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Abstract— We consider a multiuser MAC fading channel with  own transmission operations take place in orthogonal resou
two users communicating with a common destination, where & sjots but share a common average power resource. Recently
ursermutu_ally acts_asarelay for the other one as well as tramsits non-orthogonal signaling strategies have been proposgd, e
his own information. We propose a power control-enhanced . . . . .
cooperative transmission scheme allowing each user to atiate a [1]'_ In Wh'Ch a relz_sly transmits delayed |_nf0rmat|0n by a user
certain amount of power for his own transmitted data while the ~ While this user simultaneously transmit fresh data. In this
rest is devoted to relaying. The underlying protocol is bas#on a non-orthogonal amplify-forward (NAF) scheme, the divirsi
modification of the so-called non-orthogqnal amplify gnd foward multiplexing trade-off is studied, showing the superipritf
(NAF) protocol [1]. We develop capacity expressions for our e NAF scheme over the orthogonal counterpart. However
scheme and derive the rate-optimum power allocation, in cleed . . .
form. Our results indicate that even in a mutual cooperation M (1] and m_uch previous work, the fe'aY n_etwork model is
setting like ours, on any given realization of the channel, me of Unbalanced in the sense that the transmission of own data by
the users will always allocate zero power to relaying the dat of the relay is not considered, and the source node is not thvite
the other one, and thus act selfishly. to act as a relay either. In multiuser networks, it is deserab
from a global capacity point of view that each user allocates
a fraction of its resource toward cooperation.

In many wireless applications, wireless users may not lre this paper we consider a cooperative diversity setupdase
able to support multiple antennas due to size, complexityn a modified NAF protocol, with two users and a common
power, or other constraints. The wireless medium bringsglodestination (cooperative MAC channel). Each user is atkxta
its unique challenges such as fading and multiuser interfertotal resource in terms of its average transmit power witich
ence, which can be combatted via the concept of cooperatean distribute toward the transmission of its own informati
diversity [2]-[4]. In traditional cooperative diversityewips, and the data it relays for the other user. We consider the
a user is unilaterally designated to act as a relay for tjpeoblem of maximizing the sum rate for this cooperative
benefit of another one, at least for a given period of tim&AC channel, as function of the power allocation toward
In multiuser networks however, there will be a compromise wvn and relay data, given the knowledge of the channel for
strike by all users between transmitting their own inforimiat both users. We derive the optimum power allocation policy
and helping others by relaying their data to the destination closed form. In this policy the user with instantaneously
A simplified instance of this scenario is given by a multipleetter channel conditions (in a sense defined later) is tlee on
access channel with two or more users trying to reachfa which help is requested. We show that in fact, when
common destination (e.g. base station). Since each uskesvisthe optimum policy is used, one of the users always acts
to send its own information, it must allocate resource (ttalt completely selfishly. Interestingly, this type of selfisthbeior
of which is constrained at each user) wisely between its ovay some users in multiuser cooperative MAC was noted by [5],
data transmission and the data it will relay. but in a different context with decode-and-forward sigmgli
In this paper we consider resource control in the form d&finally we investigate the system gain (sum rate) of mutual
power allocated by a user across its own data and its releyoperation in two different network geometries. We show
data. The underlying protocol considered here is similar the system gain depends on the level of symmetry in the user
the one considered by Azarian et al. in [1], which itselpositions.
evolved from the early work by Laneman, Tse, and Worndlotations: All boldface letters indicate vectors (lower case) or
[2]. There, the authors imposed the half-duplex constraimtatrices (upper case). The operadet( ) is the determinant
on the cooperating nodes and proposed several cooperatif’enatrix, with () denoting its conjugate-transpose gnyt
transmission protocols. All the proposed schemes in [2Husdenoting its conjugatéE[.] is the expectation operator.

a time-division multiple-access (TDMA) strategy, where th
two partners relied on the use of orthogonal signaling to
repeat each other’s signals. Hence in this work relay and

I. INTRODUCTION



TABLE |

a = f = 0, and to an amplify-and-forward protocol if
POWER ALLOCATION COEFFICIENTS OVER TWO FRAMES FOR USERS

a=p8=1[2].

