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Abstract— Cooperative transmission is an emerging communi-
cation technique that takes advantages of the broadcast nate
of wireless channels. However, due to low spectral efficiepcand
the requirement of orthogonal channels, its potential for e in
) future wireless networks is limited. In this paper, by making use

of multiuser detection (MUD) and network coding, cooperatve
QN transmission protocols with high spectral efficiency, divesity order,
s« and coding gain are developed. Compared with the traditionh
O _cooperative transmission protocols with single-user detgion, in
<E which the diversity gain is only for one source user, the propsed
MUD cooperative transmission protocols have the merits thiathe
L) improvement of one user’s link can also benefit the other uset
(C\J In addition, using MUD at the relay provides an environment in
which network coding can be employed. The coding gain and hig
—=diversity order can be obtained by fully utilizing the link b etween
the relay and the destination. From the analysis and simuladn
= results, it is seen that the proposed protocols achieve high
(/) diversity gain, better asymptotic efficiency, and lower biterror
rate, compared to traditional MUD and to existing cooperative

—f{ransmission protocols.
I. INTRODUCTION
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mission in a variety of scenarios, including cellular netkgo

nodes and deduces from them the messages that were osiginall
intended for that data sink. In cooperative transmissitoarélay

can be viewed as an intermediate network node. If MUD is
employed at the relay, the relay can employ network coding
by mixing some users’ data and transmitting them through the
limited link to the destination node. At the destinationg th
performance of all users destined to that node can be greatly
improved by decoding this coded data. This issue is examined
in the present paper.

In particular, we propose two cooperative transmission pro
tocols that make use of MUD and network coding. In the first
protocol, realizing that improvement in one user’s decgdin
can help the decoding of the other users, we decide which
relays to use and whose information the selected relays will
retransmit such that the overall system performance can be
optimized. In the second protocol, we assume the relays are
equipped with MUD. Then the selected users’ information is
coded by network coding and is relayed to the base station.

Cooperative transmission [1], [2] is a new communicatiot the base station, the coding gain is not only realized for
technique that takes advantage of the broadcast naturetf¥f selected users but also for the other users because of the
wireless channels. Recent work has explored cooperaims4r MUD. From both analytical and simulation results, it is seen

that the proposed protocols achieve higher diversity amtihgo

(3], ad hoc/sensor networks [4], and ultra wide band [5]. Ongain, better asymptotic efficiency, and lower bit error (RER)
- drawback of existing cooperative transmission schemes@a than existing schemes.

sequent reduction of spectral efficiency. Moreover, mostieg
techniques require orthogonal channels, which are notadolai
for many wireless networks such as 3G cellular networks.

o
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This paper is organized as follows. In Sectigh II, system
models are given for multiuser cooperative transmissiotn wi
MUD in a base station and a set of relays. In Secfioh I,

Multiuser Detection (MUD) [6] deals with the demodulatiorthe two above-noted protocols are constructed. In Se€lbn |

.= of mutually interfering digital streams, exploiting theoss- the properties of the proposed protocols are studied. iioul

>< correlations among users to produce better detection perfeesults are shown in Sectiédl V, and conclusions are drawn in
*— mance in the presence of multiple-access interference. D Section V).

plementations for cellular applications have been deesdpy Il. SYSTEM MODEL

Datang Telecommunication for TD-SCDMA and by Qualcomm consider a wireless network witlk synchronized uplink
for EVDO. Recently, [7] has considered the joint optimigati ,sers (i.e., terminals). Among these terminalg,can serve
of Multiple Input Multiple Output (MIMO) systems with MUD. 44 relays. This system model is illustrated with = 1 in
Since a relay in a cooperative communication scheme caRure]. At a first transmission stage, all users exceptetagy's
be viewed as a virtual antenna for a source node, this Wagkng information, and the relays listen (and perform MUD if

motivates the study of MUD performance in cooperative fangey have the ability). At a second stage, the other users sen
mission. However, unlike MIMO MUD where all informationihejr next information signals, while the relays send aaiert

from different antennas can be obtained without limitation ser's information or key information from the results of @U
cooperative communication schemes the link between tlag rehppjied at the first stage. In the base station, all of therothe
(i-e., the virtual antenna) and the destination is limited.  ysers’ information from the first stage is delayed for oneetim

To overcome this limitation, network coding [8], [9] pro@s  giot and jointly decoded with the key information sent by the
a potential solution. The core notion of network coding is tps|ays at the second stage. Since the users cannot tramsit a
allow mixing of data at the intermediate network nodes, {Qceive at the same time or at the same frequency, to relay onc
improve the overall reliability of transmission across M&- osts at least two time slots for listening and relaying. 8o t
work. A receiver receives these mixed data packets fronouari spectral efficiency i¥<=2X , and thus when the number of users
is much larger than the number of relays the spectral effigien
approaches 1.
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Proposition 1: The BER of thei*" user for optimal MUD is
bounded according to

ecF;

ISy ©

g

wheree is a possible error vector for usér and ||S(e)||? =
eIHe = ¢ ARAe. w(e) is the number of nonzero elements
in ¢, and F; is the subset of indecomposable vectors. Due to
limited space, for details refer to [6, Chapter 4].

