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Abstract— An attractive hybrid method of mitigating the effects of
error propagation that may be imposed by the relay node (RN) a the
destination node (DN) is proposed. We selected the most apypriate relay
location for achieving a specific target Bit Error Ratio (BER) at the relay
and signalled the RN-BER to the DN. The knowledge of this BER was
then exploited by the decoder at the destination. Our simuléon results
show that when the BER at the RN is low, we do not have to activat
the RN-BER aided decoder at the DN. However, when the RN-BERsi
high, significant system performance improvements may be &geved by
activating the proposed RN-BER based decoding technique ahe DN.
For example, a power-reduction of up to about 19dB was recored at a
DN BER of 1074,

|. INTRODUCTION

Cooperative communications [1] is capable of supportirgubers
either at an improved integrity or throughput in wirelesgwarks
with the advent of user cooperation. The simplest two-hoppeo
ative communications scheme consists of three terminalsiely a
source node (SN), a relay node (RN) and a destination nodg [(()N
In a simple cooperative regime the SN transmits information
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power received at the RN was too low, the effect of error pgagian
still remained a persistent problem.

The apparent trade-off between the above-mentioned CRDED
method of [11], [12] and the joint SN-RN-DN design of [13]-
[15] has motivated our research to beneficially amalgamiagset
meritorious mechanisms for sake of mitigating the erroppgation
imposed by the RN. We considered transmission over quatést
Rayleigh fading channels, where the channel's envelopeairem
approximately constant during a transmission frame, bdédabe-
tween the different frames. In this contribution, we will gioy
Bit-Interleaved Coded Modulation combined with Iteratdecoding
(BICM-ID) [16], [17]. Set-Partitioning (SP) based signalbklling
is employed by the BICM-ID scheme for increasing the Eucite
distance of the constellation points and for exploiting th# ad-
vantage of bit interleaving with the aid of soft-decisioredback
based iterative decoding. Furthermore, the DF protocohipleyed
in the proposed scheme. Although using a strong channel ode
capable of mitigating the error propagation for transnoissover
idealized uncorrelated Rayleigh fading channels in a DEEseh the
error propagation is hard to mitigate for transmission oslexvly-

both the RN and the DN during the first COOperatiVe transimissi fad|ng quasi-static Ray|e|gh fad|ng channels Owing to theklof

period. Then the RN retransmits the information during teeosd
cooperative transmission period. In a slightly more sdpfsted
cooperative diversity regime two users may cooperate bjianging

their roles as SN and RN [3]. The source-to-relay (SR) linkl arn,

source-to-destination (SD) link typically fade indepemitie and the
destination beneficially combines the two links’ signalsdchieving
diversity. Numerous relaying protocols may be employedoopera-
tive communications, such as the Amplify-and-Forward [8],(AF),

Demodulate-and-Forward [6] (DemF), Decode-and-ForwaldDF),

the Adaptive Relaying Protocol of [7] (ARP) and Soft Infortioa

Relaying [8] (SIR). However, in practice decoding errorsynise
imposed by the RN’s erroneous decisions propagated to the
which may potentially inflict avalanche-like error proptga.

The potential error propagation limits the attainable amnénd per-
formance. Hence, various methods have been proposed figating
the effects of error propagation imposed by the RN [9], [1@].
this paper, two methods are studied. Tfiest method considered
was proposed in [11], [12], where the decoding error prdigbi

encountered at the RN is taken into account during the degodi

process at the destination. Hence we refer to it as 'Congdtie
Relay’s Decoding Errors at the Destination’ (CRDED). Hoese\the

location of RNs and the corresponding transmit power wasdfixe
in [11], [12]. Thesecond method considered is based on the scheme

advocated in [13]-[15], where joint signal design and cgdwas

invoked both at the SN and the RN. We term this method as thé joi

SN-RN-DN design. The system selected the most appropréddy r
based on the transmit power level required for guaranteestigble
relaying. Although the joint SN-RN-DN design technique &BF-
[15] efficiently mitigated the RN-induced error propagatiavhen the
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time diversity during a transmission frame.