TRANSMITTING TO A BASE USINGTDMA SCHEME. POWER LEVELS ARE
USED TO EITHER SEND OWN OR RELAY DATAT)] (RESRT%) IS FIRST I11. A NALYSIS OF SUM RATE

RESR SECOND) HALF OF THE FRAME. . .
( ) In the proposition below, we develop the expression for the

" e T e sum rat(_e fc_)r the above protocol and power allocation system i
Gserill T Ti-a 0 o a way similar to developments by Laneman et al. and others.
user2|| O B 1 ]1-8 a) Proposition 1: For the Gaussian memoryless multiple-
access channel with user cooperation, if the rate pair (R1,R
is achievable, then the sum-rald + R2 < I, 3 where

Il. SYSTEM MODEL

K

We consider a two user fading Gaussian Multiple Access I s=logs [1 + 701+ (1= a)l (/13) + f(ﬁ’702,’721):|
Channel (MAC), where both the receiver and the transmitters lK

regeive n(_)isy_ versions of the t.ransmitt.ed messages. Each re +logs [1 + 502 + (1 — 5)1_2 + f(a%n,%z)] (3)
ceiver maintains channel state information and employsicoh 2(a)

ent detection. The channels between users (inter-usenetgn where

and from each user to the destination (uplink channels) are K, = [731 + %1] [y21 + 1]

mutually independent. Time is divided in two consecutive Ky = [732 +Vo2] (12 + 1]

frames. Each frame is further divided in two half-franigs 11(B) = 1+ 21 + Bo2 4)
andT5. We use a combination of TDMA and non-orthogonal la(a) =1+ y12 + ayo1

signaling: In the first half of frame 1, user 1 sends its first f(z,y) = %ﬁﬂrl

half packet (containing} bits) while user 2 listens. In the . _ P _

second half, user 2 relays the overheard data with powet leg8d7; is defined agh;;|* 52 where P; is the power of the
£, while user 1 simultaneously sends fresh information (if§a”5_m'tted signal from usef, IV; is the noise power at the
second half packet) with power levél— «. In frame 2, the receiveri andi,j € {1,2}. _

roles of user 1 and 2y, 3 are reversed. Thus we maintain &700f : Please refer to the Appendix. _ _
constant average power across the two frames, for each ug@t,e that the expression above requires channel informatio

regardless of the choice of, 3. the receiver but not the transmitter. However the optintrat
with respect to power control coefficients, 8 will require
A. Sgnal model full channel knowledge. Extensions of this work to the cafse o
The signal received by the common destination during tiértial knowledge will be reported in a separate contrduti
first frame (first and second half) is given by, We can consider in the sequel that = P, = P and~, =

~v12 = 7 since the same frequency is used in both directions

y1(n) = horz1(n) + zo(n) of inter-user communication.

yl(n + %) = \/]. — O[h()ll'l(’ﬂ + %) + \/BthAlx
[ho121(n) + w2 (n)] + 20(n + &) V. OPTIMIZATION OF RELAY POWER ALLOCATION

We now address the problem of optimizing the power

During the second frame, the received signal is: allocated by each user toward either transmission of its own

y2(n) = hoaza(n) + zo(n) data or relay data. The objective function taken here is the
ya(n + %) = /1 — Bhoax2(n + %) + /ahg Aa X multiuser sum rate. We start by characterizing the sum rate i
[h1222(n) + wi(n)] + 20(n + &) some border points of the power region. The lemma below

