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Abstract—In this paper, we consider a multi-user single-relay allocation problem is considered to maximize the network
wireless network, where the relay facilitates transmissios of  throughput in an AF multi-user two-way single-relay netior
the users’ signals to the destination. We study the relay po&r - g yroplem is solved based on Lagrange dual decomposition

allocation among the users, and use bargaining theory to mad p . .
the negotiation among the users on relay power allocation. approach. In [13], the joint subcarrier allocation and powe

By assigning a bargaining power to each user to indicate its @llocation problems are investigated to maximize the capac
transmission priority, we propose an asymmetric Nash bargming in a relay aided uplink multi-user network. A suboptimal

solution (NBS)-based relay power allocation scheme. We als solution is presented to solve the joint problem. Considgri
propose a distributed implementation for this solution, wrere 5 ta) power constraint at the relay and users, the sum-rate

each user only requires its local channel state informatior{CSl). Lo - : .
We analytically investigate the impact of the bargaining pevers maximization problem is addressed in [14] for a DF multituse

on the relay power allocation and show that via proper selegon ~ Single-relay netWO"!<- S . o
of the bargaining powers, the proposed power allocation can If sum-rate maximization is the main objective in relay

achieve a balance between the network sum-rate and the userresource allocation as in [12]-[14], users with bad channel
faimess. Then we generalize the NBS-based power allocatio .qngitions may starve since more resources are assigned to

and its distributed implementation to multi-user multi-re lay ith d ch | diti Th f i
networks. Simulation results are shown to compare the propsed users with good channel conditions. 1hus, Tor some applica-

power allocation with sum-rate-optimal power allocation and  tiONs, it is also important to fairly distribute relay resoes
even power allocation. The impact of the bargaining powersm to guarantee the quality of service of all users. The relay

the power allocation is also demonstrated via simulations. resource allocation problem with fairness concerns issnve
Index Terms: Wireless relay network, power allocation,figated in [15]-[18]. In [15], the joint subcarrier pairirgnd

Nash bargaining solution (NBS), dual problem, gradient prgowerallocation in the downlink multi-destination singkday
jection method. network is investigated with proportional fairness coaisi.

[16] considers the subcarrier allocation problem in a multi
user multi-relay network where a minimum rate requirement
must be satisfied to all users. The work in [17], [18] are on
Cooperative relay network is a promising concept to ima two-user network where each user can work as a relay for
prove the performance of communication in a wireless nehe other. They consider the scenario where the sources are
work. The basic idea is to have multiple nodes in thselfish and try to optimize their own quality-of-servicedaare
network help each other’s transmission to achieve diwersivilling to cooperate with each other only when cooperation
[1]. It does not require multiple antennas to be equippeésl beneficial. Cooperative game theory is used to study how
on communication devices, which is especially importamt fahe sources negotiate to address their conflicting obgstiv
devices with strict size and complexity limitations. Thamre By employing a two-source bargaining game, fair bandwidth
numerous works on cooperative strategies that optimize thkocation [17] and power allocation [18] are found usingsNa
global network performance and the analysis of fundamentergaining solution (NBS).
limits in cooperative network. A widely used cooperative To our best knowledge, all prior papers in the literature
strategy with low computational load at the relays is angplif focused exclusively on either global performance optitpali
and-forward (AF) where the relays simply forward amplifie@.g., [12]-[14] or user fairness, e.g., [15]-[18]. However
versions of the signals they receive. practical networks, different applications may requiriéedent
While pioneering efforts in cooperative network focus obalances between fairness and global performance, emgg so
single-user network (e.g., [3]-[8]), research on mulius applications prefer fairness among the users while others d
relay network, in which multiple transmissions of diffetensire better global network performance. Even for the sante ne
users can be supported by assisting relays, are importantvark application, the desired balance between global perfo
meet the demands of future communication systems [9]-[18}ance and fairness may change from time to time. Motivated
Compared with single-user relay network, multi-user reldyy this, in this paper we use bargaining game and propose an
network is more challenging since the users have competit@symmetric NBS-based power allocation solution, which can
demands for limited relay resources. In the literatureptlagor  jointly address these two issues. In addition, most previou
objectives of resource allocation in multi-user relay rekg works assume that there exists a trusted central contrweler
fall into two categories: achieving optimal network thropgt collects all the required channel state information and hé®
and achieving user fairness. In [12], the optimal relay powsufficient computation capability to implement the prombse

I. INTRODUCTION



solutions. This is impractical in systems such as ad hoc Relay

networks and sensor networks, where centralized contsolle fl/,/;%:;\gg

do not exist. Such systems therefore require a distributed U < MO 32 Destinationl
i ) i, serl @ Fad N

cooperative protocol. To improve the scalability of ourestie < N NG

for such scenarios, we provide a distributed implementatfo c S he N SN

the NBS-based power allocation scheme in which users with ~ User: @"7’* ************ \:"i\@ Destinationi

local information only are able to independently decide how : f:N ‘\QN:

to cooperate with other users and relays. User N S hy_ \@P DestinationN

In this paper, we consider a multi-user single-relay AF
network, and use game theory to analyze the relay power
allocation among the users. We model the interaction amohig 1. Multi-user single-relay network.
the users as a bargaining problem, where they negotiate with
each other on relay power allocation. The distinctive nigvel

and contributions of this paper are briefly summarized asFrequency division multiple access (FDMA) is used, so
follows. transmissions of different users are orthogonal and ieterice

. free. Without loss of generality, we consider the transioiss
1) We propose a newsymmetric NBS-based relay power ’
) brop yp of Useri’'s message on Channgel To send one symbol from

allocation scheme, which can achieve a balance betw Qer‘ to Destinationi. we use the pooular half-duplex two
global network performance and user fairness. Existin ! inatiors, we U popu uplex-tw

literature only consider one of the two conflicting issue ep AF protocol. In the first step, Usértransmits/Q;s;,

i i 1 i 12) —
The proposed scheme has potential in satisfying di]‘fere\f{p?_rhesZ IS thle mformat:jor;)sytrrr:bol rllormalijzeg Jf_("%r'j )=
and changing requirements of network applications. 76 S|gn_afs re_celved _ yi \e/f a}{ an_ €s matqarle
2) The effect of bargaining power selection on networki® — lelfﬁ_nfR an leda't' Qisi _H-th, :ﬁspecl VEL, q
performance are investigated. We show analytically th Iher_e ViR ‘a.m nip are agdiive noises at he refay an
via appropriate bargaining power selection, the propos s_tlnatlonz in the first ;tep, resp_ectlvely. The_y are assumed to
scheme can achieve the sum-rate-optimal solution ff independent Gaussian following the distributioh((0, 1).
the second step, the relay amplifigg and forwards it with

best global performance and even power allocation f0r . . L
best ?airnessp P power P; on Channeli. The signal received at Destinatian