Again, we amalgamate the CRDED technique of [11], [12] and
the joint SN-RN-DN design of [13]-[15]. In the context of theter
echnique we either select a RN near the desired locatioallarate

the most appropriate transmit power to the RN in order tarattse
target received SNR at the DN, as in [13]-[15]. Hence thisaeckd
technique is referred to here as 'RN Selection or Power Alioo’
(RNSPA). Naturally, a beneficial amalgam of these techrdqise
expected to have a better end-to-end performance than thee-ab
mentioned two methods in isolation.
DNThe outline of the paper is as follows. The system model is
described in Section I, while our results and discussiordatailed
in Section Ill. Our conclusions are presented in Section IV.

Il. SYSTEM MODEL AND ANALYSIS
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dsq = dsr + drg

Fig. 1. The schematic of a two-hop relay-aided system



Fig. 1 shows the basic schematic of a two-hop relay-aidettsys the DN, where it is employed for mitigating the effects of aerr
which is used in our design. During the first cooperativednaission propagation.
period the SN transmits a frame of coded symholsto both the  |n this model, the RN's location is fixed. Lef. denote the RN-
RN and DN. Then the RN decodes the information and transmitsg&R of theith bit of the kth symbol, where we havee {1, ...,m}
frame of coded symbolz.. to the DN during the second cooperativeand m, represents the number of coded bits per BICM symbol. For
transmission period. More specifically, during the firsnfmission simplicity, we assume that the RN-BER is perfectly knowrhatDN,
period, thekth symbol received at DN may be written as: which may be accurately estimated based on the decodet’sigpfit.
_ It was shown in [11] that only a modest performance degrad&t
Ysap = VCaahsd ko + sk, @ imposed, when a realistically estimated BER value is relipdn.
wherek € {1,..,N} and N is the number of symbols transmittedHere, we introduced the sequende},, which hosts a logical one to
from the SN, whilehsq, denotes the quasi-static Rayleigh fadingndicate the position of the decoding errors, where the gidity of
coefficient between the SN and the DN. Moreovey, . represents the decoding errordci can be expressed as:
the AWGN having a variance dWV, /2 per dimension. Similarly, the

kth symbol received at the RN may be expressed as: P(Ac)) = { ! — % ’i'ff ﬁcf :f (7
dk ) Cp = L.
Ysrk = V Gsrhsr,k’xs,k’ + Nsr,k, (2)

During the BICM-ID decoding iterations at the DN the
whereh,,, denotes the quasi-static Rayleigh fading coefficient of thectrinsic a pOsteriori probability P(ct; O)_ of the original coded
link between the SN and the RN, while,,.;, represents the AWGN bits (c;) and the error-indicator sequencec;, [19] are interleaved
having a variance ofVy/2 per dimension. It is assumed that thgndependently, and then they are fed back to the input of ¢nesghper
number of symbols transmitted from the SN is the same as bt f as the probability of the priori information, where agai® refers to
the RN. Thekth symbol received during the second transmissiotie extrinsic a pOsteriori information. Considering the RN-BER
period may, therefore, be formulated as: and thea posteriori probability P(c;; O) of the BICM decoder’s
output bits [19], the joint probability?(¢;; O) may be calculated as:

Yrd,k = VGrahrd kTrk + Nra k, . . . ’
(1= qp)P(ck =0;0) + qi. P(ci. = 1;0)

where h,q 1, represents the quasi-static Rayleigh fading coefficient , if &l =0
. . . P(éi-0)= ) ) L 8
of the RN to DN link, while,n,4; represents the AWGN having (¢k; 0) (1= gi)P(ch = 1,0) + gL P(ci. = 0, 0) (8)
a variance of No/2 per dimension. The reduced-distance-related it =1
pathloss reduction (RDRPLR) of the SR link related to the 8iR |
can be expressed as [18], [13]: which may be used to generate the Log-Likelihood Ratio (L[]
A" of ¢;,. ConsideringP(c;, = 1; 0) as an example, we have [11], [19]:
sd
st — \ 7 . 4
G.r = (54 @
Here, the pathloss exponent equalsto= 2, because a free- P(ci, =1;0) = P(c;. = 1)
space Line-of-Slight (LOS) pathloss model is assumed. 18ifyj ’ - \/_h |?
the RDRPLR of the relay-to-destination (RD) link relatedthe SD (1—aqr) Z exp ( Yrd = VGrahrax, ) HP
link may be formulated as: éi=1 i
dsd ? +\/
Grd = (d,rd) . (5) + Qk Z exp( y!‘d rdhrdxr| ) HP . ,

