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Abstract— A low complexity distributed coding scheme is proposed for
communications over Rayleigh fading channels. Convolutizal Coding
(CC) assisted Differential Phase-Shift Keying (DPSK) modiation is
employed at the source node for conveying the source signate two
relay nodes as well as to the destination node during the firdtansmission
period. lterative detection exchanging extrinsic informaion between the
DPSK demapper and CC decoder is carried out at each relay node
in order to recover the source signals. Then, the CC-encodedits
are re-encoded by the two relays to generate Differential Sge-Time
Block Coding (DSTBC) symbols for transmission to the destiation node
during the second transmission period. At the destination nde, iterative
decoding exchanging extrinsic information is invoked betwen the DPSK
demapper and the concatenated CC-DSTBC decoder, where thatér
is viewed as a single amalgamated decoder. The relay and desition
nodes do not have to estimate the channel’s fading coefficisndue to the
employment of DPSK and DSTBC schemes. Our design requires bn
two decoding iterations between the DPSK and CC decoders ataeh
relay in order to further reduce the complexity of the relay nodes. Our
distributed coding scheme assisted by two low-complexity etay nodes
outperforms the non-cooperative benchmarker scheme by aht 8 dBs,
when aiming for a bit error ratio of 1075,

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

. INTRODUCTION

STBC schemes are not aided by an additional outer channel éaod
adaptive distributed STBC based on the AAF protocol was qgseg
in [15] to avoid the above-mentioned error propagation fgobof the
DAF-based schemes. However, the AAF-based cooperativenseh
is vulnerable to the noise enhancement inflicted by the retales.

The above-mentioned cooperative schemes require acclhaie-
nel State Information (CSI) at each receiving node in ordedetect
the transmitted signals. However, the estimation of the &Sdach
node would induce a high complexity, especially when the bemof
cooperative nodes is high. On the other hand, differentidutation
schemes, such as Differential Phase-Shift Keying (DPSE) [do not
require the knowledge of the CSI at the receiver for sign&at@n.
Hence, various differential modulated schemes have bemoped in
the literature [17], [18]. More explicitly, Differential BBC (DSTBC)
schemes [17] have been modified for employment in cooperativ
networks [19], [20]. However, outer channel codes have resnb
utilised in these DSTBC schemes. Hence their performaneéhsr
too idealistic or too far away from the virtual MIMO chanrel’
capacity.

In this contribution, a simple Convolutional Code (CC) [21]d a
classical DPSK modulation are employed at the source noge. T
relay nodes will be used to form a distributed DSTBC system.

Space time coding schemes such as Space-Time Trellis Cltérative detection between the CC decoder and DPSK demappe
ing (STTC) [1] and Space-Time Block Coding (STBC) [2], [3].invoked at each relay node for reliably detecting the sosigeals.

which employ multiple transmitters and receivers, are bbpaf
providing high data rates and substantial diversity gaine the
high capacity potential of the corresponding Multiple-lihpultiple-
Output (MIMO) channels [4], [5]. However, it is impracticab
implement multiple antennas at each mobile unit. Cooperatom-
munication among users is a practical solution to this gobiwhere
single-antenna aided mobile units can form a virtual MIMGtem
for achieving diversity gains through the relay channelthdugh the
capacity of relay-aided channels was studied as early d9tHes [6],
practical cooperative diversity techniques were only pegal and
investigated in recent years [7]-[10].

The most popular collaborative protocols used between the

source, relay and destination nodes are Decode-And-For{isF),
Demodulate-And-Forward (DeAF), Compress-And-ForwardARL
as well as Amplify-And-Forward (AAF). Distributed codindl1]
constitutes another attractive cooperative diversithrégue, where

joint signal design and coding are invoked at the source &Ad r

lay nodes. Recently, various distributed STTC [12] andritiisted

STBC [13] schemes were also proposed. However, strong ehann

codes are needed in order to protect the source-to-relag [iv],

especially when the DAF protocol is employed at the relayesod

which would inflict error propagation in the Relay-Destipatlink in
the presence of decision errors. More specifically, thestrahpower

required at the source node may be excessive in order torgeara

reliable decoding at the relay nodes, if the distributed STand
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At the destination node, iterative detection exchangingriresic

information between the DPSK demapper and the concate@fed
DSTBC decoder is performed for recovering the source sigr@lr

proposed distributed and differentially modulated sch&esigned
using EXtrinsic Information Transfer (EXIT) charts [2223] and its
performance is verified by Monte-Carlo simulations.