3) A centralized implementation of the proposed powép the second step can be shown to be

allocation is provided. More importantly, to improve 0P, P
the scalability of the proposed scheme, we propose gg; = \ /#siﬁgi +4/ ﬁgmm + NiRD,
distributed implementation of our solution, which only Qil fil* + Qil fil* +

requires local CSI at the users. Convergence conditions ) . _ . (1)
are provided for this distributed algorithm wheren;rp is the additive noise at Destinationin Step 2,

4) We generalize the proposed NBS-based powerallocatiWHiCh is assumed to be independent to other noises with the

scheme and its distributed implementation to multi-us§fMe distributionCA’(0,1). _ _
multi-relay networks. To simplify the presentation, we introduce two variables,

The rest of the paper is organized as follows. Section r|1r3\mely then_0|se forwarding rate and thesignal forwarding
rate. We define

elaborates the network model and the relay power allocation 12

problem. The NBS-based relay power allocation scheme is &2 #, (2)

proposed and studied in Section Ill. In Section IV, we pr@pos Qilfil* +1

a centralized and a distributed schemes to implement t@fich is the power of the second term at the right hand side of

proposed relay power allocation. Discussions on bargginifn) whenP; = 1. In this paper, we calf; the noise forwarding

power selection and how it can balance different netwoglgte corresponding to Usérsince its physical meaning is the

requirements are given in Section V. In Section VI, we showoise power that the relay forwards to Destinatioif unit

the simulation results. Conclusion is given in Section VIl relay power is used. Intuitively, a large noise forwardiager
means low quality in the user’s relay-path. Similarly, wéne

Il. SYSTEM MODEL the signal forwarding rate of Uséras
Consider a wireless network with users communicating Qil figi|?
with their destinations with the help of one relay as shown pi = QP +1 3)
3 K3

in Figure 1. Denote the channel from Useto the relay as

fi, the channel from User to Destinationi (the direct link) It is the power of the first term at the right hand side of (1)
as h;, and the channel from the relay to Destinatioas g;. when P; = 1. Its physical meaning is the signal power that
We consider two channel models in this paper, Rayleigh flate relay forwards to Destinatianif unit relay power is used.
fading channel and path-loss channel. We denote the transAiilarge signal forwarding rate intuitively means high qtiali
power of Useri as @; and the maximum transmit power ofin the user’s relay-path.

the relay asP. We also denote the power the relay uses in After maximum ratio-combining of both the direct and relay
helping User; as P;. paths, the effective received signal-to-noise-ratio ($NIR



Useri’s transmission can be shown straightforwardly to be The first inequality in (8),21.1\;1 P, < P, is from the relay
0: P; power constraint. Power allocations that do not satisfg thi

&P +1 (4)  constraint are infeasible. The second mequal_ﬁyg 0, says
., o that each user has to be allocated non-negative relay pawer,

I 956”5 transmission is not h_elped b_y the relay and only, o) condition from practical point of view. This inedjita

the direct transmission is active, its received SNR become§leSO guarantees that when cooperates, each user gets no less

SNR,p = Q;|hi|*. (5) utility compared to the case that it does not cooperate atyd on
the direct link is used for communication. This is a necessar

I11. NBS-BASED POWER ALLOCATION condition for the game theory formulation of feasible set.

We can see from (4) that all users desire the relay to allocatd” OUr relay power bargaining game among the users, we
as much power as possible to help their own transmissionsc@sider the scenario where different users may have elfter
they can achieve the highest SNRs. But the relay powerRE0rities in obtaining the relay power. To model this, wser
limited, so allocating more relay power to one user meaRé€ @ssigned bargaining powers, denotegas- - , Ay, that
less power available for the rest. To address this confifétey agree upon before transmission [20]). The bargaining
among users, we model the interaction among the usersPQ¥ers are normalized ds,;", #; = 1. In Section V, we

a bargaining game, and derive a fair relay power allocatid¥ill investigate the effect of bargaining power selectiontbe
scheme based on the NBS of the game. proposed NBS-based power allocation and provide bargainin

power allocation schemes that can bridge between global
network performance and user fairness.

SNRirp = + Qilhi*

A. Bargaining Game Model

In this section, we use bargaining game model to analyze the o )
conflict and interaction among independent udefhe first B- Nash Bargaining Solution (NBS)
step to formulate the power allocation problem as a bamggini In our bargaining game model for the relay power alloca-
game is to design the utility function. As in [11], we defingion, given the feasible sef and the disagreement point,
Useri's utility function to be the effective received SNR ofthe users negotiate and select one feasible utility veatdt i
Useri given in (4), that is, and the corresponding power allocation strategy. Dependin
on how they define “fairness”, the users may choose different
P+l (6) solutions inS. In this paper, we choose the asymmetric
' NBS [20] as the bargaining game solution for the following

It represents the received quality-of-service, and is atlye reasons. First, it has been proved in [21] that NBS is Pareto

related to the p(_arform_ance OT the conjmunlcatlo_n. It can k(’)‘f)timal, where no user can further improve its utility witho
seen thatu;(P;) is an increasing function of;. Given the

N . | work define the utilit ‘ decreasing others’. Thus NBS ensures that all relay power
USErS In our refay network, we define the Utility Veclor ag efficiently utilized by the users, which is preferred on
- un). We denote the disagreement point

L - a§ystem design perspective. Second, NBS achieves propairtio
Up = (ur Uz - un,), Which is the vector of the minimal ;o by dividing the additional utility among users in a
utility that each user expects if they do not reach an agreeMEyiio that is equal to the rate at which this utility can be
and play non-cooperatively. Thus, transferred [20]. Third, as will be discussed in Section BN
u;0 = SNR;p = Qi|hi|?, (7) has flexibility in bargaining power selection, which prosd
L . _ ) us a way to balance between global network performance and
which is the utility of Useri when it does not get any power

; he rel q he di L | user fairness. In this paper, we look for the NBS-based relay
Orzom the relay and uses the direct ransmission only.R;e= power allocation. For this purpose, we first prove the foitayv

. _— - . two lemmas.
Given the above definitions of the utility function and the Lemma 1. Given the utility functionu:(P,) in (6), the

disagreement point, a utility vectat = (uy uz -+ UN) feagiple sets defined in (8) is convex.
is called feasible if there exists a power allocation state Proof: From (6) and (7)
(P, Py--- Py) whereP; > 0 and Zfil P; < P that gives ' '
User: utility w; foralli=1,--- ,N. Let S be the set of all pibi

pi s

u;(P;) £ SNRirp = + Qilhil*

ui(P;) )

—+ Ui,O-

feasible utility vectors. Thus

N
{(Ul"'uzv) ZPi < PP 20}-

i=1
1As defined in [21], bargaining theory studies the situationwhich two
(or more) players can mutually benefit from reaching a certgreement
but have conflicting interests on the terms of the agreemdritis fits our
problem where the users have conflicting demands for relayepand they
have an interest in agreeing on the share, so they can alfiband improve
their SNR (achievable rate).

