mation Theory Workshop, Oct. 2004.

M. Dohler, A. Gkeilas, and H. Aghvami, “Resource allocation for FDMA-based regenerative

multi-hop links,” IEEE Trans. Commun., vol. 3, no. 6, pp. 1989-1993, Nov. 2004.
J. Spall, Introduction to stochastic search and optimization. Wiley, 2003.

T. S. Rappaport, Wireless Communications: Priciples and Practice. New Jersey: Prentice

Hall, 1996.

A. M. Chan and I. Lee, “A new reduced-complexity sphere decoder for multiple antenna

systems,” Proc. ICC, vol. 1, pp. 460-464, Apr. 2002.

U. Fincke and M. Pohst, “Improved methods for calculating vectors of short length in lattice,
including a computational complexity,” Mathematics for Computation, vol. 44, pp. 463-471,
Apr. 1995.

I. Berenguer and X. Wang, “Space-time coding and signal processing for MIMO communica-

tions,” Journal of Computer Science and Technology, pp. 689-702, Nov. 2003.

H. J. Kushner and G. Yin, Stochastic Approximation and Recursive Algorithms and Applica-

tions. New York: Springer, 2003.

30



[23] V. Tarokh, H. Jafarkhani, and A. R. Calderbank, “Space-time block codes from orthogonal

designs,” IEEFE Trans. Inform. Theory, vol. 45, pp. 14561467, July 1999.

[24] J. G. Proakis, Digital Communications, 4th ed. New York: McGraw-Hill, 2001.

31



Figure 1: An (M,N) cooperative diversity system.
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Figure 2: Cooperative LD code vs Alamouti code for a (2,2) system under different fading environ-

ments.
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Figure 3: Cooperative LD code optimized in different physical configurations vs Alamouti code for

(2,2) system under Rayleigh fading.
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Figure 4: Optimized cooperative LD code vs randomly chosen cooperative LD code for (4,2) system

under different fading environments.
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Figure 5: Performance in Rayleigh fading channel of codes optimized for Rayleigh and Nakagami

m=0.5 fading channels.

36



————— Rayleigh
— — — Rician K=2
0.91 —o6— Nakagami m=0.5
0.8
0.7
LIJO
=, 0.6
w
0.5
0.4
0.31
0.2 1 1 1 1 1
0 0.5 1 15 2 2.5 3
dSR/dRD

Figure 6: Ratio of energy allocation in broadcast interval for different Dy, /D,.q ratios.
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