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Abstract— A low complexity distributed coding scheme is proposed for
communications over Rayleigh fading channels. Convolutional Coding
(CC) assisted Differential Phase-Shift Keying (DPSK) modulation is
employed at the source node for conveying the source signalsto two
relay nodes as well as to the destination node during the firsttransmission
period. Iterative detection exchanging extrinsic information between the
DPSK demapper and CC decoder is carried out at each relay node
in order to recover the source signals. Then, the CC-encodedbits
are re-encoded by the two relays to generate Differential Space-Time
Block Coding (DSTBC) symbols for transmission to the destination node
during the second transmission period. At the destination node, iterative
decoding exchanging extrinsic information is invoked between the DPSK
demapper and the concatenated CC-DSTBC decoder, where the later
is viewed as a single amalgamated decoder. The relay and destination
nodes do not have to estimate the channel’s fading coefficients due to the
employment of DPSK and DSTBC schemes. Our design requires only
two decoding iterations between the DPSK and CC decoders at each
relay in order to further reduce the complexity of the relay nodes. Our
distributed coding scheme assisted by two low-complexity relay nodes
outperforms the non-cooperative benchmarker scheme by about 8 dBs,
when aiming for a bit error ratio of 10

−5.

Index Terms— Cooperative Diversity, Differential Space-Time Block
Code, Differential Modulation, distributed coding, iterative detection.

I. I NTRODUCTION

Space time coding schemes such as Space-Time Trellis Cod-
ing (STTC) [1] and Space-Time Block Coding (STBC) [2], [3],
which employ multiple transmitters and receivers, are capable of
providing high data rates and substantial diversity gains due the
high capacity potential of the corresponding Multiple-Input Multiple-
Output (MIMO) channels [4], [5]. However, it is impracticalto
implement multiple antennas at each mobile unit. Cooperative com-
munication among users is a practical solution to this problem, where
single-antenna aided mobile units can form a virtual MIMO system
for achieving diversity gains through the relay channels. Although the
capacity of relay-aided channels was studied as early as the1970s [6],
practical cooperative diversity techniques were only proposed and
investigated in recent years [7]–[10].

The most popular collaborative protocols used between the
source, relay and destination nodes are Decode-And-Forward (DAF),
Demodulate-And-Forward (DeAF), Compress-And-Forward (CAF)
as well as Amplify-And-Forward (AAF). Distributed coding [11]
constitutes another attractive cooperative diversity technique, where
joint signal design and coding are invoked at the source and re-
lay nodes. Recently, various distributed STTC [12] and distributed
STBC [13] schemes were also proposed. However, strong channel
codes are needed in order to protect the source-to-relay links [14],
especially when the DAF protocol is employed at the relay nodes
which would inflict error propagation in the Relay-Destination link in
the presence of decision errors. More specifically, the transmit power
required at the source node may be excessive in order to guarantee
reliable decoding at the relay nodes, if the distributed STTC and

The financial support of the EPSRC UK and that of the European Union
under the auspices of the Optimix project is gratefully acknowledged.

STBC schemes are not aided by an additional outer channel code. An
adaptive distributed STBC based on the AAF protocol was proposed
in [15] to avoid the above-mentioned error propagation problem of the
DAF-based schemes. However, the AAF-based cooperative scheme
is vulnerable to the noise enhancement inflicted by the relaynodes.

The above-mentioned cooperative schemes require accurateChan-
nel State Information (CSI) at each receiving node in order to detect
the transmitted signals. However, the estimation of the CSIat each
node would induce a high complexity, especially when the number of
cooperative nodes is high. On the other hand, differential modulation
schemes, such as Differential Phase-Shift Keying (DPSK) [16], do not
require the knowledge of the CSI at the receiver for signal detection.
Hence, various differential modulated schemes have been proposed in
the literature [17], [18]. More explicitly, Differential STBC (DSTBC)
schemes [17] have been modified for employment in cooperative
networks [19], [20]. However, outer channel codes have not been
utilised in these DSTBC schemes. Hence their performance iseither
too idealistic or too far away from the virtual MIMO channel’s
capacity.

In this contribution, a simple Convolutional Code (CC) [21]and a
classical DPSK modulation are employed at the source node. Two
relay nodes will be used to form a distributed DSTBC system.
Iterative detection between the CC decoder and DPSK demapper is
invoked at each relay node for reliably detecting the sourcesignals.
At the destination node, iterative detection exchanging extrinsic
information between the DPSK demapper and the concatenatedCC-
DSTBC decoder is performed for recovering the source signals. Our
proposed distributed and differentially modulated schemeis designed
using EXtrinsic Information Transfer (EXIT) charts [22], [23] and its
performance is verified by Monte-Carlo simulations.