St (8)

2This is a natural choice since if the users do not agree on etay r

power allocation, the relay will not allocate any power toy arser. Similar
disagreement point setting is adopted in [18], [22]-[26].

TGP +1
It is a strictly increasing function of; and limp, . u; =
pi/& + uio = Qilfil> + uio. Also, we can show thaP; =

—Wi%io0 __ S0 S can be rewritten as
Pi (um u%,U)f?,

s_{u

where the last constraint ensures that P, < oo for all i's.

N

THENY

=1 Pi—

Ui — Uq,0

(u; — ui,0)&

<P

)

wi0 < ui < Qilfil* +uio,i=1,- 7N}7 (10)



Define S; £ {ufu; > Ui0,0=1,---, N} and Sy £ Assume that the optimal solutioR* gives the utility vector
{ulp(u) < Pu; < Qilfil* + uio,i = 1,--- ,N}. We thus u* = (u},u3,---,u}) and satisfiestvzlPi* < P. Let
haveS = §; N S,. Sy is a convex set by definition. To proveAp = P — Zij\il Pr. We consider another power allocation

thatS is convex, we only need to show th8y is also convex. strategyP’ = (P;+Ap, Py, - -+, PX), which gives the utility
We first prove thatp(u) is a convex function. From the vectoru’ = (u} ub --- uly). It is straightforward to show
definition of ¢ in (10), the Hessian or the second-ordethat u’ is in the feasible sef, v} > v}, andu) = u} for
derivative of¢(u) is i = 2,---,N. Thus this new solution results in a higher
92 f(u) 0 0 objective function thaP*, which contradicts the assumption
du? , o that P* is optimal. This completes the proof. ]
) 0 882(2“) 0 Thus, to find the NBS-based relay power allocation, we
Vif(u) = _ Co e (11)  should solve (14). Defin® £ [ P, --- Py |. We write
: : N 5 ' the Lagrangian function for problem (14) as
0 0 . ai(“)
N N
which is a diagonal matrix whosih diagonal element is L(P, a)éz B log : ]p__:i .
2 2 1+ 1
@_ 2Qz|f1| 5. (12)

= N N
Ouf & [Qil fil2 — (wi — i) > AP +a <P . ZPZ) . (15)
For any finite P, , we haveQ;|f;|* — (wi — u;0) > 0 i=1 i=1
, 5022 > o foralli=1,---,N. Thus, V2p(u) is

" Bu? _ _ _ Here \; and o are Lagrangian multipliers associated with
positive definite, which shows thai(u) is a convex function. the inequality and equality constraints. In (14), the otijec
Consequently, from the definition @f(u), S; is convex [29], function can be shown straightforwardly to be concave, the

and this completes the proof. o B inequality constraint functions are convex, and the eguali
Lemma 2: There is at least one point ifi with u; > uio  constraint function is affine, so it is a convex optimization
foralli=1,--- N. problem. lts first-order Karush-Kuhn-Tucker (KKT) condi-

Proof: We show this lemma by construction. Consider thgons, which are necessary and sufficient for the solution of

even power allocation whet€; = P/N foralli =1,---,N. (14) (see (5.49) on Page 243 in [29]) are
Sincew; is an increasing function of;, we haveu; > u;
foralli=1,---,N. [} IL(P, a) B;
With the results in Lemma 1 and Lemma 2, the asymmetric oP, (&GP + 1P Ai—a=0, (16)

NBS is the solution to the following optimization problen®]2

~P<0, Y Pi=P X220, ANP=0, (17)

N
arg | max — Ui 0) Bi st.P, >0, P, <P, (13)
, H ; fori=1,---,N. As P, > 0, we have)\; = 0 and thus

where 3; is Useri’s bargaining power. This problem can be

simplified by the following lemma. P = 25 A1+ 465 +1 and ZP- =P. (18)
Lemma 3: The optimization problem in (13) is equivalent * Q Q ; ’

to the following problem: =

N Using (18), we have
arg max Z Bilog pifi
Pk 2 &P+ 1 -

2 < [ A& B
E;&( 1+T+1> =P (19)

It can be shown that when changes from 0 teo, the left-

Proof: As the logarithm function is monotonically in- hand-side of (19) monotonically decreases freutto 0. Thus,
creasing, we can take the logarithm of the objective fumatio (19) has a unique positive solution and the solution can be

(13) without changing its solution. Thus the objective fime  found using bisection methddOnce the optimak satisfying

in (14) is obtained using the definitions in (6) and (7). (19) is found, the NBS-based relay power allocation sofutio
Furthermore, notice that whe®; = 0 for some:, the can be found using (18).

objective function of (14) becomesco. This is obviously

non-optimal since any feasible power allocation with nenez .

P, for all i's (e.g.,P, = P/N) will result in a higher objective _The range ofe Ca_n be set as{‘(;,”—). The upper bound of: can be

function. Thus, we can repladg > 0 by P; > 0. This ensures derived as follows. Since; = oy > Ojnd Bi > 0, from (19),

that all users will enter the bargaining game. we haveP = 2 Zj\’ | Bi <,/1 4 b 1) <2yN B L

Next, we show by contradiction that the optlmal SC'Im'(m/vhlch givesa < . For the lower bound ofy, we can set it td sincea is
denoted asP* = (P --- P%) SatISfI(-Z‘SZ:Z L PF = P. nonnegative.

