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Abstract—Capacity gains from transmitter and receiver coop- The benefits of node cooperation in wireless networks have
eration are compared in a relay network where the cooperatig peen recently investigated by several authors. The idea of
nodes are close together. Under quasi-static phase fadln_xy,hen cooperative diversity was pioneered in [1], [2], where the
all nodes have equal average transmit power along with full ¢ itt te b ting detect (’j ' bolshef ot
channel state information (CSlI), it is shown that transmitter co- ransm! €rs cooperate by repeating de ec-e Symbo 0
operation outperforms receiver cooperation, whereas themposite ~ transmitters. It was shown that cooperation can enlarge the
is true when power is optimally allocated among the cooperatg achievable rate region when compared to the non-cooperativ
nodes but only CSI at the receiver (CSIR) is available. Whenlte system. In [3] the transmitters forward parity bits of the
nodes have equal power with CSIR only, cooperative schemeea  jatacted symbols, instead of the entire message, to achieve
shown to offer no capacity improvement over non-cooperatio tion di "t C tive di it d t' oty
under the same network power constraint. When the system f:oopera ion .|ver_S| y. Loopera _|ve versity and oulagedy-
is under optimal power allocation with full CSI, the decode- i0r was studied in [4], where it was shown that orthogonal
and-forward transmitter cooperation rate is close to its cu-set cooperative protocols can achieve full spatial diversitgen.
capacity upper bound, and outperforms compress-and-forwad  Multiple-antenna systems and cooperative ad hoc networks
receiver cooperation. Under fast Rayleigh fading in the hig SNR \yare compared in [5]-[7], and the capacity gain from trans-
regime, similar conclusions follow. Cooperative systemsrpvide it d - ' fi h terized underdi
resilience to fading in channel magnitudes; however, cap#y mitter an r.ecelver coqpera ion WaS.C aracterize : un ) '
becomes more sensitive to power a||ocation, and the Coopeim ent bandW|dth a||0catI0n assumptlons. Informatlon-tbﬂor
nodes need to be closer together for the decode-and-forward achievable rate regions and bounds were derived in [8]-[13]
scheme to be capacity-achieving. Moreover, to realize capdy for channels with transmitter and/or receiver cooperation
improvement, full CSI is necessary in transmitter cooperaion, In this work we consider the system model, first presented
while in receiver cooperation optimal power allocation is esen- . ’ .
tial. in [14], [15], where a relay can be deployed either near

) _ ) ) the transmitter, or near the receiver. Hence unlike previou

Index Terms—Capacity, transmitter cooperation, receiver co- \yorks where the channel was assumed given, we treat the
operation, channel state information (CSI), power allocaibn, -
relay channel. placement of the relay, and thus the resulting channel, as

a design parameter. Related works [10], [13], [16], [17] on

relay channels have focused on characterizing capacitgrupp

. INTRODUCTION and lower I_oounds fo_r a fixed ne_tworl§ deploymer_1t. Coding
_ _ and bounding techniques examined in the previous works

N ad hoc wireless networks, cooperation among nodes G@ply to both transmitter cooperation and receiver coepera

be exploited to improve system performance. In particulafon topologies; they do not resolve the relative perforoean
cooperation among transmitters or receivers hgs been ?hQYélﬂNeen transmitter and receiver cooperation. In this pape
to improve capacity. However, it is not clear if transmittejve determine when is transmitter cooperation deployment
cooperation or receiver cooperation offers greater benfit petter than that of receiver cooperation and vice versa, and
terms of capacity improvement. The effectiveness of capeive draw conclusions on effective relay deployment strategi
tion, moreover, may be dependent upon operating conditiogder different operating scenarios. Capacity improvemen
such as the ease of acquiring channel state information) (Cbm cooperation is considered under system models of full
and the allocation of power among cooperating nodes. In tigS| or CSI at the receiver (CSIR) only, with optimal or
paper, we evaluate the relative benefits of transmitter aggual power allocation among the cooperating nodes. To gain
receiver cooperation, and consider the cooperative cgpaghtuition on the relative benefits of transmitter and reeeiv
gain under different CSI and power allocation assumptionscooperation, we first consider a simple model where the

channels experience quasi-static phase fading with consta
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Relay Relay B. CH and Power Allocation

O hs ho O We compare the rate achieved by transmitter cooperation
Vgh2 / \ / \\/ghg versus that by receiver cooperation under different opegat

O - O O - O conditions. Under quasi-static phase fading in Section Il
Transmitter Receive  Transmitter Receiver we consider two models of CSI: i) every node has full CSI
(a) Transmitter cooperation (b) Receiver cooperation (i.e., the transmitter, relay and receiver all knéw#,, 65 and

g); and ii) the nodes have CSIR only (i.e., the relay knows
Fig. 1. Cooperation system model. 2, the receiver know#,, 63, and the transmitter, relay and
receiver all knowg). In both cases we assume all nodes have

which we examine the effects of fading on transmitter ar_lﬁjllowledge of the channel distribution information (CDIprF

receiver cooperation, and identify the necessary comditfor e Rayleigh fading channels in Section IV, we assume a fast-

cooperative capacity aain. Section V concludes the paper fading environment, where the receiver has CSI to perform
P pacity gain. paper. coherent detection, but there is no fast feedback link tovepn

