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Abstract— This paper studies the diversity-multiplexing trade- considers an amplify-forward strategy, in which each user
off for the multiaccess relay channel (MARC) with static, transmits its own information and its partner's informatio
flat fading. It develops two simple strategies, namely mulic-  yoqather in its own time slot. Each user is assigned a differe

cess amplify-and-forward (MAF) and multiaccess decode-ai t iodicall that hel th |
forward (MDF), that help the users gain the benefit of cooperéive partner periodically so that every user helps other useralsg

diversity without changes in their devices. Results suggethatin ~ overall. In [7], the achievable diversity-multiplexingatteoff

the regime of light system loads, both strategies offer immved is studied assuming that, all sources transmit indepefhydient
performance to each user as if no other users interfere or cdend orthogonal time slots and all users do cooperative trarsams
for the relay. However, they are inferior to the optimal dynamic together for each other in the last slot.

decode forward (DDF) protocol in this regime. In the regime & . . . .
heavy loads, the MARC with MAF offers better performance, The MAC with a singleshared relay is called the multiac-

and MARC with MDF degenerates into the multiaccess channel Cess relay channel (MARC) [8]. The achievable rate for the
(MAC) without a relay. Moreover, the MAF protocol is optimal MARC has been studied in [9] employing a partial-decoded-

in the regime of high multiplexing. and-forward strategy. However, the capacity region is et y
known. In [10], an upper bound on the diversity-multiplexin
tradeoff for the MARC is developed for the two user case.
Moreover, a dynamic-decode-forward (DDF) strategy [10] is

Diversity techniques improve the reliability of Wirelessproposed and shown to meet the upper bound in the regime
communication by sending redundant signals through differ of low multiplexing

channels corrupted by independent fading. When time and

frequency diversity are unavailable due to delay and badfitwi o

constraints, and the terminals are limited to a single argenB: Motivation

due to size constraints, one terminal can ask another tatmin Most of the previous work on multi-user cooperative di-

to relay its information and thereby achieve diversity gain versity use the channel orthogonally in the sense that, for
most of the time, users transmit on a slot-by-slot basis. As

A. Related Research is well-known, using the channel orthogonally is not optima

in the general multiaccess in terms of achieving maximum

. Cooperative dive_rsity has been extensivgly studied for trPgtes. Therefore, this paper focuses on studying nonootiedg
single source and single relay case. Assuming the reI‘F"W[tanl%uItiaccess schemes. One of the key reasons that the pseviou

transmit an.d. receve S|multaneously,. [1]’. [2] -develop OUforks focused on the orthogonal multiaccess schemes is due
age probability analyses for cooperative diversity foresal/ to the design that all nodes relay for each other and the

communication protocols. In [3], [4], cooperative diveysis half-duplex constraint of the terminalse.,, no terminal can

:Srt#dmd f::)m ;he ?rllvetrsl;ty-_m du_lt!p:lexmhg "?deo“f perspv_ae. i transmit and receive at the same time on the same frequency.
€ results show that, by judicially choosing communiaatioy, ;e paper, we consider nonorthogonal multiaccess sekem

protoco!s, full dlvers!ty gains can be obtamgd. without violating the half-duplex requirement by addingeon
Practical communication systems usually involve more th%ﬂared relay into the system

two users. One of the most typical models is the multlaccessMoreover, most previous cooperative protocols requiré par

channel (MAC). The Cgpac_lty region O_f the MAC IS WeIIners to explicitly establish cooperation, which might riegu
known [5]. In [6], the dlver5|ty-mglt|pI§X|ng tradeofr islso device changes for all users. In contrast, this paper pexpos
developed for the MAC. Cooperative diversity can be eXtdndgtrategies that does not require users to act as relaystarser
minals operate as if in a normal multiaccess channel. Igeall

_ . . . ; 9" 98Re users might not even be aware of the existence of a relay.
ignated r_elays to gain coopera_tlve diversity. The transiois In our proposed schemes, the complexity of implementing
happens in two phases. In the first phase, the source brcmdC(Ff‘&operative diversity is moved from the users to the service

. . S 8¥oviders, which could provide a smooth transition pathrfro
either transmit orthogonally or transmit simultaneously b