The paper is organised as follows. The system model is described
in Section II, while the system design and analysis is outlined in
Section III. Simulation results are discussed in Section IVand our
conclusions are offered in Section V.

II. SYSTEM MODEL
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Fig. 1. Schematic of a two-hop relay-aided system, wheredab is the
geographical distance between nodea and nodeb.

Fig. 1 shows the schematic of a two-hop relay-aided system, where
the source node (s) transmits a frame of coded DPSK symbols
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vs to N number of relay nodes (r) as well as to the destination
node (d) during the first transmission period. Each relay node first
decodes and then re-encodes the information. TheN cooperating
relay nodes will collectively form a virtual DSTBC frame ofVr =
[vr1

, vr2
, . . . ,vrN

]T for transmission to the destination node during
the second transmission period. The communication links seen in
Fig. 1 are subject to both free-space propagation path loss as well
as to a Rayleigh fading channel. We considerN = 2 relay nodes in
this paper. Each source, relay and destination node is equipped with
a single antenna.

Let dab denote the geometrical distance between nodesa and b.
The geometrical-gain experienced by the link between the source
node and theith relay node with respect to the source-to-destination
link as a benefit of its reduced distance and path loss can be computed
as [10], [14]:

Gsri
=

„

dsd

dsri

«2

. (1)

Similarly, the geometrical-gain of theith relay-to-destination link
with respect to the source-to-destination link can be formulated as:

Grid =

„

dsd

drid

«

2

. (2)

We haveGsd = 1 because the geometrical-gain of the source-to-
destination link with respect to itself is unity.

The kth received signal at theith relay node during the first
transmission period, whereNs symbols are transmitted from the
source node, can be written as:

ysri,k =
p

Gsri
hsri,k vs,k + nri,k , (3)

wherek ∈ {1, . . . , Ns}, i ∈ {1, . . . , N} andhsri,k is the Rayleigh
fading coefficient between the source node and theith relay node at
instantk, while nri,k is the AWGN having a variance ofN0/2 per
dimension. Thekth received signal at the destination node during the
first transmission period can be written as:

ysd,k =
√

Gsd hsd,k vs,k + nd,k , (4)

wherek ∈ {1, . . . , Ns}, Gsd = 1 and hsd,k is the Rayleigh fading
coefficient between the source node and the destination nodeat instant
k, while nd,k is the AWGN having a variance ofN0/2 per dimension.

Thejth symbol received at the destination node during the second
transmission period, whereNr symbols are transmitted from each
relay node, is given by:

yrd,j =
N

X

i=1

p

Grid hrid,j vri,j + nd,j , (5)

where j ∈ {1, . . . , Nr} and hrid,j denotes the Rayleigh fading
coefficient between theith relay node and the destination node at
instantk, while nd,j is the AWGN having a variance ofN0/2 per
dimension. The power transmitted by each relay node is normalised
to one, i.e.

PN
i=1

|vri,j |2 = 1.

If va,j is thejth symbol transmitted from nodea equipped with a
single transmit antenna, the average received Signal to Noise power
Ratio (SNR) experienced at each receive antenna at nodeb is given
by:

SNRr =
E{Gab}E{|hab,j |2}E{|va,j |2}

N0

=
Gab

N0

, (6)

where E{|hab,j |2} = 1 and E{|va,j |2} = 1. We define furthermore
the ratio of the power transmitted from nodea to the noise power
encountered at the receiver of nodeb as:

SNRt =
E{|va,j |2}

N0

=
1

N0

. (7)

In other words, we have:

SNRr = SNRt Gab ,

γr = γt + 10 log
10

(Gab) [dB] , (8)

whereγr = 10 log
10

(SNRr) andγt = 10 log
10

(SNRt).

III. SYSTEM DESIGN AND ANALYSIS
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Fig. 2. The schematic of the proposed CC-assisted DPSK-modulated
distributed DSTBC system.
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Fig. 3. The schematic of the iterative decoder of the proposed scheme at
the destination node.

The schematic of the proposed CC-assisted DPSK-modulated
distributed DSTBC system is shown in Fig. 2. In this paper we
considered a rateRcc = 0.5 memory-four CC [21] having a generator
polynomial of[35 23] expressed in octal format, as well as a 16PSK-
based DPSK scheme at the source node. A twin-antenna assisted
16PSK-based DSTBC scheme [17] is formed by the two relay nodes.



3

A two-component CC-DPSK iterative decoder is constructed at each
relay node, while a three-component CC-DPSK-DSTBC iterative
decoder of Fig. 3 is invoked at the destination node.
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Fig. 4. The EXIT curves of the DPSK-16PSK-SP and CC schemes together
with a decoding trajectory.
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Fig. 5. The EXIT curves of the DSTBC-16PSK-SP and CC schemes together
with a decoding trajectory.

