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Abstract

This paper considers the design of relay assisted F/TDMA ad rtetworks with multiple relay
nodes each of which assists the transmission of a predefuesgisof source nodes to their respective
destinations. Considering the sum capacity as the perforenaetric, we solve the problem of optimally
allocating the total power of each relay node between thesinéssions it is assisting. We consider four
different relay transmission strategies, namely regdiverdecode-and-forward (RDF), nonregenerative
decode-and-forward (NDF), amplify-and-forward (AF) arapress-and-forward (CF). We first obtain
the optimum power allocation policies for the relay nodest ttmploy a uniform relaying strategy
for all nodes. We show that the optimum power allocation foer RDF and NDF cases are modified
water-filling solutions. We observe that for a given relansmit power, NDF always outperforms RDF
whereas CF always provides higher sum capacity than AF. Weierand NDF are compared, it is
observed that either of CF or NDF may outperform the otheriffergnt scenarios. This observation

suggests that the sum capacity can be further improved bypdnaach relay adopt its relaying strategy
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in helping different source nodes. We investigate this [mobnext and determine the optimum power
allocation and relaying strategy for each source node #lay modes assist. We observe that optimum
power allocation for relay nodes with hybrid relaying stgies provides higher sum capacity than pure

RDF, NDF, AF or CF relaying strategies.
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. INTRODUCTION

Wireless systems are continuing to evolve towards netwodkssisting of nodes that com-
municate without the need for infrastructure [1], [2]. Yseg&rious design challenges exist for
wireless ad hoc networks in combating the impairments ofvthieless channel. Relay assisted
communications, where intermediate nodes help forwartliarécom source nodes to their
destinations, exploits spatial diversity without needtngdeploy physical antenna arrays [3]—
[11]. Relay assistance also mitigates the effects of path, land provides the source nodes with
extended battery life [7]-[9], and even help in extendingerage [9], [12], [13]. An intense
research effort is underway to better understand the vdloelay assisted schemes in rendering
the deployment of truly ad hoc wireless networks.

Results related to the capacity of the full duplex relay clehgo back to [3], [4]. Since it is
difficult to have the nodes transmit and receive simultasoun the same frequency, much of
the recent research effort is towards investigating ormnad relay transmission schemes where
the source and relay nodes transmit in orthogonal chansgld7]-[10]. Recently, reference
[6] showed that the uplink capacity of two-user systems cambreased by using cooperation,
where each user also acts as a relay for the other.

In wireless networks, transmission power of the nodes igdain Hence, power efficiency is a
critical concern when designing relay transmission sfriate It has been shown that significant
performance improvement can be achieved by the optimum ipallecation for various relay
assisted communications systems that considengle source destination pair [7]-[9], [11].

Relay assisted transmission is expected to improve th@meahce of multiuser systems as
well [14]-[17]. Such networks, henceforth referred tanagtiuser relay networks are ones where
each relay node would serve multiple users, and the totasmtnégssion power budget for each
relay node would be limited. When this is the case, each sisemsmission should be relayed
with a fraction of the power from its corresponding relay eoth such a scenario, the total
relay power should be allocated between the transmissibim$asmation from the sources that
relay over this node, in order to obtain the best performance

In this paper, we consider a wireless ad hoc network withtiple source-destination pairs,
and relay nodes each of which assists multiple sources. ¥esfon networks that employ mul-
tiaccess techniques with orthogonal transmissions,RI@DMA. We consider a variety of relay

transmission schemes, namely regenerative decode-andrtb(RDF), nonregenerative decode-
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and-forward (NDF), amplify-and-forward (AF) and compressl-forward (CF). Considering the
sum capacity as the performance metric, we first addressptiawm power allocation problem
at the relay nodes when all users are assisted via the same trahsmission strategy. We
show that the optimal power allocation for RDF and NDF are fifedl water-filling solutions
with a base level and a ceiling, and it classifies the sounsts three groups depending on
the quality of the source-to-destination, source-toyre&lad relay-to-destination links, i.enjgh
potential source nodes, low potential source nodes and nonrelayed source nodes. Next, to obtain
higher sum capacities, we investigate the optimum powecation problem jointly with relaying
strategy selection, where the relay node can also chooseeldngng strategies for the source
nodes it will be assisting, and propose a low complexity fogdimum relaying strategy selection
algorithm. We observe that adopting the signaling strategyach transmission the relay node

assists in conjunction with the power level provides sigaifit performance improvement.