N
st. >0, > P=P (14)



IV. IMPLEMENTATION OF THENBS-BASED RELAY POWER gradient projection of the dual problem associated with the

ALLOCATION original problem (14).
In this section, we give possible implementations of the The dual problem of (14) is:
proposed_NBSTbased relay_power qllocation_. First, we psepo min D(a), (20)
a centralized implementation, which requires no iteration a>0

and no computation at the users. But it requires global agghere D(q) is the dual function defined as follows:
perfect CSI at the relay. Also, the centralized impleméniat

is based on the assumption that the relay is trustworthy. We D(Of)émlf}XK(Pﬂ)

then propose a distributed implementation, which requirdg N
local CSI at each user and no computation is required at the =max Z f; log — pibi aP; ) +aP b .(21)
relay. S\ GR '

L(P,a) is the Lagrangian function defined in (15). We have

A. Centralized Implementation shown that\; = 0, so the term with\; is omitted.
For the centralized implementation of the proposed relay Note that the summation term i6(P,«) is separable in

power allocation, the relay, assumed to have global and pét- Hence, we have from (21)
fect CSl, computes the NBS-based power allocation solution
proposed in Section Il and uses the corresponding power
values to help the users. To get the NBS-based relay power i P;
allocation solution, the relay first finds the that satisfies D(O‘):Z o (51' log&gﬁ - O‘Pi) +taP o (22)
(19) using bisection method, then finds the NBS-based relay =1
power allocation solution using (18). For the relay to knbwe t SFi(P)

channel gains from the users to itseflf, - - - , fi, trainingand  gjnce Problem (14) is a convex optimization problem, by

channel estimations can be performed. For the relay to kn@iity theory, ifo* is the optimal solution of the dual problem

the channel gailg; from itself to Destination, Destinationi (20), (Py(a*),-- , Py(a*)) calculated from (18) is the

first estimategy;, then feeds the coefficient back to the rela%ptimal solution of (14). Therefore, we can focus on the dual
With this implementation, we actually assume that the re"’?foblem (20).

is trustworthy. All users believe that 1) the relay will not ¢ gradient ofD(«) can be calculated to be:

change the parameter values (e.g., the bargaining powdrs an

the CSI) to favor any user, and 2) the relay follows the 0D(«) a

NBS-based power allocation results to help all users inrthei do i ZPZ'(O‘)'

transmissions. =t

N

(23)

We can now solve the dual problem with the gradient projec-

tion method [33] where is adjusted in the opposite direction

AD(Q) .
to =5~ as:

B. Distributed Implementation

In practical wireless networks, especially for networkshwi
a large numbgr of users, it may be |mpract|c§1I to. implement a(t + 1) = max {O,Q(t) _ 'ya—D(a(t))}
the aforementioned NBS-based power allocation in a central 3}
ized way at the relay. The reasons are threefold. First, the
centralized scheme assumes accurate and complete CSI at the = max {0, a(t) —v
relay, which brings overhead for training, channel estiomt
and CSI feedback from the destinations to the relay. Seeond,where~ > 0 is the step-size.
the centralized scheme, all computational load is at theeyrel The gradient projection method generates a sequence of
which may not have high computational capability for many values: a(0),--- ,a(t),a(t + 1),--- that approaches the
real network applications or may not be willing to conducptimal solutiona*. With a constraint on the step sizg
such computations. Third, in some applications, the usess mhe convergence of the gradient projection method can be
distrust the relay and are unwilling to have the relay behey t guaranteed, which is stated in the following theorem.
controller in power allocation. Theorem 1: Let By 2 min{f1, -y} and |gmax| =

To overcome these problems, we propose a distributgglx{|gl|’... .lgn|}. If the step-size satisfie§ < 7 <
algorithnt* to solve (19) at the users, each having local C et miTZPH , for any initial «(0) > 0, the gradient
only, i.e., Useri knows f; and g;. Similarly, the CSI can be projection method will converge to the primal and dual ogtim
obtained via training and feedback channel. Similar to [31joint, i.e.,
[32], we implement the distributed algorithm based on the

P-% R—(a(t))] } ,(24)

=1

lim a(t) =«*, lim P;(a(t)) = P;. (25)
4 . . . . t—o0 t—o0
It should be noted that, compared with the centralized impletation, the .
distributed methods have drawbacks such as estimation accumulation, Proof: See the Appendix. |
delay, quantization error, and extra bandwidth cost. Is fsaper, since the  \\Me now comment on the convergence speed of the dis-

focus is on providing a possible distributed implementatsiztheme, we use . . . ) QE(O‘(t))
the ideal assumption that the estimation/quantizationrexccumulation and tributed scheme. Using Tonrs theorem Oa(t) at the

delay are negligible. optimal o*, it can be readily shown that(t) — o* =



-1
Gg&o(tg)) (6231:2)%;)) + o(a* — a(t)). Combining thetth manage the error accumulation problem, we can use error-

and (t + 1)th iterations, we get that around*, S = correcting codes [35] when broadcastiRg «).
s = 14+ ey Where XL arpay
is non-positive (as can be seen from the proof of Lemm&- |NVESTIGATION ON BARGAINING POWER SELECTION
5 in the appendix). Note tha# determines the convergence In this section, we discuss the impact of the bargaining
speed [28] and a large¥ means a faster convergence speelowers on the relay power allocation and show that by
So whenl + 72?:1 m is positive, a larger step sizeproper selection of the bargaining powers, the proposed-NBS
gives a higher convergence speed. Wheny Zf\; m ba§ed power aIIocation can bridge the even power_allocation
is negative, however, oscillation of the gradient pFO,'Imti which has the best fairness, and the sum-rate-optimal power
method might occur, which impedes the convergence spedpcation, which has the best global performance.
of our distributed algorithm.

We have shown how to get the NBS-based power allocatign |mpact of Bargaining Power Selection on Power Allocation

based on gradient projection method of the dual problem.,Now First, we investigate the effect of bargaining power séect

we discuss the distributed_ implementation of the pfopos‘aﬂ the proposed NBS-based power allocation. In the follgwin
NBS-based power allocation scheme based on the ab?)\fSposition, we show that a user’'s bargaining power deter-

results. o o has local CSI onl . ‘mines its priority and thus its allocated relay power.
Assume that each user has local CSI only. In each iterationp, o,,ition 1: If User &’s bargaining powep; is increased

of the (jistributed scheme, Usfe'rndivio!ua_\lly calcu_latele-(oz) while other users’ bargaining powers are either decreased o
according to (18) and broadcasts thl§ information to albothremain unchanged, more power will be allocated to User
users. Then each user updateaccording to (24). We assume Proof: We use contradiction to prove this lemma. For a
that user updates are synchronized. This cycle repeats upfi. set of bargaining powers, - - - , A, let (P, --- Py)

convergence. The distributed implementation is written the solution to (14), which satisfies (16)-(18). From (16)

Algorithm 1. and the fact thak; = 0, we have
Algorithm 1 Distributed Relay Power Allocation V(P) 2 (&P + 1) P = pia™t, for all i. (26)
1 Initialize o andy, e.g..a = ¢ andj = NP2(|an:Z)|2P_+1)‘ Therefore,ﬁ%llz’?g = %. Now consider another set of bargain-
2: Each user calculateB; («) according to (18) and broad—ing powersBj,J- N aBZ\/ with (P! --- P%) being the solution
casts it to all other users. to (14). For the same reason, we havé,) /v (P)) = S,/ ;.