J#i
Naturally, the RDRPLR of the SD link related to itself is whit

yielding, Gs4 = 1, whereds, represents the distance between thehere j € {1,...,m}, j # . It is worth mentioning that the
SN and RN, whiled,., is that of the RD link andl,, is that of the conventional BICM-ID decoder may be employed for the SD link
SD link. Moreover, for the sake of simplicity we assumed with without any modification, since this link is free from any Ritluced
loss of generality that the SN, the RN and the DN are positdon@ecoding errors. Although error propagation may be enesadtat
along a straight line. Therefore, we have: the DN, it is mitigated with the aid of the RN-BER estimatoosim in
Fig. 2, which can help the DN to correct the decoding erroosipced
dsd = dsr + dra. (6)  at the RN with the aid of the side information that is genatdtem

Again, below we beneficially combine the CRDED [11], [12] andhe information received from the SN via the direct link.
the RNSPA [13]-[15] techniques. The proposed algorithm #sd  Having considered the CRDED method, let us now briefly focus
analysis will be presented in the following subsections. our attention on the RNSPA technique.

A. Correcting the Relay’'s Decoding Errors at the Destination B. RN Sdlection or Power Allocation

Practically, the RN may have decoding errors and if so, then\yhen transmitting over quasi-static Rayleigh fading clesnthe
the erroneous packets are transmitted from the RN to DN, whigonstant fading coefficient and the power of the AWGN detaesi
inevitably degrades the achievable end-to-end perform@ht]. We  the received Signal to Noise power Ratio (SNR) for each tréssion
denote the BER of the BICM coded bits at the RN as RN-BER. Mokgame. The estimated SNR can be used for choosing the optimum
specifically, the RN-BER is given by the BER of the BICM decdde RN |ocation. According to [15], the average SNR at the RN may b
bits at the RN, which can be estimated form the soft-metrfche  expressed as:
BICM decoder. Fig. 2 shows the schematic of the entire system
where the interleaver and de-interleaver are represented bnd SNRy.. = E{GST}E{|hST|2}E{|xS,k|2}7 ©)

7!, respectively. The estimated RN-BER has to be signalled to No
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Fig. 2. The block diagram of the RN-BER-aided system

where z 5 is the kth symbol transmitted from the SN. For thethe DN receives the data at a relatively low SNR, thus we have a
sake of simplifying our analysis, we define the 'equivaleDltR'  poorer performance. By contrast, if the RN is closer to the, B¢
characterizing the SN to RN link as: situation is reversed. At a BER af0~*, there is an almost 5dB
E{|zsn} SNR difference between these two scenarios. As seen in Fihe3
SNR; o = %, (10) performance curves of the RNSPA method are represented eby th
0 solid lines. Note that the BER curves of the RNSPA method yleca

where we haveF{|x, x|?} = 1. Hence, we arrive at: faster than those of the CRDED method. The correspondinméra
Error Ratio (FER) performance is presented in Fig. 4.

6 4 -2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
SNR(dB)

SNRT,ST - SNRt,ersr|hs'r|2 (11)
Yr,sr = Vt,sr + 1010g10(Gsr|h57‘|2)[dB]7 (12) 1 -
5| * —— Threshold(at RN-BER=10"") with Perfect Relay
where we havevy,.. = 10log,((SNR,s) and 7 sr = %&\ O — Threshold(at RN-BER=10"%) with Perfect Relay
10log (SN Ry ). Furthermore, we assume having the same trans- 2> ﬁ\ o Thrgshzk_i(at RrT'BEfR:lOﬁ) with Perfect Relay
mit power at the SN and at the RN, which corresponds to equal-10"x= % o g e tR'zf;sy
power-sharing between them. Hence, we have: 5 NG X Gsr=Grd/3 with Perfect Relay
Yr.ra = 1010g10(Gralhral”) = r,sr — 10l0g1o(Gorlharl®) (13) & . %
h 2 YVr,rd —VrsT o = —
Gralltval _ ety 4 c %
Gsr|h57'| ) VAN
Based on Egs. (4), (5) and (6), the relationship betw&gn and 10° =
Grq may be expressed as: 5 \ ﬁ\, Du o
. 2 ) AL WD
Gra= ( ) . 15)  1o¢ JIR'AN

1-1/vVGsr
If vy, sr IS fixed t0yr, s min, the following relationship may be derived
from Egs. (14) and (15): Fig. 3. BER versus SNR performance for perfect relay aidedMBID for
o Orisrmin=7t,sr) transmission over quasi-static Rayleigh channels botithiICRDED and for
Gsr = |hsr| 710 10 . (16) the RNSPA method. The system’s schematic is portrayed in Fignd the
) simulation parameters are summarised in Table I.
Then, based on Eq. (15§44 can be obtained.