[I. SYSTEM MODEL AND PROBLEM FORMULATION

We consider a relay assisted F/TDMA ad hoc network withsource nodes (users) arid
relay nodes as in Figufgd 1. We assume that each source naaelsnto transmit its signal to
a destination node and has a pre-assigned relay node thassist its transmission. The data
transmission of each source node occurtno pre-assigned channels that can be either different
time slots or different frequencies. The source node brastdcits signal in the first channel,
and the preassigned relay node transmits this source niodersnation in the second channel.
All channels of all source nodes and relay nodes are diséindt nonoverlapping. The signal

received by the destination in thth source node’s first channel is

Yai1 = V PsifiTsi + Nain (1)

wherez,; is the symbol transmitted by source nodeP,; is the transmit power of source node
1 and ; denotes the normalized channel gain from source nddehe destination withg;;, as
the zero mean AWGN with unit variance. Similarly, the reeeiwsignal at the relay node to

which source node is assigned, is

Yri =/ Psic;Tgi + Ny (2)
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whereq; is the normalized channel gain from source notiethe assigned relay node andn,;
is the zero mean AWGN with unit variance at the dedicated/retale of source, i.e., k. In the
second channel of thgh source node, théth relay node transmits,;, and the corresponding

received signal at the destination is
Ydiz = V Prii%Tri + Nai2 3)

wherez,;, P.; and~; denote the signal transmitted for source nedeom the kth relay node,

the transmit power of théth relay node dedicated to source nadend the normalized channel
gain from thekth relay node to the destination of thida source node with a zero mean and unit
variance AWGNn;», respectively. Note that the relay node should transmérafte source due

to causality constraints, and this constraint results 8s lof one time slot when the channels
represent different frequencies. We assume that each neldg has a total power constraint
ZieAk P,; < Prriota Where A, denotes the set of source nodes that relay their information
through nodek. It is also assumed that the relay nodes have the channelistatmation of

the source-to-destination, source-to-relay and relagettination links of all source nodes they
serve.

We consider four different relay transmission schemes atrédtay nodes, and address the
optimum power allocation in each case individually as welltle optimum power allocation
with hybrid relaying.

« Regenerative Decode-and-Forward (RDF): When the transmission from the source node
is received reliably at the relay node, the relay node dexdtige signal, re-encodes it with
the same codebook used in the original source node’s trasgmiand transmits the signal
in the second channel of the source node [5], [8], [9].

« Nonregenerative Decode-and-Forward (NDF): Similar to RDF, the relay node decodes
the received signal, but re-encodes it with a codebook géedrindependently from that
of the source node and transmits it in the second channeleo$dlirce node [7].

« Amplify-and-Forward (AF): Perfect decodability at the relay node is not required. The
relay node simply forwards the signal in the second chanfrtblecsource node by amplifying
the received signal at the relay node [5], [9].

« Compress-and-Forward (CF): Similar to AF, the relay node is not required to decode the

source’s signal perfectly. The relay node compresses tiedvied signal by using Wyner-Ziv
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lossy source coding, and forwards it in the second channtieoource node [16], [17].

In this work, we aim to optimally distribute the power of eaetiay node between the source
nodes’ transmissions to be relayed by that node. Our goa maximize the sum capacity of
the system. Clearly, the individual capacities of the seunodes are a function of the relay
transmission scheme used.

The optimum power allocation problem at the relay nodes segas

K
max Csum = CL* 4
{P'r'i}i:l_’.‘,’}( ; ( )
Stz Pri < Psz,total; Pri >0 \V/'l, k (5)
1€EAL

whereC; . is the individual capacity of source nodeand * can be replaced with RDF, NDF,
AF or CF according to the relay transmission scheme chosen.

In the sequel, we will first assume that all source nodes asestad by the same relay
transmission scheme, and address the optimal power atlocptoblem for each case. Next,
to obtain higher sum capacities, we will remove this assionpand investigate the optimum
power allocation problem for hybrid relay nodes where thayr@ode can assist different source
nodes employing different relaying strateHieWe note that the F/TDMA architecture allows
us to focus on the sum capacity optimization problem at eatdy rnode individually since
the power allocation at a relay node does not affect the opdithon problem on the others. By
optimizing the power allocation at each relay node indigitiy we optimize the power allocation
problem of all relay nodes, sindel (4) is simply the sum of athgates obtained by the assistance

of all relay nodes.

I1l. DECODE AND FORWARD TYPE RELAYING

For both RDF and NDF, the designated relay node must relidblyode the signal. Thus,
the individual capacity of a relay assisted source node ataexceed the capacity of the source
node to relay link. This constraint leads to several impdrtzbservations in terms of optimum
power allocation. When the direct link?, is better than the relay linky? for source node, the
minimum of the capacity upper bounds of the direct link arelgburce node to relay link is the

latter. In this case, the capacity of the direct transmisgdigher than that of the relay assisted

The relay nodes are assumed to be agile radios.



TO APPEAR IN |IEEE TRANSACTIONS ON COMMUNICATIONS 6

transmission. Since by employing direct transmission farse node, the individual capacity
of source nodé is maximized,and the relay has the potential to improve the sum capacity by
investing its power in assisting the remaining source notfesrelay power allocated to source
node: should be

Pi=0 if o?2<p? Vi=1,..,K (6)

For clarity of exposition, we denote the set of source noties are served by théth relay
node, and have? > 32 as A, in the sequel. In addition, observe that the maximum indigid
capacity of source nodeis upper bounded by

1
Ci.rpr < CinpF < Cypperdr = K log(1 + Pya?), Vi (7)

due to the decodability constraint at the relay. Thus, aliog more power of the relay node for
the transmission of a source node beyond a threshold wilinco¢ase the individual capacity of
the source node. These constraints should be taken intomicioy the power allocation problem
in DF relay nodes.