3: Each user updates according to (24). Go to Step 2 until  Aqsyme thats, > B and 8; < f; for all’j # k but

convergence. P < P,. We haveg—% > % and thus
7 J
To guarantee convergence, as specified in Theorem 1, the ,

step size in updatinge needs to satisfy the conditioh < w(Plj) V() for all j +# k. (27)
v < %. Thus the users need to knaWy,;, and V(P Y(Py)

|gmasx| t0 gree on a step siz@yi, is the smallest bargaining Note that«)(P;) is a strictly increasing function of;. So
power, which is pre-determined and known to all users. FOI(P/) < +(P,) due to the assumption thak, < P;.
the users to knoWgm.x|, a distributed sc_heme based on tim_eéonsequently, from (27), we ha\zb(P;) < ¥(P;), and thus
[34] can be use_d: each user star_ts a timer whose v_alue |s}ajz.n< P; for all j # k, sinced(-) is monotonically increasing.
increasing function ofi/|g;|. The timer of the user with the Thus SN pr ey p — pand(P,--- Pl) cannot be

) : ; [ ; 12 ui=1"174 =111 = 1 N

smallest1/|g;| stops first, then it broadcasts ifg;|, which a solution to (14). This completes the proof. m

IS @ISO |gmax|. Other USers will hear this_sig_nal_ling anq 98t 1 this paper, we assume that bargaining powers of users
|9max|- Then the users decide %n astep size inside the INteral getermined by service providers and they are initiated
for cgnvgrggnce, &-9% = NP (g PP i before the bargaining process. Proposition 1 implies that w

Th|s d|str|bute:j scheme base_d on updatirig) can be seen can adjust the NBS-based relay power allocation solutien vi
as price-based power aIIocat|_0n. The parametecan be adjusting the user bargaining powers. Priorities of usanshe
mterpre_ted as the price per unit power charged by the relﬁ‘}élterialized with this adjustment. For example, in scergari
depending on the requested power from the users/al) \here service providers aim to receive the most monetary
defined in (22) represents the maximum benefit that Useto enye larger bargaining powers can be assigned to users
can receive at price. Equation (24) says that at tinteif the 1, pay higher price for higher priority. In this way, accingl

N . .
total demanozi_zl Fi(a(t)) is Iarger than the qval_lable relayy, Proposition 1, these users will receive more relay power.
power P, the price should be raised; otherwise it should be

reduced.

For the broadcasting of;(a), we can adopt a schemeB- Bridging between Global Sum-Rate Optimum and Fairness
similar to that in [24]: For each channel assigned to thegqjser In this subsection, we connect the proposed NBS-based
a portion of the frequency band is used as the guard chanmelay power allocation with even power allocation, which
Since the guard channels are orthogonal, users can braadbas the best fairness, and the global sum-rate-optimal powe
their power demands simultaneously on these channels. altocation, which has the best global performance. We show




that via appropriate bargaining power selection, the psedo explain above is required. The purpose of the discussion is t

NBS-based solution provides a balance between fairness ahdw that through proper selection of the bargaining powers

global performance. the proposed NBS-based power allocation can achieve the
In the even power allocation, the amount of power the relayjobal sum-rate-optimal.

allocates to each user B/N. The following proposition is  In order to better understand how to select the bargaining

proved. powers for global performance, in the following, we use a
Proposition 2: If high SNR approximation for further investigations. Onehd t
N + P¢; widely-used high SNR approximations is to neglect the noise
i = W’ (28) term that is forwarded by the relay, i. Wgnm.
g=1~ This approximation has shown to be su%iciently tight [27],
the proposed NBS-based power allocation is the same as e¥8Pecially in medium to high SNR regions, e.g., when the
power allocation. users are transmitting with a high power, or the relay iselos
Proof: It is shown in the prOOf of PrOpOSition 1 that Wlthto users. In the fo||owing proposition’ we give the bargag“
given bargaining powergy, --- , B, the NBS-based power powers that equate the NBS-based power allocation with the
allocation satisfies (26) With the Value/ﬁf in (28), we have Sum-rate-optima| power allocation.
(&P +1)P; B; N+ P¢g Proposition 3: Let

== (29)
&GP +1)P; B N+ Pg

By observation, we can see that this is true if and only if _

P, = P; = P/N for anyi, j, which shows that the NSB-based =t

power allocation coincides with the even power allocatiokor high SNR, if the relay noise is neglected, the proposed

when g; is selected as in (28). m NBS-based power allocation maximizes the network sum-rate
Recall that¢; defined in (2) is the noise forwarding rate  proof: \When the noise at the relay is neglected, the utility

of Use_rz. From (28). we can see that to achu_ave even POWgF seri is approximated as

allocation, a user with a larger noise forwarding rate (vehos

relay-path has a lower quality) should be assigned a larger SNRzp = piP; + Qi hil*. (34)

bargaining power. . . The disagreement point of Useris the same as in (7). So
The sum-rate-optimal power allocation is the power alloca: . - . . ST i

. . ; BS is the solution to the following optimization problem:

tion that maximizes the sum-rate of all users in the network.

The sum-rate optimization problem of the network is as N
follows arg | max, 2; Bilog (piPy)
1=

N
1 Qj|hj|2 +1 Q1|hz|2 +1
ﬂi:N+Z - :

33
piNP piP (33)

arg IHP‘c}X(C'lRD +---+CngD)

N

N o st. P,>0, Y P=P (35)
B il 712 i=1
_argmgxglogQ ( + Qilhil +1)7

&b+ 1 Using the same optimization techniques in (16)-(19), we can

N show straightforwardly that the solution to (35) is
s.t. Z P, < P. (30) PNBS _ g.p (36)
=1 7 L.

Using the same techniques as in (16)-(19), we can showFor sum-rate-optimal solution, with the high-SNR approxi-
that the solution of (30) satisfies (31) on the next page, ehemnation, (30) is equivalent to the following problem:

a1 is the Lagrangian multiplier associated with the equality N
constraint. The solution to (31), denotedR (the superscript arg max Zl"g (0iP + Qilhil? + 1)
‘0’ stands for sum-rate-optimal), can be found by first using 1 PN

bisection method to solve the optimal using the second N
equation in (31), then using the valuewf in the first equation st. P >0, Zpi =P (37)
in (31) to obtain thepP;’s. i=1

OnceP? is found, we can find the bargaining powers thaigain by using the KKT conditions, the solution is
equate the NBS-based power allocation with the sum-rate-

optimal solution as P XLOQihil2+1 ilhil2 + 1
pl utl PiO:_+ZQJ| J|+ _Q| |+ (38)
B dJ(PiO) (32) N j=1 p-jN pi
i = N o’
doim V(YD) When §; is defined as in (33), we hagV55 = pe. |
where is defined in (26). The proof of this result is similar We can see that the first two terms in (38) are the same
to the proof of Proposition 2, thus is omitted. for all users. So the last term is the dominant factor in

We would like to note that the representation of the bargaitire bargaining power selection in achieving global sure-rat
ing power in (32) is not in a closed-form but in an implicitoptimal. Recall thap; defined in (3) is the signal forwarding
form. To find the values, a numerical bisection method aate of User. (33) shows that for global optimum, a user with



Qilfil* Qil fi]? ? Qilfil? i

- (Qi\hi|2+1 + 2) + \/(Qihi|2+1 + 2) +4 (Qi\hi|2+1 + 1) (al(Qifhi\z-ﬁ-l) N 1) N

P, = NI and Y P,=P (31
2% (it +1) i=1

a larger signal forwarding rate (whose relay-path has adrnigt
quality) should be assigned a larger bargaining power. Tt
has the opposite trend as the even power allocation case.
other coefficient@;|h;|*> + 1) in the last terms relates to the
direct link and is independent of the relay link.

