Resource Allocation for Cooperative Relaying

Jie Yang Deniz Guind+z D. Richard Brown Il , Elza Erkig
' Worcester Polytechnic University, Worcester, MA
Princeton University, Princeton, NJ
aStanford University, Stanford, CA
"Polytechnic University, Brooklyn, NY
Email: abbyyang@ece.wpi.edu, dgunduz@princeton.ed@uipi.edu, elza@poly.edu

AbstracNThe delay-limited capacity of the half-duplex relay
channel is analyzed for several cooperative protocols undea
long-term average total transmit power constraint. It is asumed
that the source and the relay have access to partial channel
state information in the form of channel amplitudes. Non-
orthogonal amplify-and-forward (NAF), compress-and-foiward
(CF) and opportunistic decode-and-forward (ODF) protocob are
compared with optimal resource allocation, i.e., at each cdmnel
state, the source and the relay transmit with the minimum toal
power allocation required to achieve the target rate. A hybid g 1
opportunistic protocol is proposed in which CF or ODF with
optimal resource allocation is chosen at each channel state
Numerical results demonstrate that, while the hybrid protccol
offers the best delay-limited capacity, ODF follows the hykdd transmit power constraint is investigated where full duple
scheme closely for a wide range of relay locations and averag relays cooperate irrespective of the channel state, thus no
power constraints. We also consider various low complexity ~hannel resource allocation needed. In [5], an opportanist

protocols such as bxed time allocation and the estimate-and - - ) .
forward (EF) protocol in order to analyze the trade-off between optimal energy allocation scheme for two-source amplifg-a

the system complexity and delay-limited capacity. forward protocol is proposed.

In addition to resource allocation, when the source and the
relay have access to the instantaneous channel amplitugles t
also have an opportunity to select a cooperative transomissi

Cooperative transmission improves the performance ofwirgrotocol. In [7], we introduced the idea of opportunistic
less communication systems by providing increased robastncooperation using decode-and-forward (DF) relaying, ifcwh
to channel variations as well as potential energy savinis [the terminals choose either DF (with optimal power and
[10]. For communication over fading environments, channgine allocation) or direct transmission (DT) depending on
state feedback is yet another powerful method to provig¢hich protocol is more power efbcient in the current channel
adaptation to varying channel states and to obtain energt¥te. This hybrid protocol is called opportunistic decade-
savings. In this paper we consider a cooperative systgstward (ODF). The results in [7] show that the freedom of
equipped with channel state feedback in the form of chann#ioosing among multiple transmission schemes improveés bot
state amplitudes and explore how to exploit cooperation atik delay-limited capacity and the minimum outage prolitgbil
feedback simultaneously for improved system performancesignibcantly. In particular, the ODF scheme is shown to

Without channel state information at the transmitters TGSl achieve a nonzero delay-limited capacity, while both DF and
only a limited improvement can be achieved by statistic@T individually have zero delay-limited capacities.
channel resource and power allocation [4], [5]. However, in |n this paper, we consider a network of three terminals and
the case of instantaneous CSIT, it is possible to adapt dpyqel the inter-terminal links (see Figure 1) as indepetden
the channel state and achieve signipcant gains. Avatiabili frequency non-selective Rayleigh slow fading channels. We
CSIT is assumed in some recent literature on user cooperatizsume a delay constraint on the transmission which imposes
as well. In [8], the ergodic capacity of a cooperative systeghch channel codeword to be transmitted over one fading bloc
is explored under both short-term and long-term averagethe network. Since the channel is not ergodic, we consider
total transmit power constraints. Host-Madsen and Zhasg aljejay-limited capacity [11] as our performance measure. Ou
explores outage capacity with short-term total transmitgio o3| is to maximize the delay-limited capacity of the system
constraint for both synchronous and asynchronous relays. inder a long-term average total transmit power constraat.