I1l. SIMULATION RESULTS
C. Analysis of both methods for perfect relaying . . .
The performance of the proposed systems is characterized in

In this sub-section, the performance of the CRDED and RNSRfjs section using the simulation parameters of Table IstKirthe
methods is presented for the idealized perfect relayingas@® performance of the CRDED method recorded for RN-BER aided
where we have RN-BER = 0. Fig. 3 shows the BER performan¢acm-ID is characterized in Fig. 5, which illustrates the BE
of the perfect relaying scenario. The dotted lines reptteske performance of the CRDED system for a fixed RN location. When
performance of the CRDED method in the following three stesa the RN is half-way between the SN and the DN, there is an almost
1) the RN is half-way between the SN and DN, 2) the RN is clos&{ip difference between the BER performance curve of the CRDE
to the SN and 3) the RN is closer to the DN. As seen in Fig. 3cheme exploiting the estimate of RN-BER and that operatitigput
if the RN is located close to the SN, is relatively low, hence exploiting the knowledge of the RN-BER. Furthermore, emtering

1We note that this definition does not represent a physicalhgible or differ.e.nt RN locations results 'in a different performanddore
measurable quantity, since it relates the transmit powethef SN to the specifically, the longer the SR link, the more substantitly BER

AWGN power encountered at the RN. Nonetheless, this coememiefiniion  Performance of the CRDED technique improves, since thectsffe
simplifies our discussions. of the avalanche-like RN-induced error propagation beconuze
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Fig. 4. FER versus SNR performance for perfect relay aidedMBID for

transmission over quasi-static Rayleigh channels botithi@ICRDED and for
the RNSPA method. The system’s schematic is portrayed in Fignd the
simulation parameters are summarised in Table I.
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Fig. 5. BER versus SNR performance for RN-BER aided BICM-i f

transmission over quasi-static Rayleigh channels for tROED method. It
is worth noting that the differences in comparison to Figr8H the RN-BER
instead of perfect relaying, 2) only the CRDED method is used

Coded BICM-ID
Modulation
Modulation QPSK 1
Code R=1 Convolutional O — Gsr=Grd=4;with RN-BER
Code Mem- 3 5 Gsr=Grd=4;without RN-BER
ory length A —— Gsr=3Grd;with RN-BER
Number of 8 A Gsr=3Grd;without RN-BER
iterations 2 & —— Gsr=Grd/3;with RN-BER
Decoder Approximate Log-MAP [19] 107 ® - Gsr=Grd/3;without RN-BER
Symbols per 1,200
frame 5 ¥
Number _of 10,000 | &
frames Lo,
Channel Quasi-static Rayleigh channe|l i
Gsr = Gra Gsor = Grd/3 Gsr =3Gra 10°
Pathloss Gsr = | Gra = sr = | Gra = Gsr = Grag =
4 4 1.78 16 16 1.78 5 N T
(6.02dB)| (6.02dB) (2.50dB) (12.04dB) (12.04dB) (2.50dB AN ..
Threshold 0.89 dB 5.35dB 8.09 dB 2 A "
Correspondinj RN-BER =10~! | RN-BER=10"° | RN-BER=10"° \ \ *. "o e,
AWGN BER 10° -
6 4 -2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
TABLE | SNR(dB)
SYSTEM PARAMETERS
Fig. 6. FER versus SNR performance for RN-BER aided BICM-tp f

catastrophic in the absence of the RN-BER knowledge, i.¢hén
absence of the CRDED technique. For instance, the perfaenah

the RN-BER aided scenario was improved by approximatelyB19d
in the case ofG,. = G.q/3. By contrast, we have a modest 2dB

improvement with the aid of the CRDED scheme &g, = 3G4.

Therefore, the employment of the CRDED technique becomes mo 10"
crucial, when the RN is closer to the DN. The correspondingRFE  *°

performance shown in Fig. 6 exhibits similar trends.

