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Abstract

User cooperation, whereby multiple users share their aatemnd transmit to a common destination in a
collaborative manner, has been shown to be an effective avaghieve spatial diversity. We propose in this paper,
a strategy to minimize the total power in a decode-and-fadwWBF) multi-user, multi-relay cooperative uplink,
such that each user satisfies its quality-of-service (Qaa date. Each user in the proposed system transmits
its own data towards the base station and also serves asyafoelather users. The base station assigns one or
more relays to each user in order to minimize total power & wplink. The relay selection is based upon the
instantaneous user to base station channels, inter-uaenels and also the target rates of the users. The simulation
results indicate significant power savings over a non-cape uplink, under proposed joint relay selection and

power minimization algorithm in a DF cooperative uplink whegsing a space-time coded cooperative diversity.

I. INTRODUCTION

In those wireless applications where it is impractical tgliement multiple antennas at the mobile
units, user cooperation seems to be a viable option to ashspatial diversity [1]. User cooperation
provides diversity gains using antennas of neighboringsusethe network. We present in this paper, an
algorithm that performs relay selection while minimizirgettotal transmit power and satisfying certain
guality-of-service (QoS) requirement in multi-user des@hd-forward (DF) cooperative networks.

Recently, references [2], [3] indicated performance improents due to use of cooperative diversity
over point-to-point links in wireless networks when usinggée antenna at mobile nodes and equal
power allocation. Later, efforts were made to further inyeréhe performance of cooperative diversity
by optimal power allocation and optimal group assignmenwt. €&ample, considering a three terminal
DF relay terminal network, optimal power allocation wasds¢d when optimizing either achievable rates
[5], outage events [7], or outage probability [9]. Using age probability as an optimization criterion
and total power constraint, the authors in [6] optimallyed#ited relay powers in DF multi-hop wireless
networks. The power control algorithm, which attempts tmimize the outage probability under short-
term and long-term total power constraints, was studied]nfgr two-user cooperation scheme, while
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[11] considered optimization of high-SNR approximatiorioatage probability for the multi-user space-
time coded DF protocol. In [10], an opportunistic DF protbe@s developed where a relay terminal is
utilized depending on the overall network state with dyramdiocation of time and power. The above
work demonstrated a significant performance improvemest tduoptimal power allocation over equal
power allocation in cooperative networks. The partner eagroblem in a DF cooperative network was
investigated in [12], where authors devised a method to @lh@osingle partner among available partners
to increase the user cooperation gain. Grouping schemesdgenerative cooperative network 8fnodes,
based on both centralized and distributed control stresegiere presented in [13]. Bletsasel., [14]
proposed the best relay selection method that takes intmuatthe instantaneous channel conditions of
both source to relay and relay to destination channels.

Most previous work on cooperative diversity either 1) makesattempt to optimize power, or 2)
optimizes power, assuming a cooperating group has beegnassia priori. There has been very little
work on joint relay selection and power allocation in muiser cooperative networks. Power allocation for
space-time coded DF cooperative diversity was studied5ij [here the authors presented a suboptimal
solution to minimizing the outage probability where the meupower is fixed (perhaps fixing the decoding
set in effect) and the remaining power is equally distridué@nong the relays. The sub-optimal source
power is obtained numerically through exhaustive searefhatiRe to [15], the novelty of our approach is
the non-suboptimal solution for the source and relay powatsjoint relay selection as explained below.

We consider a user-cooperative uplink where users have &lemrated orthogonal channels for trans-
mission (using, for example, orthogonal CDMA spreadingesbd Each user has its own data to send to
the base station. We develop in this paper, a strategy tomizaithe total transmit power in a decode-
and-forward (DF) user cooperative uplink, such that eadr gatisfies its quality-of-service (QoS), data
rate. We model the total power minimization problem as annupation problem where the objective
function (total network power) is a convex function of usemers and the constraints are target rates
of users which are concave functions. We then solve the @tion problem by Lagrange multiplier
method. The solution to the optimization problem in DF caagiee uplink leads to an iterative algorithm
that jointly performs relay selection for cooperation aqdimally allocates source and the relay powers.

