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Abstract— In this paper', we consider a fading relay channel Relay
operating according to the amplify-and-forward protocol, where j A
- N

v 1-d

each node has full CSI and multiple-antennas are deployed at
the relay node. Maximization of the achievable rate with respect
to the linear processing at the relay and the power allocation at

. ; d
the source and relay is performed under an instantaneous sum- j

power constraint. In particular, it is assumed that the total power
used by all the active nodes during each time slot is fixed.

L

I. INTRODUCTION Source 1 Destination

Cooperative communications is envisaged to be a key tech-Fig. 1. The Relay channel with multiple-antennas at the retage.
nology for improving the performance of wireless ad-hoc and
cellular networks. The simplest cooperative system is dlhagyr
channel, introduced by Cover in [1]. The capacity for thiare deployed at the relay node. The achievable rate is maxi-
channel is still unknown, and the theory seems to suggesized over the linear processing at the relay and the power
optimality of coding schemes that are far from being pratticallocation between the source and the relay. An instanteneo
[1]. Simpler relaying schemes, namely Amplify-and-Forevarsum-power constraint is imposed, such that in each time-slo
(AF) and Decode-and-Forward (DF), have been proposed a&hd total power used by the active node(s) in the system must
proved to achieve full diversity in [2]. Modified versionstte be equal. Notice that, in principle, a larger rate could be
original protocols, capable to achieve a higher rate, haenb achieved by allowing a different total power for transnmoss
introduced in [3]. In all these works, fixed power allocatiomluring the first and second time-slot [8]. However, this igne
between source and relay is assumed. would come at the expenses of an increased transmitted power
Recently, power allocation strategies have been invastigadynamics and it will not be further investigated in this work
for the fading relay channel by various authors. In [4] reseu
allocation strategies minimizing the energy-per-infotioa Il. SYSTEM MODEL AND PROBLEM DEFINITION
bit are presented for different protocols under an instanta o o ,
neous total power constraint over the two time-slots. A-rate 1€ System under analysis, illustrated in fig. 1, consists of
maximizing power allocation algorithm has been developed a source node, a destination node, and a multi-antenna relay

[5] for an adaptive version of the DF protocol, with separaféc’de deployed withV antennas, which amplifies the received

average power constraints for the source and the relay nogign@l and forwards it towards the destination node. In orde
%ﬁ_}comply with the practical half-duplex constraint, théaye
J

Coded protocols were also considered in [6], with an avera L ) ! o
total power constraint over the two time-slots. Finally,[T ansmission occurs according to a time division duplex@)yD

optimal power control for the minimization of the outageprotocol. In the first time slot the source broadcasts theadig

probability has been studied for decode- and estimate-add-© the refay and the destination. In the second time slot, the
forward protocols with an average sum-power constraint fof/2Y re-transmits an amplified version:of, while the source
the source and the relay. It should be emphasized that iBthé_gndS a second signa}, chosen independently fromy. The

previous works all the nodes in the system were deployed wif'€ durations of the two time-slots are equal. The destnat
only one antenna. thenjointly decodesr; andz-, given the symbols received in

In this paper, we consider the problem of resource aIIonatiJJhe two tlme-_slots. .
for a fading relay channel operating according to the AF All the fading channels between pair of antennas are as-

protocol, where each node has full CSI and multiple-antenrsMed to be affected by independent Rayleigh flat fading
processes and additive white gaussian noise (AWGN). We

IThis work was partially supported by grant from Samsung Adean @ISO assume that every node in the system knows the state
Institute of Technology (SAIT), Korea. of the channelsH = {hg,h;,ho}, where h is the scalar



source-destination channdy; is the N x 1 vector source- instantaneous power constraint on each time-slot is eafiorc
relay channel and, is the N x 1 vector relay-destination so that the problem can be stated as
channel. The stat®{ is a stationary ergodic process, and it is

constant over the two time-slots. The signal received by the max R (8)
L. . . . . G(H),0(H)
destination in the first time-slot can be written as
PS1 (H) = 1
y1 = hox1 + nq, 1) st P,(H) = 6(H)
P.(H) = 1-6(H)

where z; is the symbol transmitted by the source in the
first time-slot andn; is the noise sample at the destinationW{ whered(H