(2) comes handy in the more general characterization of the
wheren = 1,.., % and h;; captures the effects of fadingoptimal power allocation policy.
between transmittef and receivet. b) Lemma 1: We characterize the particular expressions
Thus, in (1) and (2) and 8 can be seen asooperation of the sum-rate as
levels for user 1 and user 2 respectively;c; 23(n) € C is
then'" coded symboku;cy; 23 (n) andzy(n) are respectively { Tao>1Iap Va ®)
the noise sample (of varianca;c(; »;) observed by the Iyg>hp VB

transmitterj € {1,2} and the noise sample (of variané®) This shows that a user will always prefer selfish behavior ove

observed by the destinatiohz; and /., represent the inter- o case of pure relay. The proof [6] is omitted here due to the
user channel gains, amg; andhg, denote the user-destlnatlonpaper size limitation.

channel gains, which are maintained constant dufing 7>.

= = . .
4, < m and 4, < m are the A. Power Allocation Algorithm

relay repetition gains, wher®;c; -, is the sample energy. The proposition below gives a complete characterization of
We remark that (1) and (2) are reduced to equations of #re optimal power allocation policy for an arbitrary realion
orthogonal direct transmission (non-cooperative prdjodo of the multiuser channels.



User2

¢) Proposition 2: The optimal power allocation which

maximizes the sum-rate (3) is given by, i -
h,
[ 7> 02
1) = Ol 7é 0 andﬂ =0if { > (1+702)2(1+7) _1 Userl User2 Destination
o1 ) v—(v3,+702) . P . 4 . . .
2) a=0andf =B £0 if 7> %+ o,
o o Yo2 > % -1 Fig. 1. Symmetric (left) and Asymmetric (right) networks.

3) a =0 andpg = 0 if neither condition above is met.

where optimal values., 3. are detailed in the appendix, andyhere v is the path loss exponent attd< d = d» < 1.
shown below. The distances are normalized by the distadge In these
Proof : Please refer to the Appendix. coordinates, the user 1 can be located at (0,0), and the
Interpretations: We remark that zero or at most one usegiestination can be located at (1,0), without loss of geitgral

out of the two cooperates with the other one. Hence the twiser 2 is located at (d,0) [7]. In the symmetric case, all
users will never both take the role of relay on a given channghannels are drawn with same unit-variance.

realization. In fact the user with "worse” channel condiso _ _
always acts selfishly and concentrates all its power fonits o B. Smulation Results

data, while the other user will graciously help the selfisarus e report results forr = 4 and we model all channels
or possible be itself selfish also. as Rayleigh block flat fading with additive white Gaussian
noise. Figs. 2-4 show simulated outage capacity behavior fo
the cooperation with optimal power allocation, comparethwi
The implementation of the algorithm below requires @o cooperation. We look at both single user rate and sum
centralized power allocation procedure done by e.g. the.bagate performance ab.1 probability, SNR = 10 dB. In the

B. Power allocation algorithm

The following intermediate quantities are computetl: = symmetric case, Fig. 2 shows a marginal improvement in sum
K19 (1494 702) 5 A2 = K101 (1 +7) (1 + 7 +702) rate due to cooperation, due to the fact one user gains from
C =K, [7% - g’;‘ (1+7) — Ky(2 +7+701)] cooperation and the other one suffers by roughly the same
’ Y amount of data rate. Also the average channel situation with
Ay ZK2702(1+7+701) ; Ay = Kovoz(L+7) (L + v+ 01) i ; il ? . ifish behavior b
C' K, [ L] ) — K 244+ ‘)] equa mstantaneou; gains will result in selfis ' behavior by
7702 ~o1 LTy e both users as predicted by our theory (proposition 2) which
_ — (A+702)*(A+y) i i i
condl = 1+ ; 1+7 =2 03) 1 and confirms this behavior.
condp? = (14701)? (I+v) ) ‘
p T (’701+ 01) 02 —Su’rr'l—Ra&e(Optimum PowerA\Iocation+Cog;eraliun)(a)
|f ’Y > Condl & 01 > Cond2 then = Sum-Rate(No Cooperation)(b)
0.18 = Single user rate(Optimum Power Allocation + Cooperation)(c;
= Single user rate (No Cooperation)(d|
a, = + + (ﬁf) g ( peration)(d)
. . 0.16
DeC|S|0n . user 1 cooperates with a level given day and
resulting in a sum-rate of, ., . 0141
else 0.12f
if v > condpl &~ > condp2,then o) "
’ N T 01f
B*:_% Hcl+(1:) S
L. 1 0.08
Decision : user 2 cooperates with a level given By and @
resulting in a sum-rate afy 3, . 006~
else 0.04
Decision : No cooperatiorjx., 5«] = [0,0], sum-rate =Ij . o
end if; end if; 002r ©