. . i jsting systems to new cooperative systems.
using space-time codes. For the multiaccess channel, %]' g5y P y
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the same as (1). If the relay transmits, the channel output is

Ynialj] = Z(hi,n+2xi[j]+hn+l,n+2Xn+1[j])+zn+2[j]a 3
i=1

wherel/2 < j < l. Here: h; ; denotes the fading coefficient
between nodes and j; x; denotes the transmitted signal of
nodei; and y; is the received signal at node The relay
transmit signal is correlated with the transmitted sigriedsn
the sources, and their relationship will be specified adagrd
to different protocols.

ination

Fig. 1. Multiaccess relay channel (MARC) with one relay.

. . . . A. Multiaccess Amplify-and-Forward
we consider a network with + 2 nodes, in whichn users, . )
denoted bys = 1,...,n, send information to a destination, In the multiaccess amplify-and-forward (MAF) protocol we

denoted byn + 2. The relay node is denoted by+ 1 and is consider, the relay listens for half of the block, amplifigs t
designated to help users transmit information. superposition of signals it received, and broadcasts tleem t
We study the asymptotic high SNR behavior of a noﬁhe destination for the remaiqder _of the blgck. For t.he singl
ergodic MARC through the perspective of the diversity/Ser case, the MAF protocol in thls_paper is & speua_l case of

multiplexing tradeoff [12]. Since there is no direct cocgtéan NAF in [3] that results from choosing the listening time of

among users, each user generates their codes independéfifyr€lay to be half of the block. In the single user and single
Assuming each user has the same transmission ppyvar relay case, the listening time being half of the block hagpen

each useri, we can consider a family of code(p) over to be optimal in terms of the diversity-multiplexing tradfeo

a single coherent block and indexed by operating peint This result might not_be true for the multiple user case. Also
If Ri(p) denotes the data rate in bits per channel use pgBrthe MARC, there is only one relay for all users, and the
user, then the multiplexing gain per user is defined-as= MAF we propose lets the relay superimpose all the signals
Ri(p)/log p. We mainly focus on the symmetric cases, together. In our schemes, the relay assigns equal power to

users have the same multiplexing gain requirement such tfi§tP €ach user. Optimizing the relay’s power assignment and
r; = r/n, wherer € [0,1] is the total multiplexing gain. listening time might further improve performance, but i¢ no

We assume each user has a diversity gain requiremedt offonsidered in this paper. _
According to [6], the minimal error probability of the joint ©OVverall, the transmit signal at the relay is

ML detector at the destination would yield a diversity gdin Xnr1li] = ayns1li —1/2]
for all users. n

The wireless links between individual nodes are cor- = a(z hint1Xnt+1J — 1/2] + zns1[4]),
rupted by independent multiplicative fading and additivate i=1

Gaussian noise (AWGN). In this paper, we assume a frequeRgiere;j > 1/2, « is the amplifying coefficient which is chosen

non-selective block fading model to gain tractable analyskg satisfy the average power constraint at the relay,
The block lengthl is assumed to be long enough so that P

. . . 2
instantaneous channel state information (CSI) can be dthck lo]” < = 5
; : : : 2im1 Oing1P +1

at the appropriate receivers, but CSI is not available to any '
transmitter. Without loss of generality, the variance o thando?; is the variance of; ;. The destination is assumed to
AWGN is assumed to be unity. know CSI between each individual source and the relay.

To facilitate further analysis, we can write the channel

model into the matrix form,

IIl. ANALYSIS OF DIFFERENTPROTOCOLS

In the protocols we consider, all users transmit simultane- Yoralil = > HiXils] + Z[4], (4)
ously to the destination during all channel uses. The relay i=1
listens for the first half of the block and transmits or rensairwhere;j < /2 and
silent in the second half of the block. If the relay listeriee t