In the case of RDF relay transmission, the individual cayaai source node is [5]
|
CirpF = mm(ﬁ log(1 + Pyif37 + Pri?), Cupperpr) 8

Similarly, for the case of NDF relay transmission, the indijal capacity of source node
can be expressed as [7]
1

1
2K 1Og(1 + Pszﬁ?) + = log(l + PmV?)v CupperDF) (9)

Cinpr = min( 5K

In the sequel, we will use the following classification of sminodes for RDF and NDF
networks:

Definition 1 High potential source nodes (HPU): This is the set of source nodes that are
allocated nonzero power at their pre-assigned relay nodeyando not achieve the individual
capacity upper boundl(7). In other words, these are the n@blese individual capacities would
be further increased, if more total power were availablenatrelay.

Definition 2 Low potential source nodes (LPU): This is the set of source nodes that achieve
the maximum individual capacities indicated hy (7), by thephof the relay node. For these

source nodes, even if more total relay power were availdbéeindividual capacities would not
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increase.
Definition 3 Nonrelayed source nodes (NU): This is the set of source nodes that are not
assisted by the relay node. The source nodes in this set ithee kigh quality direct links, or

low quality relay to destination links.

A. Regenerative Decode and Forward

We are now ready to state our results for RDF relay networks.

Theorem 1. The optimal power allocation for RDF relay networks resulttsthree source
node sets, namelhigh potential source nodes, low potential source nodes, and nonrelayed
source nodes for each relay node.

1) The optimum relay power dedicated to high potensaurce node, and the achieved

individual capacity of source nodg are

1 1+ P32 1 2
Py = (,Uk,RDF - %2 )+; Ci.rpF = 2K 108;(%' /,UhRDF) (10)

respectively, wheré¢.)* = max(.,0) and y rpr is the water level for théth RDF relay
node that satisfied ,_ a, Pri = Prrtotal-

2) The optimum relay power dedicated to low potensalurce node, and the achieved
individual capacity of source nodg are

P, (a? — 32 1
P.— M; Cinpr = — log(1 + Pa?) (11)
Vi 7 2K

3) The nonrelayedource nodes set involves the source nodes that either ledter Hirect

links than the source to relay links, i.e2 < 32, or high quality direct links or low quality

relay to destination links, i.ef 5l > 1

v; — Hk,RDF’

Proof: Using the fact thaf?,; = 0 for the source nodes that hagé > «?, the optimization

problem at thekth relay node can be expressed as

1
{Pri}ieAk e, 2K
St Y P < Prrgota; P >0, Vi (13)
iEAk

1 1
—— _log(1 + P..32 + P.~?) < —log(1 + P..a? j 14
oK Og( + Slﬁz + m%)— oK Og( + szaz)v Vi (14)
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Constraint[(14) is simply an upper bound foP,;}, and we thus have
Psi(az‘z - ﬁ?)

0< Pri < 3 (15)
Vi
Thus, the Lagrangian,({ i}, iix,rpr, {pi,rDF}), 1S
Zilog(l—i-Pﬁ +P7)—0—,ukRDF(PRM”—ZP +ZPRDFSZ<—/62> P
2K S T /g ota 7 ) /722 ri
iEAk ZEAk ZEAk

where i, rppr andp; rpr are the Lagrange multipliers associated with the totalstrah power
constraint of the relay nodg, and the upper bound for the relay power for source ngde
respectively. The cost function is a concave function arel{th.;} set is a convex set. Thus,

simply using the KKT conditions, we arrive at the optimumasepower for source nodeas

32 (a? — 32
1 _1+Pszﬁz )+7P82(a22 ﬁz)) (16)

Mk, RDF %—2 Yi

P.; = min((

whereu, rpr = 2K i, rpr. The source nodes for which the upper bounds_in (14) areivieact

and P,; = (Mk zle — 1“;“5 ) > 0, form the high potential source nodes set. When the upper
bound is active,P,; = P(‘fyﬁ and the corresponding source nodes are the low potential

.32
source nodes. Finally, the source nodes with:— — 1“;7;252') <0, or o < /32 form the set of

Hk,RDF

nonrelayed source nodes. O
Remark 1: The optimum power allocation for RDF networks is a modifigdter-filling

solution where each source node has both a base and an uptezrievel. The base level,
1+P326

i

, IS due to the direct link and the channel gain of the relayenodthe destination for each

2) 1+Pszﬁ

source node, whereas the upper Ie\féfl,z—ﬁ +— , Is due to the decodability constraints

of the RDF relay nodes. Such a power aIIocatlor; scheme is dstmabed in Figuré€l2(a) with
five source nodes and one relay. In this example, source nb@esl 2 are the low potential
source nodes for which the relay node allocates enough plmverach source node to achieve
their maximum individual capacities. Source nodes 3 ancedagh potential source nodes since
their individual capacities can still be improved by ingieg the relay power. Source node 5
is a nonrelayed source node and is not allocated any powaubedt has either a high-quality
direct link or a low-quality relay-to-destination link. Gérve that the relay node considécth
the quality of the direct links of the source nodes, and it @lhannel gain to the intended
destinations, and will try to help the source nodes with laaldy direct links, and high quality

relay to destination links.
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Remark 2: For RDF, the optimal power allocation tries to help the kveaurce nodes that it
can efficiently assist, providing fairness among the sonomes. We note that, for low potential
source nodes, the benefit provided by the relay node doesnomaise with increased relay
power. Thus, an appropriate relay selection strategy foF R&day networks should be to select
the relay nodes that will provide both high quality sourcelay and relay-to-destination links.
When the relay power is scarce, the relay node will help omlg source node that has the

