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Abstract—In this paper, a superposition-coded concurrent scenario, instead of requiring each relay to forward its own
decode-and-forward (DF) relaying protocol is presented. Aspe- source’s codeword, we permit it to use superposition cotting
cific scenario, where the inter-relay channel is sufficienyl strong,  t5ngmit hoth sources’ codewords. In this way, the achievab
is considered. Assuming perfect source-relay transmissis, the di it - be further i d with th ii f
proposed scheme further improves the diversity performane of Iversity gain can be . ur_ er.lmprove wi e S,acr' Icé o
previously proposed repetition-coded concurrent DF relajng, in  Only one extra transmission time slot. When the signal frame
which the advantage of the inter-relay interference is not @illy length L is large, the multiplexing loss induced by this extra
extracted. transmission time is negligible.

The rest of this paper is organized as follows. In Sediibn |,
we briefly review the DMT behavior of the repetition-coded

The exploitation of cooperation among users has beeoncurrent DF relaying protocol and present the supeiipasit
studied in recent years as a means for improving diversiggpded concurrent DF relaying protocol for a two-source
performance for single-antenna wireless systems. Dueeto tietwork. The system model is generalized to Mhsource
half-duplex limitation, standard cooperative diversitsofp- network in Sectior1ll. Finally, we offer simulation ressilt
cols (e.g. [1] [2]) usually require two time-division-migte- and discussions in SectignlIV.
access (TDMA) time slots to finish each signal codeword’s
transmission. Although diversity gain can be improved over  !l- TWO-SOURCE CONCURRENTDF RELAYING
conventional TDMA direct source-destination transmigsio We first study a five-node network with two single-antenna
standard cooperation protocols result in lost spectralieffity, sourcesS; and Ss, two single-antennaalf-duplex DF relays
especially in the high signal-to-noise ratio (SNR) region. R; andR-, and oneN-antenna destinatioP. The transmitted

To overcome the multiplexing limitation of standard promessages from each source are divided into different frames
tocols, an advanced successive relaying protocol (indepeach containingl. codewords denoted a@7 1 =12, =
dently proposed by [3], [4], and [5] in different contexts),..., L. Two independent Gaussian random codebooks are
has been considered such that two relays take turns helpirsgd by the two sources and are known by both relays. Each
the source to mimic a full-duplex relay. The single-sourceodeword a:j is independently chosen from the associated
single-antenna network studied in [5] has been extended t@Gaussian random codebook and has unit average power. A
two-source multiple-antenna (at the destination onlyhace slow, flat, block Rayleigh fading environment is assumed,
in [6] and [7], in which the scheme is termed concurremthere the channel remains static for one coherence interval
decode-and-forward (DF) relaying. For such a protocol,@ tw(two frame periods) and changes independently in different
source two-relay one-destination cooperation networlbleas coherence intervals. Moreover, we assume a uniform power
considered. The two sources’ standard DF relaying steps ati@cation scheme, i.e. the total transmit power in eachstra
combined so that the degrees of the freedom of the channel auigsion time slot remains the same and each terminal trasismi
efficiently used and the multiplexing loss induced by staddawith equal power.
protocols can be effectively recovered. o .

The major issue with concurrent DF relaying is that th Repetition-Coded Concurrent DF Relaying
interference generated among the two relays significantlyFor such a two-relay scenario, due to the half-duplex oper-
affects the system diversity-multiplexing tradeoff (DMpgr- ation of the relays, for each source codeword, gbece-time-
formance. In [7], two specific scenarios (i.e. fiselated-relay coded standard DF relaying protocol [8], which is a practical
andstrong-interference scenarios) are examined to investigatexample of the protocol proposed by [2], requires each sourc
the impact of the inter-relay interference. However, fothboto broadcast the codeword to both relays and the destination
scenarios, reference [7] requires the relays to use rapetitin the first time slot (broadcasting step). The relays then
coding to retransmit their source messages. In this papetransmit the codeword (using a distributed Alamouti spac
we argue that such an assumption is not very efficient fome block code) to the destination in the second time slot
the strong-interference scenario because the advantaifpe of(relaying step), as shown in Figl 1 (b). Assuming the source
inter-relay interference, which is also useful informatiegs messages are correctly decoded by the relays, the standard
not fully extracted. Specifically, for the strong-intedece protocol can provide significant diversity gain improvemen
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mission (with DMTd(r ) N (1-2r)) except for a multiplex-