L , _ ’
equivalent discrete time channel model can be written as Y"+2[Z] = [Ynf2[1]7)./n+2[J +Tl/2]] ,
Xili] = el xli+1/217,
n . B} . ' -
Yniolj] = Z hi mtoxi[J] + Zn+2[d], (1) Zlj) = [zny2li]s znsali +1/2] + azp i [5]]°
=1 hi 2 0
Hi = ’
- = . , ahi ny1hniinge hingo
ywelil = Zhi’nHXim + Znialil; 2) The channel as expressed in (4) can be regarded as a mul-

i=1 . . . . .
‘ tiaccess channel with multiple transmit and receive ardgenn

wherej is the time index ang < [/2. In the second half of The independenti.i.d complex Gaussian inputs assumedksin th
the block, if the relay does not transmit, the channel ouiputpaper are due to the requirement that the users not be aware



of the existence of relay; however, such inputs need not bed therefore, offers better performance. However, in thh h
optimal in terms of capacity or outage because the channalltiplexing regime, there is a high probability of decaglin

matrix H is not circular symmetric. errors at the relay, the relay might have to spend a large
The following theorem provides the diversity-multiplegin portion of time in decoding the mulitaccess channel between
tradeoff for the MARC with MAF. the sources and relay, and the relay does not have sufficient

Theorem 1: For a MARC with n users,n > 2, let the channel uses to transmit to the destination. For MAF, bexaus
multiplexing gain of each user be;. The diversity gain the relay amplifies the noise together with the source sgnal
obtained from the multiaccess amplify-and-forward protoc performance is degraded in the power limited regime with low
for each user is multiplexing gain. But for the high multiplexing regime,eth
5 _ 3y for 0 < py < —n=1 main factor limiting performance is multiaccess interfere,

L ="l =am+tD=3  and the noise amplified by the relay may be negligible.
(n+1)(1 —nr), for olei—g <11 < 5 We can also compare the result (5) to the corresponding
(5)  result for the MAC without a relay. The diversity-multipiexg
The proof of Theorem [1 follows similar lines as in [6]tradeoff for ann-user symmetric MAC is [6]
By calculating the probability of the outage event and the
probability of error conditioned on no outage, it can be show (r) = {m(l —r1), for 0 <r < n%l ®)
that that for a large block length the typical error event is mae nm(l —nry), for 2= <r <1’

+1 >
caused mainly by the channel being in outage. h It inals h ) it 7; dn ]
Forr < n—1/[n(n+ 1) — 3], the first term in[(5) de- where all terminals have: transmit antennas and one receive

cides the tradeoff curve for MAF. To compare, the diversitﬁgtfnna' lr: IS ea_syl tc_)rhsee fth@ .(f5)”dom|na@s (8) f?'r?aktdt
multiplexing tradeoff for a single-user and single-relay- c (0,1/n) whenm = 1. Therefore, if all users are constrained to

: . : ; : have one antenna, the MARC is desirable in terms of providing
tive d t t I th |-afiyypl . ) ;
?Opre\;vr;rg?g] |i\;er5| y system employing nonorthogona additional diversity. However, the performance of the MAC

with two transmit antennd,e., m = 2, is superior to that of

2 —3rg, for0<r <1/2 a MARC with MAF. Thus, the use of cooperative diversity
dsu(Tsu) = for1/2<r <1’ () with terminals that are equipped with multiple antennas is

- guestionable since higher diversity order brings dimiimigh

where the subscript,, indicates the single user casereturn.
The first term of [(5) is the same as that of (6) for
.(n_ 1)/In(n +.1) _.3] < 1./2’ n = 2. This suggests .that'_B. Multiaccess Decode-and-Forward
in the low multiplexing regime, each user enjoys the digrsi

benefit from the relay as if there is no interference from othe We also study a simple multiaccess decode-and-forward
users or contention for the relay. (MDF) protocol. In this MDF, the relay listens for the firstiha

