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Abstract—We! consider an OFDM (orthogonal frequency di- P (k)
vision multiplexing) point to point transmission scheme inproved rl
by means of multiple relays. For each carrier, symbols sent Y

the source during a first time slot may be retransmitted during Re|ay 1

a second time slot by the relays, which are assumed to be of

the DF (Decode-and-Forward) type. For each relayed carriethe ASRl(k ARDl(k)
destination implements maximum ratio combining between wht

is received over the direct link and what is received from the Relay 2

relay(s). Perfect CSI (channel state information) knowlede is
assumed. The paper investigates the power allocation profi in
order to maximize the rate offered by the scheme. The source

is allowed to transmit a new symbol during the second time /\SRi(k)
slot when none of the relays is assisting. The constraints of

/\RDj(

decodability at the relays are properly handled. The optimzation Source Destin.
is conducted for individual constraints on the powers at the N (k)
. - B SD
source and at the relays. The theoretical analysis is illushted by P (K
numerical results. S( ) Rel N
elay
I. INTRODUCTION r
In previous contributions we have considered OFDM P k
r,Nr( )

(orthogonal frequency division multiplexing) transm@si
schemes improved by means of a single relay operating in
the decode and forward (DF) mode. Two protocols have been
considered, differing by the behavior of the source durlmg t this paper. The main steps of the sum power case are however
second time slot. In a first case, the source is always idle everepeated here for the sake of clarity.

when the relay is non assisting. In an improved protocol, the - geqhq with multiples relays have also been considered in
source sends during the second time slot a new symbol ofe jiterature. In [5], the authors have considered OFDNMhwit
each carrier for which the relay is non aSS|st|_ng._The POWER,itiple decode and forward relays. The objective of their
aIIo_caU_on problem has been solved for an o_b]e_ct|ve fumnctio qric i to minimize the total transmission power by alloogti
Wh'(_:h IS th_e rate of the sys'Fem. The Op“m'zat_'F’” ha_s bee'ﬂ)its and power to the individual subchannels. A selective
achieved with a proper handling of the dechabll|ty corstra relaying strategy is chosen. In the current paper, the tibgec

at the relay, and for both types of constraints on the power , tion chosen is the maximization of the rate. Besides tha

a sum power constraint or individual power constraints at th the truly optimum allocation is obtained and shown to use
source and at the relay. These results have been reported dp, /4 relays

[1]-[3]. In the current paper we consider a similar setup rghe

now the transmission is helped by means of multiple DF relays [I. SYSTEM DESCRIPTION

In a recent contribution [4], the power allocation probleash Assuming the cyclic prefix technique works properly ev-
been tackled for a constraint on the sum of the powers at thgrywhere, the OFDM transmission system can be described
source and at the relays. This appears as a natural step/& soby |ooking at each individual carrier. The block diagram
the problem for individual power constraints, which is ©pf  associated with the system for one particular carrier isatiegp

in figure 1.
1The authors would like to thank the Walloon Region DGTRE N&ro 9 . he fi . li iod bol i by th
COSMOS project, the FP6 project COOPCOM and the NoE NEwcoM++  During the first signalling period, a symbol is sent by the

for the financial support. source on each carrier. The relays then decode and possibly

Fig. 1. Structure of the system for carrikr

© EURASIP, 2009 145



relay some of the symbols during the second time slot. Wheremember the assumption on the decode and forward operating
assisting, the relays are constrained to use the samercasrie mode of the helping relays. For any relgyassisting in the
that used by the source. Based on the two signalling intgrval relaying phase for carrigk, one must have that

the destination implements maximum ratio combining for the

carriers with relaying. s (k) Asr, (k)|

Let us denote by /P, (k) (resp../Pr.(k)) the amplitude Py(k) [Asa(k Z k) Ara(k))?  (6)
of the symbol at the source (resjph relay) for carrierk, and
by Asa(k) (resp.Ay,a(k)) the complex channel gain for tone where),,, (k) is the channel gain between the source and relay
k between source (resp. relay and destination. The noise ; for carrier k. This constraint means that the global rate of
sample observed by the destination at ténduring the first  the system between source and destination cannot be above
period isni(k), andnz (k) during the second period. These the rate achievable on any of the links between the source and
two noise samples are zero-mean circular Gaussian, white arthe assisting relays, otherwise some relays would not be abl
uncorrelated with the same varianeg. Denoting bys(k) the  to decode which is in contradiction with the fact that theyel
unit energy symbol transmitted over tore the destination s able to decode. Note that for each relayed carrier, thefset
gets at the end of the first time slot, relays assisting for that carrier has to be determined.