14+Ps; 2
lowest 5%

(3

Remark 3: For the special case of the uplink of relay assisted TDMANDHE, the channel
gains of all relay to destination links are equal, i-g.= ~, for the source nodes assisted by
the kth relay node and we havé (10) ardl(11) with= v, Vi. An immediate corollary is
that, in this case, the resulting high potential users diie® identical capacities, i.e., we have
Ci,rpF = ﬁ 10g(7]3/ﬂk:,RDF)-

Remark 4: It is important to note that the optimum power allocation the uplink of relay
assisted TDMA network tries to equalize the individual capas achieved by each source
node, thus also increasing the symmetric capacity of theesysThe source nodes that are not
equalized in terms of individual capacities are the soumm#en that either have a low quality
source node to relay link (the set of low potential sourceespdnd a subset of nonrelayed

source nodes) or a very high quality direct link (nonrelagedrce nodes).

B. Nonregenerative Decode and Forward

When the relays assist the sources via NDF, we have the fiolgptheorem:

Theorem 2. The optimal power allocation for NDF relay networks alsautessin three source
node sets, namelyigh potential source nodes, low potential source nodes andnonrelayed source
nodes for each relay node. However, the allocated relay oamd the resulting capacities are
different than that of RDF.

1) The optimum relay power dedicated to high potential seurodei, and the achieved

individual capacity of source nodg are

1 1 1 1
b= ) +; Ci = —log(l+ Py 22 +—1lo 22 17
(,uk,NDF %2) NDE = 55 8( B;) oK g(v; /uenpr) (A7)

2This is the scenario, for example, when a group of users areemed to an 802.11 access point that then relays theialsign
to a base station of a cellular network.
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respectively, where:, npr is the water level for théth NDF relay node that satisfies its
power constraint.

2) The optimum relay power dedicated to low potential sounode i, and the achieved
individual capacity of source node are

Psi(af — B3})
R S A . 1 1 P 1
TR R RS 25 0B(1 + Pacd) (19

3) The nonrelayed source nodes are those source nodes fdn withier their direct links are

better than their source-to-relay links, i.e? < 32, or their relay-to-destination links have

A
MND = 52"

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

low quality, i.e.,

1
max — 1o 1+P822+—lo 1+ P.y? 19
G 29K g( 57) 9( %) (19)
GA
St. Y P < Prgota; P >0, Vi (20)
iEAk
1
2y 41 < —1 o '
2K[log(l + P;3?) +log(1 + Piy2)] < 5K og(1+ Pyaz), Vi (21)

The decodability constraint il (21) yields the upper bound
Psi(az‘z - ﬁ?)

0<P;, < =" 22
N 712(1+Psiﬁi2) (22)
The LagrangianL({ P}, fu, npr, {piNDF}), IS
1 2
K Z [log(1 + Psiﬁ?) + log(1 + Pri%?)] + fik, NDF (PRE,total — Z P.)+ Z pi. NDF( 1 T PSZQ)) —P)

i€ Ay i€ Ay i€ Ay
where i, npr and p; ypr are the Lagrange multipliers associated with the power tcaing of
the relay node: and the upper bound for the relay power used for source nodEspectively.
Once again, we have a convex program, and using KKT conditive arrive at the optimum

relay power for source nodeas

: 1 1 Py(a? — 3?)
PT’i =min - T +7 > ! : 23
((,Uk,NDF %2) 7i2(1+Psiﬁi2)) ©3)
where i ypr = 2K [u, npr. The source nodes for whorm (21) is inactive, afg = o ;DF -
;2 > 0 are high potential source nodes. Whénl (21) is active,= % as the low
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potential source nodes. The source nodes that Iﬁﬁg; < 712 or o? < (3? are the nonrelayed

source nodes. O
Remark 5: Observe that the optimum power allocation for NDF relagwvoeks tries to use

the relay to destination channels as efficiently as it cahaout considering the direct links of the

source nodes. The optimum solution is a modified water-gilBolution with base Ievel%, and

Psi(c“?—ﬁ?)

relay node. Such a power allocation scheme is demonstrat&igure[2(b). In this example,

upper Ievels% + The upper level is due to the decodability constraint of izF
source node 1 is a low potential source node and source no8emd 4 are high potential source
nodes. Source node 5 is a nonrelayed source node sincediienoele has very low channel gain
to its destination. Similar to the RDF case, even if the ttt@hsmit power of relay nodes are
increased, the low potential source nodes will not be ablchieve higher individual capacities.
Thus, we can conclude that employing the appropriate retacgon strategy that provides high
guality source node to relay, and relay to destination linkgroves the performance of the
NDF relay networks.

