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Abstract—This paper is concerned with the application of the distributed IDM-STC (dIDM-STC), due to its flexibility
distributed Intt_erleave-_Division-Multiplexing Space-Time Codes regarding code rate and number of transmitting nodes and
(dIDM-STCs) in relaying systems with error-prone relays ap gy tg its robustness against asynchronisms, is in fact d goo

plying Decode-and-Forward (DF). In case of erroneous decaag . . .
at the relays, error propagation occurs which is not consideed choice for relay systems. But it also has been pointed oat, th

by the original detection scheme for IDM-STCs. Hence, a new imperfect decoding at the relays has to be taken into account
Reliability Aware Iterative Detection Scheme (RAID) is proposed as it leads to error propagation which severely degrades the

which takes the decoding success of the relays as well as thei gverall performance. Consequently, in [10] a modificatién o
decoding reliability into account. By optimally incorporating this the common iterative detection strategie for IDM-STCs [&% h

knowledge in the detection process at the destination, sutasitial . g . .
performance gains compared to the original detection scheeare been presented which explicitly takes the decoding refigbi

achieved. The proposed RAID scheme even outperforms adapé  Of the relays into account. Specifically, the relay signasen
relaying as it explicitly exploits also erroneous relays, Wwich is been weighted according to the reliability of the correspog

not the case for the adaptive scheme. relays, before they have been combined. The resulting DFg-
INST scheme has shown a significant performance improve-
) L ) . ment compared to the common detection scheme from [9].
Space-Time Coding is one of the prominent techniquek,ever, the achieved performance was still poor compared

which evolved in the_context of Multiple Input M“!“P'e Outp to adaptive relay schemes in which only correct relays fodwa
(MIMO) systems as it has shown to be a very efficient transmy 4, destination, while all erroneous relays stay sildit [

diversity exploiting strategy if no Channel State Inforioat | his paper, a Reliability Aware Iterative Detection scte

(CSI) is available at the transmitter [1], [2]. NowadaysaB@-  (pa|D) for dIDM-STCs in two-hop relay systems is proposed,

Time Codes (STCs) are also applied in distributed form {fich jeads to an even better performance than adaptive rela
relaying systems, since multiple relays can be groupedsimio gchemes. This is achieved by optimally exploiting all ekl

called virtual antenna arrays (VAAs) which allow the adopti jytormation at the destination from the correct as well as
of MIMO techniques [3], [4]. However, due to the distributed;o 1y the erroneous relays. The idea behind this scheme is,
fashion of VAAs, some restrictions apply. Particularlyethyhat gepending on the number of erroneous bits, the relay
exchange of information among the relays is limited angycormation of the erroneous relays is still highly cortelh
thus, a perfect cooperation among the relays of one VAA {§ the source information and, hence, may still contribote t
not possible. Moreover, imperfect synchronisations antbeg o qverall detection. Specifically, a grouping of the relagy
nodes of a VAA may lead to severe drawbacks for transmissigi,oquced and the relays are split into those, which could
schemes which require orthogonality among the relay s{9nglecode successfully and those which could not. While the
These restrictions have to be taken into account when agplyk ,ccessful relays are combined and jointly decoded as by

MIMO techniques to relay systems as they can severglys common detector, the erroneous relays are all processed

influence the overall system performance. separately. After the final iteration, the signals of therect
In [5] and [6] & STCs approach has been presented basgfhys and of the erroneous relays are combined using a
on the non-orthogonal multiple access scheme 'me”ea‘éﬁéighting similar to [10].

Division Multiple Access (IDMA) [7]. This Interleave-
Division-Multiplexing Space-Time Code (IDM-STC) does not II. SYSTEM MODEL
require any synchronisation among the transmitting nodes, Overview

making it a promising candidate also for relay systems. ldenc two-hop relay-system as depicted in Fig. 1 is considered,

the IDM-STC has first been applied tc_) u_ncoded De_COdﬁlhere a single sourc8 communicates with one destination
and-Forward (DF) relay systems in a distributed fashion if ;o parallel relaysR,, 1 < n < N. No direct link

[8] and has later on been extended for coded systems gpgy, source to destination is assumed and the channel impuls
additional relay protocols in [9]. It has been shown, th%sponses fron6 to R, and from R, to D are given by

This work was supported in part by the German Research Ftond®FG) h,, _and 8n, reSQeCtively' Fre_quency'seleqt_ive block Rayleigh
under grant KA 841/20-2. fading channelh,, andg, with L, and Ly i.i.d channel taps

