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Abstract— In this paper, we study the power allocation problem @ TT— - > @ o
at the relay nodes for two-hop F/TDMA networks with multiple
sources and destinations. Considering the sum capacity as the DZ. s \
’ D7

performance metric, we solve the problem of optimally allocating
the total power of each relay node between the transmissions

)
it is assisting. We consider regenerative decode-and-forward ® '. o
(RDF), nonregenerative decode-and-forward (NDF), amplify- Ao DS.‘ 1 o
and-forward (AF) and compress-and-forward (CF) at the relay \
nodes. We observe that the optimum power allocation for the o RS
RDF and NDF cases are modified water-filling solutions. In RDF, o ____--= > ‘__
the optimum power allocation considers both the direct links of o PP o,
the users and the relay to destination links, whereas the optimal "
power allocation for the NDF relaying considers only the relay o

to destination links. We also observe that relay nodes employing

AF or CF may provide higher sum capacities than relay nodes o
employing DF techniques when sufficient power is available at ® - s4
the relay nodes. Motivated by the optimum power allocation

identified for each case, we provide insights to relay selection Fig. 1. System Model

strategies for relay assisted F/TDMA networks. ) . . o
is studied up-to-date in [4]-[6] for several relay transmission

schemewwith a single source-destination paiin contrast, in
Increasing demand on wireless communications servidéds paper, we will consider a relay assisted F/TDMA network
continues to motivate innovative physical layer designs fd¥ith multiple source-destination pairand relay nodes each of
next generation wireless systems. Recently, relay assisted nfYflich assists multiple sources. We address the optimum power
tihop communications has become a prominent candidated§pcation problem at the relay nodes that perform decode-
combat the impairments of the wireless channel by exploitirj'd-forward, amplify-and-forward, and compress-and-forward
spatial diversity without needing to deploy physical antenrf§lay transmission while considering the sum capacity as the
arrays [1]-[6]. Relay assistance also mitigates the effects Rfrformance metric.
path loss, and provides the source nodes with extended battery
life. Results on the capacity of the full duplex relay channel
go back to [1]. Relay transmission schemes are derived in [2]We consider a relay assisted F/TDMA ad hoc network with
using half duplex transmission. Recently, reference [3] showéd users andl relay nodes (Figure 1). We assume that each
that the uplink capacity of two-user systems can be increag¢ger intends to transmit its signal to a different destination and
by using cooperation, where each user also acts as a relaylf@s a pre-assigned relay node that will assist its transmission.
the other. The data transmission of each user occursmva pre-assigned
Relay assisted transmission is expected to improve the peffannels that can be either time slots or different frequencies.
formance of multiuser systems as well [7], [8]. Such network$he user broadcasts its signal in the first channel, and the
henceforth referred to amwultiuser relay networksire ones preassigned relay node transmits this user's information in
where each relay node would serve multiple users, and fth@ second channel. All channels of all users and relay nodes
total transmission power budget for each relay node would Bee distinct and nonoverlapping. The signal received by the
limited. When this is the case, each user’s transmission shodggtination in theth user’s first channel is
be relayed with a fraction of the power from its corresponding .
relay node. In such a scenario, the total relay power should be yair = v/ Puittsi + nan (@)
allocated between the transmissions of information from tlvehere x,; is the symbol transmitted by usér P,; is the
sources that relay over this node, in order to obtain the béstnsmit power of userands; denotes the normalized channel
performance. Optimum power allocation for relay networkgain from useri to the destination witl4;; as the zero mean
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AWGN with unit variance. Similarly, the received signal at thevhere C; . is the individual capacity of userand * can be
relay nodek to which useri is assigned, is replaced with RDF, NDF, AF or CF according to the relay
transmission scheme chosen. Since the power allocation at
each relay node does not affect the individual capacities of
where o; is the normalized channel gain from useto the the users that are served by other relay nodes, we focus on
assigned relay node, andn,; is the zero mean AWGN with the sum capacity optimization problem at each relay node.
unit variance. In the second channel of thle user, thekth
relay node transmits,.;, and the corresponding received signal”