[9], resource allocation is considered to optimize the @igo protocols and analysis can be extended to provide minimum
capacity under separate power constraints at the sourd@anoﬁutage probability when the available long-term average to
relay. In [10], outage performance with long-term averagalt (| transmit power does not support the target delay-lighite
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selection with optimal resource allocation, we analyze-optack of channel phase information at the transmitters iegpli
mal resource allocation for the compress-and-forward (CRhat the source and the relay can not beamform.
estimate-and-forward (EF) in which the received signahat t
relay is compressed by ignoring the destination side infor-
mation (Wyner-Ziv compression is not employed), and non- | P1(s) | Pa(s) |
orthogonal amplify-and-forward (NAF) [3] protocols. Note
that, together with DF, these protocols have been extdgsive R
analyzed in terms of ergodic capacity as well as outage/erro
probability performance over static or fading channelswHo
ever, to our knowledge, a comparative analysis of theseprot
cols and the cut-set upper bound in the case of instantanebids2. Power and time allocation for cooperative relaying
CSl feedback has not been done. In this paper, we explore the
delay-limited capacity of CF and NAF under optimal power We assume a half-duplex relay and normalize the time
and time allocation. We compare these results with the ODMterval for each cooperative protocol (N symbols) to 1 unit
performance obtained in [7]. as in Figure 2. LetP(s) = ( P1(s), P2(s), P3(s),t(s)) be a

We then propose a hybrid opportunistic protocol that sele¢esource allocation rule debned over the set of all possible
from all available protocols the protocol that achievesrdte network states = (a, b, 9, whereP1(s) is the source power
target with the least total transmit power. We show that, fgfi the brst timeslot of duratiot(s), andP,(s), Pz(s) are the
protocols employing optimal resource allocation undertal to transmission powers of the source and the relay, respigtive
power constraint, the instantaneous rate of EF is at least tih the second timeslot of duratidh® t(s), 0<t(s) # 1. We
of NAF for any channel state. Since the instantaneous ratebnd as the set of all possible resource allocation functions.
of CF is also at least that of EF for any channel state, thge have
hybrid opportunistic protocol only needs to select betw&én
and ODF with optimal resource allocation in each channek {p(s): Py(s)$ 0,P,(s) $ 0,Ps(s) $ 0,0<t(s) # 1}.
state. Since the hybrid protocol uses the least power in each
transmission interval, it also provides the best delaytéith Let F(s) be the probability distribution function of the

capacity performance of all protocols considered in thislgt .
. ; channel states. Then the long-term average total transmit
Our numerical results show that the hybrid protocol canroffe

delay-limited capacity close to the cut-set upper bound. power constraint can be written as
The organization of the paper is as follows: In Section II, !
we introduce the system model. In Section Il we brst introE[P] ! [t(s)P(s) + (1 " t(s))(P2(s) + Ps(s))]dF(s)
duce the general delay-limited capacity maximization fewb °
Then we provide the instantaneous capacity expressions for

NAF, CF, and EF cooperation protocols, as well as the cut-set . o
e long-term average total transmit power constraint isego

upper bound. Section IV is devoted to the presentation a . . .
pp P a set of feasible resource allocation functio¥s% ! , that

discussion of numerical results. Finally Section V conekid . - - . .
the paper. is composed of power allocation functions which satisfy the

above inequality, i.e.@= {P : E[P] # Pu,,P ! !}. We
note here that the above power constraint is indeed equivale
Il. SYSTEM MODEL to an energy constraint due to the normalization of the tiotes

|<— t(s) —>|<—1 " t(s)—>|

P(wg-

We consider a wireless communication system consisting
of a single source (S), single destination (D), and an dvigila

relay (R) as shown in Figure 1. The links among the terminals [11. DELAY-LIMITED CAPACITY ANALYSIS
are modeled as having independent, quasi-static Rayleigh
fading as well as path loss with channel gdipsi ! { 1,2, 3}. Delay-limited capacity is dePned as the highest achievable