Il. SYSTEM MODEL the CSI to the transmitter. I_—|ence the transmitter has oply @D
but no knowledge of the instantaneous channel realizations
A. Channel Model We assume the duration of the transmission codewords is long
Consider a discrete-time frequency-flat single-antenaach enough to undergo all channel realizations, and thus ecgodi
nel with additive white Gaussian noise (AWGN). To exploitapacity is used to characterize the transmission rate eof th
cooperation, a relay can be deployed either close to the-traphannel.
mitter to form a transmitter Cluster, or close to the recetee |ndependent of the fad|ng and CSI assumptionsl we consider
form a receiver CIUSter, as illustrated in Flg 1. The traitem two models of power allocation: |) power is Op“ma”y alloed
cooperation relay network in Fig. 1(a) is described by between the transmitter and the relay, iB[jz[?] < aP,
y1 = \/Ghaz + 11, y=ha+hsti+n, (1) E[|x1|2_] < (1 —a)P, wherea € [0,1] is a parameter to
be optimized based on CDI and node geomaejryii) the
wherez,y,n,x1,y1,n1,hi € C, i = 1,2,3, g € Ryl x IS petwork is homogeneous and all nodes have equal average
the signal sent by the transmittey, is the signal received power constraints, i.eE[|z|2] < P/2 andE[|z1|2] < P/2.
by the receivery,,z, are the received and transmitted sigpower allocation for AWGN relay channels with arbitrary
nals of the relay, respectively, and,n, are independent channel gains was treated in [10], and for fading relay ceémn
identically distributed (iid) zero-mean circularly symime \ith CSI at the transmitter (CSIT) in [16], [17]; in this pape
complex Gaussian (ZMCSCG) noise with unit variance. Wge consider only the case when the cooperating nodes form
assume information-theoretical full-duplex relaying.j.the 5 cluster, and under fast Rayleigh fading we assume the

relay can receive and transmit in the same band simultaheougansmitter is not able to adapt to the instantaneous channe
[13], [18]. Similarly, the receiver cooperation relay netk in  egjizations.

Fig. 1(b) is given by
Y1 = hax +ny, y=hiz++/ghsr1+n. (2) C. Cooperation Srategies

We assume the average path loss power attenuation betweebhe three-terminal network shown in Fig. 1 is a relay
the clusters is normalized to unity witli[|h;|?] = 1, while channel [18], [19], and its capacity is not known in general.
within the cluster it is denoted by. As the cooperating nodesThe cut-set bound described in [18], [20] provides a capac-
are assumed to be close to each other, the scenario of inteitgsupper bound. Achievable rates obtained by two coding
is wheng is large. strategies were also given in [18]. The first strategy [18,
We consider two models of channel fading. In Section IllThm. 1] has become known as (along with other slightly varied
we focus on investigating the effects of node geometry am@menclature) “decode-and-forward” [4], [8], [13], andeth
assume quasi-static phase fading [13] channels with ceinstaecond one [18, Thm. 6] is called “compress-and-forward”
magnitudesh; = 7%, wheref); ~ U|0, 2n] is iid uniform, and [9], [10], [13]. In particular, it was shown in [13] that dede-
6; remains unchanged after its realization. Then in Section Bhd-forward approaches capacity (and achieves capadaigrun
we consider fast Rayleigh fading where the channel dain certain conditions) when the relay is near the transmitter,
is iid ZMCSCG with unit variance; hence the correspondinghereas compress-and-forward is close to optimum when
power gain is iid exponential with unit mean; £ |h;|> ~ the relay is near the receiver. Therefore, in our analysis
exp(1). decode-and-forward is used in transmitter cooperationlewh
The output of the relay depends causally on its past inputempress-and-forward is used in receiver cooperation.
We assume an average network power constraint on the sysfo evaluate the capacity gain from cooperation, the trans-
tem:E[|z|?> + |z1]?] < P, where the expectation is taken ovemitter and receiver cooperation rates are compared to the no
repeated channel uses. The network power constraint medetdoperative capacity when the relay is not available, e,
applicable when the node configuration in the network is noapacity of a single-user channel under the same network
fixed. For example, in an ad hoc wireless network, a particulpower constrainf’. Therefore, under quasi-static phase fading
node might take on the role of the transmitter over some tine Section Ill, the non-cooperative capacity, is given by
period, but act as the relay over another time period. C(1), whereC(x) = log(1+xP). Whereas under fast Rayleigh



Case | Description B. Receiver Cooperation

Case 1| Optimal llocati ith full CSI . . L
ase pmal power aflocation with For the receiver cooperation network shown in Fig. 1(b),
Case 2| Equal power allocation with full CSI .
the cut-set bound is