Yri = V PsiiTsi +npg 2

DF Type Relaying

at the destination is For both RDF and NDF, the designated relay node must
reliably decode the signal. Thus, the individual capacity of a
Ydiz = V Priviri + Ndi2 (3) relay assisted user cannot exceed the capacity of the user to

wherez,;, P,; and~; denote the signal transmitted for user relay link. This constraint leads to several important results

from the kth relay node, the transmit power of tl¢h relay |n2te_rmbs t?f otpglmutrg povlver l‘?‘"g;a?on' Wh_erlhthe ('jlr.ect link,
node dedicated to usémand the normalized channel gain fromg]i ,tr:S etier than the r;: ay dm ]z tr?r lé‘.c’e”t’ i i mlnghum
the kth relay node to the destination of thth user with a of the capacity upper bounds of the direct link an € user

zero mean and unit variance AWGH;;», respectively. Note tq relay link ?S Fhe ]attgr. In this case, the capacity of .the
that the relay node should transmit after the source due %ect transmission is higher than that of the relay assisted

casuality constraints, and this constraint results in loss of oH%”Sm'S?"?”- Since by emponmg dlrept .transm|55|on for user
time slot when the channels represent different frequenci S‘he |nd|V|duaI.capac'|ty of useris maX|m|zed,a.ndthe relay .
We assume that each relay node has a total power constrai i the p(_)tent|a_l t.o |mErove th? sum capamrt]y byl Investing
> ica, Pri < Pritotar Where Ay, denotes the set of users that1 ﬁozz\tlé?jrtlan uzzst'itr']r;?"; Eeremalnmg users, the relay power
relay their information through node

We consider four different relay transmission schemes at Pi=0 if o?<pB? Vi=1,..,.K (6)
the relay nodes, and address the optimum power allocation_in . »
each case individually. For clarity of exposition, we denote the set of users that are

served by thekth relay node, and have? > ? as 4j in
the sequel. In addition, observe that the maximum individual
acity of usel is upper bounded by

« Regenerative Decode-and-Forward (RDE)When the
transmission from the user is received reliably at the rel
node, the relay node decodes the signal, re-encodes it wit
the same codeb_ook usgd in j[he original user’s transmisa_’RDF < Cinpr < Cupperpr = llog(l + Pyial),Vi (7)
sion and transmits the signal in the second channel of the 2
user [2], [5], [6]. due to the decodability constraint at the relay. Thus, allocating

« Nonregenerative Decode-and-Forward (NDE)Similar more power of the relay node for the transmission of a user
to RDF, the relay decodes the signal, but re-encodbsyond a threshold will not increase the individual capacity
it with a codebook different than the original user andf the user. These constraints should be taken into account for
transmits it in the second channel of the user [4]. the power allocation problem in DF relay nodes.

« Amplify-and-Forward (AF) : The signal received at the In the case of RDF relay transmission, the individual
relay node is amplified and forwarded in the seconchpacity of uset is
channel of the user [2], [6]. 1

« Compress-and-Forward (CF) In this model, the relay Ci,rpF = min(§l09(1 + Poiff} + Priv} ), Cupperpr)  (8)
node compresses and forwards the source’s signal in th

second channel of the user [8], [9]. eS|m|larly, for the case of NDF relay transmission, we have

_ . 1 2 1 2
I1l. OPTIMAL POWER ALLOCATION Cinpr = mm(jog(HPsiﬂi )+5109(1+Pm% )7Cupperl(7§))

In this work, we aim to optimally distribute the power of |, the following analysis, we will use the following defini-
each relay node between the users’ transmissions to be relaygfs for RDF and NDF networks:

by that node. Our goal is to maximize the sum capacity of the pefinition 1: High potential usersThis is the set of users

system. Clearly, the individual capacities of the users areygh; are allocated nonzero power at their pre-assigned relay

function of the relay transmission scheme used. node and yet do not achieve the individual capacity upper
The optimum power allocation problem at the relay nodgg,yng (7). Thus, their individual capacities would be further

is posed as increased, if more total power were available at the relay.
K Definition 2 Low potential usersThis is the set of users

max Cyum = ZCi,* (4) that achieve the maximum individual capacities indicated by

Pritica, .k i=1 (7), by the help of the relay node. For these users, even if

S.t. Z Py < Pritotat; Pri 20 Vik (5) more total relay power were available, the individual capacities

i€ Ay would not increase.



Definition 3 Nonrelayed usersThis is the set of users
that are not assisted by the relay node. The users in this set
have either high quality direct links, or low quality relay to

destination links.

1) RDF Relaying: We are now ready to state our results

for RDF relay networks.

Theorem1: The optimal power allocation for RDF relay

networks results in three user sets, nantéfjh potential users,
low potential usersandnonrelayed userfor each relay node.