We assume zero-mean additive white Gaussian noise with uisie that can be sustained independent of the channel state
variance at the receivers. The channel coefbcients arenassu[11]. This model is especially suitable for delay sensitye

to be constant over a block & symbols during which one plications such as real-time voice and video communication
codeword is transmitted, and are independent from one blobke availability of channel state information is essental

to the other. We assuni¢ is large enough to achieve instanguarantee any non-zero transmission rate with zero outage
taneous capacity. The squared channel amplitudes, debptedrobability.

a = |hyf? b = |hy]?, andc = |h3]? as in Figure 1, are In this section, we consider different cooperation prol®co
exponentially distributed random variables with mebps! ,, and dynamically allocate the relay transmit time and power
and! ., respectively. The means capture the effect of pathlossiong the terminals, based on the channel states in order to
across the corresponding link. It is also assumed that thraximize the delay-limited capacity. LBY(s) be the resource
channel amplitude vecta is known at the source, the relayallocation function andC (P, s) be the instantaneous capacity
and the destination, while the phase information ligr h, of the underlying cooperation protocol with this resource
and hs is only available at the corresponding receivers. Thalocation function at channel stase Then the delay-limited
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capacity maximization problem can be stated as follows AF . Hence the optimization in computing the delay-limited
capacity is opportunistic as in [7] and the relay is not used i
Pr(r;ﬂxg R, @) DT is more power efpbcient.
such thatC(P,s) $ R for all s. The foIIowmg lemma shows that, fqrthe NAF protoco.l with
CSIT and optimal power allocation, either the source tratssm
In the following subsections, we introduce the specibc eoopdirectly, or orthogonal AF is used in each channel state ceéen
ation protocols that will be analyzed in terms of delay-texdi we can restrict our attention to optimal power allocation fo
capacity. opportunistic AF only.

Lemma 3.1:Let P"(s) be the optimal resource allocation

function that maximize (8). Then at any channel ststeve

A. Non-orthogonal Amplify and Forward . . - . )
In the NAF tocol 131, the t L ot is divided telther haveP (s) = (P;,0,P5,1/2), i.e., we use DT, or we
n the protocol [3], the transmission slot is divideddn haveP’ (s) = (P, ,P,,0,1/2), i.e., we use AF.

two equal portions, that is(s) = 1/2 for all s. During the

prst timeslot, the source transmits a signal to the relaytfaad (P;(s) + P.(s))/2 as the optimal power allocated to the

destination while the relay is silent. In the second timgshe second timeslot byP" (s). We consider the following max-

relay simply scales its received signal from the prst t'mes'imization problem:

and retransmits, and the source simultaneously transmits n

Proof: Let s be any channel state, and debBés) !

symbols. Foii = 1,...,N/ 2, the input/output relationship for max LRt Pl 9)
NAF can be characterized as such that 252 # E,
yali] = h1, Pixa[i]+ nafi], (2) whereF ! bcP,B ! a(l+aP;)(1+bP,),andA! 1+bP].
yoli]= hs P_1X1[i] + nyfi], (3) Itis easy to see that the optimal power allocation for thevabo
. . . . problem is
and, fori = N/ 2+1,...,N, the input/output relationship for ( )
NAF is (E,0), if FA<B (A+CE)
"o "o (P, /) = _ (10)
yalill = hy Poxalil+ hy Paxolil+ nifil,  (4) (0.E), i else
Xa[il= "y [i" N/2] (5) Combining (10) with (8), we can argue that there exists an

] ] _ optimal power allocation for which either the source or the
Here, x[i], x2[i] are the source and the relay symbols at timgay is silent in the second timeslot. Wheg = 0, we let
i, y,[i] andyq[i] are the received symbols at timat the relay p, = p, = (P, + )/ 2 without changing the achievable rate,
and the destination, respectively, ahds the scaling factor at \yhich js equivalent to DT with constant power over the whole

the relay that satispes timeslot. -
# P For both the AF and DT protocols, the optimal power
" # Wsﬂ (6) allocation at each channel state can be found analyticB®j [
Ih2|*Py Hence, an analytical solution for NAF can also be found by
Debne x1 = [xi[l],...,xsINJI", x2 = [xa[N/2 + choosing between AF and DT at each channel state.