Case 3| Optimal power allocation with CSIR only

Case 4| Equal power allocation with CSIR only C, = max min{C (Qa(l — p2)),
0<p<1
TABLE | e ©)
COOPERATION UNDER DIFFERENT OPERATING CONDITIONS C (a +(1—-a)g+2pva(l - a)g) }

In the compress-and-forward receiver cooperation styathg
relay sends a compressed version of its observed signal to

fading in Section IV, the non-cooperative ergodic capaisty the receiver. The compression is realized using Wyner-Ziv
given by C,, = E[C(71)]. In this paper all logarithms are Source coding [21], which exploits the correlation between

base 2. the received signal of the relay and that of the receiver. The
compress-and-forward receiver cooperation rate is given i
I11. QUASI-STATIC PHASE FADING [10], [13]:
- - , R =(C(—20-2g ., (6)
In this section we assume the channels in the relay net- T (I—a)g+2a+1/P :

work are under quasi-static phase fading, i%:., = ¢, |jkewise, in (5) and (6)x needs to be optimized in Case 1
the nodes have full CSI or CSIR only, and the cases when

the network is under optimal power allocation or equal powe, Evaluation of Cooperation Rates

allocation. Consio!ering the combinations of the differ€al Case 1. Optimal power allocation with full CS: Consider
and power allocation models, Table | enumerates the fo@sCag,q transmitter cooperation cut-set bound in (3). Recdngiz
under which the relative benefits of transmitter and receivgq first term insidemin{-} is a decreasing function of,
cooperation are investigated. In terms of notation, a dgpac, hile the second one is an increasing one, the optipial
upper bound is denoted hy, whereas an achievable rate i$gn pe found by equating the two terms (or maximizing
denoted byR. The subscript represents transmitter COOperine |esser term if they do not equate). Next the optinal
ation, andr represents receiver cooperation. A SUPErsCript {8 pe calculated by setting its derivative to zero. The rothe
used, when applicable, to denote the case under consiteray,,ner hounds and achievable rates, unless otherwise wated,
e.g.,C} corresponds to the transmitter cut-set bound in Casey L optimized using similar techniques; thus in the follayin

Optimal power allocation with full CSI. sections they will be stated without repeating the analegou

arguments.
A. Transmitter Cooperation The transmitter cooperation cut-set bound is found to be
. . . 1 _ o209+
Suppose that the transmitter is operating under an average Cp =C(7E), ()

power constraintaP, 0 < o < 1, and the relay under . . .
constraint(1 — a)P. Then for the transmitter cooperation/t 2 = v 9/(g +4), &” = (g +4)/(2g + 4). The decode-

network depicted in Fig. 1(a), the cut-set bound [20] is and-forward transmitter cooperation rate is

) Rl =3¢C(2&)if g>1, C(g)if g <1, (8)
C, = Jnax, mln{C (a(g +1)(1 - p2)), ¢ { (9“)

() with p* = \/(g—1)/(g +3), @ = (9+3)/(2¢+2) if g > 1,
C(l +2pva(l — a))}v and p* = 0, o* = 1 otherwise. It can be observed that the

: . _.__transmitter cooperation rat®; in (8) is close to its upper
wherep represents the correlation between the transmit S|gnﬁl

SundC} in (7) wheng > 1

i i ; ; t ) .

.Of the transmitter and th\_e relay. With Optlma_l power allowat oo ceiver cooperation, the cut-set bound is given by
in Case 1 and Case 3, is to be further optimized, whereas

o =1/2 in Case 2 and Case 4 under equal power allocation. Cr = C(%)a )

In thg d.eco_de—and—_forward t'ransmltter pooperann sg;atewith o= 1P 292, o = (62 +29+2) /(4> +39+2).
transmission is done in blocks: the relay first fully decotthes . .
For the compress-and-forward receiver cooperation fte

transmitter's message in one block, then in the ensuingkblo . . .
. . the expression of the optimal value in (6) does not have a
the relay and the transmitter cooperatively send the medsag _. . . .
simple form that permits straightforward comparison &f

:gfergce:xga ;I;]h[el?(j]gcode-and-forward transmitter codjera with the other upper bounds and achievable rates. Instead
9 ' we consider an upper bound t8!, which has a simpler
R, = max min{C(ag(l _ p2)), C(l + 2p\/m)}7 expression. The upper bourfd. is obtained by omitting the

0<p<1 term1/P in the denominator in (6) as follows:
o ) ) R! = max C(%—i—a) 10
wherep anda carry similar interpretations as described above T 0<a<y \(-algiZatl/P (10)

in (3). Note thath]g = Ct\g_l for g > 1, which can be used < max C((la_(i;ajzga n a) 2 R (11)
to aid the calculation o, In the subsequent sections. 0<a<1 9
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Since the term(1 — a)g + 2« in the denominator in (10)
ranges between 2 ang the upper boundz,. in (11) is tight

wheng > 2 and P > 1. Specifically, forg > 2, the receiver
cooperation rate upper bound is found to be