Based on the above discussions, for networks with differe

—+—NBS
—A— Even

—O— Sum-rate—optimal

0 5 10 15 20 25 30
requirements, we can adjust the NBS-based relay power d ‘ ‘ ‘ ‘ ‘
location toward the requirements by adjusting the barggini ) —Q~ Sum-rate-opimal
powers. For example, in a network design, if the global sur 02sF

rate-optimal power allocation is desired, users whoseyrele
paths have higher quality should be allocated more rel
power. With the proposed NBS-based power allocation, we ¢
obtain good network sum-rate by assigning larger barggini
powers to such users. On the other hand, if fairness is t
major concern, we can assign larger bargaining powers s us
whose relay-paths have lower quality. Those users can tt
obtain more relay powers to ensure a certain level of quali
which helps the fairness consideration of the network. Bigt t
improved fairness is at the cost of lower network sum-rate.

o
)joN

I -| —©— Sum-rate—optimal

0 5 10 15 20 25 30
Relay Power (dB)

o
3

Power—difference (%) Rate-difference (%) Network sum-rate (b/s/Hz)
O

Fig. 2. Sum-rate, normalized-rate-difference, and nomedtpower-
difference of a 3-user network with Rayleigh channels.

VI. SIMULATION RESULTS

In this section, we show the performance of our NBSs in the range 06 to 30 dB. Since for this channel mode, rate-
based power allocation solution and compare it with thgir solution is not always possible, the proposed solut&n
sum-rate-optimal solution, the even power solution, arel tynly compared with the sum-rate-optimal and the even power
rate-fair solution. The sum-rate-optimal solution is tleday splutions.
power allocation that maximizes the network sum-rate while Figure 2 compares the average sum-rate, normalized-rate-
fairness is not considered. With the even power solutiogifference, and normalized-power-difference of the saier
the relay power assigned to each userHgN. It has the optimal solution, even power allocation, and the NBS-based
best fairness in the sense of power. The rate-fair solutigéwer allocation. For even power allocation, as the relay
is the relay power allocation that makes all users in th@locates the same power to all three users, the normalized-
network have the same achievable rate. It has the bestdairmgower-difference i$), thus is not shown in Figure 2. It can be
in the sense of achievable rate. It is not always possiblgsen that in the simulated power range, the sum-rate diftere
depending on the values of the channel coefficients. We copetween the proposed NBS-based and the sum-rate-optimal
pare four parameters: network sum-rate, individual a@b® solutions is within4%, while it is within 14% between the
rate v;, the normalized-rate-difference, which is defined asum-rate-optimal and the even power solutions. The prapose
E{[maxi(vi;) — min;(v;)]/maz;(v;)}, and the normalized- solution is aboutt dB superior to the even power solution in
power-differenceE{[max;(F;) — min;(P;)]/maz;(P;)}. A  global performance. From the normalized-rate-differemee
smaller normalized-rate-difference (or normalized-pewefind that our NBS-based solution has similar rate-fairness t
difference) indicates a fairer solution. Other fairnessriog,  the even power solution and is fairer than the sum-ratavapti
e.g. Jain’s fairness index [36], show the same performangsiution. From the normalized-power-difference, we findtth
trend. Two channel models are considered: Rayleigh flafur NBS-based solution is fairer in the sense of power than
fading channels and static channels with path-loss only.  the sum-rate-optimal solution.

A. Rayleigh Flat-Fading Channels B. Satic Channels With Path-Loss Only

For the Rayleigh flat-fading model, the channel gajfash;, In this section, we consider a static network whose channels
andg, are modeled as independent and identically distributede only related to the path-loss, which is inverse propodi
(i.i.d.) random variables following the distributiad®\(0,1). to the distance squared. The network has two users, one relay
We consider a three-user network and all users have the saand two destinations. The relative positions of the nodes ar
bargaining powers; = 82 = 3 = 1/3. The transmit power shown in Figure 3, where the coordinates of Usetser2,
of each user is set to b dB. The relay power constraifi® the relay, Destination, and Destinatior2 are (-9, 0), (-3, 0),
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Fig. 3. Two-user network with static channels.
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Rate—fair

—O— User1(0.3,0.7)

—B— User2(0.3,0.7)

- © - User1(0.7,0.3)

0.0l —El-User2(0.7,03)

—>— User 1 (Sum-rate-optimal)
—— User 2 (Sum-rate-optimal)

User 2: Sum-rate-optimal Fig. 5. Sum-rate and normalized-rate-difference of a twerwnetwork with

static channels.

User 2: NBS (0.3,0.7)