ing l0ss § — 5757 = 175 Such multiplexing loss decreases
asL increases and can be neglected for large frame lehgth
However, compared with the space-time-coded standard DF
relaying (with DMT d(r) = 3N (1—4r)), the repetition-coded
concurrent DF relaying obtains smaller diversity gain when
0 <r < g7 since each codeword is only forwarded by one

relay.
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B. Superposition-Coded Concurrent DF relaying
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© required to decode the interference signal first and subitrac
Fig. 1. Time-division channel allocations for (a) TDMA ditetransmission, from the recelv_ed signal before decoding the desired signal
(b) space-time-coded standard DF relaying, (c) repetitimied concurrent The good quality of the inter-relay channel guarantees that
DF relaying, (d) superposition-coded concurrent DF relgyfor the two- each relay can correctly decode the interference beforeddec
source network, and (e) superposition-coded concurrentelfying for the -ng its desired source codeword with very high probability.

M-source network §/ is even). The terminals displayed in each time sIo{ . L2
denote the transmitters in that time slot. Therefore, the interference between relays does not limit

over TDMA direct source-destination transmission. Howgvehe system DMT performance. However, for such a strong-
to finish the transmission of theéL codewords from the interference scenario, reference [7] still assumes thah ea
two sources to the destination/. time slots must be used.relay only forwards its own source message (the desired
Compared with TDMA direct transmission displayed in Figsignal). In fact, since the interference signal is the tnaitted
[ (a), which needs onlgL time slots, the standard protocolcodeword from the other source, in this paper, we argue
loses spectral efficiency, especially for the high SNR negio that we can make use of the interference signal to further

In order to compensate for the multiplexing gain reductioiprove the system diversity gain. Specifically, we perié t
induced by the standard protocol, for concurrent DF relgyirf€lays to use superposition coding [11] to retransmit both
[6] it is assumed that each source is individually assist&@urces’ messages, i.e. instead of retransmitting itsretesi
by one relay (i.e.S; and S, are supported by?, and R, Source codeword, each relay transmits the sum of the inter-
respectively) and one source’s broadcasting step is cardbiference codeword and the desired codeword. To guarantee
with the other source’s relaying step. As displayed in Figvery codeword to be transmitted via three independenspath
@ (c), except in the first and the last time slots, one reIa@L+ 2) time slots are used to finish the transmission of the
and one source always communicate with the destinati8f codewords from the two sources. The transmission of the
simultaneously so that onl{2L + 1) time slots are neededtwo frames can be described as follows:
to finish the transmission of thzL codewords. Time slot 1: S; broadcasts:} to both R, and D; S, and

It is clear that the interference generated among relaffg remain silent.
can significantly degrade the system capacity and diversityTime slot 2: R, forwardsz1 to D and S, transmitsz}. Ry
performance. However, the two relays may ilselated [4], Ilstens toSy while belng interfered by:1 from R;. D receives
which means the quality of the inter-relay link is much worséi from R; andz; from Ss.
than those of the source-relay links. In this case, the -nter Time slot 3: R, forwards(xj + «1) to D. S; transmitsa?.
relay interference is trivial compared with source-relens- 121 listens toS; while being mterfered byzl +1) from Rs.
missions and thus can be ignored. Since the relays are adsufereceives(z; + x1) from R, andxi from S;.
to simply repeat their source codewords after decoding themTime slot 4: R, forwards (] + x5) to D. S, transmitsz3.
we refer to this transmission scheme as thgetition-coded Rz listens toS, while being mterfered byz? +z3) from R;.
concurrent DF relaying throughout the paper. D receives(z? + z3) from R; andz3 from S5.