The EXIT charts of the CC-DPSK and CC-STBC decoders are
depicted by Fig. 4 and Fig. 5, respectively. As observed fromFig. 4,
when the number of decoding iterations is fixed to two, we can use a
simple CC to assist the Set-Partitioning (SP) based DPSK-16PSK
scheme. However, the open EXIT-tunnel area between the EXIT
curves of the DPSK-SP demapper and the CC decoder is relatively
large. Note that the open EXIT chart tunnel area is proportional to the
distance from the channel capacity [22], [23]. Hence, the CC-DPSK
scheme is not operating near the channel capacity, when the number
of decoding iterations is fixed to two. If the decoding complexity
at the relay nodes is not stringently limited, we can employ more
advanced outer channel codes to reduce the tunnel area between the
EXIT curves at the cost of a higher number of decoding iterations.
However, this will impose a higher decoding complexity at the relay
nodes. On the other hand, the CC-DSTBC decoder requires a higher
number of decoding iterations for attaining a decoding convergence at

IE(CC)= 1.0, as shown in Fig. 5. This is acceptable, again, provided
that the destination node can tolerate a higher decoding complexity.
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Fig. 6. The EXIT curves of the DPSK-16PSK-SP and CC-DSTBC-16PSK-
SP schemes together with a decoding trajectory.

The EXIT curves of the proposed three-component decoder at the
destination node are shown in Fig. 6, when assuming perfect decoding
at the relays. The relays are assumed to be located at the mid-point
between the source and destination nodes, i.e.Gsr = Grd = 4.

Let Ni denote the number of information bits transmitted within
a duration of (Ns + Nr) symbol periods, whereNs is the number
of DPSK symbols per frame emanating from the source node and
Nr is the number of DSTBC symbols per frame transmitted from
the relay nodes. We haveNs = Nr in our case. We do not
employ trellis termination for the CC encoder and hence we have
Ni = log

2
(16) Rcc Ns = 2 Ns, for the 16PSK-based DPSK/DSTBC

scheme. The overall throughput of this two-hop cooperativescheme
can then be computed as:

η =
Ni

Ns + Nr
= 1 [bps] . (9)

Without loss of generality, we assume that both relay nodes are
located on the direct line-of-sight path between the sourceand
destination nodes, hence:

dsd = dsr + drd . (10)

Then, from Eqs. (1), (2) and (10), we have:

1 =
1√
Gsr

+
1√
Grd

, (11)

Grd =

„

1

1 − 1/
√

Gsr

«

2

. (12)

If we assume that the transmit power at the source node equalsthe
sum of the transmitted power of allN = 2 relay nodes, i.e. the SNRt
at the source node (γt,sr) equals the total SNRt of the relay nodes
(γt,rd), then we have:

γt,rd = γt,sr , (13)

γr,rd − 10 log
10

(Grd) = γr,sr − 10 log
10

(Gsr) , (14)
Grd

Gsr
= 10γd−r/10 , (15)

whereγd−r = γr,rd − γr,sr is the difference between the receiver’s
average SNR at the destination node during the second transmission
period and the receiver’s average SNR at each relay node during
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the first transmission period. Based on the above equations,we can
compute the values ofGsr andGrd for a givenγd−r as follows:

Gsr =
“

1 + 10−γd−r/20

”2

, (16)

Grd =
“

1 + 10γd−r/20

”2

. (17)

IV. RESULTS AND DISCUSSIONS

Let us now compare our EXIT chart predictions to our Monte-
Carlo simulation results. We consider the following eight schemes in
our simulation study:

1) CC-DPSK-GRAY: Gray-labelled 16PSK-assisted non-
cooperative CC-DPSK scheme;

2) CC-DPSK-SP: SP-labelled 16PSK-assisted non-cooperative
CC-DPSK scheme;

3) CC-DSTBC-GRAY: Gray-labelled 16PSK-assisted non-
cooperative CC-DSTBC scheme;

4) CC-DSTBC-SP: SP-labelled 16PSK-assisted non-cooperative
CC-DSTBC scheme;

5) CC-DPSK-DSTBC: SP-labelled distributed scheme withoutthe
source-to-destination link using relays at the mid-way;

6) CC-DPSK-DSTBC-O: SP-labelled distributed scheme without
the source-to-destination link using relays at optimum position;

7) CC-DPSK-DSTBC-SD: SP-labelled distributed scheme with
the source-to-destination link using relays at the mid-way;

8) CC-DPSK-DSTBC-SD-O: SP-labelled distributed scheme with
the source-to-destination link using relays at optimum position.