The paper is organised as follows. The system model is destri
in Section II, while the system design and analysis is oetlirn
Section lll. Simulation results are discussed in Sectionahd our
conclusions are offered in Section V.

Il. SYSTEM MODEL

Fig. 1.  Schematic of a two-hop relay-aided system, whégg is the

geographical distance between nadand nodeb.

Fig. 1 shows the schematic of a two-hop relay-aided systémrev

the source nodes] transmits a frame of coded DPSK symbols



vs to N number of relay nodesr] as well as to the destination In other words, we have:

node () during the first transmission period. Each relay node first SNR. — SNR G
decodes and then re-encodes the information. Whe&ooperating o ab
relay nodes will collectively form a virtual DSTBC frame &f, = Y = 7+ 10log;o(Gap) [dB] (8)
[V, Vg, - - - 7v7.N]T. fo.r transmission to the desti.nati.on npde dyring,vhere% = 10log,,(SNR.) and~; = 101og;,(SNR.).

the second transmission period. The communication linlk sa
Fig. 1 are subject to both free-space propagation path lessedl
as to a Rayleigh fading channel. We considér= 2 relay nodes in
this paper. Each source, relay and destination node is peglipith
a single antenna.
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Let d,, denote the geometrical distance between nadesd b. |
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I1l. SYSTEM DESIGN AND ANALYSIS

©) (1)
cc DPSK

as [10], [14]: Encoder Encoder
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Similarly, the geometrical-gain of thé&h relay-to-destination link
with respect to the source-to-destination link can be fdated as: Ysrs
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We haveG;q = 1 because the geometrical-gain of the source-to- (2 |
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destination link with respect to itself is unity. ! DSTBC =
The kth received signal at théth relay node during the first | : \v’_,
|
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. . . T
transmission period, wher&/s; symbols are transmitted from the ’
source node, can be written as:

Encoder

Ysrik = ,/Gsri hs’ri,k Vs, + Nr; K (3) : Re]ay node 7

wherek € {1,...,Ns}, i € {1,..., N} andhs,, » is the Rayleigh

fading coefficient between the source node anditheelay node at
instantk, while n,., », is the AWGN having a variance d¥,/2 per
dimension. Thekth received signal at the destination node during the
first transmission period can be written as: !

Fig. 2. The schematic of the proposed CC-assisted DPSK-jatedu
distributed DSTBC system.

@ © 3
Ysd,k = VGsd Psa,k Vs, + Nak » 4) L Yra DSTBC cc !
wherek € {1,..., N5}, Gsq = 1 and hsq,i is the Rayleigh fading
Yall 1 1 1 I 2 72 0 0 :
coeffl_uent be_tween the source node ar_ld the destlnatlon_e[todet_ant 1 Decoder| " [ 1 L Ea | becoder| ¢ :
k, while ng 1, is the AWGN having a variance @f, /2 per dimension. ! b T ;
The jth symbol received at the destination node during the second | i
transmission period, wher#/,, symbols are transmitted from each VL=l . .
relay node, is given by: ! -y |
‘ 2 !
N ' CC-DSTBC Decoder P
Yrag =DV Grid hriag vrij +nag s (5)
i=1 1)
where j € {1,...,N,} and h,,q; denotes the Rayleigh fading Ysd DPSK
coefficient between théth relay node and the destination node at
instantk, while ng; is the AWGN having a variance aWVo /2 per Decod Ll ] L
dimension. The power transmitted by each relay node is risseth ecoder T
to one, i.e. N, |vr, 42 = 1.
If vq,; is the jth symbol transmitted from node equipped with a LL =10+ 12 Ll =10+ L2
single transmit antenna, the average received Signal teeNmbwer T
Ratio (SNR) experienced at each receive antenna at haslgiven
by: Fig. 3. The schematic of the iterative decoder of the progpaszheme at
2 2 the destination node.
SNR, — E{Gab}E{|hab ;| }E{|va;["} _ Gap ©)
No No The schematic of the proposed CC-assisted DPSK-modulated