The remainder of the paper is organized as follows. Secfiantioduces the uplink system model,
channel model, and also describes the user cooperationcptoSection 11l considers power consumption
under non-cooperative uplink as a baseline for the proppseder minimization algorithm. Section IV
describes the proposed joint relay and power allocatioordlgn under both diversity combining and

code combining. Simulation results are presented in Se&i@and Section VI concludes.

INon-orthogonal codes can be dealt with using decorrelatinfjiuser detection and an additional noise variance fgd6].



II. SYSTEM MODEL

The uplink consists of users that have been allocated orthogonal channels. Eachass its own data
to transmit to the base station, potentially using othersuas relays. We consider a decode-and-forward
(DF) protocol that consists of two transmission phasesirguthe first phase, each uskrbroadcasts
its message to the base station with powerin the second phase, other users that can decode-tine
user's transmission form a decoding $2tk) and may serve as relays. Based on our proposed relay
selection criterion, some relays from the decoding set diobbwever, remain silent even if they can
decode thé:-th user’s transmission in order to reduce the power contiomn the network. Since each
user acts as a source during the first time phase and may seretag during second time phase, we use
the terms user, source and relay interchangeably. We camsia practical scenarios. In the first case,
selected relays could transmit using incremental redurydahich leads to code combining of the relayed
information. As an alternative, the selected relays mayaudestributed space-time code for the source’s
transmission that leads to diversity combining of the rethyransmissions [3]. Incremental redundancy
type of cooperation protocol enjoys full spatial divergggins but at the expense of bandwidth inefficiency
since each user requires a separate orthogonal channdkfown transmission and for relaying other
user’'s data. More bandwidth efficient space-time coded eadjwn provides full spatial diversity gains,
however, requires symbol level inter-user synchronizatio

The base station is assumed to have the knowledge of allhtastaous channel conditions including
user to base station channels as well as inter-user chaaneélsakes all assignment decisitins then
conveys the relay assignment and the optimized powers & tisugh a low rate feedback channel.
The user-to-base station channels and the inter-user elsanndergo independent quasi-static Rayleigh
fading and path loss. The inter-user channels are non-symamiee., the channel between useand j
is, in general, different than the channel between ysand:. All channels are statistically modeled as
zero-mean, circularly symmetric complex Gaussian randarables. We model distance dependent path
loss without shadowing. The channel (distance) betweenkitie user and the base station is denoted
by hia (diqa) While h;; (d; ;) denotes the inter-user channel (distance) between usamd j. Let g; ;
denote the channel gain for the link between useasd j whereg, ; = |h; ;|>/d%;, o being the path loss

Zhj'

coefficient.

IIl. POWER CONSUMPTION IN A NON-COOPERATIVE UPLINK

For certain traffic types, e.g., real-time video, it is nesegg that the transmission meets certain QoS

requirement, e.g., data rate. The total network power gopsion under a non-cooperative scenario, where

>The assumption on the knowledge of all instantaneous chayaies at the base station is not practical. However, thalteprovide
baseline for comparison with practical systems and alsw@igeoguidance in the design of practical systems.



users expend power to achieve target rates, can be foundtraightforward manner as follows.

The signal received by the base station due tokthle user’s transmission is

rq[n] = \/ﬁ%xk[n] + v[n] Q)
k.d

where p, is the power used by thé-th source andv[n| is the receiver noise and is distributed as

v[n] ~ N.(0,1). The mutual information for the channel between thth user and the base station is

log (1 + prgr.a) - (2)

The minimum transmit power required at the soukc® achieve the target rat®, under no cooperation,

is
R
Pk,nc = 2 G 1- (3)
The total uplink power under no cooperation scenario is
K
Pnc = Zpk,nc- (4)
k=1

