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ABSTRACT

In this paper, we investigate an adaptive decode-and-forward (DF) cooperative diversity scheme
based on bit interleaved coded modulation with iterative decoding (BICM-ID). Data bits are first
encoded by using a convolutional code and the coded bits after an interleaver are modulated be-
fore transmission. Iterative decoding is used at the receiver. Optimized constellation mapping is
designed jointly for the source and the relay using a geneticalgorithm. A novel error performance
analysis for the adaptive DF scheme using BICM-ID is proposed.The simulation results agree well
with the analytical results at high signal-to-noise ratio (SNR). More than5.8 dB gain in terms of
SNR over the existing mappings is achieved with proposed mappings.
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INTRODUCTION

Diversity techniques can combat the detrimental effects ofmultiplicative time selective fading in
wireless communication systems [1]. In particular, spatial diversity is of special interest where mul-
tiple antennas are used at the transmitter and/or at the receiver sides, as in multiple-input multiple-
output (MIMO) systems. It is known that MIMO systems can be utilized for enhancing the capacity
and error performance of a communication system [2]. On the other hand, the application of MIMO
technology to cellular and ad hoc networks often faces the practical problem of installing multiple
antennas at the terminals with severe space limitations. This limitation can be overcome through
cooperative diversity schemes [3]- [5]. The basic idea of this strategy is that when a transmitter
wants to transmit its information, it takes help from nearbysingle-antenna terminals to coopera-
tively transmit its information to the destination, thus forming a virtual multi-antenna system. In
this process, the cooperating terminals act as relays for the source.

Various relay strategies have been proposed for the cooperative diversity networks, with the two
most popular schemes being decode-and-forward (regenerative) and amplify-and-forward (non-
regenerative) schemes. In the decode-and-forward (DF) scheme, each relay decodes the received
signal transmitted by the source, re-encodes it and then forwards to the destination again [6],[7].
The destination combines the signals received from the relays and the source, and decodes the infor-
mation. Amplify-and-forward (AF) is a simpler scheme [1], where the relay amplifies the received
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signal and forwards to the destination.

Both schemes of relaying are suitable for using higher order modulation at the source and the re-
lay. Higher order modulation can increase the efficiency of transmission. Bit-interleaved coded
modulation (BICM) is a well established technique used for higher order modulations [8], [9]. In
BICM, the coded bits after a forward error correction (FEC) encoder are interleaved using a bit
interleaver. The interleaved data is then transmitted after proper modulation. At the receiver, the
demodulator calculates soft information about the coded bits from the received symbols, and the
decoder decodes the information bits through iterations with the demodulator. The information rate
and error probability analysis of BICM was illustrated in [10]. The authors in [11] proposed BICM
with iterative decoding (BICM-ID) which gives significant error performance improvement over
non-iterative BICM decoding.

In this paper, we focus on DF cooperative diversity scheme using BICM-ID over Rayleigh fading
channels. The authors in [6] and [7] study the outage probability and error analysis of DF schemes.
The performance of cooperative networks using BICM-ID is analyzed in [12], where M-ary phase
shift keying (M-PSK) modulation is used. The authors in [13]investigate the error performance of
BICM system over a non-orthogonal amplify-and-forward (NAF)half-duplex single-relay channel.
In related works, constellation rearrangement (CoRe) has been considered to improve the received
signal quality in hybrid automatic repeat request schemes [14], [15]. Our work is different from the
rest of the work in the sense that we present new constellation mappings for BICM-ID when used
in DF relay networks. To find the combined optimized symbol mappings at source and relay, we
propose to use genetic algorithm. A new cost function is derived for this purpose. We also present
novel error performance analysis for the adaptive DF schemeusing BICM-ID.

SYSTEM DESCRIPTION

We consider a dual-hop cooperative communication network where information is transmitted from
a sourceS to a destinationD over a fading channel. A relay terminal R will assist the destination to
receive a second copy of the original signal through the fading channel linksS − R andR −D as
shown in Fig.1. All the terminals are equipped with a single antenna and no terminal can transmit
and receive at the same time. We assume that the perfect channel-state information is available at
each receiver, but not at the transmitter. At the transmitter, the coded bits{vi} after the interleaver
are divided into groups of sizem bits, for example,v = (v1, ...., vm) denotes such a group. Each
group of bits is then mapped to a complex channel symbolx = µ(v) chosen from anM -ary con-
stellationχ, whereµ denotes bit pattern to the constellation point mapping.

In the first time slot, the source transmits signalx and the signals received by the destination and
the relay are respectively given by

yS−D = h
√

Esx+ nD1

yS−R = f
√

Esx+ nR1 (1)

whereEs is the average energy of the signal transmitted from the source,h andf are the channel
gains withE{|h|2} = E{|f |2} = 1, andnD1 , nR1 are zero mean additive white Gaussian noise
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Fig. 1. Cooperative Communication model with a source, destination and a single relay.