_ 29(vg=1-1)(9—1—+/g—1)
R, = C( * (]\/9*1(;]*2)2 * )’ (12)
with the upper bound’s optimat* = “%ZET Vf;l)

Note that the transmitter and receiver cut-set bou@is
andC! are identical. However, foso > g > 1, the decode-
and-forward transmitter cooperation ral outperforms the
compress-and-forward receiver cooperation upper baRnd
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Fig. 3. Cooperation cut-set bounds and achievable ratesase Q.

with p* = (g—1)/(g+1) if g > 1, andp* = 0 otherwise. In-
cidentally, the bound’? in (13) coincides with the transmitter
cooperation rate?;} in (8) obtained in Case 1 fgy > 1. Next,
the decode-and-forward transmitter cooperation rate\isrgi

by

R? = {c(@) ifg>2 C(2)ifg<2  (14)
with p* = (¢ — 2)/g if g > 2, andp* = 0 otherwise. Similar
to Case 1, the transmitter cooperation r&ein (14) is close
to its upper bound>? in (13) wheng >> 1.

For receiver cooperation, the corresponding cut-set bound

Moreover, the decode-and-forward rate is close to the eut-§€Solves to
bounds whery > 2; therefore, transmitter cooperation is the 2

preferable strategy when the system is under optimal power

allocation with full CSlI.

T

02 = {0(1) if g> 1, c(”qf@“”) ifg<1, (15)

with p* = 0 for g > 1, andp* = (/2 — g— ,/g)/2 otherwise.

Numerical examples of the upper bounds and achievallgstly, the compress-and-forward receiver cooperatita is

rates, together with the non-cooperation capacity, are

shown in Fig. 2. Note that as decode-and-forward requiras th

the relay fully decodes the transmitter’s message, themnén

2
Ry = Cqgrarare + 2) (16)
It can be observed that if the cooperating nodes are close

ter cooperate rate can be lower than the non-cooperatios traggether such that > 2, the transmitter cooperation rai? is
mission rate when the relay and transmitter are far apart. Qictly higher than the receiver cooperation cut-set lobG;
the other hand, compress-and-forward, having no requinemenerefore, transmitter cooperation conclusively outperis
on decoding, always equals or outperforms non-cooperati@iteiver cooperation when the system is under equal power
under optimal power allocation. In all plots of the numeficayjiocation with full CSI. Fig. 3 illustrates the transmittend
results, we assume the channel has unit bandwidth, thensysi@ceiver cooperation upper bounds and achievable rates.

has an average network power constraiht= 20, andd is
the distance between the relay and its cooperating node.

Case 3: Optimal power allocation with CSR: When CSIT
Wenot available, it was derived in [10], [13] that it is optin

assume a path-loss power attenuation exponent of 2, an@ hegGset, = 0 in the cut-set bounds (3), (5), and the decode-and-

g = 1/d?. The vertical dotted lines mark= 1/v/2 andd = 1,

forward transmitter cooperation rate (4). Intuitivelytivonly

which correspond tg = 2 andg = 1, respectively. We are CSIR, the relay and the transmitter, being unable to resiiee
interested in the capacity improvement when the coopeyatigain from coherent combining, resort to sending uncoreelat

nodes are close together, add< 1/v/2 (or g > 2) is the
region of our main focus.
Case 2: Equal power allocation with full CS: With equal

signals. The receiver cooperation strategy of compreds-an
forward, on the other hand, does not require phase infoomati
at the transmitter [13], and thus the receiver cooperatide r

power allocation, both the transmitter and the relay areeunds stjll given by (6) with the power allocation parameter

an average power constraint 8f/2, and so« is set to1/2.
For transmitter cooperation, the cut-set capacity uppento
is found to be

ci={c(Z)itg=1, c(5)ifg<t,

(13)

optimally chosen.
Under the transmitter cooperation configuration, the efit-s
bound is found to be

c:=c(), (17)
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wherea* is any value in the rangf /(g + 1),1]. When the and the compress-and-forward rate is the same as (16) in
relay is close to the transmittey (> 1), the decode-and- Case 2:R* = R2.
forward strategy is capacity achieving, as reported in.[13] Parallel to Case 1, the transmitter and receiver cooperatio
Specifically, the transmitter cooperation rate is given by  cut-set boundg>{ and C are identical. Note that the non-

5 ) _ cooperative capacity,, meets the cut-set bounds whep> 1,

Ry = {C(l) ifg>1, Clg)ifg<l, (18) and even beats the bounds when< 1. Hence it can be
concluded cooperation offers no capacity improvement when
the system is under equal power allocation with CSIR only.
Numerical examples of the upper bounds and achievable rates
are plotted in Fig. 5.