ysd \/ Asd + ni (k) (1)

During the second time slot, for coherence issues at the

>

receiver side, each assisting relay< i < N, (N, is the The constraint on the sum power is given by

number of relays) sends/P,; (k) exp ™ @& Aria(k) 5(k). This

means that the phase of the channel is precompensated, which [Z 2P (k) + Z [Ps(k) + Z Pkl <P (7)
requires the relays to know their respective gans;(k). keSs keS, i

Hence the destination receives during the second time slot \yhere P, is the total power budget. The objective function
together with the constraints leads to the following Lagian:

yra(k Z k) Ara(k)| s(k) +na(k).  (2) PR (2
- | P 2zlog(1+ s<>|;d<>|)

After proper maximum ratio combining over the two time slots res. on
at the destination, the decision variabig:) obtained at the Py(k) sa(k) )|/\ a(k)2
k-th output of theN,-FFT (Fast Fourier transform of siz§g;, + Z log (1 A A
N, being the number of carriers) and the related signal to noise keS,
ratio (k) are given by N >, /Pr,i(k)|)\rid(k)|)2

r(k) = VPolk) Nig(k) ysalk o2

- Z '* alk )” yra(k) ®) " lz 2P, (k) + 3 [P(k) + Y Pra(k)] — Py
kes kes, i
( |/\sd Z vV H |/\n
(k) = o2 -(4) - ;s: Z prj [Ps (k) Psa (k)|
€S, j

Ill. RATE OPTIMIZATION FOR A SUM POWER CONSTRAINT

2 2
The achievable rate of the system for a duration of 2 OFDM Z R)Aria(k)D)” = Ps(k) [Asr; (k)] ] - (8)

symbols is defined by [6]:
The Lagrange multipliers are denoted byor the power con-

2
2 Z log (1 + Py (k) |)‘ a(k)| ) straint and by, ; for the decodability constraints. As explained
in [4], relaying for carrierk should only be considered when

R

keSs

" 2 2
P.(k )|)\5d( )2 we have at least ongsuch that\,,, (k)[* > [Asa(k)[°.
+ Z log (1 + —
kES, n
A/ Pri(B) [ Ara(k)))? _
+ o¥ : (2)| «a(k)) ) (5) In [4] it has been shown that for a relayed carrigrone
g . .
n relay will be saturated and other ones may assist and they hav

where S, is the set of carriers (or tones) receiving power ata nonsaturated decodability constraint. For any two asgist
the source only, and, the complementary set, that is, carriers relays; and;j’, we obtain from the KKT conditions that

receiving power at the source and at one relay at least. At A A a()]

. . . R | rjd( )| r.d\q

this point the set$; andS,. are not known. Their definitions 5 = 5 9)
(meaning which carriers are allocated to each) is an outcome \/ i (4) \/ i (4)

of the optimization procedure. For a relayed carrier, oreetba  This, with the saturation or active constraint for relgy leads
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to the following values for the relay powers: Rs(q) > R,(q). On the contrary, whem\,4(q)|? < |)\B(Q)|2

we have R,(q) < R,(q). However this is valid only for
Pjla) = Pula) [Pory, @F = [Nsa() ] Pla) < A(q) where
Arja(a)] 2 2
B (10) 2 @~ Asa()
(51 Prala)P? Mot T e @9
The power allocated to carrier is given by P(q) which is Based on this a new form can obtained for a Lagrangian:
obtained by
Plg) = Pia)+)_ Prila) = 202
' P(k) | Ag(k)|?
= pi hs @B D] ©Y log <1 n M)
" > Pra(@)? kes, "
which shows the link betwee®(q) and Ps(g). In view of - i Z P(k)— P, 17)
all these, we can conclude that for a carrier with one agsgjsti kesS,

relay fulfilling the constraint, and several other assgstielays,

ith P(k) = Ps(k P.i(k) f layed i h
power P(q) leads to a contribution to the rate given by w (k) (k) +2.; Pri(k) for a relayed carrier where

the relay powers can be computed from (10). For a non relayed

P(g) [Asr,, (0)]2 Bla) carrier, P(k) = 2Py (k).
R.(q) = log(1+ 2 12) Equating to0 the derivatives of this Lagrangian with respect
" to the power, we get fok € S,
with 1 2
I 2 Pk) = 2 [——7"} (18)
B(q) = 2 Aria(9)] (13) ( o Psalk)P ],

ey, @F = sa(@)? + 32 Ara@)?

where[.]; stands for ma, .|. Similarly, for k € S,.,
It appears that the impact dP(¢) on the rate is increased