Fig. 1: System Model For the successive cancellation detector, a recursiveoappr
imation is given by the following proposition [6].

We consider an uplink synchronous CDMA system with lFI’rqposition 2:. The BER of theith :Jsgr for successive can-
Gaussian ambient noise. Defifg as the group of relay ter- cellation MUD s given approximately by
minals, and¢ as the group of terminals listening and preparing

for a relay in the next time slot. The received signal at theeba P*¢ ~ Q As ,
. i—1 K sc
station can be expressed as \/02 + a7 2 im A%+ + dimit1 A2 P -
y(t) = > Apbesi(t) + D Arzese(t) +on(t), (1) whereM is the spreading gain.
ke KAR\L kem Notice that the BER is a function of the received amplitudes
and at usei € £, who is listening and preparing for a relay inof the users, which in turn are functions of the user location
the next time slot, as and the network topology. As will be shown later, we have

_ _ _ o degrees of freedom to select which users will serve as relays
y'(t) = Z Ajbgsk(t) + Z Ay zisk(t) + o'n'(t), (2) and which users’ information to relay, so as to achieve ogitim
keK\R\ £ keR performance in terms of BER at the base station.

where A4,, is the received amplitude of the” user’s signal at I1l. Two COOPERATIVE TRANSMISSION PROTOCOLS
the base stationd: is the received amplitude of the" user’s The first protocol seeks to exploit the fact that MUD can im-
signal at relayi, b, € {—1,+1} is the data symbol transmittedprove all signals to be decoded better because of the nidtigat
by the k" user, z;, is the relayed bit,s; is the unit-energy of interference from the strongest signals. Suppose teinin
signature waveform of thé'" user,n(t) and n’(t) are nor- is selected as the relay and it forwards uses information.
malized white Gaussian noise processes, @adnd (¢¢)? are At the base station, after a matched filter bank, maximabrati
background noise power densities. For simplicity, we assurombining (MRC) is used to combine the signals from these
o = o', although the more general case is straightforward. two terminals. The resulting SINR is given by:

The received signal vectors at the base station and at e rel o o
after processing by a matched filter bank can be written as: T =T +15, ®)

wherel'?, andI'? are the SINRs to the base station from user

y=RAb+n, ©) and useri, respectively. Since the optimal and decision driven
and MUD algorithms are nonlinear, a closed form expression[@r (
y' = RATD 4+ 0 @) is not available. Moreover, the noise terms corruptingedéht
’ users after MUD are correlated so that (8) can serve only to
where A = diag{A,,...,Ax}, A" = diag{Ai,..., A%}, provide a performance upper bound. In this paper, we assume
E[nn”] = E[n'n'T] = ¢?R, R is the cross-correlation matrix, that some method such as a threshold test [2] is employed so
whosei — ;' element can be written as that the potential relays and the base station can know wheth
the detected signals are correct. Also, rather than usinge MR
intg si(t)s;(t)dt, (5) before the decoding, the final decision is based on the decode

signals in both stages. An error occurs only if the decisions
both stages are wrong. So the probability of error can beemrit
as

where T is the inverse of the data rate, and =
[bi,...,2i,...,0,bx]T consists of symbols of direct-
transmission, relay, and listening users.

In this paper, we will investigate the BER performance of
MUD under cooperative transmission. Specifically, we wilHere useri is selected as the relay. The error probabilities for
consider the optimal MUD and successive cancellation tetecuserm to the base station, uséto the base station, and for user
which is one type of decision driven MUD. As pointed out inn to useri are denoted a®™", P, and P™¢, respectively.
[6], there is no explicit expression for the error probapilbf Notice that there is no need for MUD at the relays for the first
the optimal multiuser detector, and bounds must be usedh ti protocol.
upper bound is provided by the following proposition from).[6  The second protocol seeks to exploit the fact that MUD in the

base station and the relay provides a possible data-flowtstel

P =Pl — (1= PM)(1 - ")) 9)



TABLE I: Cooperative Transmission Protocols

1. At stage one, the relays decode using MUD.

2. At stage one, the base station decide which users are mpsttant.
3. Using feedback from the base station, at stage two, thggel
Network forward the selected users’ information or encode using

Coding network coding so as to optimize the decoding goal.