where o* is any value in the rangél/g,1] if ¢ > 1, and
a* =1 otherwise.
For receiver cooperation, the cut-set bound is

r g+1

c3 = {0(2—9) ifg>1, Ccl)ifg<1,  (19)
. . _ D. Effects of CS and Power Allocation
wherea* = g/(g+1)if g > 1,a* = 1if g < 1, anda™ is any
value in the rangdg/(g + 1),1] if g = 1. Since compress- In the previous sections, for each given operating conditio
and-forward does not make use of phase information at th€ derive the most advantageous cooperation strategy. How-
transmitter, the receiver cooperation rate is the same @s (gver, the available mode of cooperation is sometimes didtat
given in Case 1R? = R!. Note that the argument insidX-) by practical system constraints. For instance, in a wiseles
in (10) is 1 whena = 1, and henceR? > C(1). sensor network collecting measurements for a single remote
In contrast to Case 2, the receiver cooperation Ritequals base station, only transmitter cooperation is possiblethis
or outperforms the transmitter cooperation cut-set boGpg section, for a given transmitter or receiver cluster, tlaeler
consequently receiver cooperation is the superior styateff between cooperation capacity gain and the requirements
when the system is under optimal power allocation with CSI® CSI and power allocation is examined.
only. Numerical examples of the upper bounds and achievablerhe upper bounds and achievable rates from the previous
rates are shown in Fig. 4. sections are summarized, and ordered, in Table Il: the rate
Case 4: Equal power allocation with CSR: With equal 9given in an upper row is greater than or equal to the one
power allocationy is set tol/2. With only CSIR, similar to given in a lower row. It is assumed that the cooperating nodes
Case 3, = 0 is optimal for the cut-set bounds and decodeare close together such that> 2. It can be observed that
and-forward rate. Therefore, in this case no optimization Pptimal power allocation contributes only marginal adial
necessary, and the bounds and achievable rates can be re&@iacity gain over equal power allocation, while havingd ful

evaluated. CSI (which allows the synchronization of the carriers of the
For transmitter cooperation, the cut-set bound and tH&nsmitter and the relay) is essential to achieving anypeoo
decode-and-forward rate, respectively, are erative capacity gain. Accordingly, in transmitter cogiem,
homogeneous nodes with common battery and amplifier spec-
cl = {C(l) if g>1, C(2)if g<1, (20) ifications may be employed to simplify network deployment,
but synchronous-carrier should be considered necesshey. T
R} = {C(l) ifg>2 C(%) ifg<2 (21) nodes may synchronize through an external clock such as that

provided by the Global Positioning System (GPS) [22], or
through exchanging timing reference signals [23], [24]28]

4_ TR 1+g) ; the performance penalty due to imperfect synchronization i
Cr {C(l) tg=1 (%) ifg<l, (22) cooperative systems is investigated.

For receiver cooperation, the cut-set bound is



Cooperation Scheme ‘ Rate The parametett is set tol/2 under equal power allocation in

1 ol 2(g+1) ection I1V-C, but will need to be optimized when optimal

ol c c( ) Section IV-C, but will d to be opt d wh ptimal
R —— 25;” power allocation is considered in Section IV-D. Note that

Ry, Gi Cr C(g?) as argued in [10], since we assume each transmission block

R} C(@) is long enough to undergo different fading realizationg th

R. C(2g(ﬁg—1—11><g—;¢gfl>) expectation is taken on each term inside thi{-}, instead

R c = of the entire expression. The decode-and-forward tramemit
o 0Zaz1 (“*Q)QHQH/P +a) cooperation rate is given by

Cn, C2,C3, R}, CH RE, CE | C(1) _ )

R2, R} e ) R, :mm{E[C(O‘QW)]v E[C(am +(1—Oé)73)}}, (24)

where the power allocation parametercarries similar inter-
TABLE Il h the p llocation p te I t
COOPERATION RATES COMPARISON pretations as described above.

B. Receiver Cooperation

On the other hand, in receiver cooperation, the compressfor the receiver cooperation configuration shown in
and-forward scheme does not require CSIT, but optimal poweig. 1(b), the cut-set bound is
allocation is crucial in attaining cooperative capacitynga — .
When channel phase information is not utilized at the tre'msmCT - mm{E[C(O‘(W + 71))]7 E[C(O‘W + (1= O‘)973)] }
ter (i.e.,p = 0), as noted in [8], carrier-level synchronization (25)