I. INTRODUCTION
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Fig. 3. Block diagramm of Relay?,.

asbf" — b, whereb,, denotes the information sequence at
relay R,, containing the hard estimates of the user sequbnce
Note, that due to decoding errors at the relay, the inforonati
sequenced andb,, can be different from each other. Hence,
Fig. 1. Topology of the considered two-hop relay system. a CRC check is applied in order to determine the decoding

. uccess. The outcome of this CRC check is signaled to the
are assumed and the channel impulse responses are nodnaﬁé

h. that the total ved q ¢ denend.cand Stination where it is later on used by the new proposed
such, thal e to'al receved power does not depentiomd  getection scheme. However, independent of this outcome,
Lg, i.e., §||h,[|*} = E{|[gx||*} = 1. The path loss on each

U . . the relay information sequences are encoded using the same
hop is given byi¢ such thath,, = d~7?h,, andg,, = d~/g,,

h d he di b h i ﬁgannel code® as the source, interleaved by a relay specific
whered denotes the distance between the corresponding no StleaverTT, and mapped onto symbols from the same

and e _is the path loss gxponent. M_oreovgr, each _receiv_irgg,mbol alphabetd.

node, i.e.,R,, and D experiences additive white gaussian noise

(AWGN) of power 2. Due to the half-duplex constraint, theC. Multiple Access Phase

transmission time can be divided intoBroadcast Phase in In the second phase, the transmit signalsc A%< of all

which the source broadcasts its information to the relayb afelays are broadcasted simultaneously to the destinafion
a Multiple Access Phase in which the relays simultaneously under the assumption of perfect decoding at all relays, $iee u
forward the processed information to the destination. signal is transmitted from alV relays and, hence, a distributed
IDM-STC is formed across théV relays, comparable to
[6]. The receive signaly at the destination consists of the
superposition of the relay signals, convolved with the

—>-|cm,w} € le., II S TR N BV (N corresponding channel impulse responggs plus additive
white gaussian noisa € Ctle—! as

B. Broadcast Phase

Fig. 2. Block diagram of Sourcs.

N
In the first phase, the source broadcasts its information to y = Zgn * X, +1n. (2)
the relays applying IDMA [7]. Fig. 2 shows the transmitter n=1
structure of the source, where the binary information seqeie I1l. COMMON DETECTION SCHEME
b € Fi of length Ly is encoded by a channel codeof
rate R. consisting of a serial concatenation of a convolutional AT A
code Ceony Of rate R cony @and a repetition cod€re, of rate <+1<'—
Re rep Furthermore, a Cyclic Redundancy Check (CRC) code At ot :
is applied which allows the relays and the destination to (C_'N< ©

determine their decoding success. The coded sequead®;®

of length L. is then interleaved by an interlead@mresulting in Ic AIC

the interleaved code sequence Finally, the interleaved code —°/1>-> L

bits are mapped onto symbols from the normalized QPSK ¥ n A_, D &,_B,
alphabetA resulting in the transmit sequense € A% of AL m

length Ly with 02 = 1. The symbolsx are then broadcasted _>_>

to all relays. Fig. 4. Structure of the common detection scheme for dIDNGST

The received signay,, at relay R,, is given as the con-
volution of the source signat with the corresponding chan-
nel impulse responsh,, plus additive white gaussian nois
n, € CH+In=1 of poweros? as

In order to separate alV relay signals,, at the destination,
an iterative turbo detection as depicted in Fig. 4 is applied
e[5]. After soft-RAKE based Interference Cancelation (1G)hw
respect to allN layers, relay specific interleaving is reversed
IT, ! (-), and the LLRSA!S describingc are summed up.

Yo = h, xx+n, . Q)
N
In Fig. 3 the structure of the relai,, is shown. First, in AC=3"m)! (A'CC/) _ 3)
order to resolve inter-symbol interference (ISI) introdddy el "

the first hop, IDMA multi-user detection (MUD) is performed Eq. (3) can be interpreted as decoding of the IDM-STC.
using the iterative soft-RAKE algorithm [7]. The MUD at rgla Using AIC

. o 4 Ry, <, soft-input soft-output channel decodir is
Ry, delivers Log-Likelihood-Ratios (LLRSA,™ of the user ,qfomed. After decoding of the repetition codg,, which

ip;ormation s??quencb. After hard-decisior-l, these estimatess 5 symmation of the corresponding LLRs, the convolutional
b = Q(Ab'") form the relay information sequende, codec,,,, is decoded using the well-known BCJR algorithm



/

[11]. The BCJR delivers LLR%\, for the information bitsb b by cn Cn Xn
. —> BSC, —>| C |[—>| I, |—>| M |—>

as well as LLRsA, for the code bitsc.