1) The optimum relay power dedicated to high potential

useri, and the achieved individual capacity of user

are
1 1+ PyifF}
P= L il g (10)
HUk,RDF Vi
1
CirpF = glog(%?/,uk,RDF) (11)

respectively, wher¢.)* = max(.,0) anduy rpr is the

water level for thekth RDF relay node that satisfies

ZiEAk Pm' = PRk,total-

2)
1, and the achieved individual capacity of useare

Psi (0%2 - 612)
2

Vi

Pri = Cz RDF — *lOg(l + Psza ) (12)

3) The nonrelayed users set involves the users that e|tl?
have better direct links than the source to relay links,

i.e.,a? < (32, or high quality direct links or low quality
relay to destination links, i.e ™25 ~ 1

’72 Mk, RDF

Proof Using the fact thal’,; = 0 for the users that have
B% > o the optimization problem at thkth relay node can
be expressed as

X > %log(1+Psiﬁf+Prm§) (13)
ThieAy ey,
St. Y P < Prigota; Pri >0, Vi (14)
i€ Al
1 2L poa2y <l 2). Vi
51091+ Poifii + Prini) < 5log(1 + Poiai), Vi (18)

Constraint (15) is simply an upper bound foP,;}, and we
have
Psi(af - @2)

V2

Thus the Lagrangian,({ P,;}, u, RDF)gz RDF}), IS
*109(1 + Pyif3; + Priy?) + ik, ror( P.; — Pri,total)

ieA’ iGA;c

Psi(a? — 57

V2

OSPriS

(16)

<
+ pi,epF (Pri —
z’eA;c

where p;, rpr and p; rpr are the Lagrange multipliers as-

The optimum relay power dedicated to low potential us

P=0

LUy roH

Userl User2 User3 User4 User5

Fig. 2. Optimum power allocation for RDF relaying

conditions, we arrive at the optimum relay power for usas
1 1+Pszﬁ12+Psz(a12_ﬁ12)
- 2 ) ) 2 ) (17)
Hk,RDF Vi
errhe users for which thezz upper bounds in (15) are inactive, and
= (——— 1“;'“’6' ) > 0, form the high potential users

HEk,RDF R 2
set. When the upper bound is active,; = P(% and
the correspondlng users are the low potentlal users. Finally,
fié users with( - 1+f;;ﬁ ) <0, 0ra? < 3?2 form the
Set of nonrelayed users O

The optimum power allocation for RDF networks is a

modified water-filling solution where each user has both a
2

base and an upper water level. The base Ie%# is
due to the direct link and the channel gain of the relay node
to the destination for each user, whereas the upper level,
Poi(0f—p7) | 14Psif} 1t i

o + 2 is due to the decodability constraints
of the RDF relay nodes. Such a power allocation scheme is
demonstrated in Figure 2 with five users and one relay. In
this example, users 1 and 2 are the low potential users for
which the relay node allocates enough power for each user to
achieve their maximum individual capacities. Users 3 and 4
are high potential users since their individual capacities can
still be improved by increasing the relay power. User 5 is
a nonrelayed user and is not allocated any power because it
has either a high-quality direct link or a low-quality relay-to-
destination link. Observe that the relay node considers both the
quality of the direct links of the users, and its own channel gain
to the intended destinations, and will try to help the users with
low quality direct links, and high quality relay to destination
links.

In essence, the optimal power allocation tries to help the
weak users that it can efficiently assist, providing fairness
among the users. We note that, for low potential users, the
benefit provided by the relay node does not increase with

i = min((

%

7

sociated with the total transmit power constraint of the relagcreased relay power. Thus, an appropriate relay selection
node k£, and the upper bound for the relay power for usestrategy for RDF relay networks should be to select the relay
i, respectively. The cost function is a concave function ambdes that will provide both high quality user to relay and

the {P,;} set is a convex set. Thus, simply using the KKTelay to destination links. When the relay power is scarce, the



Q2
relay node will help only one user that has the Iovv-b*s%’—ﬁi.

2) NDF Relaying: When the relays operate in the NDF
mode, we have the following theorem for the optimal power

allocation. Ps=0
Theorem?2: The optimal power allocation for NDF relay
networks results in three user sets, nantégjh potential users Ipr4
low potential usersaand nonrelayedusers for each relay node. = -
r2
1) The optimum relay power dedicated to high potential Lbhnor
useri, and the achieved individual capacity of user i
are
1 1
P = - )" (18)
Kk, NDF Yi User1l User2 User3 User4 User5
2
CiNDF = llog(l + PSZﬂ?) + llog( i ) (19) Fig. 3. Optimum power allocation for NDF relaying
’ 2 2 T g NDF i as
respectively, whereu, npr is the water level for the 1 1 (a2 — 32)
kth NDF relay node that satisfies its power constraint. Py = min(( ) *, m) (26)
2) The optimum relay power dedicated to low potential user HiNDE i S
1, and the achieved individual capacity of useare The users for whom (24) is inactive, add.; = o leF —
P,i(a2 — 32) 712 > 0 are high potential users. When (24) is active; =
P, = St L 20 )
Y2(1+ Py 3?) (20) %, as the low potential users. The users that have
Cinpr = llog(l + Pya?) 1) L < L ora? < ? are the nonrelayed users. O
7, 2 St