is not required between the relay and the transmitter; mktqu the Compress-and-forward receiver Cooperation Styatbg
deployment complexity is thus significantly reduced. It igelay sends a compressed version of its observed signaéto th
important, however, for the nodes to be capable of trangmitt receiver. In a static channel, the compression is realizinu
at variable power levels, and for the network power all@sati wyner-ziv source coding [21], which exploits the corredati
to be optimized among the cooperating nodes. between the received signal of the relay and that of the
receiver. However, as noted in [10], in a fading channel WA/ne
) ) ) Ziv compression cannot be applied directly since the joint
In this section we assume the channels in the relay netwejistribution of the received signals is not iid. In partiayl
experience Rayleigh fading where the channel gains iid  he correlation between the observed signals depends on the
ZMCSCG with unit variance, with the corresponding powegnannel realization.
gain being iid exponential with unit mean; = |hi|> ~ g obtain an achievable rate, we can have the relay compress
exp(1), i = 1,2,3. We assume a fast-fading environmenge signal without taking advantage of the side informatlan
where the receivers have CSI but the transmitters know oRjys case, the compression scheme reduces to the stantiard ra
CDI. Furthermore, we consider the high SNR regime: whefjstortion function for a complex Gaussian source. In gaher
evaluating the capacity expressions, we make use of the higPjndependent (but not identically distributed) Gaussian-
SNR (P >> 1) approximationlog(1 + zP) = log(zP), in the  qom variables (RVs), rate distortion is achieved by optiynal
sense thalimp_. log(1+2P) —log(zP) = 0, wherez > 0 gjiocating information bits to the RVs by the reverse water-
is a given scalar. We consider two cases of power aIIocatiqmng scheme [20, Sec. 13.3.3], in which a Gaussian RV with
among the cooperating nodes: i) equal power allocation, apgge variance is described with a higher resolution.
ii) optimal power allocation. In each case we evaluate the However, for comparing transmitter and receiver coopera-
cooperation cut-set bounds and achievable rates, anditapagon rates, it suffices to consider a simple compressionmehe
gain from transmitter and receiver cooperation are conparghere a constant number of information bits is used for each
to determine the best cooperation strategy based on the giy§rwarded observation. In particular, we will show that the
power allocation assumption. rate of this simple receiver cooperation scheme outpegorm
) _ transmitter cooperation in the case of optimal power allo-
A. Transmitter Cooperation cation. As described in (2), the relay observes the signal
The transmitters know only the fading distribution but dg, = h,z + n,. Having CSIR, the relay knows the realization
not have CSI. Without CSIT, [10], [13] show that it is optimabf 7,, and it inverts the channel gain to produce a unit-variance
to have the transmitter and the relay send uncorrelatedisigriid ZMCSCG sourcej; = y1/(hay/aP + 1/72). Suppose the
in evaluating the cut-set bound and the decode-and-forwaethy forwardsj, to the receiver at rate®s, then from the
rate. Suppose that the transmitter is operating under aagee rate distortion function for an iid complex Gaussian source
power constraintaP’, 0 < o < 1, and the relay under the squared error distortion is given &y = 2%,
constraint(1 — a)P. Then for the transmitter cooperation To determineRs, we note that if the receiver is decoding
configuration depicted in Fig. 1(a), the ergodic capacitys®t messages from the transmitter at a rateEo€ (ay1)], then
bound is given by concurrently it is also able to decode from the relay at
— . rate R3 = E|C((1 — a)gv3/(ay1 P + 1))|, based on the
Cr = mm{E[C(a(mQ + ’Ylm’ E[C(a’yl +(1- a)%)} } multiple acces[s (gr\annel)(gl\zA/C(Z) ergodic gleraacity region g5]
(23)  achieved through successive decoding. We assume thathwithi

IV. FAST RAYLEIGH FADING



the cooperation cluster the relay is able to share its CSIR

with the receiver, so the receiver can perform maximabrati 5¢ x Cy
combining (MRC) to achieve the receiver cooperation rate: a8f Bl
. O,
R, =E[C(am +ay/(1+ N))], (26) 46f ?‘
where N is the variance of the Gaussian compression noise EM’
given by PR
£ 4
N = - D(a’ng +1). (27) vl
3.61
C. Equal power allocation aal 1
Under equal power allocation, we set= 1/2. At high 0 01 02 o3 04 05 06
SNR the first term inside theiin{-} of the cut-set bound (23) Distance d

evaluates to ) ] o )
Fig. 6. Cooperation rates under equal power allocation & Rayleigh

E[C((QW2+71)/2)}zlogP+—1g_1Oge'y_1’ (28) fading.

glog
g—
wheng > 1; wherey is Euler’s constanty 2 0.577. Similarly,

S i S It can be observed that the transmitter cooperation cgpacit
the second term inside thein{-} of the cut-set bound is given

outperforms the compress-and-forward receiver cooperati

by rate, which in turn outperforms the non-cooperative capaci
E[C(71/2 + 73/2)] =log P +loge!™ —1.  (29) for small d. Moreover, since the transmitter cqoperatipn rate

also meets the receiver cut-set bound, transmitter cotipera

Comparing the two terms inside thein{-} expression of the is at least as good as any receiver cooperation scheme can
cut-set bound, it can be observed that when 1 (28) always theoretically achieve.

exceeds (29). Therefore, the cut-set bound evaluates to
6: —log P +loge!™ — 1, (30) D. Optimal power allocation