Define the diversity gaid and multiplexing gain- as those ~ This process repeats until tieL)th time slot.
in [9] and assume the system sgmmetric [10], where the ~ Time slot 2L + 1: R, retransmits(z% + z{) to Ry and D.
two sources have identical multiplexing gainsAssuming the Tme dot 2L + 2: R, decodes, re-encodes and retransmits
source-relay links are sufficiently strong such that thayel x5 to D.
can always perfectly decode their source messages, the DMTnlike the repetition-coded case, from thiel to the(2L +
achieved by each source for the repetition-coded concurrépth time slot, the interference signal received by each rislay

DF relaying protocol can be expressed by [7] not only the other relay’s desired source codeword, buttalso
d(r) = 2N (1 2L+1 1 codeword transmitted by the relay itself during the presiou
(r)=2N (1~ L r). (1) time slot. Because each relay has full knowledge of its own

The repetition-coded concurrent DF relaying significantliransmitted codeword, it can subtract its previously tnaitted
improves the diversity performance over TDMA direct transsodeword from the received signal before decoding without



Proof: For a symmetriL-user multiple-access SIMO
system described i](2), following the capacity calculatio
[12], there arg(22] — 1) source transmission rate constraints
for a given realization of the channel:

D R < log (det (I + phkhf)) , (5)
2R < log (det (I + phi, hi! + phi,hil)), (6)

Fig. 2. Transmission schedule for the superposition-cou:tmhurrent DF

relaying protocol (from time slo8 to time slot2L) in (a) time slot2: — 1,

and (b) time slot2, ¢ = 2,..., L. Solid lines and dashed lines denote thejng

broadcasting step (time sld)) and relaying step (time sl@) of each source’s H

standard DF relaying process respectively. 2LR <log (det (l + pHH )) ) (7

any difficulty. After all the 2L codewords are received) whereh; denotes théith column ofH. The system diversity
performs joint decoding to recover the source informatida. gain is thus the smallest diversity gain calculated by adl th
refer to this protocol as theuperposition-coded concurrent constraints from[(5) td{7).

DF relaying and its time-division channel allocation and the Consider an(m + 2)N x m multiple-input multiple-output
transmission schedule (from tBed time slot to the2Lth time  (MIMO) channel (each codeword; has multiplexing gain

slot) are illustrated in Fid.]1 (d) and Figl 2 respectively. ' = 2L+2r so that the average transmission rdte =
Assuming perfect source-relay transmissions, the prabosgt;’ logp = rlog )
protocol mimics a 2L-user multiple access single-input g, 0 0 --- 0]
multiple-output (SIMO) channel (except that the dimension P 91 g O 0
of the signals are expanded in the time domain): ! S 51
M2 90 9 G 0 s
y=+p Hx+n, (2) rs 0 & O 0 2
o - . Col=ve | . T . 53 | 4n
in which the equivalent channel matrix is : : : Do : ) ’
[ hs, 0 0O 0 0 | Fims1 0 0 0 - g, ||,
% h52 0 0 0 L Fm+2 | 0 0 o --- gkz m
V2 V2 0O 0 0 --- g,
th th hs1 L 3
vl i 0 o0 . (8)
0 hr, hg, 0 0 wherek; = 1, ks = 2, andks = 4 whenm is odd and
H— NZEVZ 3) k1 = 3, ks = 4, andks = 2 whenm is even. For infinite
: : : ’ SNR, the task of finding the smallest diversity gain obtained
he, hs, by each constraint fronik5) t@l(7) is the same as finding the
0 0 0 Vi V2 smallest diversity gain achieved by the systérh (8) for every
O 0 0 Moy My 1<m<2L[6].
0 0 0 ... 02 h 2 Whenm = 1, the system model ifi[8) is &ax 3N SIMO
L R system. The achievable DMT is cleawlyr) = 3N (1 — ') =