In order to obtain the extrinsic information generated biig 5. Equivalent transmission model for transmissiorbofia Ry, to D.
the overall decoder, the input LLRs are substracted from tfiee shaded BSC block represents the shaded blocks from Figd Fig. 3.
output LLRs,AS** = A. — AIC. The extrinsic information is ) ] o
then re-interleaved by the relay specific interleavidys and relay and processing at the relay, as depicted in Fig. 5 can be
fed back to the IC where it is used as a-priori information fdPrmulated.
the next iteration. This iterative detection process isated  Obviously, the calculation (5) requires perfect knowledge
until the maximum number of iteratior¥; is reached. Finally, P at k. which is not available in practical systems. However,
a hard quantization of the LLRA,, of the information bits @n estimation of;, using the LLRsA{™ of the information
leads to the hard estimates The described detection schem®its generated by the MUD at the relay is possible [14].
is optimal if all relays transmitted the same codeword, i.denoting this estimatg,, it holds
c,=c,1<n<N.

In practical relaying systems, however, perfect decoding . E{ 1 } 1 i 1 (©)
at the relays cannot be achieved. In this case, the common " 14 elAl™l Ly
detection scheme is no longer optimal, as it does not take any
reliability information regarding the first hop transmasiand In this paper, it is assumed that in case of successful
the decoding at the relays into account. One possibilitw&r-o decoding at the relay, ACK is signaled to the destinatiorilevh
come these drawbacks is to apply an adpative relay schemesuccessful decoding leads to the signaling of a NAK in form
i.e., allowing only correct relays to forward to the destioa of §,,. For a detailed discussion of this signaling refer to [10].
[4]. However, since erroneous relays may still contribute t
the overall transmission it does not seem reasonable tbldisaB. Reliability Aware Iterative Detection (RAID)

them but to let them transmit anyway. It should then be the ygjng the presented equivalent joint transmission motiel, t

task of the destination to handle the correct als well as thg,; reliapility Aware Iterative Detection scheme (RAIDY fo

€rroneous relays properly, and to optimally exploit allial#e  yetection at the destination is proposed. In order to imgrov

information. the detection quality significantly compared to the commen d
IV. | MPROVED DETECTION SCHEME tection scheme discussed in section lll, this detectioriseh

L takes the decoding success (ACK/NAK) of the relays as well
In order for the detector at the destination to be able to CORE the error probabilitities,, into account

with decoding errors _at the relgys, a suitable. modgl q_ei;;rgib 1) Relay grouping: One problem of the common detection
the overall transmission including the decoding relidiei of cheme as well as the improved scheme from [10] is the

the relays is required. On the one hand, this model Sho%ﬂmmaﬂon (3) of the LLRSAC of all relays, regardless of
) ) o , 0
ge ?CCLtj_rate en;)hught:]o aﬁtuaélytlmhprol\(/jebthe_detlectlon ath @i decoding success. Since all layers are decodedyjpintl
es_(ljna lon, an he otner han Iths ou Ie i'ma fhenggtg c}RIy extrinsic information for the sum signal is availabBy
avoid an excessive increase in the complexity ot the ecH)sing this common extrinsic information as a-priori inf@am

or in the signaling overhead. tion for the next iteration for all relay signals, it is imgikly
A. Equivalent transmission model assumed that all relays transmitted the exact same sighizgl. T

. . . IS, however, clearly not the case if one or more relays were
In [12], [13] the correlation between a source information ; ;
. : erroneous and, hence, transmitted a different code word tha
word and its hard estimate at the relay was modeled based Q0
. . . . the correct relays.
a binary symmetric channel (BSC) with a certain crossover

probability. Adopting this description, the relay infortizan
word b,, is modeled here as