_ _Under optimal power allocation, the parameterneeds
when g > 1. The superscript repres_ents the power allocatiqg pe optimized. Applying the high SNR approximation, the
assumption: 1) equal power allocation; and 2) optimal POWgfst term inside themin{-} expression of the transmitter

allocation Iater considered i_n Section IV-D. cooperation cut-set bound (23) is given by
The transmitter cooperation decode-and-forward rate (24)

under equal power allocation can be evaluated following sim E[C(a(gy2 +m))] =log P +loga + glogg _ loge”,
ilar steps. In particular, whep > e = 2.718, the transmitter -1

cooperation rate meets the cut-set bound: (34)
! 10e Pt o el 1 while the second term evaluates to
=lo +loge 7 — 1.
t & & E[C(am + (1 —a)y3)]
Hence deco_de-and_—forward is cap_acity-achieving Jopr e log P + alogaf(éff)llog(lfa) “loge? if a#1/2,
under Rayleigh fading channels with only CDI at the trans- = 1Y .
mitters log P +loge =7 —1 if «=1/2.
For receiver cooperation, when > 1, the corresponding (35)
cut-set bound resolves to Note that (35) is concave in and its maximum is achieved
— ata = 1/2. Further, ifg > 1, (34) exceeds (35) at = 1/2.
CizlogP—l—logel_V—l, (32) a=1/ 921 (34) (35) /

Hence wheng > 1, the optimala* is 1/2, and the cut-set
which is identical to the transmitter cooperation cut-smird. bound is the same as that under equal power allocation:
However, there is no sm_ple analytic expression for the Uf:logP+logel_V—1. (36)
compress-and-forward receiver cooperation rate (26)hén t
numerical example the compress-and-forward E&és eval- Similar steps can be used to calculate the decode-and+fdrwa
uated using Monte Carlo simulation over 1000 instances @@ansmitter cooperation rate. if > ¢ = 2.718, it is found
channel realizations. that equal power allocation is optimak{ = 1/2), and the
The transmitter and receiver cooperation upper bounds &iFode-and-forward achievable rate meets its cut-setcboun
achleve}ble rates are shovv_n in Flg..6. As a comparison, also Ff —log P +loge!™ — 1. 37)
shown is the non-cooperative ergodic capaclty of a single-
user channel under the same network power constrRaift Hence, under Rayleigh fading with only CDI at the transmitte
high SNR the non-cooperative capacity is given by it follows that when the relay is close to the transmitter,
decode-and-forward with equal power allocation is optimal

Cn =E[C(n1)] =log P —loge”. (33) and capacity-achieving.
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Cooperation rates under optimal power allocatiofast Rayleigh Fig. 8. Effects of fading under equal power allocation. |e ttarker shade
are the cooperation rates under fast Rayleigh fading, whaelighter shade

represents the rates under quasi-static phase fading.

For receiver cooperation, at high SNR the first term inside

the min{-} expression of the cut-set bound (25) is given by saf .
E[C(a(wz + 71))] =log P +loga +loge!™, (38) 52
3 .
while the second term evaluates to P A T,
E[C(am + (1 - a)g73)] P T
—logP+ g(1 —a)log(g(l — a)) — aloga. (39) g4-4
g(l—a) -« =
We note that whery > 1, the optimal power allocation 4<_§:
«o* is achieved by equating (38) and (39), which can be 0. Cr
solved numerically. The so2lution to* can then be used to > ? 6 oo o oo oo o oo oo oo
compute the cut-set bour,. For the compress-and-forward 3'4; 01 . - — — J
receiver cooperation rate (26), it is evaluated using Monte ' " Distanced ' '

Carlo simulation over 1000 instances of channel realinatio
To ease computational complexity, the optimization isxeth Fig. 9. Effects of fading under optimal power allocation.eTdiarker shade
: ; _ _ B represents fast Rayleigh fading, and the lighter shadeesepts quasi-static
to find the maximum compress_anq forward rate with the phase fading.
power allocation parametervarying in discrete steps of 0.01.
The transmitter and receiver upper bounds and achievable

rates are shown in Fig. 7. Both transmitter and receiver<:oo(§)ptimaI power allocation are shown in Fig. 9. As expected

eration offer capacity gain over the non-cooperative ScEherrf'.ading decreases capacity. However, it can be observed that

E?gvgggg mgigtrfsrtggst:li dc?gslvc;;;?lejgleisg\r’vﬁggllgfat.'mn’ri’ading in channel magnitudes diminishes the non-cooperati
P P apacity more severely than it does the cooperation rates.

is higher than the transmitter cooperation cut-set boumd fC particular, under equal power allocation, cooperation- p

small d. Consequently, similar to the findings under quas jides no capacity gain in the quasi-static channels; wiserea

statm_char:netls, we k(]:onctlﬁde th?t receiver dcoopetrat|c>|hes tcooperation improves capacity under fast Rayleigh fading.
superior strategy when he system 1S under optima pOW§{milarly, under optimal power allocation, the capacitynga

allocation. under fast Rayleigh fading is higher than that in the quasi-
static channels. The resilience of a cooperative system to