Selectio 4. At stage 2, MUD decoding is used at the base station.

be written as:
min > Pl (12)
Jje{K\R}

To optimize [I2), we propose an algorithm shown in Table .
The basic idea is that the base station can know at stage hwhic
users’ links need to be improved so as to maximize the network
performance. So at stage 2, the relay with the best locatithn w
send the corresponding information to the base stationhdt t
base station, the information sent at the first stage is ddlay
and combined with the relay’s information at the secondestag
Consequently, the performance of all users can be improved.

Fig. 2: Joint MUD and Network Coding Example

- N ) ) IV. PERFORMANCEANALYSIS
for jointly optimizing MUD and network coding. In Figufd 2,

we illustrate an example where there dfeusers and user is In this section, we first examine the diversity order and ogdi
assigned as the relay. At a first stage, ugeterough K send gain Of_ th\_e prop(_)sed protocols. Then, a performance upper
their own information, while the base station and usdisten, P°Und is given using MIMO-MUD. Finally, we study a special
At a second stage, usdrsends the coded information (heré:ase for how the relay changes the MUD asymptotic efficiency.

by @ bs). Then the base station can improve the decoding of At stage one, we order the received signals at the baserstatio
user2 and usen. according to the signal strength, where ugéthas the highest

In general, we can formulate joint MUD and network coding' 'R (i-€- the lowest BER). For Protocol One, we assume all
as follows: As a relay, use selects a set of usegst;, and elays select useK'’s information to retransmit if the relay
. y 71

then transmits,, @ - - - @ b, Wherem, ..., n € 9. Notice decodes it correctly. The diversity order for uskr can be

that M; is a subset of all users that are successfully decod® ily shown to beV + 1. Since only userk’s copy of the

at the first stage by user At the base station, the user’s error”; ormgtmn at s_tage.”:l. IS retransmlrt]ted, the. Q|ver3|ty Dmlib
probability is given by: the other user is stilll. However, the remaining users have

better performance since the strongest interference (Kser

P™ = P™{1 — (1 - P™)(1 - PY) signal) can be more successfully cancelled. Define the godin
H [(1— P™)(1— P™)]} (10) gainp; as the SINR improvement ratio for the remaining users.
i fm " "o For successive cancellation MUD, we have
and 0% + 37 Yjoi A3+ AR PN (13)
i < pio ) PK—1 = e —,
PT—PT avj#mz (11) 02+%2J:12A§+%A%{PTK

The first term in [(ID) represents the direct transmissioorerr N , - KN4
probability. The term in brackets ifi {1L0) represents th(e)rerr"‘l’here Pt useiKsKrlegw BER andP*® ~ (B)7 . If
probability from the relay using networking coding. The sucir 4% >> 0 + 37 22521 A7, the coding gain can be quite
cessful transmission from the relay happens only if all sisd@rge. For the coding gains of other users, we can calculate
in 9M; are decoded correctly by usérthe transmission from PrK_ ..., P recursively. For optimal MUD, the performance
useri to the base station is correct, and all other users dpelower bounded by that of successive cancellation MUD.
correctly decoded at the base station. Notice that compaitad ~ FOr Protocol Two, if at the second stage, the relays retrénsm
@), the error probability for a specific user might be worsdhe following information
However, since in[{10), multiple users’ BERs can be improved _ .
the overall BER c[)g‘(:ih)e systerin can be further improvetfiJ under s @bj’j € M. (14)
careful optimization. The inequality il (IL1) holds sincesthWe consider any usei’s information. When the SINRs are
cancellation of some successfully decoded users’ infdonat sufficiently large, the channels between the senders aagisrel
can improve the other users’ decoding. are approaching ideal links. If the other direct links arsoal
The problems to be considered here are: which relays totselgafficiently good, at the second stage after network decpdin
among the potential users; and whose data to retransmit. We only signals remaining are usés information from the
need to select the relayfrom setR of size N, and the sef)t; N relays, and these signals will be combined with the direct
which represents whose information should be relayed by usensmission sent at the first stage. So the diversity orsler i
i. The problem formulation to minimize the overall BER canV + 1.