1],....,%x2[N)]T and yq = [yq[l],...,ya[N]]¥. We have .

ExTx; + xIx,] # 1. The maximum instantaneous muB. Compress and Forward Relaying

tual information achieved by NAF with resource allocation In this section we consider compress and forward (CF)
P(s) = ( P1(s),P2(s), Ps(s), 1/ 2) at channel stats can be relaying [6]. In CF the relay compresses the signal it resgiv

found as in the prst timeslot, and transmits the compressed version
. _ to the destination in the second timeslot, while the source
| (x1;Yals) = - o : : ;
- ) % continues sending independent information. The comprassi
}Iog 1+aP,+ "["bch + aP, = a'PiPp (7) s done in Wyner-Ziv sense by utilizing the destinationQs ow
2 1+]"|%c 1+]"%c correlated observation about the source signal of the ftst s

It can be shown that the maximum value'ofilso maximizes Note that in the CF protocol it is not necessary to have

the mutual information. Then, substituting (6) in (7) weaiht 1(S) = 1/2, resulting in more Rexibility compared to AF.
The instantaneous capacity for CF using resource allatatio
Cnar(R(s),s) ! 1(x1;yals)

' function P (s) can be written as [8]:
~ llog 14 apy + PePLPstaPa(lt aP)+ bPy) (8) $ %
=309 1 T+ 0P+ o : bP;
Ccr(P,s)=t(s)log 1+ aP;+ 5
The delay-limited capacity of NAF can be found by solving 1+#,
the optimization problem in (1), where we replaC¢P,s) +(1 " t(s)log(1+ aPy), (11)
with Cyar(P,s). Note that in (8) if we seP; = P, and

where
P; = 0, we get DT. If we setP, = 0, we get orthogonal
2 _ 1+ aP; + bR, (12)
1in the following analysis, with abuse of notation, we somet omit v T & I l!:(Is()S)
the dependence os and useP;, P>, P; andt for the resource allocation 1+ 1:5};3132 "1 (1+ aPy)

functions.
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The delay-limited capacity of CF protocol is found by sotyin choose among DF and CF we do not need to consider DT,

(1) whereC(P, s) is replaced withCor(P, S). NAF or EF, since DT is already a special case of CF, EF is
While using Wyner-Ziv compression at the relay improvesferior to CF, and NAF is inferior compared to EF by lemma

the performance, it also increases the complexity of thayrel3.2.

encoder and the destination decoder. We also consider &he delay-limited capacity of the hybrid protocol can be

simpler scheme in which the relay compresses its receiviedind as

signal ignoring the side information at the destinationisTh

scheme is called estimate-and-forward (EF). The inst@otas Pr(g?!x!g R, (15)
capacity of EF with power allgcatloﬁ(s) at state%/cl)s such thatmax{Ccr(P,s), Cor(P,5)} $ R, for all s.
P
Crr(P(s),s) =t(s)log 1+ aP; + b -
1+&j D. Upper Bound to the Delay-Limited Capacity

*(1 " 1(s)log(1 + aPa), (13) Using the usual cut-set bounds for the half-duplex relay

where we bnd an upper bound (SCB) to the delay-limited capacity.
) 1+ bP, For any power and time allocation scheme, the instantaneous
B, = g TR R (14)  capacity can be upper bounded by
1+ cP3 HONT 1
T+ b Cscp(P,s) =

As expected, EF has a larger quantization noise than CF,MiN tlog(1+(a+"b)P1)+(1 " Dlog(1+ aPy),

i.e., #2 $ #2. When we provide delay-limited capacity ‘tlog(L+ aPy)+(1 " t)log(l+ aPz + cPs) .

comparisons of different protocols, we will also considesolving

simpler version of CF and EF with bPxed and equal time

allocation, that is,P(s) = ( P1,P2,P3,1/2) for all s. The Pr(gﬁxp R, (16)

instantaneous capacities for these schemes are denoted as h thaiC P 9% R forall
CEL/2(P(s),s) andCor/?(P(s), ). Their expressions can such thatCcs5(P, 5) » forall s.

be found by setting = 1/2 in equations (11)-(14). Note thatyields an upper bound to the delay-limited capacity since

both CF and EF protocols encompass DT as a special casggp is an upper bound to the instantaneous capacity at each
hence they are inherently opportunistic in the sense of [7]. channel realization.