IV. POWER MINIMIZATION IN A USERCOOPERATIVE UPLINK

In wireless networks, at any given time instant, users megpterience very different fading channel
conditions. Users experiencing deep fades will then haexpend large amount of power in order to meet
the QoS constraints as can be seen from (3). Spatial diyersiated due to user cooperation might reduce
the probability of deep fades, thus reducing the total trahpower. To further enhance the performance
of user-cooperative uplink, it is imperative to devise aitons for optimal relay selection and power
allocation across source and relay terminals. Optimal p@iecation in a DF uplink is complicated by
the fact that decoding set is a function of both inter-usemciels as well as the source power in the first
phase. Given all instantaneous channel conditions, orfeeaidive approaches to the relay selection would
be to perform exhaustive search over all possible decodktsyfer a particular source by appropriately
setting source power in the first phase and then deciding tiprlecoding set that minimizes the total
uplink transmit power after optimal power allocation. Theday selection process would alone require
Zfi}l (Ki‘l) iterations per user, which is impractical for larger numbeuplink users.

We develop an iterative algorithm that jointly performsasekelection for the purposes of cooperation

and optimally allocates source and the relay powers. Téiative method requires only up 10 iterations.



The proposed power minimization problem can be formulatetblhows.

K K
minimizez DL+ Zpk,r (5)
k=1 r=1
r#k
subject to
L =Ry

I = Ry

Ix = Ri
pkzpk,min; k:1727“'7K

pk,r>0; kzlvaa

r=1,---  K,r#k

wherep,, is the k-th user’s transmit power during phasep},,. is the transmit power by relay when
forwarding k-th user's messagé;, is the mutual information for the channel between usand the base
station which will be defined in subsequent sectioRg,is the target rate of uset, and py i, IS the
minimum power that sourcé transmits with during the first time phase that helps choetsys. The
power py min IS Updated in each iteration of the proposed iterative pawiermization algorithm in order
to select the most efficient (optimal) set of relays from tleeatling set for source’s transmission. The
role of py min Will be clarified further in the next Section. In the discussto follow, we assume for the
sake of exposition that the target rates of all users aredaheesi.e.,R; = Ry, = --- R.

In the above optimization problem, the minimization is daner source and the relay powers. The
objective function here is a affine function of source anéygbowers and hence is a convex function.
Each constraint function, i.e., the target rate is a contanetion. The convex optimization problem can
now be solved by Lagrange multiplier technique [18]. Thausoh to the above problem when selecting
the optimal set of relays from a decoding set leads to antiteralgorithm as will be explained in the

sequel.

A. Power Minimization under Code Combining

In this section, we consider incremental redundancy typkedaooperation protocol discussed in [3].
During the first time phase, each usertransmits to the base station. During the second time phase,
each relay selected after executing the proposed powemmzaiion algorithm transmits the source’s

information over orthogonal subchannels. Each relay Ha®wn unique codebook for its own data and



for each potential source’s data. As an example, each relalg ¢ransmit a different part of the codeword
which results in a code combining at the base station. Sindlahe non-cooperative case, the mutual

information due to thé-th user’s transmission during the first phase is

1
?Iog(l —i—pkghd) . (6)

The factorl /K is due to the fact that each source transmits duting of total time slots in incremental
redundancy-based coded cooperative diversity [3]. A gakrelay will be able to decodé-th user’s
message if the realized mutual information between ksand the relay- is greater than the fixed target

spectral efficiencyR. Therefore, the relay will be in the decoding set of ukef

1
?|09(1 + prgrr) > R, (7)
i.e.,
KR _ 1
P> ——. (8)
9k,r

We denote bypy . min, the minimum power sourck should transmit with that will guarantee successful

decoding at the relay. Hence
KR _q
Pkyrmin = ———- (9)
Gk,r

The overall average mutual information between usand the base station under code combining is

1
Iiee = ?|09(1 + PkGk,d)

K
1
+ }Z%ppk,m'og (1 + pryrgr.a) (10)
o
where 1 is a indicator function
1, if x>y,
=90 ’ 11
Loy {0, otherwise (11)
The Lagrangian equation for the optimization problem inig)
K K K
k=1 r=1 =1
r#k

By taking the derivative of (12) with respect to the sourcd eslay powers, applying the Kuhn-Tucker
conditions, and taking into account the non-negativitystaaints,

3Although it appears that spectral efficiency under incremleredundancy cooperative diversity goes to zeroFagjoes to infinity,
following the technique in [17] it can be easily shown thaajiproaches a fixed non-zero value.