Remark 6: Similar to the RDF case in Remark 3, for the special caseptihki of relay
assisted TDMA network, we can obtain the optimum power alion for the NDF relay nodes
by setting ally; = ~,. In this case, we observe that the high potential source snbdeome
equal benefit source nodes. For this set of source nodesptimeumn power allocation does not
depend on the transmission of the source nodes in the firstdiats. The relay helps each user
by increasing their rate by exactgi(# log(1+ Mk}%) We also note that the nonrelayed user set
is those nodes each of which has a better direct link thanetag fink, o < 32.

Remark 7: The optimum power allocation for the uplink of NDF relaysis¢ed TDMA
networks tries to equalize the benefits obtained by relaystrassion for each source node. The

Pilo?=50) andidentical

optimum solution is a modified water-filling solution with g boundsm
k sitg

base levels for each source node.

V. RELAYING WITHOUT DECODE AND FORWARD
A. Amplify and Forward
When AF relay transmission is used, the individual capagftgource node is [5]

Psia?Pri’yz?
Psia? + Prl’}/? + 1

1
Ciar = =—log(1 + P37 +

T ) (24)
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For AF relay assisted networks, we have the following thewore

Theorem 3. The optimal power allocation for AF relay node results in zeno power alloca-
tion for a subset of the source nodes assigned to the relag. Adok optimum power allocated
to assist source nodgeis

aZ +2 _|_ aZ _4a; _|_ %)
Pm‘ _ \/ ﬂk AF i )+ (25)
2(a; + b;)
wherea; = d d andb, = ————
T PP Pyo? +1

while py, 4r is the water level for théth AF relay node that satisfieEieAk P,; = Pry total-

Proof: The power allocation problem at thi¢h AF relay node can be expressed as

1 P2 P,iv?
max _10 1—|—PSZ 22_|_ S T T g 26
S.t. Z Pri < PRk,total; Pri > 07 Vi (27)
1€AL

which, again is a convex program. The Lagrangian is

1 P02 P,iv?
—l 1 PSZ 2 S1-Yy £ T g
B N By R R

L({ P}, fue,ar) = Ve

)+:ukAF PRktotal ZPT’Z

i€ Ay
where/i, 4r Is the Lagrange multiplier associated with the total tramgmwer constraint of the
relay nodek. Simply taking the derivative with respect f@; and equating it to zero, we arrive
at the optimum relay power for source noda (25) whereyy, ar = 2K fig ar- O
Remark 8: The optimal power allocation for the AF relay nodes resit nonzero power
allocation to the source nodes that satigfysr < a;. When the relay node is very close to
a source node, them, ~ #;1 and b; — 0. This corresponds to the case when the source
nodes’ received SNR at the relay node are very high. The aptiower allocation in this case
is identical to the optimal power allocation in RDF as expdctlt is important to note that
in AF, the individual capacities of the source nodes are wostrained by the capacity of the
source node to relay channel. The upper bound for the ingi@idapacity of source nodeis

1
Cz AF < ﬁ 10g<1 + Pszﬁz + Psza ) VZ (28)

Thus, AF relaying may perform better than the DF relaying.
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B. Compress and Forward

In the case of CF relaying, when Gaussian codebooks are aisédhe relay node compresses
nodei’s signal using Wyner-Ziv lossy source coding [18], the wndiial capacity of source node
1 can be expressed as [17]

PsiOéz

1
i log(1 + Py 24 L 29
Cicr = K og(l + Pyl + 1+‘7%w) (29)

with
2 Pyi(a? +67) +1

W BB (Bt 1 1) 0

For CF relay networks, we have the following theorem for imptm power allocation at each

relay.
Theorem 4. The CF relay with optimal power allocation assists a subk#tesource nodes

that are assigned to the relay node. The optimum power &lbocéor source node is

Fr2) /() (1+ )
Mk CF Y;

Pi=(— (X 1Y) )" (31)
where X, = % andy; = (P;(;% while y, o is the water level for theith
CF relay node that satisfigs,,_, P = Prr totar-

Proof: Proof follows identical steps to the proof of Theoreim 3. O

Remark 9: Similar to AF case, the preassigned relay nadallocates nonzero power to
source node if . cr < X;. When Py, iota — 00, 03,; — 0, which yields the same asymptotic

upper bound for the individual capacity of source nedes in the AF case:
1
Ci,CF S ﬁ log(l + Psiﬁiz + Psia?) (32)

V. RELAY STRATEGY SELECTION

So far we investigated the power allocation problem for thlay nodes assisting all source
nodes with the same relay transmission scheme. Howevdr, reday transmission scheme has
its own advantages and disadvantages, and one may overpafmther in different scenarios.
Thus, in principle, higher sum rates can be obtained if thayréas the flexibility to choose
the appropriate relaying strategy for each source nodeassssting. In such a scenario, each

source node will be relayed with the relaying strategy thiditmaximize its individual capacity
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resulting the individual capacity of source noge.e., C; = maxC; rpr, Ci npr, Ciar, Cicr).