Lemma 3.2:For any given power allocation and channel

states, the instantaneous capacity of EF with bxed./ 2 is
greater than or equal to the instantaneous capacity of NAF. ~—d 1d —
Proof: The capacity of EF with bxed time allocation can 1

be written as -

ct 1 /Z(P(s) s) = Fig. 3. The model for the source, the relay and the destimatioations.

Cer'+
bePy P3(1+ aP;
%IOQ 1+aP+ aPy(1+ aPy)+ - (Lle)(]Sﬁ(- ltpl)i)cpg

UsingPz $ 0 and V. NUMERICAL RESULTS

1+aP; ; In this section, to consider the effect of the relay location
(1+ aP2)(1+ bPy) + cP3 1+ bP + cP; on the performance of the network, we follow the model in
we get Figure 3. We normalize the distance between the source and

t 1 /Z(P(s) 5 the destination, and assume that the relay is located betwee

1 Pyt aPO(Ls bPY) veripe the source anql the dest_lnat_lon._ For a_Dxed pathloss expbnent
$ 5log 1+aP;+ 1+ b, + cP; t T opT ob the effect of this normalization is scaling the long-terrerage
= CyaF. total transmit power. We denote the source-relay distaisce a
d, where0 < d < 1, and the relay-destination distance as
1" d. Then the overall network channel state is denoted by
) ) s = (a,b,9, wherea,b and c are independent exponential
C. Hybrid Relaying random variables with mearls, = 1, !, = +, and!. =

To maximize the delay-limited capacity for each protocols; d), , respectively. All of the results in this section assume
we bnd the optimal resource allocation at each channel stéte 4.
so that the target rate is supported. However, there is s@nea Figure 4 demonstrates the delay-limited capacity as a func-
to be limited to a single cooperation protocol. Instead,aahe tion of the long-term average total transmit power constrai
channel realization, we can choose the optimal cooperatifam various relaying protocols for a relay location @& 0.5.
protocol along with its corresponding optimal resourc®-all The cut-set bound (CSB) is also included for comparison.
cation. This is similar to the ODF protocol in [7] where théODF with optimized time allocation performs closest to the
choice is among DT and DF. Here, we include CF in th€SB in this case. CF with bxed time allocation achieves
possible set of cooperation protocols. Note that, once we c@most the same performance as CF with optimized time

1$&
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long-term average total transmit power constraint ( Pavq ) source to relay distance (d)

Fig. 4. Delay-limited capacity versus the long-term averégtal transmit Fig. 5. Delay-limited capacity of CF, EF and NAF protocol vénd without

power constraintPayg whend = 0.5. optimal time allocation versus source to relay distadce
4 T
. . o . o - O
allocation wherd = 0.5. This observation is conbPrmed agair e o
in Figure 5, where the results show that time allocation 8T \ﬁ;\& Te
more important for CF when the relay is close to the sour o T \\<>
or the destination. The EF protocol, on the other hand, bishe > 35| e K SR 1
more from optimal time allocation. The simplest protoco  § o .- " TNy
NAF, although inferior to the other protocols still achieve =z //A/ NG,
. . . . = AN
a nonzero delay-limited capacity. This shows that even  E g/ - ¢ —CSBoptt ©
simple cooperation strategy can improve the performance & ~ % ~hyrbid optt
. . . . © I — - .|
delay-limited systems. Furthermore, in the low power regim ® © " opRoRt
. . . . . — A —CFoptt
NAF still can be a viable alternative as the gains of highs
complexity protocols become smaller.
Figures 5-7 show the variation of the delay-limited capaci long~term average total power constraint = 10dB
with respect to relay location with the long-term averagalto 25 : : : : : : : : :
. . . 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
power constraint oflO dB. Figure 5 illustrates the delay- source to relay distance (d)