Observe that the optimum power allocation for NDF relay
The nonrelayed users are those users for which eithestworks tries to use the relay to destination channels as
their direct links are better than their source-to-relagfficiently as it can without considering the direct links of
links, i.e.,a? < 2, or their relay-to-destination links the users. The optimum solution is a modified water-filling

have low quallty, i.e., < % solution with base levelg;, and upper Ievelé—tiﬁ?)
The upper level is dueto the decodability constraint of the
NDF relay node. Such a power allocation scheme is demon-

strated in Figure 3. In this example, user 1 is a low potential

3)

Kk, NDF

Proof: The power allocation problem at thegh NDF
relay node can be expressed as

1 1 d users 2, 3 and 4 are high potential users. User 5 is a
max Zlog(1+ Puf3?) + =log(1 + Pun?) (22) Useran g gn p - ,
{Pri}icar l; 2 9( if57) 2 9 i) (22) nonrelayed user since the relay node has very low channel gain
y ) to its destination. Similar to the RDF case, even if the total
S.t. Z Pri < PR total; Pri 20, Vi (23)  ransmit power of relay nodes are increased, the low potential

ieAy users will not be able to achieve higher individual capacities.

%[log(l + Py %) +log(1 + Py?)] < log(l + Pya?),Vi
(24)

The decodability constraint in (24) yields the upper bound

P.i(af = B7)

The LagrangianL({Py:}, pr,nDF, {pi,NDF}), IS

0< P, < (25)

[log(1 + PyiB37) + log(1 + Prin?)]

— i, NDF PRE total

€Al

> P.i(a? — 32
/‘Lk,NDFPri‘i’pi,NDF(P,”'f 57‘( v /gb) )

+ L
2(1 4+ Py; 32
iear v (1 + Psif37)

Thus, we can conclude that employing the appropriate relay
selection strategy that provides high quality user to relay, and
relay to destination links, improves the performance of the
NDF relay networks.

B. AF Relaying
When AF relay transmission is used, the individual capacity
of useri is
Psiagpripy?
— ——)  (27)
Pszai + Pm%- +1
For AF relay networks, we have the following theorem:

Theorem3: The optimal power allocation for AF relay
networks results in nonzero power allocation for a subset of the

1
Ciar = 5109(1 + P57 +

where ux, npr and p; npr are the Lagrange multipliers users assigned to the relay node. The optimum power allocated
associated with the power constraint of the relay ndde to assist usei is

and the upper bound for the relay power used for user
respectively. Once again, we have a convex program, and using
KKT conditions, we arrive at the optimum relay power for user

4ai (1
Hk,AF

al +2 +\/ a1

2(a; + b;)

+35)

ri—

)T (28)



2 2 2
Psioi/(Psiog +1) db; = — i node. The optimum power allocation for useis
(1 + B Psi) 7} Pyio? +1

(X Xiy2 44X, X
while i, ar is the water level for théth AF relay node that , _ ( (31 +2)+ \/( v+ l“wF( Ty )>+

wherea; =

o P = 34

satisfiesy . o, Pri = PR totai- " 2(X; +Y;) (34)
Proof: The power allocation problem at tii¢h AF relay Py;a~? ~2(Py; B241) .

node can be expressed as whereX; = (Pial+ P 211) andy; = P02+ P 2 +1) while

pk,cr 1S the water level for théth CF relay node that satisfies

max > -log(l+ Puf? + 5o My (29) >ica, Pri = Phritotal- o

{Priticay jea 2 Pgai + Privy; +1 Proof: Proof follows identical steps to the proof of

Theorem 3. O

t. 4 < ; ;> j - .
st Z Pri < Prk total; Pri 20, Vi (30)  gpcerve that, similar to AF case, the preassigned relay node
1€EAYL )

. o o k allocates nonzero power to uséif . cr < X;. When

which, again is a convex program. The Lagrangian is PRi.total — 00, 0%,; — 0, which yields the same asymptotic

P02 P2 upper bound for the individual capacity of ugeas in the AF
i, ar( Z P,; — Pri total)
i€Ay IV. NUMERICAL RESULTS

where u;, ar is the Lagrange multiplier associated with the
total transmit power constraint of the relay nole Simply
taking the derivative with respect t&,; and equating it to
zero, we arrive at the optimum relay power for usén (28).