Formally, the power allocation problem with relaying sé@t selection is

K
. gnax Csum = ZmaX(Cz,RDF,Ci,NDF,Cz,AF,Cz,CF) (33)
(& i=1,--,K i=1
s.t. Z Pri S PRk,total; Pri 2 0 VZ, k (34)
€A

Similar to the previous cases, we focus on the power alloogtroblem at each relay node.
Using the inequalityog(1+ X +Y") < log(1+X)+log(1+Y’) forany X, Y > 0, it can be shown
that C; rpr < C; npr. Similarly, for all P, > 0, C; 4r < C; cp. Thus, we can conclude that
each source node should be relayed via either NDF or CF tomiziits individual capacity,
C; = maxC; ypr, C;cr). The relaying strategy selection for each source node dispen?,;
allocated for the transmission of the source néddesignal. Thus, the power allocation policy
at the relay nodes indirectly dictates the relaying stratiémt the relay node should operate
for each source node, and the total power of the relay nodeldte distributed appropriately
considering these two relaying strategies.

It is readily seen that the optimization probleml(33) is naavex program. In this section,
we seek a low complexity near-optimum algorithm to find théirmpm power allocation with
relaying strategy selection. For clarity of exposition, denote the source node set assisted by
the kth relay node in NDF relaying agl, ypr and CF relaying asi; cr. We observe that
once we fixA; ypr and A, cr, the optimum power allocation problem becomes convex aed th
optimum solution is given by the following theorem.

Theorem 5: For a given relaying strategy selection for ttté relay node A, ypr and Ay cr,
the optimal relay power allocated to the source nodelayed in NDF relaying and the optimal

relay power allocated to the source ngdeelayed in CF relaying are

((Nk 7 <%-2(1 + Pszﬂz)

+2+ —1(1+ 3 )

") (35)

respectively, whereu, is the Lagrange multiplier associated with the total tramspower
constraint of the relay node.

Proof: The power allocation problem at thgh hybrid relay node with relaying strategy
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selectionA, ypr and A, «r can be expressed as

PmaX Z CiNDF + Z Cicr (37)
{ H}ZEAA’V i€AL,NDF JEAK CF
S.t. Z re PRk Jtotal s Pri Z 0 \V/’L, k (38)
1€EAL

The LagrangianL({ £}, fix, {pi}), is

staz-

—)

2
1 Ty

1 1
K > llog(1 + Puf3?) +log(1+ Py?)] + Y% > log(l+ Pyl +

i€AL NDF JEAR CF

Psi 0%2 - 6@2
+ ik (PR total — Z P.)+ Z Pz(w — P)

icAy, i€Ak, NDF

where i, and p; are the Lagrange multipliers associated with the powertcains of the relay
nodek and the upper bound for the relay power used for source hadsisted in NDF relaying,
respectively. Since the optimization problem is convexn@i&kKT conditions, we arrive at the
optimum relay power for NDF relayed source nadas in [3%) and for CF relayed source node
j as in [36) withu, = 2K ji. O

Using Theorent 5, the jointly optimum power allocation anthyang strategy selection can
be found comparing the performance 2f possible relaying strategy selection scenarios each
of which would have a corresponding power allocation poligpwever, the computational
complexity of such an approach is too high. Thus, we seek adomplexity near-optimum
algorithm. To that end, we first investigate the conditionder which one of NDF or CF would
be preferred over the other.

When the direct link of a source node is better than the sotoceelay link, 57 > o?,
NDF relaying cannot improve the individual capacity of theuice node resulting i€; =
maxC; npr, Cicr) = Cicr. Thus, the relay node should operate in CF mode for the source
nodes with3? > o?. The set of such source nodes will be denoted!asr_g.ix and the rest
as A}, cr_qmie IN the sequel. The relaying strategies that the relay nodaldremploy for the
source nodeg? < o are dependent ofP,;}. C; versusP,; performance of a source node with
B < o? is presented in Figurel 3. For low,; values NDF performs better than CF. &, =

P.i_wnre1, NDF relaying achieves its maximum capacity due to the daloiity constraint of

Psqb(oz2 )
v (1+Ps ﬁQ)

further without changing the relaying strategy for sourodex does not increase the individual

NDF relaying, i.e.C; Npr(Pri—thre1) = Cupperpr 1€SURING P, _ihre1 = IncreasingP;;
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capacity of source node Up to P,; = P,;_nre2, NDF still outperforms CF. FOP,; = Py;_ipre2,

. Pgi(a?24+82)+1) (a2 —32
Ci,CF(Pm'—thre2) = Ci,NDF(Pri—thre2) = CupperDF with Pm’—thre2 = ( (355218(;3)“52)3?{12) BZ)- For

P.; > P.i_wnre2, CF performs better than NDF for source naderhus, for low relay power
scenarios, relaying all of the source nodesAin.r_,;,.... With NDF and the rest with CF is a
good relaying strategy, since it is likely that each sourodenwill be allocated a relay power
less thanP,;_;..«2. Similarly, for high relay power, one may choose to relaytladl source nodes
with CF since it is likely that each source node will be allecha relay power higher than
P.i_wmre2- The global optimum power allocation with relaying strategglection can be found
via comparing the sum capacitiesdf 14+ cr—st-ictl possible relaying strategy selection scenarios
with their optimum power allocation.