Ak 1
= max e min | » k:177K 13
Pk (Iog 2" g™ ) -
Ak 1
= X ma -0
pk’, 1Pk>pk,rm1n X X<|Og 2 g?”,d )
for k=1,---  Ksr=1,---  Kir#k a4

where the powerg;, i, in the first iteration are set according to the following rule

Pk nc, If Pk,r,min 2 Pk,nc, V’ﬁ
Pk, min = { (15)

arg max 2, otherwise
where Q = {pkrmin | Pk.rmin < Prncy- EQuation (15) has the following interpretation. During tfirst
iteration, if the source to destination channel is strontpan any of the source to (potential) relay
channels, then only direct transmission is preferred, thisesource transmits with a minimum power that
guarantees largest possible decoding set for its tranemiddence, at the start of the first iteration of the
algorithm, all potential relays for the souréefor which py in > pi-min @re the decoding relays,, is
found by substituting source powess and the relay powers;, . from (13) and (14) in thé-th constraint
of (5) and solving the transcendental equation\in The source and relay powers are then obtained
by substituting for\, in (13) and (14). From the set of decoding relays considergthg the previous
iteration, the relays that resulted in correspondipg = 0 after power minimization, are excluded from
a set of decoding relays. This is because for apy = 0, the resulting power minimization suggests
not selecting that particular relay for cooperation pugsosrhe corresponding minimum source power
to have second largest possible decoding set is then updated equation (15) as also the source and
relay powers. A total of up to< iterations are needed to find the most efficient set of relays the
corresponding relay powers for each source. If the comptrestsmit powers do not change between
successive iterations, the iterative procedure desciibége proposed algorithm can be intercepted. In a
conventional DF protocol using constant power allocatibe, relays remain silent if they cannot decode
the source’s transmission. However, in the proposed sethpnever it is advantageous for the source to
utilize a relay, it transmits with a sufficient power levehtlguarantees successful decoding at the relay.

This also helps in finding the optimal source power for the fitsase of transmission.

B. Power Minimization under Diversity Combining

We consider here a space-time coded protocol where durangdbond time phase of cooperation, the

selected relays from the decoding set of a particular useramsideal space-time code and hence can



transmit simultaneously on the same subchannel [3]. Weldie\e iterative relay selection and power
minimization algorithm very similar to the code combinirase discussed earlier. The mutual information

due tok-th user’s transmission during the first phase is

1
§|09(1 + Pk Gk,d)- (16)

The factorl /2 is due to the time phase orthogonality in space-time codetbpol. A potential relay will
be able to decodé-th users message if the realized mutual information betweserk and the relay-

is greater than the fixed spectral efficienBy Therefore, relay will be in the decoding set of ugeif

1
5109 (1 + prgr,r) > R, (17)
i.e.,
228 _q
Pk 2 : (18)
Gk.r
Hence
22k _ 1
Pk,rmin = . (19)
Gk,r

The overall average mutual information between usand the base station under diversity combining

is
1
Ipse = §|09(1+pk9k,d)

K
boglog [ 143 0, pirgna | (20)
r=1
rk
The diversity combining case with space-time coded prdtihecs differs from the code combining case
in the bandwidth utilization factor in front of the log termich is1/K for the incremental redundancy
based coded cooperative diversity ane for the space-time coded cooperative diversity. It alséedsf
in the mutual information expressions in that incremenéalundancy based cooperative diversity with
code combining involves sum-log expression while spaoe-ttoded diversity with diversity combining
involves log-sum expressions for the second phase of trigsgm. The Lagrangian equation for the

optimization problem in (5) is

K K K
Z Dk + Zpk,r - Z Ai(Li e — Ri) = 0. (22)
i=1

k=1 r=1
r#k



By taking the derivative of (21) with respect to the sourcd eglay powers, applying the Kuhn-Tucker

conditions and taking into account the non-negativity t@sts,

o1
=max| ——— —,Pkmin ]; k=1, | K 22
= max( o 22

k kiYk,i
Di.» = Max — — E 1 X ;7 0
k, Iog 2 gr’, — k>Pk,imin gT’,

i#£r

for k=1,--- , K;r=1,--- ,K;r #k. (23)

As seen from (23), the relay powers are now interdependéetrdlay powerg, . are found sequentially
and in an iterative fashion, where sequence order is notatriacfinding the optimum solution. The relay
powers are initially set to zero and are updated as the sequsirelay power equations in (23) is traced,
for a particular value of\,. By varying the value of\;, a transcendental equation M is solved. The
remaining iterative steps of the underlined joint relayestbn and power allocation algorithm remain the

same as the code combining case.