whereh, is the N x 1 channel fading vector between node v (1 - %r) Whenm > 1, applying a method similar to
a and the destination) denotes anV x 1 all zero vector, that used for the DMT calculation for the ISI channels in [13]
y = W ys ... yio)", i is the N x 1 receive signal it is not difficult to show thatd(r) = 4N (1 — ). Because
vector at theith time slot,x = [z{ z3 # ... 24]"7 is the overall system diversity gain is dominated by the srstlle
the 2L x 1 transmit signal vectorn is a (2L + 2)N x 1 one for allm, it thus is (i.e. the case where = 1) the same
unit power complex circular additive white Gaussian noisgs the right hand side ofl(4). Due to limited space, here we
(AWGN) vector at the destination, angdmeans the averageomit the detailed proof, which can be found in [14]. =
received SNR. It is worth noting that the scaling fact% Theorem [I] indicates that superposition-coded concurrent
and - come from the uniform power allocation assumptio®F relaying obtains the maximal diversity gaBw and
and ]4;1 ve no consequence for the system infinite-SNR DMiTaximal multiplexing galnz— This means that the diversity
performance. In terms of the achievable DMT, we have therformance of the repetition-coded concurrent DF relnysn
following theorem. further improved by making use of the inter-relay interfere.
Theorem 1. In a symmetric scenario, on assuming that th€herefore, unlike the repetition-coded case, where théeeach
source codewords are correctly decoded by the relays, #ige diversity gain is larger than that of the space-timeecb
achievable DMT for each source of the superposition-codstindard protocol only in the high region, superposition-
concurrent DF relaying protocol (i.e. the system modely (2coded concurrent DF relaying strictly outperforms the stan

is given by dard protocol within the range of all possible multiplexing
d(r) :3N(1 2L +2 ) 4) gains (except for the worst case = 1, where the two
L ' protocols have identical performance). Although therestsxa



- and in terms of the achievable DMT, we have the following
-O- TDMA Direct Transmission
5‘\ - © - Space-Time-Coded Standard DF il COI’O"aI‘y tO Theorem 1
. —p— Repetition-Coded Concurrent DF, L=15 . . .
| % —— Superpositon-Coded Concurrent DF, L=15 || Corollary 1: In a symmetric scenario, on assuming per-
fect source-relay transmissions, the achievable DMT fahea
source of the superposition-codéd-source concurrent DF

relaying protocol is given by

d(r)=3N(1- ). 9)
Corollary 1 implies that, compared with repetition-coded

concurrent DF relaying for the\/-source network, which
needs (ML + 1) time slots and obtains DMTd(r) =

Diversity Gain d(r)

ML+ 2
r

"wm an ow oz of os aw i om O 2N (1 — MLELy) | the superposition-coded protocol improves
Fig. 3. DMT performance for different protocols with = 2. the maximal achlevable _d|VerS|ty gain fr(_)m\/' t(_) 3N, but
: . . : ) . reduces the maximal achievable multiplexing gain frﬁﬁﬁ
slight difference for the maximal achievable multiplexigain L However, if ML is large, the maximal multiplexing
L L between the repetition-coded ~ ML+2" ' '

— L
2L+1 ~ 2L+2 _ (2L+1)(2L+2) X i i i iai i
and superposition-coded concurrent DF relaying protocoqg1In difference is negligible and both gains approgﬂfr(the

(due to the extra transmission time slot), whiis large this maximal multiplexing gain for TDMA direct transmission)

. i - : - . so that the multiplexing loss is fully recovered and the re-
difference is negligible and the maximal multiplexing gafar Lirement ofL, being larae is relaxed. Clearly whed — 1
both protocols approacgrl. The multiplexing loss induced byq glarg : Y. N

. . fhe system model is the single-source scenario studiedein th
the standard protocol is fully compensated in both protmcoContent of the successive relaying protocol proposed in [5]
Fig. [3 displays an exampleM = 2, L = 15) of the DMT ying p prop

. This means that superposition coding can also be used in
comparison.