where H|haw |} = 1 and H|va,;|*} = 1. We define furthermore distributed DSTBC system is shown in Fig. 2. In this paper we
the ratio of the power transmitted from nodeto the noise power considered a rat&®.. = 0.5 memory-four CC [21] having a generator
encountered at the receiver of notlas: polynomial of [35 23] expressed in octal format, as well as a 16PSK-
based DPSK scheme at the source node. A twin-antenna dssiste

E{lvay?} _ 1
SNR; = = (7)  16PSK-based DSTBC scheme [17] is formed by the two relay siode

No No *



A two-component CC-DPSK iterative decoder is constructegbah Iz(CC)= 1.0, as shown in Fig. 5. This is acceptable, again, provided
relay node, while a three-component CC-DPSK-DSTBC iteeati that the destination node can tolerate a higher decodinglexity.
decoder of Fig. 3 is invoked at the destination node.

1.0
1.0 ~<—DPSK-16PSK-SP, G¢4=1.0; SNR, = 5dB
R = 0.9 | =—DSTBC-16PSK-SP-CC, G,4=4.0; SNR, = 5dB
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Fig. 6. The EXIT curves of the DPSK-16PSK-SP and CC-DSTBedlk-
Fig. 4. The EXIT curves of the DPSK-16PSK-SP and CC schenmettier SP Schemes together with a decoding trajectory.
with a decoding trajectory. The EXIT curves of the proposed three-component decodéreat t
destination node are shown in Fig. 6, when assuming peréaciding
at the relays. The relays are assumed to be located at theairitl-

10 DSTBC-16PSK-SP, SNR, = 13dB between the source and destination nodesG&.= G,.q = 4.
09| =—<CC R Let N; denote the number of information bits transmitted within
08— Trajectory, SNR, = 13dB a duration of (Vs + N,) symbol periods, wheréV, is the number
T of DPSK symbols per frame emanating from the source node and
~0.7 N, is the number of DSTBC symbols per frame transmitted from
8 o6l the relay nodes. We havéV; = N, in our case. We do not
= employ trellis termination for the CC encoder and hence wesha
-057 N; = log,(16) R.c Ns = 2 Ny, for the 16PSK-based DPSK/DSTBC
) scheme. The overall throughput of this two-hop cooperaigeme
E 047 can then be computed as:
03+ .
S, W= s =1 lbed ©
01 Without loss of generality, we assume that both relay nodes a
located on the direct line-of-sight path between the souand

0ot inati :
00 01 02 03 04 05 06 0.7 0.8 09 10 destination nodes, hence:

IA(DSTBC) , 1(CC) Qi = et doa (10)
Fig. 5. The EXIT curves of the DSTBC-16PSK-SP and CC scheowttier Then, from Egs. (1), (2) and (10), we have:
with a decoding trajectory. 1 1
The EXIT charts of the CC-DPSK and CC-STBC decoders are 1= VG + Vel (11)
depicted by Fig. 4 and Fig. 5, respectively. As observed fFog 4, 1 2
when the number of decoding iterations is fixed to two, we caai Grd <7) (12)
1-1/VGs,

simple CC to assist the Set-Partitioning (SP) based DP3*SK6
scheme. However, the open EXIT-tunnel area between the EXIfTwe assume that the transmit power at the source node ethals
curves of the DPSK-SP demapper and the CC decoder is réjativeum of the transmitted power of al' = 2 relay nodes, i.e. the SNR