o
o

2 4 6 8 10 12
rate (b/s/Hz)

V. SIMULATION RESULTS
A. Network Geometry

We anticipate that cooperation will perform differently as
function of the positions of the users wrt destination. Hewe
study two different network geometries, denotedsiayimetric
andasymmetric, see Fig. 1. In the asymmetric case, we mo
the path-loss, i.e. the mean channel powg?gs as a function
of the relative relay position r by

Fig. 2. Simulated outage behavior for symmetric netwerk= 1.

Figs. 3-4 show the simulation results for an asymmetric net-
g¥jork when user 2 is located at (0.1,0) and (0.5,0) respegtive
The gains due to optimized cooperation are significant for
the user furthers away from the base. However this gain also
translates into a sum-rate (system) gain. Whleg 0.1, the
o =1,00=d", 0ps=(1—-d)™" (6) sum-rate benefits from cooperation by 0188/s/H z and the



user 1 benefits by up to &it/s/Hz. But user 2 which is user 2, but not both, indicating that a selfish behavior for at
closer to the destination than user 1, needs less coopgratleast one user is optimal from a system perspective.
therefore it benefits only by up to Otbt/s/Hz.

When user 2 is halfway between user 1 and destination, the APPENDIX

02 o - A. Proof of Proposition 1

= Sum-Rate(Optimum Power Allocation + Cooperation)(a)

=— Sum-Rate(No Cooperation)(b) . . . .

018l — Mobile1 rate(Optimum Power Allocation + Cooperation)(c) For simplicity, and without loss of generality, we formdat
= Mobile2 rate(Optimum Power Allocation + Cooperation)(d!
= Mobilel rate(No Cooperation)(e) (1) as

0.16 = Mohile2 (No cooperation)(f)
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Fig. 3. Simulated outage behavior for Asymmetric networkhwiser 2 - I(xl;yl /Ml) H 1 (8)
located at (0.1,0), i.e, close to the user 1. < log, det(Ir + M1 Ax, My %, 1)

Wheren1 =Bz andAX1 = E(Xle‘,) = P L.
sum-rate is ameliorated to 0.7%/s/H z due to cooperation, Therefore, X,, = B;E(z;z/)B} and equal to
and the user’'s 1 gain is up tolt/s/Hz.

Ny 0
Y, = . . 9
02r o, , o ™ { 0 Ng +5(A1)2|h02|2N2} ©
= Sum-Rate(Optimum Power Allocation + Cooperation)(a)
=— Sum-Rate(No Cooperation)(b)
ot8r  Mobile? vate(Optimum power Allcaton + Gooperationy() AB
— obilel rate(No Cooperation)(e] H e
0.16 —_— MOEI:eé (Nto(c,\(‘m;:eragon);f) e MlMl - |: C D :| (10)
our where
012t A= |h01|2
g B = \/BAiho1(ho2)* (ho1)*
T 01r * (11)
8 ¢= \/BAl(hOI) hozho1
0.08} D = (1—a)|h01|2 +5(A1)2|h02h21|2
0.06- and after substitutions and algebraic manipulations, weiob
0.04 _
log, det(I, + PIMM{' =.1) = log,[1 + Y01
0.02 Kl
+(1 = @) + f(Br02,721)] (12)
0 L L | ll (/8)
0 2 4 6 8 10 12 14 16 18

rate (b/s/Hz)

s0, (3) is straightforward.
Fig. 4. Simulated outage behavior for Asymmetric networkhwiser 2

located at (0.5,0), i.e, halfway between user 1 and dektmat ..
B. Proof of Proposition 2