On the other hand, i, > (n — 1)/[n(n + 1) — 3], the of the block, and jointly decodes the signals from all usHrs.
' - ' Hge relay can correctly decode all users’ signals, it tratssm

dyar(r) = {

1 —17rg,

second term in[(5) decides the tradeoff curve for MAF. T e 21 1
MARC behaves like a system with ant 1 transmit antennas the superposition of all the codewords to the destinatiothe

and one receive antenna. In the high multiplexing regimf%St of block. If the relay cannot decode co_rrequ, it remsai
the effect of multiuser interference is the dominant faabr Sient for the last half block. Our MDF we is different from

degrading performance. These observations are in line wifff DPF protocol [3] in that the relay does not wait until it
similar observations for the MAC [6]. The surprising part of@n successfully decode. Moreover, the relay encodes using

our observation is that, in low multiplexing regime, eackrus the Users’ codebooks.e., repetition coding. MDF might be

behaves as if they each have a dedicated relay. As long as4fgfu! if cost, complexity, or delay prevents implemermtati
system operates in the low rate regime, we can add more udrPDF at the relay. ,
into the system without degrading the diversity-multiptex 1€ output signal from the relay is
performance. 1N e

For comparison, an upper bound on the diversityx, 1[j] = {\/:Zi—l xi[j —1/2], relay decodes ,
multiplexing tradeoff for the MARC is as follows [10], 0, relay does not decode

9)
dop (1) = 2 — 2r, for0<r < #2 e for 1/2 < j <. We can also write the channel model into the
VN (1) (1 = nrm), for Lo<rm<d matrix form {4) with
. . - T
Notice that sincel /n+2 < (n—1)/[n(n+ 1) — 3] for n > Yotoli] = Wnsalilsynsali + 12017,
2, it is immediately clear that the diversity-multiplexingree Xili] =[xl xli +1/2])7,
of (8) overlaps with[(7) whetin — 1) /[n(n + 1) — 3] <7 < Zli] = lzne2lil, zaseli + 1/2]]7,

1/n. Therefore, MAF is optimal in the high multiplexing
regime. Combining our results with those in [10], we canyfull
achieve the optimal diversity-multiplexing tradeoff fonet
MARC. In the low multiplexing regime, a relay using DDF carwhere a = +/1/n if the relay decodes, and = 0 if the
decode with little degradation from multiaccess intenfiees relay does not decode. Before we proceed, we comment on the

H - hi n+o 0
‘ h h
alp41,n+2 i, n+2



decoding schemes for MDF. In both the relay and destinatidndependent encoding compared to repetition coding at the
a joint ML detector is used for decoding. An error is decldfedrelay in terms of diversity-multiplexing tradeoff. The
one user is not decoded correctly. As in [6], this is suffitfen for this is that the bottleneck limiting the performance obM
yielding the diversity-multiplexing tradeoff. The ML det®r is the decoding errors at the relay, and independent engodin
in general will not be able to detect decoding errors; treef at the relay does not help improve the multiaccess channel
an outer CRC code is required in order to detect decodibgtween the sources and relay.
errors. Moreover, we assume that the destination is infdrme
with knowledge of whether or not the relay is transmitting
through information in the protocol headers. This knowkedg
enables the destination to switch among different detector Fig. [2 shows the diversity-multiplexing tradeoff for the
conditioned on the relay’s status. In most current networkdARC with two usersji.e, n = 2. As predicted, the curve
both mechanisms are readily available. In this paper, ierf MAF overlaps with the upper bound when > 1/3. The
assume that the loss in rate associated with these mectmnignive of DDF [10] is also presented and overlaps the upper
is negligible. bound when whem; < 1/3. Combining both schemes, we
Following [6] and using Bayes rule to condition on the errag#an fully achieve the optimal diversity-multiplexing teaff
event at the relay, the diversity-multiplexing tradeoff the for the MARC. The curve of the simple MDF overlaps with
MARC with this MDF is given in the following theorem, = MAF whenr; < 1/6 and then quickly degrades into a MAC
Theorem 2: For ann-user MARC with MDF, let the mul- with a single antenna per user.
tiplexing gain of each user bg. The diversity gain for each To numerically verify the results of the diversity-

IV. EXAMPLES

user is given by multiplexing tradeoff, we can choose the rafke for each
L user to be a linear function of multiplexing gain, i.e,
2= 3r1, for 0 <m < 57y R = r1logp + Ry, WhereR, is a constant. For an arbitrary
d _Jn+1- (2n? + 1)y, for m <r < % multiplexing gainr;, we can compute the outage probability
upr(r) = 1—r, for L < <L~ P(R) and observe how the outage probability far scales
(1 — nry), for QT%_S rl_gnil with SNR. We arbitrarily choos&, to be zero. For simplicity
" "(10 of exposition, we consider a two-dimensional network with