. uccessive relaying to further increase diversity peréoroe
Throughout this paper, we assume that the source-reF ying yp

&nd thus offers a generalized result.
transmissions are perfect so that the system diversity gain ®) g

is not limited by the quality of source-relay links. Making IV. SIMULATION RESULTS AND DISCUSSIONS
use of the inter-relay interference can thus further improv

. . . . In this section, we compare our two-source superposition-
the diversity performance over the simple repetition-cbde . .
cgded concurrent DF relaying scheme with other schemes

rotocol. One may argue that, in practical systems, su . . . -
P y arg P Y 8| cussed in Section] Il in terms of error probability thrbug
good source-relay links may not be able to be guaranteﬁa

onte-Carlo simulations. The source messages are assomed t
and the system DMT performance may be affected by al . .
. ) : always correctly decoded by the relays. In our simulation
weak source-relay link. In fact, in a general cooperation

. : . ; we consider the signal frame lengtiis= 1 and L = 2 for
network, there usually exist multiple terminals which cam a » .
) . g the repetition-coded and superposition-coded concufDént
as potential relays. If the number of potential relays |syverrela ina protocols. respectively. For this choice. bothesoes
large, the probability of selecting at least one relay paghs ying p » Fesp Y- '

that one relay can correctly decode one source and the otﬂ%tram the maximal multiplexing ga@. These two cases are

. L actually the worst cases for both schemes. (Recall that when
relay can correctly decode the other source is sufficientjii.h - .
/. = 1, the superposition-coded concurrent DF relaying has

In this case, the _system DMT performance behaves the Sa{ﬁ‘g same DMT performance as the space-time-coded standard
as the case in which the transmissions between the sourdes an

their relays are always successful. Therefore, our assamigt protocol and we therefore do not consider this case.) And

. . ) . following the analysis in Sectionlll, wheh > 1 (L > 2),
actually not uncommon in reality. The impact of using rela}he performance of the repetition-coded (superpositimied)

selection schemes. in multiple-relay scenarios on the lsys't((a:oncurrent DF relaying would be even better than those shown
DMT performance is currently under investigation. ) . . :
in the following simulations.

Fig. [4 displays the outage probabilities comparison for
different schemes when multiplexing gain= % (i.e. the trans-

The two-source system model can also be extended tanéssion rates are not fixed and scale with SNR). Following
large network with M single-antenna sources, two singlethe analysis in Sectidn]ll, it can be seen that the DMT curves
antenna relays and on&-antenna destination, as has beefor the standard protocol and the repetition-coded coeatirr
done for the repetition-coded case in [7]. The basic idea ¥ relaying intersect, which means the two protocols have
that theM sources communicate with the common destinatidghe same diversity gains. Clearly, this diversity gain igHar
using TDMA and the two relays take turns helping each sourraproved by the use of the superposition coding in the relays
until the transmission of th& codewords from each source isSuch a diversity performance can be seen by comparing the
finished. Therefore)M L + 2 time slots are used to completeslopes of the high-SNR outage probability curves for défer
the transmission of théd/L codewords from thél/ sources. schemes.
Assuming perfect decoding at the relays, the time-division We also study the error performance for uncoded symbols
channel allocation is illustrated in Figl. 1 (e) (whéekgis even) for different schemes. For a fair comparison, we consitter

IIl. M-SOURCECONCURRENTDF RELAYING
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Fig. 5.
and multiplexing gain- = £.

the Heriot-Watt University which is a part of the Edinburgh
QAM, 8-QAM and 16-QAM modulation for TDMA direct Research Partnership.