V. SIMULATION RESULTS

We assume for the simulation purposes that the users ambdistl uniformly over a grid of 1x1
units with the base station located at position (1,1). Akmhels including the inter-user channels and the
user-to-base station channels are independent. The dhavefécients are complex Gaussian with zero
mean and unit variance. The path loss coefficiens set to 3.

Fig. 1 indicates the average power consumption in a uplirik véspect to total number of users under
direct transmission and two different user cooperatiomages. The target rate B = 1 bit/sec/Hz. It is
seen that for a fixed rate, as we increase the total numberliokugsers, the average total uplink power
consumption under incremental redundancy-based coogeriversity with code combining exceeds
that of direct transmission. We see that repetition basegpe@tion improves performance up to about
5 users. The space-time coded protocol with diversity camgi performs uniformly better than no
cooperation and incremental redundancy-based coopenaiib code combining. This is because, with
an increase in the total number of users, each potentia} relguires a separate orthogonal subchannel
in incremental redundancy-based cooperative diverségch, making the system bandwidth inefficient.
The system utilizing a space-time coded protocol, howeegpulires all relays to transmit over the same

subchannel and is hence bandwidth efficient when compar@tttemental redundancy-based protocol.
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Therefore, the space-time coded protocol offers signifigaower savings over no cooperation (direct
transmission) under the proposed relay selection and powamization algorithm.

Fig. 2 illustrates the average power consumption in a usep@ative uplink and under direct trans-
mission, as a function of target rate on a logarithmic sdals.observed that repetition-based cooperative
diversity with code combining is better than no cooperatipnto target rate of 2 bit/Hz/sec for 3 users
and up to target rate of 1 bit/sec/Hz for 5 users. The figurecates that for fewer number of users and
target rates of interest, the average total power consompinder both repetition-based and space-time
coded cooperative diversity is significantly less than threall transmission. For higher target rates and
more total users in the uplink, the space-time coded prétogtperforms both direct transmission and

repetition based cooperative diversity, in terms of powarstimption.

VI. CONCLUSION

In this paper, we propose a strategy to minimize the totainkpiransmit power in a decode-and-
forward (DF) user cooperative uplink such that each usdsfes its target data rate. The proposed
iterative algorithm for minimizing the total uplink poweniptly performs relay selection for the purposes of
cooperation and optimally allocates source and the relayepn We develop a power minimization scheme
for incremental redundancy-based cooperative diversith wode combining (of relayed information)
and space-time coded protocol with diversity combiningtiNVespect to incremental redundancy-based
cooperative diversity, we find that the cooperation is berafin terms of minimizing the total uplink
power at lower target rates and less number of cooperatiags.uSignificant cooperation gains could be
obtained using a space-time coded cooperative diversitiopol over the wide range of target rates and
total number of users when using the proposed joint relagctieh and power minimization algorithm. A
practical approach to network power minimization basedh@naverage channel gains and average rates

remains a topic of future work.
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Fig. 1. Average power consumption in a uplink as a functioriotél number of users. The target rateis= 1 bit/sec/Hz. We see that
incremental redundancy based cooperation improves pesfoce up to about 5 users, while space-time cooperatiooramif outperforms
no cooperation or incremental redundancy based cooperatio
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Fig. 2. Average power consumption in a uplink as a functiotagjet rate for no cooperation (nc), incremental redungloased cooperative
diversity under code combining (cc), and space-time codexgperative diversity under diversity combining (dc). Thgufe indicates that
for fewer number of users and target rates of interests, theage total power consumption under both incrementalnealcy-based and
space-time coded cooperative diversity is significantyslthan no cooperation.