Cooperative MUD Improvement, p=0.8
T T

Next, the proposed cooperative transmission protocol with
MUD has a performance upper bound given by that of MIMO AW /
MUD [7] in which there is infinite bandwidths between the re- L\
lays and the base station. Here we assume that the comipinatio
is performed after decoding. Decoding error happens whien al
the N + 1 links fall, i.e.
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where P is the BER for direct transmission angf’ is the
BER for transmission from usérto relay:. For MIMO MUD,
the diversity order isV + 1.

Finally, we study a special case of two users and one relay
to investigate the performance improvement of MUD. Here _ ) -
we make the approximations that the relay can always decode Fig. 3: MUD Asymptotic Efficiency Improvement
correctly and the base station can use maximal ratio comdpini
of the direct and relay transmissions. In this ideal case, th Figure[4 shows the average BER as a function of the relay
multiuser efficiency of optimal MUD can been expressed aslocation. There are two users, and both users and the relay
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Ao 4 A2 Ar A use high transmitted power. The curves correspond to thescas
. ( 2 + r) 2 + T . . s
A min g 114 = = 2p| without the relay, with the relay re-transmitting user 1ecated
! ! at 4) symbol, with the relay re-transmitting user 2's (l@cht
A3 A
14+ 2 s —2|p| 2 }, (16) at 6) symbol, and with the relay re-transmitting the XOR of
(A1 + Ar) A+ Ay both users’ symbols (network coding). The first observatson

wherep is the cross-correlation between the two users’ wavthat the location of the relay plays a vital role in the system
forms, andA;, A,, and A, are the channel gains to the basgerformance. The relay helps the system performance only
station for user, user2 and the relay, respectively. when its distance from the base station is below 2.5. Theg rela
In Figure[3, we show the MUD efficiency witd;=1 and Will harm the performance if it is close to the user group.sThi
p = 0.8. With cooperative transmission, the difference betweéds because for successive cancellation MUD, the performanc
the two users’ SINRs can be increased so that the multiubgiter if the received power of the users is different frorohea
efficiency can be increased. We can see that when the retdler. A relay that is close to the user group is acting more as
is close to the base station (i.el, is large), the multiuser an interference source than as a relay. The second obseristi
efficiency can be almost. We notice that this comparison isthat there is a “sweet spot” for the location of the relay ambu
unfair, since the bandwidth is increased with the presehteeo 1.6. This is because the relay’s decoding performance dfips
relay. However, when the number of users is sufficientlydargis located too far away from the sources. The third obsermati
than the number of the relays, this increase is negligible. is that the network coding protocol with the relay re-traittng
the XOR of both users’ symbols always performs better than
V. SIMULATION RESULTS that when the relay just re-transmits one user’s symbolrieig
Q is similar to Figurd ¥4 except that the transmitted power is

a one-dimensional model where a base station, a relay, \y here. We observe performance behavior similar to thé hig

users are located along a line. The base station is locatedr@psmitted power case.
0, the two users are located at 4 and 6, and the relay can movEigure [6 shows the average BER as a function of the
from 0.5 to 3.5. The power received from a given transmittéf@nsmitted power of the users and the relay. The relayzatioo
is proportional toP,/d?, whered is the distance between thels fixed at 1.6. We can clearly see the higher diversity order o
transmitter and the receiver, afii is the transmitted power. In BER vs. power for the proposed protocols. When the transthitt
the simulation, we assume that all users and the relay use Bewer is sufficiently high, the limiting factor of the perfoance
same transmitted power, i.e., there is no power control. & aiS the interference. And that is Why the curve flattens when
assume the receivers have the same additive noise level. the transmitted power grows. We notice the large difference
In the simulations, we choose a simplified model for thi@ performance between the case with the relay and the case
relay. The relay can receive and transmit at the same tinféthout. Another interesting observation is that, in a aiert
This can be achieved by using time sharing, different fraque transmitted power range, relaying the first user's symbol is
bands, or simply two relay users. We choose this model Bgtter, while in other transmitted power range, relaying th
simplify the scenario. In each time slot, the relay transraibit Second user’s symbol is better. Relaying the XOR of bothsiser
generated according to the protocols developed in SeClibn fymbols is always the best protocol, but this requires tieeofis
The relay and the users transmit their signals using CDMA, aMUD at the relays. We also show the performance of MIMO-
they all use different spreading codes. The relay and the bA4UD, which serves as a performance bound.
station perform successive-cancellation multiuser dietemn Figure[T shows the average BER as a function of the number
the received signals. of users. Here we explore the cases with two to six users. In

The following setting is used in the simulation. We consid
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