R
T L+ el

Processing all signals separately and combining them after
the final iteration, on the other hand, is also suboptimal, as
all correct relays in fact have transmitted the same signdl a
should, hence, be combined in order exploit this knowledge
bn =BSC, {b,qn} - (4) during the iterative detection. Therefore, a grouping & th
where ¢, is the bit error probability of the estimatefi» correct relays on the one hand and all erroneous relays on
regarding the source information wotd i.e., the other hand is introduced. Since all correct relays have
transmitted the same code worg, = c, their LLRs are
dH(b,BRn) 5 combined after relay specific de-interleaving. All errongo
Ly ) relays, however, may have transmitted pairwise differeatec
words and, hence, are all processed separately.
For the sake of notational simplicity, the set of indices of
the correct relay® and the set of indices of erroneous relays
with

qn =

with dy (-) denoting the Hamming distance aifg the length

of the information sequench. For perfect decoding at the
relay this crossover probability is zero and it increases
the decoding reliability of the relay decreases. Based @ t
description, an equivalent joint transmission model cstirsj _ )
of source processing, transmission over the first hop to the R={n[g.#0,1 <n <N}, (7b)

R={n|g.=0,1<n<N} (7a)
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Fig. 6. Structure of the proposed RAID scheme for dIDM-STCs.

and the corresponding indexing functiop§), 1 <i < I = for b based on the decoder outpdt, ,, can be formulated
|R| and p(k), 1 < k < K = |R]| are introduced. Thus, the[13]
indices of the correct relays are given pfi) up to p(I) and Aﬁ("”’) . (eAbp<k)/2 (1 - o) + e Mo /2 ij(k)> o

the indices of the erroneous relays pii) up to p(K), i.e.,

e Moa/? (

1-— qAﬁ(k)) + eAbﬁ(k)/2 qAﬁ(k)

by@y =b, 1=i<l (83)  The error probabilityg, ;) of the BSC hereby leads to a

b, #b, 1<k<K. (8b) weighting of the estimate of the relay information word give
] ] ] ] ] by the LLRsAy, ., . For completely uncorrelatdl, ;) andb,

_App,'y'r;g trgs_r%roulj’_'gg ;eT_U“S é“f the dhetelg'on SUUCtUrge ¢, = 0.5, the relay transmitted no information regarding
given in Fig. 6. The s delivered from the IC are groupe plk) _ . (k)
based on the decoding success (ACK/NAK) at the rela g.and,h_enceAb — 0. Butasg, decreases);,” " tends to

. . b, diving an estimate ob with respect to the information
Since the correct relays have transmitted the same codesyvogd ° relay R 1
their LLRs are summed up after relay specific deinterleavingsmce all gﬁ]a)mnels are statistically independent, the rebse

AlC = >, LG (Aif() and are then jointly decoded,yations from all relays can be summed up resulting in the
similar to the common Jetection scheme (bottom part). Th&timate X
erroneous relays, however, have transmitted differentecod Ay = Ay, +ZAﬁ(k)' (10)
words and are, therefore, processed and decoded separately
(top part). The explicit decoding, hard decision and subeat R
re-encoding at the relays ensures, that all relays actudfinally, hard quantization leads to the overall estirmate
transmitted a valid code word which is fundamental for the
validity of the presented equivalent transmission modéke T V. NUMERICAL RESULTS
goal of this first stage of the detection is the best possibleA two-hop relay system with one sourcd, = 4 parallel
estimation of the relay information words,, and not of relays R, and one destinatiorD as depicted in Fig. 1 is
the source information wordh. After the last iteration, the considered. The distance between the source and the desti-
estimates for the relay information words are given as LLRfation is normalized talsp = 1 and the inter-relay distance
at the output of thex' + 1 decodersD. is set todg = 0.2. Frequency-selective block Rayleigh fading
2) Weighted Combining: Having estimated the relay infor-with L = L, = Lg i.i.d. channel taps is assumed on both
mation wordsb,,, now an overall estimate for the source inhops and the path loss exponent is set te 3. For channel
formation wordb should be determined. This estimate shoulgoding, a combination of the non-recursive half-rée7)s
not only include the information from the correct relayst biconvolutional code and a repetition code of r&gep= 1/4 is
also the information from the erroneous relays as, depgndimpplied and the codeword length is setltp= 1024 codebits.
on the error probabilitieg; ), the relay information of the The QPSK alphabe#l with o2 = 1 is chosen. For detection
erroneous relays is still correlated to the source infoimnat at the relays and at the destination, respectivaly, = 10
Taking the BSC model (4) into account, an estimAf;ék) iterations are performed.

k=1
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