(AWGN) terms with two-sided power spectral density (PSD)No,h/2 andNo,f/2 respectively for
the linksS-D andS-R respectively.

There are two types of DF relaying strategies: (i) A fixed DF Scheme, where the relay detects
the received signal and always forwards the data to the destination after encoding. Although this
scheme is simple, it gives adverse effect of cooperation if the data is not detected correctly at the
relay. (ii) An adaptive DF Scheme, where the relay detects and decodes the received signal only
if the signal to noise ratio (SNR) is above a reference SNR level, and then it forwards the decoded
data to the destination after encoding it again. Otherwise,it keeps silent in the second phase of
transmission. Therefore possible erroneous transmissioninduced by the relay in fixed DF scheme
can be avoided.

In this paper, we consider the adaptive DF scheme. We assume the ideal case in which the relay
knows whether the received signal is decoded correctly or not. The forwarding decision at the
relay is made on the basis of this knowledge. When the relay assists the source by transmitting the
information, the signal received at the destination from the relay is given by

yR−D = g
√

Erx+ nD2 (2)

whereg is the channel gain withE{|g|2} = 1 andnD2 is AWGN with two-sided PSDNo,g/2.
For simplicity, we consider the case where both source and relay are allocated equal energy, i.e.,
Es = Er = ET/2. The received signal is demodulated and decoded iteratively at each receiving
terminal. The receiver consists of an interleaver (π), a deinterleaver (π−1), a soft demodulator and a
soft-input soft-output (SISO) decoder as shown in Fig. 2. Weuse pseudorandom interleavers which
satisfy the conditions given in [11].

As given in [16], the SISO decoder uses maximuma posteriori probability (MAP) algorithm.
Let the input and the output of a SISO module be represented byI andO respectively. Extrinsic
information of the coded bitsP (v;O) andP (c;O) is exchanged between the demodulator and
the SISO decoder iteratively through a feedback loop, wherethe lettersc andv denote the coded
bits before and after the interleaver respectively. After deinterleaving,P (v;O) becomesP (c; I),
a priori information at the input of the SISO decoder. Similarly,P (c;O) after interleaving becomes
P (v; I), a priori information at the input of the soft demodulator. After a number of iterations, the
totala posteriori probability of the information bitsP (u;O) is calculated to make the hard decision
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Fig. 2. Block diagram of receiver.

at the output of the decoder. For a received signaly, the extrinsic information [9] of the coded bits
is calculated as

P (vk = b;O) =
∑

x∈χi

b

(

p(y|x)
∏

j 6=i

P (vj = vj(x); I)

)

(3)

wherevj(x) ∈ {0, 1}, 1 ≤ j ≤ m, is the value ofjth bit in the label of transmitted symbolx and
χi
b is the subset ofχ whose label has the binary valueb at theith bit position.

MAPPING OPTIMIZATION

Symbol mapping is crucial to the performance of a BICM-ID system. An optimized mapping could
be found through an exhaustive search, but it is too complex for higher order modulation since
we have to check(2m)! different possibilities. To address this issue, several techniques have been
investigated in the literature. A binary switching algorithm is proposed in [17], where a list of
symbols is generated and the index of a symbol with the highest cost is switched with the index
of another symbol which gives the maximum decrease in the cost. This process of switching is
repeated until there is no further reduction in the total cost. The authors in [18] use a tabu search
algorithm to find the optimized mapping. In our work, we use a genetic algorithm [19] to find the
optimal mapping at the source and the relay.

Cost Function

To find the cost function, we use the analytical error bound expressions. The idea here is to min-
imize the total cost for the joint mappings at source and relay by switching the symbols of relay
mapping and keeping source mapping fixed. First, we find an optimized mapping for the source by
using the genetic algorithm. As given in [19], the cost function F used in the genetic algorithm is
based on the Chernoff bound [10] and is given below for a Rayleigh fading channel.

F =
1

m2m

m
∑

i=1

1
∑

b=0

∑

Sk∈χ
i

b

∑

Ŝk∈χ
i

b̄

1

‖Sk − Ŝk‖2
(4)

whereŜk denotes the transmitted symbol whose label differs only at position k compared to the
label ofSk, χi

b represents the set of constellation points, and the setχi
b̄

contains the corresponding
points that differ from the points inχi

b at theith bit position.

To find the optimized mapping for the relay, we keep the sourcemapping fixed as obtained from
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the cost expression (4). We then optimize the relay mapping based on the following cost function.