Partitioning the source nodes into setscrsirice aNd Ay op_ i fOr CF and NDF relaying
and finding the optimum power allocation for such a relayitrgtegy selection can be a strong
candidate for the jointly optimum power allocation and yaig strategy selection: If the optimum
power allocation for such a partition results in all the ND#eddability constraints of the source
nodes inA) - .., beiNg non-active, then the global optimum power allocatigth relaying
strategy selection is found. This is due to the fact that sisition is also the solution of the
optimization problem when we relax the NDF decodability stoaints of the original power
allocation problem in[{33) which provides an upper boundtfa original problem. Such an
approach is especially useful for low relay power scenanibsre the probability ofd} -, ;.ic:
being the optimumA; ypr is very high. If the NDF decodability constraints becomeivact
for some of the source nodes with such a relaying strategtitipaing the source nodes into
Ak.cr—strict andA;f,CF_strict for CF and NDF relaying, may not be the optimum relaying stygt
However, investigating the optimal power allocation pplfor such a partition provides insight
towards the optimum relaying strategy. It is important tdenthat more relay power should
be dedicated to a source node’s transmission if it is relaygld CF relaying strategy. Thus,
if a source node switches from NDF to CF, then less relay pomirbe allocated to the
remaining source nodes. Since some of the source nodesdawetth from NDF mode to CF
for the optimum relaying strategy, the source nodes thag Inawn-active decodability constraints
with the optimum power allocation ofl, pr = A;;,CF_stm and Ay pr = Ak cr—stricc Will be
allocated less relay power for the optimum relaying strgtegd the decodability constraints

of these source nodes will still be non-active for the optimeelaying strategy. These source
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nodes should be relayed with NDF also for the optimum relggimategy selection, and will be
denoted asd; nypr-_sirict IN the sequel. Using this observation, we obtain the optinelaying
strategies for the source nodes M cr_sirice @NA Ay pr_sirice. FUrthermore, we propose the
following strategy to enable switching from NDF to CF for theurce nodes that are neither in
Ak .cr—strict NOT A Npr—strict- NOtiNg that the cost of switching from NDF to CF of a source
node in terms of power consumption #3;_;,,c2 — Pri_inre1, We choose the source node that
has the lowest’,; 4.2 — Pri_tnre1 fOr switching from NDF to CF, and check if the optimum
power allocation for such a switch in the relaying strategguits in increased sum capacity. We
continue to switch the source nodes to CF until switching@a@®node from NDF to CF does
not improve the sum capacity or all source nodes are switth€&@F except the source nodes in
A npF—strict- The outline of the near-optimum relaying strategy setecalgorithm (NORSS)

is summarized in Tablg |.

VI. NUMERICAL RESULTS

In this section, we present numerical results to demorstita¢ performance of optimum
power allocation and relaying strategy selection for ayrelssisted F/TDMA ad hoc network.
For numerical results, we consider an ad hoc F/TDMA multiuséay network with 4 source
nodes and one relay node that serves all in one of the RDF, RBFCF relaying strategies
for each source node. The link SNRs of the source nodes usedgtiout the simulations are
{(P;32, Pyo2, v2) Y, =  {(12.25,19.51,11.84), (7.03,16.45,7.03), (9.03, 11.84, 18.06),
(8.06,9.03,16.45) } dB. We investigate the individual capacities and the sunaciips resulting
from the proposed power allocation schemes and relayiatesty selection algorithm (NORSS)
for a range of relay power constraints.

Figured 4[ B 16,17 and 8 show the performance of the individaphcities of the source nodes
achieved by pure RDF, pure NDF, pure AF, pure CF and hybral/negy (NORSS) with optimum
power allocation, respectively. We observe that the imhligd capacities are improved as the relay
power is increased up to a threshold for each source noddellRDF case, when the relay
node has relatively low power, the relay node helps only kv tand fourth source nodes that
have relatively hig%, since the rest of the source nodes have higher direct linkkeo
relay has low quality links to the destinations of these seurodes. As the available power at
the relay increases, the third and fourth source nodeshpiateare reached, and the relay node