E. Effects of Fast Rayleigh Fading fading comes from transmitter and receiver diversity agais

In this section, we contrast the cooperative capacity inte that in a multiple-antenna channel. Without CSIT, having
provement under quasi-static phase fading in Cases 3 anghdltiple transmit antennas offers no capacity improvement
in Section 11I-C versus that under fast Rayleigh fading ifn a static environment [27, Sec. 4.4]. However, in a fading
Sections IV-C and IV-D to characterize the effects of fagnvironment, even in the absence of CSIT, multiple transmit
fading in channel magnitudes on cooperation. We assume #@gennas mitigate the effects of fading through diversityich
nodes have only CSIR (but all nodes have CDI), and examil@&ds to a higher capacity than that of a correspondingesing|
the cooperation rates under the cases of equal power atlocatnput single-output (SISO) channel.
and optimal power allocation. Under equal power allocation On the other hand, when we have fading in the channel
the cooperation rates are plotted in Fig. 8, while the ratele magnitudes the cooperating nodes need to be within a closer



M-1 Relays M-1 Relays capacity gain that fails to grow witd/ under a fast fading

O O environment. Therefore, to achieve tit¥log M) capacity
. hm hm s scaling as reported in [28] in a large Gaussian relay network
O O of M nodes, CSIT is necessary for transmitter cooperation,
O O O @) and inhomogeneous power allocation is necessary for receiv
Transmitter L Receiver Transmitter Receiver COOperation.
(a) Transmitter cluster (b) Receiver cluster

V. CONCLUSION

We have studied the capacity improvement from transmitter
and receiver cooperation when the cooperating nodes form

range in order for the decode-and-forward cooperationraehe@ cluster in a relay network in quasi-static phase fading
to achieve capacity (decode-and-forward requires2.718 to  channels and fast Rayleigh fading channels. It was shown
achieve capacity under fast Rayleigh fading ys> 1 in the that electing the proper cooperation strategy based on the
quasi-static channels). Moreover, the transmitter coatjier Operating environment is a key factor in realizing the besefi
capacity is more sensitive to power allocation under fagf cooperation in a wireless network. Under quasi-stataseh
Rayleigh fading: Any deviation from the optimal allocatiorfading, when full CSl is available, transmitter cooperatie

o* = 1/2 diminishes capacity in the fast Rayleigh fadinghe preferable strategy. On the other hand, when CSIT is not
channels; whereas in the quasi-static channels, the dptird4ailable but power can be optimally allocated among the

allocation a* can be any value in the rangé/g, 1] to be Ccooperating nodes, the superior strategy is receiver coope
capacity-achieving. ation. When the system is under equal power allocation with

CSIR only, cooperation offers no capacity improvement over
a non-cooperative single-transmitter single-receiveanciel
) ) ) ‘under the same network power constraint. Similar conchssio
In the previous sections we consider small cooperatiy§iow in a fast Rayleigh fading environment. Under fast
networks comprising three nodes; in this section we geizeraIRay|eigh fading in the high SNR regime, it was shown
the necessary conditions for cooperative capacity gain f@fat under equal power allocation, the decode-and-forward
a transmitter or receiver cluster with a large number fansmitter cooperation scheme is capacity-achieving iand
cooperating nodes. As depicted in Fig. 10, suppose there gi@erior to receiver cooperation. On the other hand, under
M single-antenna cooperating nodes in the transmittererlushtimal power allocation, the compress-and-forward regei
or the receiver cluster. When we have quasi-static phasegadcooperation scheme outperforms transmitter cooperation.
channels); = e?%, 6; ~ U[0,2n] iid, i = 1...M; whereas |y aqdition, by contrasting the cooperative capacity gain u
under fast Rayleigh fading, the channel gains are iid ger fast Rayleigh fading to that under quasi-static phadiada
unit-variance ZMCSCGs. Again, there is a network powgje have shown that cooperative systems provide resilience t
constraint of P on the system. _ fading in channel magnitudes. However, under fast Rayleigh
First consider the quasi-static phase fading channels. kgging, capacity becomes more sensitive to power allogatio
the transmitter cluster shown in Fig. 10(a), its capacityem anq the cooperating nodes need to be closer together in order
optimal power allocation is upper-bounded by that of /R  for the decode-and-forward transmitter cooperation sehtam
antenn_a multiple-input single-output (_MISO) channel. Wit  gchieve capacity. Finally, necessary conditions on ccajver
CSIT (i.e.,0;'s unknown to the transmitter), the MISO channe}apacity gain were investigated. It was shown that in a large
has the same capaciti(1) as that of a SISO channel [27].c|yster of M cooperating nodes, transmitter cooperation with-
For the receiver cluster shown in Fig. 10(b), if equal powgj,t CSIT or receiver cooperation under equal power allogati
allocation is imposed, then the transmitter alid— 1 relays provides no capacity gain under quasi-static phase fadind,
are each under power constrafit)M . Likewise, the capacity 5t most a constant capacity gain that fails to grow within
of an M-antenna single-input multiple-output (SIMO) channej f55t fading environment.
serves as an upper bound to the capacity of the receiver
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