limited capacity of CF, EF and NAF with respect to different
relay locations with and without optimal time allocation'ig: 6. Delay-limited capacity of ODF, CF, the hybrid pratheand the CSB
The results show that EF with optimal time allocation ca‘!“'Ith optimal time allocation versus source to relay diseadc

achieve higher delay-limited capacity than CF with bxecktin 4 ‘
allocation when the relay is very close to the source or T
the destination. When the relay is close to the destinakén, o S
benebts less from optimal time allocation. When the relay L7 6\\
close to the source, NAF performs almost as well as EF wi . AR
pxed time allocation. Note also that the gap between NAFa £ >°| ]
CF with optimal time allocation is almost independent of th  § ,
relay location. é el
Figures 6 and 7 show the delay-limited capacity of CI % ¢ — o6 —CSBoptt
ODF and the hybrid protocol with and without optimal time 3 5| —#— hybrid t=0.5 ,
allocation, respectively. The CSB is also included for con O ODF1=05
parison. For the case with optimal time allocation, when tt i id
relay is close to the source, ODF and the hybrid protoc
almost coincide with the CSB. As the relay moves towards tl long~term average total power constraint = 10dB
destination, the gap becomes larger. For CF, the gap betw 2% 01 o0z 03 04 05 06 07 08 09 1
CSB becomes larger at brst when relay moves towards ... source to relay distance (d)

destlnatlon,.the_n beco,me, smaller as the rel?‘y IS very C|9§ . 7. Delay-limited capacity of ODF, CF, and the hybrid tpowl with
to the destination. This is in accordance with the relatie- o .5 and the CSB with optimal versus source to relay distande
performances of these protocols in terms of their ergodic

capacities [6]. From Figure 6, we note that CF outperforms

I$



ODF whend > 0.83. Thus by adaptively choosing betweercooperative transmission systems since its complexityy o
CF and ODF, the hybrid protocol is superior to both CEerms of resource allocation and relay implementation,lmn
and ODF. The trend is the same in Figure 7. We notice thauch lower than that of the other protocols considered i thi
without optimal time allocation, the performance gaps leetw paper.

the CSB and the other protocols become larger compared

with the case with optimal time allocation. Among all the VI. ACKNOWLEDGEMENTS

protocols, ODF is affected most by the absence of optimal
time allocation. We note that CF begins to outperform ODE
whend = 0.5 in Figure 7. In this case the advantage of th
hybrid protocol is even more obvious.
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propose a hybrid opportunistic protocol in which the sourdé?] IY- Zh?vc\;v E'-Ag\/? anld T.J. '-"R’ Ol_mpfovmg aml?'if%_'d?ﬁmg‘ga;d re-
and the relay choose between CF and ODF with optimal (o heoer: Obtmal pover alocaton versus seleclabCE Tane,
resource allocation in each channel state. The proposetthyb
opportunistic protocol offers the best delay-limited czipa
performance of all of the protocols considered since it ghva
selects the protocol with the minimum total transmit power
in each channel state. Our numerical results show that the
hybrid opportunistic protocol tends to offer the most gain
with respect to ODF when the mean of the relay-destination
channel is better than that of the relay-source channel. The
hybrid opportunistic protocol tends to offer the most gaithw
respect to CF when the mean of the relay-destination channel
is similar to the mean of the relay-source channel.
While our results show that the delay-limited capacity of
NAF is not as good as any of the other cooperative protocols
considered in this study, it is the only protocol that we édns
ered in which the optimal resource allocation can be contpute
analytically. Hence, NAF may still have a role in practical
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