An intuitive explanation of (10) is as follows. The channeiwo users and assume that both users are located at the origin

from sources to the relay is just a MAC, and from (8), th&0, 0). Coordinates of the communication network are nor-
probability of error is of ordep(1=2") if 11 < 1/2(n + 1) malized by the distance between the sources and destination

andp—"(1=271) if 1 > 1/2(n+1), where the facto2 comes transceivers, and the positive direction is defined as frioen t

from the fact that the relay only listens for half of the blockSOUTce to the destination. Thus, the destination is located
Given that the relay does not decode, the probability ofrerrgl: 0)- In general, thezcoordmatgs of the relay can be arbitrary.
at the destination is of ordgr (=" if 7, < 1/(n + 1) and The fading variances; ; are assigned using a path-loss model
p~(1=771) if 1 > 1/(n +1). Thus, the probability that both N the form of o7, o d; 7, whered; ; is the distance from

the destination and the relay make errors has exponent Nedei to nodej, andv is a constant value, chosen to be
in our setup. The energy per transmitted bit for each transmi

dypr(ri) =min{ (1 —r)" + (1 =2r)7, terminal is also normalized tb.
n(l=2nr)" + (1 —r)", Fig.[3 provides numerical simulation results for a two-user
n(1=2nr1)" +n(l —nr)}, MARC using DDF and MAF forr, = 0.2 andr, — 0.4.
which results in[(10) after algebraic manipulations. This example assumes the relay’s coordinates B2, v/3/2)

It can be further observed that the first term [of](10) is theuch that the fading variances for all channels are uniy,
same as the first term of |(5). However, this term has tWg,, ., = 03,41 = 01,10 = 05,40 = Opiq o = L. IS
different operation regimes. For MDF, the first term is thelear that when- = 0.2, DDF is better than MAF; and when
dominant factor untilr; > 1/2(n + 1), and for MAF, it is r = 0.4, MAF is better than DDF at high SNR. Moreover,
the dominant factor untir; > (n — 1)/(n(n + 1) — 3). It for r; = 0.4, the curves of MAF and DDF intersect which
can be shown that/2(n +1) < (n —1)/(n(n + 1) — 3) for suggests different diversity gains. These observatioasirar
n > 2. It can also be easily shown that, in other regimes, (Bhe with what we predict from the diversity-multiplexing
is larger than[(10). Therefore, when < 1/2(n + 1), MDF  tradeoff.
using simple repetition coding is identical to MAF in termfs 0 Although the diversity-multiplexing tradeoff yields imgsit
diversity-multiplexing tradeoff. But, wher/2(n + 1) < r;, about performance at asymptotically high SNR, it neglects a
MAF is better than MDF. coding gain of a protocol. Therefore, one must be careful

Furthermore, whenr; > 1/2n, the last two terms of in the interpretation of implications for system design. To
(10) are exactly the same as (8) for = 1. Therefore, in illustrate this point, we consider an example in which the
terms of diversity-multiplexing tradeoff, the MARC with MD relay is located af0.5,0) and show the simulation results
degenerates into the normal MAC when the system is highly Fig.[4. Forr; = 0.2, DDF shows better performance as
loaded,i.e, r1 > 1/2n. predicted. However, the diversity-multiplexing tradeddls

It can be shown that, if the relay only listens for half of thahort of correctly predicting the performance of MAF and
block, i.e., no dynamic decoding, there is no benefit of usinDF for »; = 0.4. Although MAF has a slightly better
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the network. Analysis of the diversity-multiplexing traud&for

the MARC with these two protocols suggests that, when the
rate requirement is small, each user gains cooperativesitiye

as if there is no interference from other users and no caotent
for the relay. As the rate requirement grows, the perforraanc
of MAF achieves the upper bound, and is therefore optimal.
Combining the MAF and DDF [10], we can fully achieve the
optimal diversity-multiplexing tradeoff for the MARC. MAF
comes with the requirement of being able to track all CSI
at the destination; but the complexity of the relay is simple
compared to that of DDF.
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