transmission, concurrent DF relaying and the standard pro-
tocol respectively so that all schemes have identical geera
transmission rates at two bits per channel use (BPCU). F@¥ J. N. Laneman, D. N. C. Tse, and G. W. Wornell, “Coopegatiiversity

; ; ; ; ; i in wireless networks: Efficient protocols and outage betravilEEE
dechmg at the destination, a.maXImaI rat.lo (_:omblnlng (MRC Trans. Inform. Theory, vol. 50, no. 12, pp. 3062-3080, Dec. 2004.
receiver is used for TDMA direct transmission and the stanp] 3. N. Laneman and G. W. Womell, “Distributed space-ticoeled

dard protocol, and a maximum likelihood sequence detector protocols for exploiting cooperative diversity in wiretesietworks,”
(MLSD) receiver is used for the concurrent DF relaying 5 IEEE Trans. Inform. Theory, vol. 49, no. 10, pp. 2415-2425, Oct. 2003.

. . é] B. Rankov and A. Wittneben, “Spectral efficient protadbr half-
protocols. Moreover, we consider two different ways to Use ™ guplex fading relay channels|EEE J. Select. Areas Commun., vol. 25,

superposition coding in the relays. The first one (denoted as no. 2, pp. 379-389, Feb. 2007. _ _
mode 1 in Fig[B) is similar to superposition modulation [15][4] S. Yang and J.-C. Belfiore, “Towards the optimal amp#ifiyd-forward

: . . ; cooperative diversity schemelEEE Trans. Inform. Theory, vol. 53,
and we require each relay to retransmit the direct sum of its g 9, pp. 3114-3126, Sept. 2007.

desired signal and the interference. The second one isasimili5] Y. Fan, C. Wang, J. S. Thompson, and H. V. Poor, “Recogerin
to code superposition [16] (denoted as mode 2). In this case, multiplexing loss through successive relaying using sengpetition

h coding,” |EEE Trans. Wireless Commun., vol. 6, no. 12, pp. 4484—4493,
each codeword transmitted by the relays represents the ¥XORe pec. 2007_ PP

version of the two signals. [6] C. Wang, Y. Fan, and J. S. Thompson, “Recovering muktipig loss

From Fig.[B, it can be seen TDMA direct transmission has ~ froush C?g‘;“g;igr decode-and-forward (DF) relayingfreless Per.
the worst high-SNR performance. Although repetition-abde[7] ¢ wang, Y. Fan, J. S. Thompson, and H. V. Poor, “On the

concurrent DF relaying improves the error performance due diversity-multiplexing tradeoff of concurrent decodedaforward relay-
to the signal protection by the relays, it performs worsentha 19" in Proc. IEEE Wreless Communications & Networking Conference
. . . (WCNC) 2008, Las Vegas, NV, 31 Mar. - 3 Apr. 2008.
_Space'“me'COded standard DF relaying since ea(?h codewqggl p. A. Anghel, G. Leus, and M. Kaveh, “Distributed spaireet coopera-
is only forwarded by one relay. Clearly, superposition-ewd tive systems with regenerative relay$ZEE Trans. Wreless Commun.,
; ; ; vol. 5, no. 11, pp. 3130-3141, Nov. 2006.

concurrent DF relaylng has the same dlverSIty Orc.ler as tf}g] L. Zheng and D. N. C. Tse, “Diversity and multiplexing: Aridamental
standard protocol. Furthermore, mode 2 §uperpo§|t|onng)d| tradeoff in multiple-antenna channeldEEE Trans. Inform. Theory,
outperforms mode 1 by nearly.7 dB, which confirms the vol. 49, no. 5, pp. 1073-1096, May 2003. S
advantage of code superposition analyzed in [16]. Thisrebsg? D- N- C. Tse, P. Viswanath, and L. Zheng, "Diversity-tiplexing

. . . . . tradeoff in multiple access channeldEEE Trans. Inform. Theory,
vation suggests interesting future work in applying networ o) 50, no. 9, pp. 18591874, Sept. 2004.
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