1 E 07 1 .
assumed to have distributia\ (0, Ny). At the same time, (H) € [0, 1]

. . The power constraints in (8) allow the transmission scheme
the relay receives a signal

to encompass and generalize direct transmission and the AF
yr = hiz1 +npg, (2) cooperative protocols in [2] and [3]. In fact, #(H) = 1

. ) , ... therelay is not used at all, neither during the first nor in the
wherenp, is the noise vector at the relay, with distributionseon time-slot, and the communication scheme boils down

CN(0, NoLy). In t_he second time-slot, both the source a% direct transmission from the source to the relay node; if
the relay are active. The relay processes the vector sigp ) = 0 only the relay is active during the second time-

previously received by multiplication with & x N matrix G. slot and the communication protocol is the same as in [2];

Thus, the symbol transmitted by the relay can be expresseq:iﬁa”y, if 9(H) = 1/2 the communication protocol employs

xr = Gyg = Ghyz1 + Gngp. (3) both the relay and the source in the second time slot, and thus

) _ o resembles the scheme introduced in [3]. Notice that, urider t
The overall signal received by the destination in the secopg,sidered ergodicity assumption, we could have also eedor

time-slot is a long-term power constraint in (8): this modification would
ys = h¥ Ghyzy + hozs + h Gnp + no, 4) comkplicate the analysis and is not further considered is thi

work.
wherez; is the signal transmitted by the source andis the In order to tackle the optimization problem (8), is conve-

noise sample at the destination, assumed to have disttbuthient to expand the instantaneous achievable rate (7) Ing usi
CN (0, Ny). Finally, we can more compactly express the Vect@fe chain rule for the mutual information 9]
input/output relation for this channel as

1 1
| ho 0 T | R= 51—(581;111) + §I($1,$2§y2|y1)7 9
Y2 N hIQLIGhl hO T2 —_— —
Il 12
1 of o 1 ®)
{ 0 bfG 1 ] ng | . where we have used the fact th&tes; y1|x1) = 0. In (9) I
2 n2 accounts for the source transmission during the first tilog-s

Note that, sincer; andz, are assumed to be independent, th¥hile Io measures the contribution of the relay and source

model (5) corresponds to a two-user multiple access chanff@Smissions during the second time-slot. Given (5) and (9

with two antennas at the receiver, and thus successive trecod®r any power allocation policiess, (H), Ps,(H), Pr(H)

is a capacity-achieving decoding strategy [9]. and linear processing at the rel&¥y(7), the achievable rate
Based on the channel state informatity the source node Components read

allocates the powetP;, (H) and Ps,(H) for transmission 1 Iho|2Ps, (H)

during the first and second time-slot respectively, while th I, = 5C (ONSI) (10)

relay node employs the power allocation poligy(#). This 0

later assumption affects the design of the mai since
P J @) hY G(H)hy P, ()hE G (H)hy

the power transmitted by the relay is |ho|? Ps, (H) + TANEI e
14

I=-C N ,
P,(H) = tr(xgx}) = ) No(1+hZG(H)GH (H)hy)

tr(G(H)hu Py (H)ht' G (H) + G(H)NoG" (H)). (6) 11)

Power allocation and relay processing are jointly optimizevhere we have defined'(z) := log(1 + z). From (8), (9),
S0 as to maximize thénstantaneous achievable rate of the (10), (11) it is clear that the optimal power allocation riegs
protocol P, (H) = 1,YH. On the other hand, the optimization of

R— ll(xhx% Y1,92), (7) PpowersP;, (H) an(_jP_T(H_), and linear processinG(H) boils

2 down to the maximization of the terny, (11). In the next

wherel(z1, z2;y1,y2) is the mutual information between theSections, we first discuss the optimization of the relaydine
source inpufz, z2) and the output at the destinatiom , y2), processinga(H) (Sec. Ill), and the of power policieB;, (H)
and the factotl /2 accounts for the time-division operation. Anand P,.(H) (Sec. IV).