F c =
1

m2m

m
∑

i=1

1
∑

b=0

∑

Sk∈χ
i
b

Rk∈χ
i

b

∑

Ŝk∈χ
i
b̄

R̂k∈χ
i

b̄

(

1

‖Sk − Ŝk‖2
× 1

‖Rk − R̂k‖2

)

(5)

whereSk andRk are the symbols for source and relay mappings respectively.

Genetic Algorithm

In this section, we describe the genetic algorithm (GA) usedfor mapping optimization. The GA is
a popular heuristic algorithm to solve optimization problems. After formulation of the problem in
genetic representation with a fitness function, the algorithm is initialized with a population size of
Npop random mappings (solutions). The GA then improves the population through repetitive use of
selection, crossover and mutation operations.

The selection operator is used to select the fittest solutionfrom the population. There are many
selection schemes available to select the superior solution out of available solutions. One of the
popular selection schemes is the tournament scheme which isused here. It selects the superior so-
lution from randomly selected two or more solutions. Selection operator selects theNbest = ps.Npop

mappings for further operations, whereps denotes the fraction for selection.

Crossover operation is used for breeding. The crossover operator randomly selects two mappings
(known as parents) from theNbest mappings for breeding. The two parents are selected randomly
from theNbest mappings other than the best mapping. The crossover operator creates two children
by combining subparts of the selected two parents. The cost of the generated children are evaluated.
If a child has a lower cost than the cost of its direct parent, then the parent is replaced by the child.
If the child’s cost is higher than its parent cost, then the mutation process is started.

The mutation operator exchanges the two randomly selected positions of the selected solution with
a given probabilitypmut. During the mutation process, a total ofL solutions are generated and the
cost of each is evaluated. If any of the mutant has a lower costthan a parent, then that parent is
replaced by this mutant otherwise it will replace the worst solution present in the population.

In each generation, many new solutions are generated and there are chances of having duplicate so-
lutions present in the population. After creating a certainnumber of generations, a culling process
is performed. During the culling process, the duplicate entries are deleted from the population and
new solutions are generated randomly and added to the population to keep its size constant.

The GA algorithm is run for a specified number of generations(nGen) and the mapping with min-
imum cost value is selected as the optimum mapping. The parameters used in our implementation
are:Npop = 100, ps = 0.4, pmut = 0.02 andnGen = 10, 000. Fig. 3 shows the flow chart of GA to
solve the problem of finding optimal symbol mappings. The optimized mappings thus obtained for
the source and the relay are shown in Fig.4.
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Fig. 3. Flow chart for the GA to find the optimized symbol mapping.

(a) 16-QAM Mapping at Source
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Fig. 4. Optimal symbol mappings obtained at high SNR for 16-QAM modulation at (a) source and (b) relay.

ERROR ANALYSIS OF THE PROPOSED SCHEME

In this section, we derive expressions for the end-to-end bit error rate for the adaptive DF scheme.
As discussed in [7], the error probability for a general DF scheme can be written as

Pe2e(e) = P (dec)× Pdiv(e) + (1− P (dec))× Pnodiv(e) (6)

whereP (dec) is the probability that the relay decides to decode and forward,Pdiv(e) is the proba-
bility of error in case of combined diversity reception at the destination due to the source and the
relay, andPnodiv(e) is the probability of error at the destination when no message is forwarded from
the relay. For adaptive DF case,P (dec) can be written as

P (dec) = 1− FER(S−R) (7)

whereFER(S−R) is the frame error rate (FER) at relay. The FER expression is given later in (14).
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To findPnodiv(e), we will calculate bit error probability for theS-D link. Consider a single channel
BICM-ID case and develop an asymptotic error analysis based onerror-free feedback [9], [10]. Let
X be the true and̂X be the erroneous symbol sequences with a Hamming distanced between the
true and the erroneous codeword sequences. Leth = [h1, h2, ...., hd] represent the complex channel
values corresponding to thed symbols. The conditional pairwise error probability (PEP)between
the true and the erroneous symbol sequences givenh for a single channel [20] is given by

P (X → X̂|h) = Q





√

√

√

√

1

2No

d
∑

l=1

|hl|2||Xl − X̂l||2


 (8)

whereXl andX̂l are the true and erroneous symbols at thel-th position of the true and erroneous
symbol sequences respectively, andQ(γ) = 1/

√
2π
∫∞

γ
exp(−y2/2)dy is the Gaussian tail proba-

bility. We further simplify the PEP expression for Rayleigh fading channels by using the following
Gaussian probability integral.

Q(τ) =
1

π

∫ π/2

0

exp(−τ 2/2 sin2 θ)dθ (9)

Now averaging (8) over Rayleigh random variable sequenceh by using (9) we get

P (X → X̂) = Eh[P (X → X̂|h)] (10)

whereEh[·] denotes averaging over the vectorh. Averaging over only one channel coefficienth of
the vectorh, we getEh[exp(−τh2)]=1/(1 + τ). Then (10) can be evaluated as

P (X → X̂) =
1

π

∫ π/2

0





d
∏

l=1

(

1 +
1

4No

||Xl − X̂l||2
sin2 θ

)−1


 dθ (11)

The average PEP depends upon the Hamming distance, mapping and constellation of the symbols
and here we assume that the symbols inX andX̂ differ in only one bit.