large. Note that the open EXIT chart tunnel area is propealito the at the source nodey{ ..) equals the total SNRof the relay nodes

distance from the channel capacity [22], [23]. Hence, themSK  (7¢,-a), then we have:

scheme is not operating near the channel capacity, whenutnéer _ (13)
of decoding iterations is fixed to two. If the decoding comijile Veyrd Veror

at the relay nodes is not stringently limited, we can employren Vrra = 1010g1(Gra) = Yrsr — 1010g,o(Gsr) ,  (14)
advanced outer channel codes to reduce the tunnel areadvetie Gra  _ 1Q7a-r/10 (15)
EXIT curves at the cost of a higher number of decoding itersti Gor ’

However, this will impose a higher decoding complexity a thlay where~q,—, = v,.-¢ — vr,sr IS the difference between the receiver’s
nodes. On the other hand, the CC-DSTBC decoder requiresharhigaverage SNR at the destination node during the second tisgiem
number of decoding iterations for attaining a decoding eogence at period and the receiver’s average SNR at each relay nodegduri



the first transmission period. Based on the above equati@sian in order to achieve a BER df0—° at SNR. = 18 dB, which is about
compute the values afs, and G, for a givenvy,—_, as follows: 3 dB lower than that required by the CC-DPSK-GRAY scheme.

2
G. = (1+ 10*“*”20) , (16) e
2 ! ~
Gra = (1 T 10%4/20) . 17) ; :
10* N M’{
IV. RESULTS AND DISCUSSIONS
- 102 \\\e\x) \a :
Let us now compare our EXIT chart predictions to our Monte RSN
Carlo simulation results. We consider the following eigtitemes in DTN
our simulation study: 0,42 &_\ N N
1) CC-DPSK-GRAY: Gray-labelled ~ 16PSK-assisted non- | » teperccmavofer | Nk \ N
cooperative CC-DPSK scheme; | & 16PsKesPiDiter. \?}‘% a BN
2) CC-DPSK-SP: SP-labelled 16PSK-assisted non-cooperati 10 | § 1ohex on 3 te" T
CC-DPSK scheme; O 16PSK-SP; 3 iter. N\ A %
3) CC-DSTBC-GRAY: Gray-labelled ~16PSK-assisted non- | | % 16PSKSPi4ier N A
cooperative CC-DSTBC scheme; 4 6 8§ 10 éZNR [138] 16 18 20 22 24
4) CC-DSTBC-SP: SP-labelled 16PSK-assisted non-coaperat r -

CC-DSTBC scheme;

. L . Fig. 8. BER versus SNR performance of the CC-DSTBC-16PSK-SP
5) CC'DPSK'DSTBQ' SE-IabeI!ed distributed scheme withibat and CC-DSTBC-16PSK-GRAY schemes when communicating aveelated
source-to-destination link using relays at the mid-way;

Rayleigh fading channel having a normalised Doppler fragyef 0.01 using
6) CC-DPSK-DSTBC-O: SP-labelled distributed scheme witho a frame length ofVs, = 5000 16QAM symbols.

the source-to-destination link using relays at optimumit@s Similarly, as predicted by the EXIT charts of Fig. 5, the BER
7) CC-DPSK-DSTBC-SD: SP-labelled distributed scheme witByrve of the CC-DSTBC-SP scheme seen in Fig. 8 starts to form
the source-to-destination link using relays at the midsway a BER floor at SNR = 13 dB. The CC-DSTBC-SP arrangement
8) CC-DPSK-DSTBC-SD-O: SP-labelled distributed schemi wi outperforms its CC-DSTBC-GRAY counterpart by about 3.2 dB a
the source-to-destination link using relays at optimumitims  BER of 10~° after the third decoding iteration.