[11. OPTIMIZATION OF THE RELAY LINEAR PROCESSING

In this Section, the expression for the optimal linear pro-
cessing matrix at the relagx(H) is derived. From (11) it is
easy to prove that the optim&(#) can be written as the
outer product of the beamformers for the chandglsaand h,

gh2 h{‘[ 0 0.1 0.2 0.3 0.4 03 0.6 0.7 0.8 0.9 1
G= (12)
[ [[[hy |
where the scalar normalization factgiin (12) is determined 1
by the relay power constraint (6). This can be restated,gusin 08l
the constraints in (8) and (12) as < T
Po(H) = || [g)” + Nolgl* =1 —6(H), ~ (13)
which |mp||es the condition % o1 0z o3 0 oé o8 07 08 09 1
1-0(H)

_ ) (14) Fig. 2. Achievable rate and optimal power allocation for tA& @N system
Ny + Hh1||2 (N =2,v =4, N%, = 5dB). § = 1 implies that the relay node is silent

during the second time-slot and direct transmission is emgloyaile 6 = 0

Substituting the optimal expressions (12) and (14) into thmplies that the source node is silent during the second tioteasd the AF

expression off, (11), we get protocol in [2] is employed.

2 2 _
|h0|29(7‘() + Hh2\|“|1|:1|é” NloJrT\(}?ff\z . . . .
. (15 After some algebraic manipulations the optimal strategy fo

C ) .
2 No(1 + ||hg* 22200 ) power sharing can be expressed as

No-+[hq|*
9(7‘():0 if KD(H) <KL(H)
{ Q(H):l if KD(H)>KL(H)

I =

which depends only on the power allocation poliiy). (20)

IV. OPTIMIZATION OF THE POWER ALLOCATION hol? ,
. WhereK'p(H) = - is the argument of’(z) in the second

"T‘ this section, the _0pt|mal power aIIoc_atlon _pollcy 'Sime-slot term in (15) if¢ =1 (i.e., it corresponds to direct
derived. As discussed in the previous Section, this probl nsmission without the use of the relay), wher&asH) —

boils down to the maximization af, in (15) over the fraction TR is the argument of*(x) in th
of power allocated to the source in the second Me&B). (1 e N (No- a2+ ) oot O () in the
Therefore the problem can be stated as second time-slot term in (15) # = 0, and corresponds to
the AF protocol presented in [2]. In other words, for any
A, fo(0) (16)  realization of the channels it is optimal to use either direc
- transmission or the protocol in [2], depending upon which
with . . .
. scheme achieves the higher rate. Under the constraint of a
|hol*6 + ”hf”‘,‘,/'ﬂé" Noitglw fixed total power for each time-slot, the scheme presented in
fo0) =C +NT" — . [3] is never optimal.
No(1 + [Ibel|” o3 m) As a final remark we note that if we le¥, — 0 (i.e.,
. ) ] N asymptotically with respect to the signal-to-noise ratib)s
After tedious calculations, it can be verified that easily seen thakp,(H) — oo, while
dfo(0) o 2 2
= S an - _ [y [ bl
@ B M) = (e @Y
where Thus for highSNR Kp > K is always verified and the
a=—(Ng+ ||h1||2) [||h1||2 ||h2||2 Ny — asymptotic optimal allocation &= 1, i.e., direct transmission