1
L({ Py}, pik,ar) = 5109(1 + Pyif3} + )
Cicr < 5109(1 + Py 37 + Pyia) (35)

In this section, we present numerical results related to
the performance of the F/TDMA multiuser relay network
with optimum power allocation. For numerical results, we
consider a F/TDMA multiuser relay network with 5 users and

. . one relay node that serves all. The link SNRs of the users
Observe that the optimal power allocation for the AF rdaﬁfsed throughout the simulations aféP,, 32, Pya2,72)} —

nodes results in nonzero power aIIocation'to the users tq 5’473)7(577’ 10), (9, 11,6), (13, 16, 10), (15,22,2)}  dB.
satisfy juxar < ai. WQhen the relay node is very close Qe investigate the individual capacities achieved by each
a user, them,; ~ ﬁ and b; — 0. This corresponds relay transmission scheme with different values of power
to the case when the users’ received SNR at the relay nagigastraints for the relay node.
are very hlgh The Optlmal power allocation in this case is Figures 4,5 6 and 7 show the performance of the re-
identical to the optimal power allocation in RDF as expecteqay transmission for RDF, NDF, AF and CF with optimum
It is important to note that in AF, the individual capacities ohower allocation, respectively. We observe that the individual
the users are not constrained by the capacity of the usercihacities are improved as the relay power is increased up
relay channel. The upper bound for the individual capacity @ a threshold for each user. In the RDF case, when the
useri Is relay node has relatively low power, the2relay node helps
Ciap < llog(l 4 P32+ Pyad) Vi (31) only the first user that hgs the _higheﬁ;fTﬁz, since the
' 2 rest of the users have higher direct links or the relay has
Thus, AF relaying may perform better than the DF relayinglow quality links to the destinations of these users. As the
available power at the relay increases, the first user’s potential
is reached, and the relay node starts to help the rest of the
C. CF Relaying users. We observe that individual capacities of the users 4
and 5 become approximately equal for Iar%er relay power
YHues. This is due to the fact that the ter@;}ﬁ and the
Thannel gains from the relay node to the destinations become
negligible with respect tqux. rkpr When the relay has high
power. We also observe that after a threshold, increasing the
Pga? relay power does not help, since all users already achieve the

In the case of CF relaying, when Gaussian codebooks
used, and the relay node compresses using Wyner-Ziv lo
source coding [10], the individual capacity of usecan be
expressed as [9]

1
Cior = 5109(1 + Puilf + 14+ ggw) (32) maximum single-user capacities. In the NDF case, we again
with observe that the sum capacity is improved as the relay power
) Py(a?2+32) +1 is increased up to a threshold. Since NDF performs better
Wi = P2 (P 1+ 1) (33) than RDF, this threshold is much lower than the threshold

in the RDF case. That is, for the maximum sum capacity,

For CF relay networks, we have the following theorem faNDF requires less power at the relay node as compared to
optimum power allocation at each relay. RDF. For NDF, we observe that the relay tries to use the
Theorem4: The CF relay with optimal power allocationrelay to destination channels as efficiently as it can, without
assists a subset of the users that are assigned to the rel@ysidering the performance of the direct links. However, the
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benefit that can be provided by the relay node is limited e performance can be further improved by optimizing the
the quality of the user to relay link. In Figure 6, we observiaction of time the relay dedicates to assisting each user in
that the benefit obtained by the AF relay nodes convergesaddition to its power, a topic of current interest.

its maximum point gradually for each user. Similar behavior
is observed for the CF relay transmission in Figure 7. W
also observe that in the AF and CF mode, both individua
capacities and the resulting sum capacities may be higher th&h
the capacities that result from operating in a DF mode. This is

due to the fact that DF relaying has the decodability constrainig)

in the user to relay links whereas the AF and CF do not.

V. CONCLUSION

In this work, we have considered a two-hop multiple sourcefs]
destination F/TDMA wireless network where intermediate
nodes relay the information of source nodes. We have solv
the problem of optimally allocating the power of each relay

node between the users’ transmissions it is assisting. We h

observed that the optimum power allocation for RDF rela
nodes helps the users that have low quality direct links and
have destinations near to the relay first, and tries to improve tH&
individual capacities of the weak users. The optimum power
allocation in NDF relay networks tries to use the relay tq9]
destination channels as efficiently as it can. We also observe
that the AF and CF relay nodes provide higher sum capacitigg
than the DF relay nodes with high relay powers due to the
decodability constraints of DF relaying. Finally, we note that
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