Let us now consider the performance of our proposed meth%do'2 3
in comparison to the RNSPA technique. Observe from Fig. 3 and s

Fig. 4 that when the SNR increases in the idealized perféayirg

scenario, the RNSPA method has a better performance than thgs

CRDED since the latter is expected to have no benefits in theraie

of errors. Hence the philosophy of our hybrid method is that w ,
activate the RNSPA and CRDED modes of operation, depending o,

transmission over quasi-static Rayleigh channels for tROED method. It
is worth noting that the differences in comparison to Figrel the RN-BER
instead of perfect relaying, 2) only the CRDED method is used
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2 = —- Threshold(at RN-BER=10"") without RN-BER=10""
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—= RN-BER=10") without RN-BER=10"
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whether the SR channel's SNR exceeds a threshold valuegabov™ 6 -4 -2 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

which the RNSPA technique is activated. This is because é th

SNR(dB)

presence of a sufficiently high SR SNR the RN-BER becomes low

and hence we no longer have to exploit this RN-BER knowledgE

Table | shows the threshold valug s, min €Xpressed i B, which is
used for selecting a RN at a desired location or using theogpiate
transmit power at the RN. This threshold directly corregfsoto a

ig. 7. BER versus SNR performance for RN-BER aided BICM-i f
ransmission over quasi-static Rayleigh channels botth®RNSPA method
and for the proposed hybrid method. The system’s schenmporitrayed in

Fig. 2 and the simulation parameters are summarised in Tablee RN-BER

of 1071, 10~3 and 10~¢ was exploited, respectively.
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work, cooperative spatial multiplexing schemes will be sidared,
but we note that the proposed techniques are applicable toa b
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Fig. 8. FER versus SNR performance for RN-BER aided BICM-tD f

transmission over quasi-static Rayleigh channels botth@RNSPA method
and for the proposed hybrid method. The system’s schenmpoitrayed in
Fig. 2 and the simulation parameters are summarised in Tablee RN-BER
of 10~1, 10~3 and 10— 6 was exploited, respectively.

specific RN-BER under the assumption of a quasi-static Rgtyle
channel, which corresponds to an AWGN channel having a dadin
dependent SNR. More specifically, the optimum relay locatio

the transmit power required at the RN can be chosen basedeon
optimum RDRPLR, which can be generated from the knowledge

the transmit power at the SN and that of the received poweheat t

RN. The simulation results provided below will justify, whyur

proposed system is superior to both the CRDED and the RNSPA

method. Fig. 7 and Fig. 8 illustrate the BER and FER perfogaan
of the proposed hybrid system, respectively. Observe in Fithat
regardless, whether the RN-BER-knowledge is exploitedaty the
achievable performance remains similar in the case of a Emoding
error probability encountered at the RN. However, when geoding
error probability is high at the RN, the exploitation of th&lBER
becomes more crucial for the sake of limiting the RN-indueeabr
propagation. For instance, as seen in Fig. 7, our proposetoahe
achieves an approximately 12dB power reduction over the FNS
method, when using a RN-BER threshold16f~* for activating the
CRDED technique. More specifically, an SNR of almost 21dB i
required for achieving a target BER 6~ by the RNSPA, which
becomes about 9dB for our proposed technique, as indicatetieb
dotted-starred and by the continuous-triangle lines,aetsely.

It is worth noting that the FER seen in Fig. 8 is poor, when th
RN-BER threshold used for activating the CRDED techniqueeis

to 10~ 1. In contrast to Fig. 4 and Fig. 6, the FER performance ?116]

the CRDED scheme approaches that of the perfect relayingtiin,
while the FER performance remains inferior in comparisothtd of
our proposed scheme. Since the CRDED method implicithesedin
having a fixed RN location, which is associated with a timeafiant
RN-BER, its performance is expected to degrade in the peeseh
high RN velocity or low RN-BER signalling rates. It can alse b
observed in Fig. 8 that if the RN-BER is in excesslof !, then the
FER also becomes too high to be effectively reduced by thpgzed
system.

IV. CONCLUSIONS

A hybrid technique of mitigating the effects of RN-inducedlog
propagation was proposed, which takes into considerataih the
RN location and the RN-BER for mitigating the error propayat
The results have demonstrated that this technique is phatig

class of DF-aided cooperative schemes.
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