is optimal and the AF protocol is not advantageous.
hol?(No + |ho|?) (No + ||| hQ} 18
|ho|*(No + [ho|*)(No + [[ha]|” + [[ha[|") |, (18) V. SIMULATIONS RESULTS
and 3(0) has a cumbersome expression which is positive for | order to get insight into our results, we assume that the re
every value off < [0,1]. We can then conclude thah(0) |ay is located on a line between the source and the destinatio
is monotone in the intervab, 1], and that the maximum is sych that the average power of the channels gains depends on
achieved inf = {0,1}, according to the sign ofe. We can the source-relay distanegand the path-loss exponent(see
summarize this conclusion as fig. 1). Let us first consider the unfaded case (AWGN channel),
{ 0=0, if a<0 where |ho|? =1, |h]? = &N, [hf]*> = =% N. In

) (19) : . ’ (17§V .
=1, if a>0 this case, fig. 2 shows the achievable rate and the optimal
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Fig. 3. Optimality regions for different values @f (N%) = 5dB). In the

region above each curve the AF scheme in [2] is optimal, whiltaéregion

below each curve direct transmission is optimal. Fig. 4. Ergodic achievable rai@; [R] and average optimal power allocation
En[0] (N =2, v =4, N% = 5dB).

power allocation forN = 2, v = 4, 1/Ny = 5dB. It is seen

that the scheme in [2] is optimal when the relay is locateslot), or the scheme proposed in [2] (the source remainstsile
in an interval around halfway between the source and thethe second time-slot).

destination. Similar results can be obtained for differeities

of v and N, showing that, increasing either the number of
antennas or the path-loss exponent, the interval iof which  [1] T. M. Cover and A. A. El Gamal , “Capacity theorems for theasel

: : channel,”|IEEE Trans. Inf. Theory, vol. IT-25, pp. 572-584, Sep. 1979.
the relay is used grows. The regions of the d plane where 2] J.N. Laneman, D. N. C. Tse, and G. W. Wornell, “Cooperatiixersity

either technique is optimal are plotted in fig. 3 for differen in wireless networks: efficient protocols and outage behayi |EEE
values of N, with 1/Ny = 5dB. In the region above each Trans. Inf. Theory, vol. 50, pp. 3062-3080, Dec. 2004.

_ ; ; : a4 i~ [38] R. U. Nabar, H. Bolcskei, and F. W. Kneubuhler, “Fadindayechan-
curve ¢ = 0 and the AF scheme in [2] is optimal, while in nels: Performance limits and space-time signal desigffE Jour. on

the region below each curveé = 1 and direct transmission Selected Areas in Communications, vol. 22, Issue 6, pp. 1099-1109, June
is optimal. As expected, for larger number of antenhashe 2004.

: : : : ; Y. Yingwei, C. Xiaodong and G. B. Giannakis, “On energyi@éncy
region in which the scheme in [2] IS a‘dvamageous becomé@ and optimum resource allocation of relay transmissions inaivepower

Iarger. regime”, IEEE Trans. on Wireless Communications, vol. 4, Issue 6, pp.
Introducing uncorrelated Rayleigh fading, fig. 4 shows the 2917-2927, Nov. 2005.
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Exn[0] (Ex[.] denotes the expectation with respect to fading  computers, vol. 2, pp. 1902-1906, 7-10 Nov. 2004 .

states) versus different values of the source-relay distan [6] A. Host-Madsen and Z. Junshan, “Capacity bounds and peliecation

- o o . . for wireless relay channelsTEEE Trans. Inf. Theory, vol. 51, Issue 6,
for N =2, v=4,1/Ny = 5dB. It is seen thatty[0(H)] is pp. 2020-2040, June 2005.
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In this paper, optimal power allocation and linear proaggsi
have been investigated for an amplify-and-forward fading
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under an instantaneous sum-power constraint. The optimal
linear processing at the relay node is the outer product of
the beamformers for the source-relay and relay-destimatio
channels. Moreover, the optimal transmission schemeligreit
direct transmission (the relay remains silent in the sec¢ond