. 2
with the productA,, (9)|* B(a). As [Asr,, (@) > [Asa(a)]?, Pk) = F - LJ : (19)
B(q) increases with the value of, |\.,a(q)|*. Therefore, po sk ]
for a given choice of the saturated relgy, all possible At the end of the power allocation one checks if any of

additional values ofi\..a(q)|* should be retained. In other the relayed carriers receives an amount of power above the
words, all relays for which decoding is possible, which means tqreshold given by (16). If this happens, the relayed carrie
Asr.(@)* > [Asr,, (@)I?, should be used. The choice of the fyfilling this condition and having the largest value|at(.)|?
saturated relayj, is a compromise between a high value of js moved from the se§, to the setS,. The power allocation
[Xsr,, (@)]? that is directly beneficial to the rate, and a lower js computed again. This procedure is iterated till none ef th
value that allows to select more relays,..(¢)|* fulfiling  relayed carrier receives an amount of power larger than its
the decoding constraint. Hence all the valugs.; (¢)]*> >  associated threshold. This procedure is referred belovhas t
|Asa(q)|* should be ranked in increasing order. For each ongeallocation step. Different reallocation strategies ehdeen
considered as candidate for the relay with saturated @instr experimented and all lead to the same result. Yet the ogitimal
jg» the value of |\, (¢)” B(q) should be computed. The stjll remains to be proven.

maximum is then kept.

About a non relayed carrier, we have by setting the deriva- IV. INDIVIDUAL POWER CONSTRAINTS
tive of the Lagrangian (8) t@ that The methodology followed here is similar to that used in
2\ ! 2 [1]. The individual power constraints are given by
oR  _ (4 + Py(q) [Asa(q)| [ Asa(q)|
OPs(q) o2 o2 Ne Ny
— 2 (14) > Pi(k)< Pand Y Pri(k) < P (20)
k=1 k=1

For a total powerP(q) allocated to carriegy (over the two

. for all relays1 < i < N,, rather than constraint (7). These
instants), the rate evolves as

N, + 1 constraints lead to the use d¥, + 1 Lagrange
P(q) | Asa(q)? 2 multipliers. A first point to be noted is the fact that it may
<1 + 952 ) (15) happen that the power constraint on some of the relays will no
" be saturated at the optimum, depending on the channel parame
where the2 in front of the log has been moved as an ters. This case will not be investigated furth®r.+ 1 Lagrange
exponent inside théog. Let us denote bys(g)|> the max-  muiltipliers, s and y1,.;, now have to be used for the power
imum value that can be found fdi\s, (¢)|* 3(q). When  constraints. One element in the direction of the soluties In
Asa(q)]? > |As(q)|*> we have for any value of?(q) that the observation [7] that the rate only depends on the praduct

Rs(q) = log
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of powers and (possibly modified) channel gains. Hence alloAdapting what has been found above for the sum power case,
cating powerP to a carrier with gain\|? provides the same the routing of carrierg to setS, or setS, is based on the
rate as allocating powerP to a carrier with gairfA|*>/u. Let  comparison of|\!,(¢)|* with |)\g(q)|2, the maximum value

us define the following modified gaing\",|> = |[Xsq|?>/us;  that can be found fof\“ . (q)|? 5*(q) with

N2 = e P/ ass I G2 = [Arsal?/ e, The equivalent e

powers under consideration are nd¥W(q) = us Ps(q) and 8(q) = > 1A a(d)] 23)
P!(q) = pr; Pri(q). The reasoning has to be adapted to the [Ny, (@2 = [Ny (@2 4+ 325 N2 y(@)

fact that now the power constraints are separate and do L 9 T . .
longer concern a single power budget. Let us again deno@hen |/\sd(q)|2 - |/\5(Q)2| carniery 1 allocated to Seﬁ?'
hen |\, (q)[* < [X3(q)]?, carrierg is allocated to sef,. if

by Ss the set of carriers receiving source power only, and

1
by setS, the set of other carriers using at least one relay.PH(’J) < A¢'(¢) where