The CC-DPSK-DSTBC and CC-DPSK-DSTBC-O schemes employ

only the CC-DSTBC decoder at the destination node, which is * 16PSK.SP: 4 iter
shown as the top section of Fig. 3. The frame length is fixed to * CC-DPSK; Gg;=1.000
N; = N, = 5000 DPSK/DSTBC symbols for communications over _ N * CC-DPSK-DSTBC; G4=4.000
. . . ) % - + CC-DPSK-DSTBC-O; G4=3.387
Rayleigh fading channels having a normalised Doppler feagy of R \—| %2 CC-DPSK-DSTBC-SD; G,=4.000
0.01. \ \-| 45 CC-DPSK-DSTBC-SD-0; G4=3.387
Tlo-z \\‘g" \
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CC-DPSK N XS SNR; [dB] —
A 16PSK-GRAY; 0 iter. " . —
$3 16PSK-SP; 0 iter. “\\\\‘ Q\\ b . .
10%| O 16PSK-SP; 1 iter. x Fig. 9. BER versus SNRperformance of the 16PSK-SP aided CC-DPSK,
{ 16PSK-SP; 2 iter. \“\ < CC-DPSK-DSTBC, CC-DPSK-DSTBC-O, CC-DPSK-DSTBC-SD and-CC
L) 16PSK-SP; 3 iter. RN\ % DPSK-DSTBC-SD-0O schemes when communicating over coeel|Riayleigh
| 7 16PSK-SP; 4iter. A \, AN fading channel having a normalised Doppler frequency of Qi€ing a frame
107, 6 8 10 12 14 16 18 20 _ 22 24 length of N5 = 5000 16QAM symbols.
SNR, [dB] —

Fig. 9 shows the BER performance of four distributed CC-DPSK
DSTBC schemes in comparison to the non-cooperative CC-DPSK

Fig. 7. BER versus SNRperformance of the CC-DPSK-16PSK-SP and CCscheme. when SP-based 16PSK is used. At a B of. we have
DPSK-16PSK-GRAY schemes when communicating over coaelRayleigh ' : ER)of,

fading channel having a normalised Doppler frequency of @iging a frame Vrsr = 18 dB for the CC-DPSK-SP scheme in Fig. 7 as well as
length of N = 5000 16QAM symbols. Yr,ra = 16.5 dB for the CC-DSTBC-SP scheme in Fig. 8. Based on
. . . these received SNR values, we can compute the optimum geoahet
e B e vy U509 £ (16) and (17 fr the CC.OPSICOSTOC0 an
(;f 3 x 10-° at SNR. — 17 dB, as seen in Fi V7 gThe high BI\E/R C-DPSK-DSTBC-SD-O schemes. As we can see from Fig. 9, none
X - y g. 7 g of the distributed CC-DPSK-DSTBC arrangements can attdiowa

roor_ Is due to the tail of _the CC EXIT curve at the_tqp-rlghtmmr BER at the predicted value of SNR- 5 dB, despite the fact that this
of Fig. 4, wherelg(CC) is very close to one, but it is only equal

to one at a high SNR, when we hayg(CC)> 0.9. As seen from  iThe optimum relay locations can be calculated based on thienom
Fig. 7, the CC-DPSK-SP scheme only needs two decodingiitesat geometrical gains using Egs. (1) and (2).



was predicted by the perfect-relay based EXIT charts in &ig his
is due to the error propagation encountered at the relaysnadeen
the received SNR is insufficiently high. Naturally, the pemance
of the various cooperative communications systems prapdse
the literature assuming perfect decoding at the relay nadestoo
optimistic, especially when no outer channel code is usesist the
system. Nonetheless, the proposed CC-DPSK-DSTBC-SD-&nseh
still outperforms the non-cooperative CC-DPSK schemes lgug

8dBs ata BER 010, despite the potential error propagation effectg 7]

imposed by from the relay nodes.

V. CONCLUSION

A practical end-to-end distributed coding scheme was wego
and studied, which takes into consideration both the varjractical
limitations imposed by the communication links and the yelade
complexity. Differential modulation was considered fordueing
the complexity of the relay and destination nodes. Two diegpd
iterations were invoked at each relay node for further raauthe
associated complexity. The optimum relay location was wated
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