The CC-DPSK-DSTBC and CC-DPSK-DSTBC-O schemes employ
only the CC-DSTBC decoder at the destination node, which is
shown as the top section of Fig. 3. The frame length is fixed to
Ns = Nr = 5000 DPSK/DSTBC symbols for communications over
Rayleigh fading channels having a normalised Doppler frequency of
0.01.
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Fig. 7. BER versus SNRr performance of the CC-DPSK-16PSK-SP and CC-
DPSK-16PSK-GRAY schemes when communicating over correlated Rayleigh
fading channel having a normalised Doppler frequency of 0.01 using a frame
length ofNs = 5000 16QAM symbols.

As predicted by the EXIT charts of Fig. 4, the Bit Error Ra-
tio (BER) of the CC-DPSK-SP scheme has converged to a low value
of 3 × 10−5 at SNRr = 17 dB, as seen in Fig. 7. The high BER
floor is due to the tail of the CC EXIT curve at the top-right corner
of Fig. 4, whereIE(CC) is very close to one, but it is only equal
to one at a high SNR, when we haveIA(CC)> 0.9. As seen from
Fig. 7, the CC-DPSK-SP scheme only needs two decoding iterations

in order to achieve a BER of10−5 at SNRr = 18 dB, which is about
3 dB lower than that required by the CC-DPSK-GRAY scheme.
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Fig. 8. BER versus SNRr performance of the CC-DSTBC-16PSK-SP
and CC-DSTBC-16PSK-GRAY schemes when communicating over correlated
Rayleigh fading channel having a normalised Doppler frequency of 0.01 using
a frame length ofNs = 5000 16QAM symbols.

Similarly, as predicted by the EXIT charts of Fig. 5, the BER
curve of the CC-DSTBC-SP scheme seen in Fig. 8 starts to form
a BER floor at SNRr = 13 dB. The CC-DSTBC-SP arrangement
outperforms its CC-DSTBC-GRAY counterpart by about 3.2 dB at a
BER of 10−5 after the third decoding iteration.
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Fig. 9. BER versus SNRr performance of the 16PSK-SP aided CC-DPSK,
CC-DPSK-DSTBC, CC-DPSK-DSTBC-O, CC-DPSK-DSTBC-SD and CC-
DPSK-DSTBC-SD-O schemes when communicating over correlated Rayleigh
fading channel having a normalised Doppler frequency of 0.01 using a frame
length ofNs = 5000 16QAM symbols.

Fig. 9 shows the BER performance of four distributed CC-DPSK-
DSTBC schemes in comparison to the non-cooperative CC-DPSK
scheme, when SP-based 16PSK is used. At a BER of10−5, we have
γr,sr = 18 dB for the CC-DPSK-SP scheme in Fig. 7 as well as
γr,rd = 16.5 dB for the CC-DSTBC-SP scheme in Fig. 8. Based on
these received SNR values, we can compute the optimum geometrical
gains1 using Eqs. (16) and (17) for the CC-DPSK-DSTBC-O and
CC-DPSK-DSTBC-SD-O schemes. As we can see from Fig. 9, none
of the distributed CC-DPSK-DSTBC arrangements can attain alow
BER at the predicted value of SNRt = 5 dB, despite the fact that this

1The optimum relay locations can be calculated based on the optimum
geometrical gains using Eqs. (1) and (2).
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was predicted by the perfect-relay based EXIT charts in Fig.6. This
is due to the error propagation encountered at the relay nodes, when
the received SNR is insufficiently high. Naturally, the performance
of the various cooperative communications systems proposed in
the literature assuming perfect decoding at the relay nodesare too
optimistic, especially when no outer channel code is used toassist the
system. Nonetheless, the proposed CC-DPSK-DSTBC-SD-O scheme
still outperforms the non-cooperative CC-DPSK schemes by about
8dBs at a BER of10−5, despite the potential error propagation effects
imposed by from the relay nodes.

V. CONCLUSION

A practical end-to-end distributed coding scheme was proposed
and studied, which takes into consideration both the various practical
limitations imposed by the communication links and the relay node
complexity. Differential modulation was considered for reducing
the complexity of the relay and destination nodes. Two decoding
iterations were invoked at each relay node for further reducing the
associated complexity. The optimum relay location was calculated
based on our EXIT chart analysis and BER performance. Finally,
a novel three-component decoder was employed at the destination
node for detecting the source signals. It was shown in Fig. 9 that
our practically motivated low-complexity distributed coding scheme
is capable of attaining an SNR gain of about 8 dBs, when compared
to a non-cooperative scheme.
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