starts to help the rest of the source nodes. We also obsavafter a threshold, increasing the
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relay power does not help, since all source nodes alreadgweckhe maximum single-source
node capacities. In the NDF case, we again observe that thecapacity is improved as the
relay power is increased up to a threshold. Since NDF peddretter than RDF, this threshold
is much lower than the threshold in the RDF case. That is,hflemhtaximum sum capacity, NDF
requires less power at the relay node as compared to RDF. Béf We observe that the relay
tries to use the relay to destination channels as efficiesdlyt can, without considering the
performance of the direct links. However, the benefit that lsa provided by the relay node is
limited by the quality of the source node to relay link. In &ig[6, we observe that the benefit
obtained by the AF relay nodes converges to its maximum adually for each source node.
Similar behavior is observed for the CF relay transmissiorrigure[T. We also observe that
in the AF and CF relaying, both individual capacities and bgulting sum capacities may be
higher than the capacities that result from operating in ar@&ying. This is due to the fact
that DF relaying has the decodability constraints in ther@®unode to relay links whereas the
AF and CF do not. Figure]l 8 shows the performance of the indali¢apacities of the source
nodes achieved by NORSS with optimum power allocation. Weenke that, in the low relay
power case, source nodes 3 and 4 are assisted in NDF reldyatggy whereas no relay power
is dedicated to the 1st and 2nd source nodes. This is due tta¢chehat the source nodes 3
and 4 have much better relay to destination links than theceonodes 1 and 2. Thus, it is not
efficient to allocate power to the source nodes 1 and 2 in ldsyreower case. As the available
power at the relay node increases, the relay node startdpdheelst and 2nd source nodes. We
observe that after some threshold, the potentials of theceawdes for NDF relaying strategy
have been reached, and the relay node switches to CF relstyatggy after enough relay power
becomes available for each source node. As expected in lley ppwer cases, NDF relaying
strategy is preferred whereas in high relay power caseggethg node switches to CF relaying
strategy to provide higher capacities. Figlie 9 demorestritte sum capacities resulting from
NORSS, pure RDF, NDF, AF and CF relaying strategies withropth power allocation. As
expected NORSS uses the advantages of both NDF and CF gglayid performs better than
pure RDF, NDF, AF or CF relaying. Note that for low relay powases, hybrid relaying favors
NDF, and for high relay power cases, hybrid relaying uses @Fafl source nodes to obtain
higher sum capacities. Observe also that NORSS finds thenoptirelaying strategy for each

source node.
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VIlI. CONCLUSION

In this paper, we have considered a two-hop multiple sodestination F/TDMA wireless
network where intermediate nodes relay the information airse nodes. We have solved
the problem of optimally allocating the power of each relada& between the source nodes’
transmissions it is assisting for different relay transios schemes. We first investigated the
problem for the relay nodes where each source node is absistehe same relaying strategy.
We have observed that the optimum power allocation for RDdyneodes helps the source nodes
that have low quality direct links and have destinationg ne@#he relay first, and tries to improve
the individual capacities of the weak source nodes. Themapti power allocation in NDF relay
networks tries to use the relay to destination channelsfiggestly as it can. We also observe that
the AF and CF relay nodes provide higher sum capacities tt@BF relay nodes with high relay
powers due to the decodability constraints of DF relayingtivited by higher sum capacities,
we have then investigated the power allocation problem wathying strategy selection where
the hybrid relay nodes chooses the best relaying strataggaich source node, and proposed a
near-optimum relaying strategy selection algorithm. Weehabserved that hybrid relaying with
the near-optimum relaying strategy selection algorithm aptimum power allocation performs
better than pure RDF, NDF, AF or CF relaying with optimum pow#ocation.

In this paper, we aim to establish performance limits of tvep metworks and therefore the
results obtained in this paper come with the usual inforometiheoretic disclaimers. We also note
that the formulation assumes pre-assigned relay nodedjxex routing decision. An interesting
extension is the problem of jointly optimum relay node sebecfor each source node along

with the relaying strategy and the power allocation.
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TABLE |
NEAR OPTIMUM RELAYING STRATEGY SELECTION

Step-1: FormAy, cp—strict Set
Ak,CFfst'r“ict =0
Fori € Ag
if 62-2 > a%
Ak,CFfstr'ict = Ak,CFfstr'ict u {7’}
end
end

Step-2: FOrmAy, p p—strict Set
Ak,CF = Ak,CFfst'rict
Ap,DF = Ap — Ak, CF—strict
Find the optimal power allocation with the definet, cr and A, pr sets
{Py} = arg max Csum(Ay,cr, Ak, pF)

{Pritica,
SumCap = max Csum(Ak.cr,Ar.DF)
{Pritica,

Check the decodability constraints of the source noded;inp »
Ak, DF—strict = 0
Fori € Ak,DF
If (Decodability Constraint of source nodes passive)
Ak, DF—strict = Ak, DF—strict U {1}
end
end

Step-3: For the source nodes iy, pr — Ak, pF—strict » Check sequentially if switching from DF to CF improves themscapacity
Do While (Ax, pr — Ak, DF—strict # 0)
Find the source node with the lowest power cost for DF to CRcéwi
Jj= arg min Pm'fthr'eZ - Pm'fthr'el
1€(Ak,DF—Ak,DF —strict)
Form the candidatel;, pr and A, ¢ sets with the switch of source nogefrom DF to CF
Ak, DF-cand = Ak, pr —{j}
Ap,cF—cand = Ar,cr U{j}
Find the maximum sum capacity with the optimal power alloradf Ay pr_cqnd aNd Ag cF—cand S€ts
SumCap — cand = P n}ax Csum(Ak,Cchandv Ak,Dchand)
(3 iEAk
Check if the switch of source nodefrom DF to CF improves the sum capacity or not and updétep r, Ax,cr and Ay pr—strict Sets.
If (SumCap — cand > SumCap)
Ak, DF = Ak, DF—cand
Ag,cF = Ag,CF—cand
SumCap = SumCap — cand
else
Ak,DFfstr'ict = Ak,DFfst'r“ict U {]}
end
end
end
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