veerz NES 0799 better channel, is assigned a higher bargaining power, the

NBS-based solution emphasizes more on the network sum-
rate and allocates more relay power to U&enn Figure 4
and 5, the sum-rate performance of the NBS-based solution
with 81 = 0.3, 5, = 0.7 is very close to that of the sum-rate-
optimal solution. In this case, Usér with a worse channel,
experiences low achievable rate, whict3&% to 50% of the
achievable rate of Use2. On the contrary, when a larger
bargaining power 0.7 is assigned to Uderthe NBS-base
solution allocates more power to Uskrand the performance
is closer to the rate-fair solution. In this case, the nekveum-
rate is reduced t60% of that of the sum-rate-optimal solution
when P is small andd3% when P is large. The normalized-
rate-difference justifies the above-mentioned analyshichv
shows that NBS-based solution with = 0.7,3, = 0.3 is
(0, 0), (7, 12), and (13, 0), respectively. Thus, Ugehas a fairer in the sense of rate than the other two schemes.
better relay channel. The transmission power of both users a To further illustrate the effect of the bargaining powers
20 dB, and the relay power constraift ranges from20 dB on network performance, we show the network sum-rate,
to 30 dB. normalized-rate-difference, and normalized-poweredéhce
To investigate the global network sum-rate, the fairnesd, a(in Figure 6) under the proposed solution with the barganin
the effect of the bargaining powers on network performangaower of Userl changing fron?) to 1. We consider three relay
we show the individual achievable rates of the users (infeéigupowers:25 dB, 30 dB, and35 dB. Other network conditions
4), network sum-rate, and the normalized-rate-differefice are the same as the static network shown in Figure 3. When
Figure 5) under the proposed solutions with two differen$ses; = 0 or 53 = 1, all relay power is allocated to User
of bargaining powers$; = 0.3, 5, = 0.7 and3; = 0.7,5, = 2 or User1, so the normalized-rate-difference is For the
0.3. For comparison, the individual achievable rates under ttleree different relay powers, network sum-rate is maxighize
sum-rate-optimal solution and the rate-fair solution as® a at approximately3; = 0.25. After that, we can see a reduction
shown. As the achievable rates of the two user are the saimehe network sum-rate a8; increases, which verifies the
for the rate-fair solution, the normalized-rate-diffeceris0 conclusion in Section V-B: by assigning a larger bargaining
for this scheme and is not shown in Figure 5. power to User which has a higher signal forwarding power,
Comparing the two NBS-based power allocation schem#@® solution approaches the sum-rate-optimal solution. Fo
with different bargaining powers, we can see from the twiirness in the sense of both rate and power, the normalized-
figures that a user achieves a higher rate with a largate-difference and the normalized-power-differencereese
bargaining power, and the bargaining power can be tuneda®s3; increases until rate-fair or power-fair is achieved. For
gain the desired balance between the global network sum-—= 25,30, and35 dB, whenps; = 0.6,0.64, and0.675, the
rate and individual rate-fairness. When Uskrwho has a proposed NBS-based power allocation becomes even power

Achievable Rate (b/s/Hz)

User 1{ NBS (0.7, 0.3)

User 1: NBS (0.3,0.7)

User 1: Sum-rate—optimal
i h

i
20 22 24 26 28 30
Relay Power (dB)

Fig. 4. Achievable rates of a two-user network with statiaratels.
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z VIl. EXTENSION TOMULTI-USERMULTI-RELAY
K
< NETWORKS
Q
T
: In this section, we discuss the extension of our work to
3 . . .
Z . , multi-user multi-relay networks where users can receiMp he
(=} = .
Foep LT PB) g from multiple relays. Assume that there ahe users andR
% 0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1
SR : : : : : ‘ ‘ : : relays. Assume that the relays also use orthogonal channels
& . .
3 08F 1 Denote the channel gain from Useto Relayr as f;,., and the
B 06" P channel gain from Relay to Destination: asg;,.. Denote the
s g
S oap | o rsde power constraint of Relay as P(") and Relayr uses power
Q |- - .
& O'z e P, to help Useri. So the power allocation for all users from
G e - 02 03 04 05 08 o7 o8 09 2 all relays can be denoted as a matfik,,. }, where the row
3 o8 . 1 index is the user index and the column index is the relay index
S ool : - DenoteP; = [P, P2, -+ , P;g]T as the power allocation for
= _
T o poasd ] Useri from all relays, andP(T) [Pi, Py, -+, Py, ]" as
§°'z’ —Pse) ] the power allocation vector of Relazy for all users. Define
. . . . . YR . . & loirl? Qil firgir
° . 2 2 Barg(;?ning p%\?verofousserl07 o8 e ! gir - I ‘Iz 1 andpzr - Q: “ ?2 as the n0|se forwardlng

rate an S|gnal forwarding rate of Userat Relayr. Other
Fig. 6. Sum-rate, normalized-rate-difference, and nomedtpower- assu_mptlon_s and nOt_atlon are_ t_he Same as t_he single-relay ca
difference of a two-user network with different relay poweand varying With maximum ratio-combining, }t%he received SNR of User
L - el R _ ir Pir 2
bargaining powers. i's transmission isSSNR;rp = >.,°; §£P1T+1 + Qilhil?.
Similarly, define the utility of Usei as:

22 UZ(PZ) = SNRiRD. (39)

b —S—Achievable rate of User 1 uio = Qilhi|? is the minimum utility that Usei expects.
= ﬁce?\fgribslir;a—t?a?; User2 | Similar to the single-relay case, to use the NBS-based power
allocation, we first need to prove that the feasible set

. SMé {(ul

is convex.
Lemma 4: Given the utility functionw;(P;) in (39), the
feasible setS™ in (40) is convex.

Proof: Given{z;,} as a feasible power allocation matrix
where z;,. is the power allocation from Relay to User i,
denotex") = [z, ---zn,]7 as the power allocation vector
at Relayr for all users andk; = [z ---7;r|T as the power
allocation for Useri from all relays. To prove thaS™ is
convex, we need to show that given two arbitrary power

allocation. These values @f are the same as been calculateg"ocat,on matrices{x;,} and {y;.} and the correspondlng
with Proposition 2. This verifies our claim in Section V-Bytility vectorsu = [u1(x1), ua(x2), - ,un(xn)]T andv =

that on the contrary to sum-rate optimum, power faimess Caf (y,), uy(ys), -+, un(yn)]? in the feasible setS™, we

be approached by assigning higher bargaining power to Uqﬁvegu +(1—0)vesSM forany0 <6 <1.
1 which has a larger noise forwarding rate, and thus lower Note that

)| Py >0, ZP’L’I <P(T r—l---R}
(40)

o o FaY D

Rates (b/s/Hz)
R S -
I/
ul T
m
{a1]
ul

0.2

o
N
IS
o
o

3
Iterations

Fig. 7. Convergence of a 2-user network.

quality in the relay path. Similar to power-fairness, fotera [ owg(xg) = L2UBL 4 PIRTIR
fairness, the user with a higher noise forwarding rate shoul us(xs) = 51,}2%12f1 N fl,,g;g;# tu
be assigned a higher bargaining power. Foe= 25,30, and u= 2172 Ea1@21+1 &ormor+1 2,0
35 dB, rate-fair power allocation can be achieved using the - .
proposed NBS-based power allocation wh&n= 0.9, 0.95, _“N(’iN) ££]1V$N]1Vi1 - 'P+ fﬂfz\rzif +uno
and0.97, respectively. &Zﬁ gﬁ%ﬁ u1,0