In order to seeKa, f,) for which I, g is maximized,

VI. CONCLUSION
) . (s, Be) = arg max I, g (23)

We have addressed the problem of optimal power allocation ,3€[0,1]
for a fading cooperative MAC, where the users are allowed

to adjust the amount of resource spent on own and relg)? must solve this system of equations :

transmission as function of the channel realization. Weehav Ol
characterized the cooperation power levels that maxintize t 8?& =0 (14)
sum-rate. We showed that at most either user 1 cooperates or 55 =0

Therefore we compute the maximum average mutual infor-



The partial derivatives of, g, I"ﬁ and 2L iR
to « and S give
g _ 1 )
Oa  In(2) |1+ 901 + (1 — )iy + F(Br02,7)
2(2)
_ Y01 (14+7)
L B Tl + T (15)
L+ 902 + (1= B) 5% + flayor, )
and
aIa,,@ — 1 l;(Kz)
aﬂ 111(2) 1+ Yoz + (]- - ﬂ) lg(ot) + f(a’}/Ol:’Y)
731 (
_ Yy02(147)
(1— ks T + Sl (16)
T o1+ (1= @) sy + F(B702,7)

after some simplificationsq, and 3, are determined as

solutions of
A1a2+2aA2_C_B2ﬁ_BlﬁZZO (17)
AL B2+ 284, — C' — Bya— Bja? =0
where
Ap = King (1 + 7 +702)
Ay = Kivor (1 + 7)1+ v+ 702)
B = Kavo1702(1 + 7 + v01)
By = K1 K2(2+ 7+ 1) + Y01702(1 + 7+ 701) X (18)
(v(1 +7) — K»)
C=FKi [y — £2(149) - K22+ 7+ 901)
and
A:l = Ko ga(1+ 7 +701)
A? = KQ"}/OQ(]. + ’)/)(]. +’}/ + 701)
B} K1v01702(1 + 7 + 702) (19)
B, = K1K>(2 4 v+ 7Y02) +Y01702(1 + 7 + Y02) X
(v(L +7) — K1)
C' =K, [7%2—%(1+7)—K1(2+7+’702)]
therefore, the system (14) becomes
& B _
& =K
g4 (20)
B AT
where
a=a+ ﬁ—f 21)
b=+
2 2
__C A
w=a ot (8) -4 ()

Il

S

, O\ 2 N 2 (22)
Ko C 4L (4) _ (B
d d d d d r
1B1 Bl Al Al 2Bl

In (20), we have two equations of hyperboles. When we

respectively from the first one in order to solve this system we obtain

~ 1 A B

2 1 1
S - 23
Po-dm) o En @

N—————’
#0
and because we have
B, A,

—_— 24

it is straightforward that there are no solutions, graphjidea-

duced by the no intersection between these hyperboles where
eg. (24) shows the equality of the slopes of the asymptotes,

unless onthe plarB, o = {8 = 0,Va}, Po1 = {8 = 1,Va},
'Po,g = {a = O,Vﬂ} and'PLg = {a = I,Vﬂ}.
Using proposition 2, we are interested only by, and Iy s.
Therefore at most one user cooperate, so

{ a, = argmaxqeo,1] La,o (25)
ﬂ* = arg maxﬁe[o 1] IO B
The derivatives ofl,, and Iy 5, “= and & 22 give

2
- o o 2 (26)
2 __
=g ()
Thereforea, exists when

2
C A
A_1+(A_f) >0

(27)
A C A
—(42) + (/£ + (42) o]
and it leads to
Y > 951 + Yo
(+701)2(14+7) _ (28)
{702 > ’Y—(?Ylgl-i-’}’m) 1

and the same method is appliedAo.
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replacea in the second equation by its expression derived