The bound for bit error rate (BER) for simple BICM-ID system employing a rate-kc/nc convolu-
tional code is given by

Pnodiv(e) ≤
∑

i

∑

d

i

kc
A(i,d)P̄ d1

1 P̄ d2
2 . . . P̄ dm

m (12)

whereA(i,d) is the information weight covering the error events with input weighti and output
weight d = [d1, d2, · · · dm], anddk, 1 ≤ k ≤ m, is the output Hamming weight of the error
pattern corresponding to thek-th bit position of the symbol bit label. The average probability P̄k as
explained in [21], is obtained from (11) considering only thek-th bit position as

P̄k =
( 1

2m

)

∑

x→x̂(k)

1

π

∫ π/2

0

(

1 +
1

4No

||x− x̂
(k)||2

sin2 θ

)−1

dθ (13)

Similarly, the bound on FER can be found from (12) as

FER ≤
∑

i

∑

d

A(i,d)P̄ d1
1 P̄ d2

2 . . . P̄ dm
m (14)

7



We can also defineFER(S−R) = min(1, FER), since FER can be considered as the probability that
relay does not decode and forward. In the case of diversity, we keep the total energy constant, i.e.,
the source and the relay are allocated half of the total energy for one relay scenario. To findPdiv(e),
the probability of error for cooperative diversity transmission when relay decodes successfully, we
extend (13) for two channels as

P̄c,k =
( 1

2m

)

∑

x→x̂(k)

1

π

∫ π/2

0

(

1 +
1

4No,h

||x− x̂
(k)||2

sin2 θ

)−1

×
(

1 +
1

4No,g

||x− x̂
(k)||2

sin2 θ

)−1

dθ (15)

Similarly, the bound on BER for cooperative diversity case isgiven by

Pdiv(e) ≤
∑

i

∑

d

i

kc
A(i,d)P̄ d1

c,1P̄
d2
c,2 . . . P̄

dm
c,m (16)

Now by substituting (16), (12) and (7) in (6) we can find a closed form expression for the end-to-end
error probability of the adaptive DF scheme for Rayleigh fading channels.

NUMERICAL RESULTS AND DISCUSSIONS

A rate1/2 convolutional code with encoder polynomial[5, 7] in octal notation is used. Each input
uncoded data block length is 2002, and the interleaver length is 4008. Independent Rayleigh fading
channels are assumed betweenS-R, R-D andS-D links. Total power transmitted is kept constant
for all scenarios, i.e., for the scenario withN relays, the source and each relay gets a fraction of
1/(N + 1) of the total power . All the BICM-ID simulation results use8 iterations.
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Fig. 5. BER comparison of the existing mappings CoRe-I [14],CoRe-II [15] and the proposed mappings at the source
and relay.

Fig. 5 shows the BER performance comparison of adaptive DF scheme using our proposed 16-
QAM mappings with existing mappings. More than5.8 dB gain in SNR is observed at a BER of
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about10−8 by using proposed mappings over the existing mappings. Notethat the analysis results
were derived with approximations that are valid only in the high SNR region. Therefore, the anal-
ysis and simulation results agree only at high SNR.
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Fig. 6. BER performance with no relay, single relay and two relays.

To see the effect of using relay on the error performance, in Fig. 6, we show the BER performance
of adaptive DF scheme without relaying, with one relay and with two relays using optimized map-
pings. An improvement of more than1.8 dB in SNR is observed by using one relay at a BER of
about10−8, and a further gain in SNR is expected by using a second relay for lower BER values.
We found the optimized symbol mapping for second relay by keeping the source and the first relay
mappings fixed as obtained from the cost expression (5).
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Fig. 7. Error performance of the proposed scheme with and without relay in a block fading channel.

Finally, in Fig. 7 we show the simulation results of our proposed scheme with and without relay in
the presence of block fading channel. At an FER value of10−3, more than9 dB improvement in
SNR is observed for single relay network over non-relay network.
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CONCLUSIONS

An adaptive decode and forward cooperative diversity technique using convolutional codes and
BICM-ID is investigated. Optimized constellation mappings are designed for the source and the
relay. Genetic algorithm is used to find the optimized mappings and a new cost function is derived
for the algorithm. A novel error performance analysis for adaptive DF scheme using BICM-ID is
proposed. More than5.8 dB gain in SNR is observed by using proposed optimized mappings over
the existing mappings.
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