Figure 7 illustrates the convergence of the distributedyrel _ % T % n 2,0
power allocation. In this simulation, the relay power is set : : :
to be 30 dB, the bargaining powers of the two users are PN1TNI oNRPNR UN o
B = 0.7,8, = 0.3, and all other network settings are the 'fN”EN)”Ll 2 (@ 5N1PNR+}; ") ’
same as the network in Figure &.is initialized as0.1. We =f ) +f ( ) -+ f (X ) +ug, (41)
can see from Figure 7 that the proposed distributed scheme A T
converges afte? iterations and similar performance is verifieavhere fr (P(T)) - {51?;?:-;1 o ££f§§f¥1} for

with different initial values ofc. r = 1,---,R. Similarly, given the power allocation
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matrix {y;-}, the corresponding utility vector is The dual problem can be solved with the gradient project
v="Ffl(yW)+ 2 (y?) 4.+ £F (y(B)) + u,. Therefore, method where, can be adjusted in the opposite direction to
we have 9D (&)

g) as:
fu+ (1 —0)v = [of" (x') + (1 —6)f (y! oD ,
I [GfR (xR)[ i (5 —)H)fR (yR)] _’_(Z_On (42) a,(t + 1)=max {O, a(t) — yrﬂ(a(t))}

N
PO NP (d )1 }(47)
i=1
from Lemma 1. Therefore, for any Relayand any0 < 6 < 1, o . .
we can find another power allocation vectt) with z;,. > 0 Similar to Theorem 1, "gg can show that if the step-size
and Zij\il 2, < P such thatf” (z(r)) — Of" (x(r)) +(1- satlsfles() <. 'yr-< NPT f]fg;rfzp(rhrl) for all r.elays, the
0)f" (y)). Combining the power allocation vectofa ")} gradient projection methodgconverges to the primal and dual

Note that{fT (P +ug|P;y > 0,50, Py < P(”} is the —max {0’ ar(t) —
feasible set of a network with a single relayand is convex

for all relays, we can find the feasible power allocation fmatroptimal point. Here|g\y| £ max{|gir|,- - , |gn+|}.
{2} such thattu + (1 — §)v=f" (z(l)) 4 f2 (z(2)) RS Assume that each user has local CSI only. In each itera-
R (Z(R)) +uy € SM. This completes the proof. m tion of the distributed scheme, Usgindividually calculates
In addition, Lemma 2 is also valid for the multi-relay casePi-(@) (for r = 1,---, R) and broadcasts this information
that is, there is at least one pointdt! with u; > u; o for all to all other users. Then each user updatésaccording to
i=1,---,N. Therefore, the asymmetric NBS for the multi{47). This cycle repeats until convergence. The distrithute
relay network is the solution of the following optimizationmplementation of the NBS-based power power allocation for
problem: multi-relay networks can be summarized as in Algorithm 2.
l & ir Pir Algorithm 2 Distributed Relay Power Allocation for Multi-
arg p mag . ; Bilog <; Er P + 1) relay Networks
N 1: Initialize o, and v,, e.g., @, = 5= and y, =
st Py>0, Y Py=P". (43) D tor i v
i=1 NP2 (1g0, 2P 1)
2: Each user calculate?ir(ﬁ) (for r = 1,---, R) that
This is a convex optimization problem and can be solved maximizesF;(P;) in (45) and broadcasts this information
efficiently using standard convex optimization technig2£§ to all other users.
for centralized implementation. 3: Each user updatés according to (47). Go to Step 2 until

To implement the distributed NBS-based power allocation, convergence.
we can follow the same technique in Section IV.B. First, we
write the Lagrangian function for (43) as

U ) VIIl. CONCLUSION

N
L{Pir}, @) = ; filog (; Eir Py + 1 In this paper, we consider a multi-user single-relay wssle
NR R N network, and conduct the game-theoretic analysis of relay
=3 AP =Y ar (Z P, — P(T)> . (44) power allocation among the users. We propose an asymmetric
i=1 r=1 i=1 NBS-based power allocation solution, where each user is as-
Here \;, and @ = [a1 - ag] are Lagrangian multipliers signe_d a bargaining power ir_ldicating it_s transmissionrﬂyio
associated with the inequality and equality constraingsns Ve first proposed a centralized algorithm to implement the
as the analysis of the single-relay networks in Sectio}l. NBS-based power allocation at the relay. Then, considerieg
we have), — Oforalli—=1,.-- N andr = 1,---R as scalability of the network, we propose a distributed altoni
P > 0. for the NBS-based power allocation and its convergence
Then, similar to the analysis of the single relay network ifonditions are provided. We show that bargaining powers
Section IV.B, the dual problem of (43) isningso DM (&), ©¢an be adw;teql to accommodate dn‘ferept requirements in
- th&ifferent applications. After that, we generalize our NB&sed

where DM (&) is the dual function defined as in (45) on _ ! L R ‘ :
jpower allocation solution and its distributed implemeiotato

next page. As explained in the single-relay case, the dgua , ) ! ,

in (45) holds since the summation term ({P, },d) is multi-user multi-relay networks. Simulations are coneulcto

separable irP; ’ compare the proposed NBS-based power allocation with the
i

The gradient ofD™ (&) is sum-rate-optimal power allocation, the even power aliocat
and the rate-fair power allocation. We find that the proposed
oDM (@) p) al Po(5 B 46 NBS-based scheme has better sum-rate than even and rate-
" oo, - Z (@), =1, R, (46)  fair power allocation and is fairer than the sum-rate-optim
=1 solution. Via simulation, we also demonstrate the impact of
where {P;.(@)} Y, is the maximizer ofF;(P;) in (45) for a the bargaining powers on the proposed relay power allatatio
givend. SinceF;(P;) is a convex function{ P;,.(@)}¥; can solution. We show that the proposed scheme can bridge the
be calculated with standard convex optimization techréque sum-rate-optimal power allocation, which has the best alob
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DM(a) £ max £({Pyr}, )
= gl)i)i {Z/BZ 10g (Z &TZP:T T 1) Zar <; ir T P(T)>}

R R
g Z max [ﬂl IOg <Z 5 ; T 1) Z arPir + Z OérP(T) . (45)
ardir r—1 r—

2F(P))

performance and the even power allocation, which has the bas Q;|f;|* +1 > 1, & < |g;|>. We have
fairness, by proper selection of bargaining powers.
Y prop Jaming ZN: &P +1) _ NP (lgmasl*P +1)

APPENDIX pt - Brmin
To prove Theorgm 1, we first prove the foIIowing lemma: .00 the analysis above, we conclude ﬂg%ga) is Lips-
Lemma 5: Functions ©;(F;) = filog ¢ fru ~ _chitz [28] and the Lipschitz constantis= N P%(| gz |2P+

, N are increasing, strictly concave and twice conti
uously differentiable. The curvatures 6f;(P;) are bounded
away from zero on feasible sét

Proof: Lemma 5 is straightforward due to the followin

[)/Bmin- Let v be the step-size. Ify € (0,%), then any
accumulation poiniv* generated by sequenegt) is dual
optimal. We can then follow the same proof statements in
g[32] to show thatP;(«(t)) will converge to the unique primal
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