Let us first assume that the a}ppr_opriate r_nultipliﬁgsand . " ) |/\g(q)|2 — X ()P
ur; have been found. The objective function together with At(q) =40, () (24)
the constraints on decoding at the different relays leadhéo t sd
following Lagrangian: and to setS; if P#(q) > M/(q). This is implemented by means
. u ) of the waterfilling and reallocation step described above.
Ly = 2 Z log <1 + M) Up to now it was assumed that tg; and s were known.
kes. o In fact there are single valugs.; and . for which the power
PE(k) M (k)2 constraints are simultaneously fulfilled. As in [1] a Newton
+ Z log <1+ % Raphson iterative approach is proposed to find the correct
keSy " values. At iteratiori, the power priceg:,.; andy, are updated
(i y/PLa(k) A 4 (R)? according to
+ : I4+1 l P _P
o2 /Lls ) Mg Zq s(q) s
o I AT et | e Pra@ = P
— lz 2P! (k) + Y [Pl(k)+ ) PL(k) : : :
kES, kES, i wy 1h N, >y Prn, (@) = Prn,
with
- HsPs_Zﬂr,iPr,i
[ aqus(Q) azqPS(Q)
= 202w [PER R Ous O,
KES, J = : : (25)
+ PR (R)INE (R))? — Pr(k) M- (k)] (21 > g
(Xi: vV Eri(B)IAL 4 (R)) (k) |AG, (F)[*(21) o T
It is interesting to compare this Lagrangian with the onegiv V. RESULTS

by (8). Actually they both have the same structure. The first In order to illustrate the theoretical analysis, numerical
difference is that (8) is based aR's and \'s while (21) is  results are provided and discussed for situations With= 2
based onP*'s and A*’s. Assuming thatu, and theyu,.; are  and N, = 3 possible relays. The number of carriers is set
known, and thanks to the use of the modified gains and powergy N, = 128. Channel impulse responses (CIR) of length
the individual power constraints give rise to a single sum32 are generated. The taps are i. i. d. zero mean circular
power constraint. The associated Lagrange multiplier nas h complex gaussian, and of unit variance for all links except
to be equal tal which is the other difference. Based on thesethe links )\,,, which are 10 dBs higher. From these CIRs,
observations, it turns out that under the assumption of knowFFTs are computed to provide the corresponding. We set

s and i, ; all the results derived in section Il apply to our 52 = 1. The individual power constraints afé = 200 and
problem with individual power constraints, and to the pawer p, ; = 50 for all relays. The sum power constraint is chosen to
and the gains that have been properly normalized. In péaticu be P, = 200 + N, x 50. Figure 2 provides the gains.,, (k)|?

for a relayed carrier, out of all the contributing relaysjregle  (solid curve),|\sq(k)|? (dash-dotted)|),,q(k)|?> (dashed) in
one has the constraint active. The power allocated to cajrie dB for the realization under consideration in the cAge= 2.

is given by P*(q) which is obtained by Figures 3 shows the power allocation) (obtained for the
optimized method and the individual power constraints. The
H _ I3 H
Pfq) = Pia)+ Z Pri(a) possible further split where appropriate among source powe

I )2 = A ()2 (solid line) and powers of the relays (dashed) is shown. The
5Tjq (g «ald (22) %S indicate that at least one relay is assistingat the top of

> Mal@)? ' the figure) or nonex in 0). When no relay is assisting it has
to be remembered that the corresponding amount of powyer (

Pia)
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Frequency responses of the different channels (dB)
20 T

20 I I I I I I
0 60 80 100 120
Carrier position

140

Pro 2 indiv Power allocated to source and to

relay
T

4 T T T T
O Total power
08000008000 w5 H00000BIC 00000 Source power
351 . —— Relay1 power ||
— — Relay2 power
%) éﬁb C@E) X Relay indic
] 0900
3 o i
R &
o o ©%0
251 o) Q? 4
> ° PR &%) &
2r g $ CRG R OR Ty &
© o™ | o 0o [ ®o | >
@ G > ¥ ; b o
e - | I o \
R A A R SR A S,
| ol |1 R | | \
L “‘MM“ “ “ i \“‘\ “ \‘/L’ i ‘/—/\4‘ | “
i W\ | B AT \ TR S
W | \ | /\ A b\
| I NI |
0.5 J\/?NL \J“ \‘ “ r[ ! \‘\\’\‘y “\‘ ;‘ . ( A ! 7
A1 YL i O (R L A
"‘ (L I ‘/ | \\J v k ‘ I
0 ol g J & L sassent L 1 L J )
0 20 40 60 80 100 120

Carrier position

140

Fig. 2. Gains|Asr(k)|2, |Asa(k)[?, [ Arq(k)|? in dB. Fig. 3. N, = 2. Final power allocation to source and relay in the case of
individual power constraints for the optimum approach.
has to be shared over two successive time slots. The bit ra ro 2 inciv Power allocated o source and f relay
achieved in this case 92 bits per 2 OFDM symbols duration. 4 o Total power
For the same channel realization and a sum power constrair SRy |~ neimy 1 powerl
the total rate is498 bits per 2 OFDM symbols duration. To © 0§ Relayzpower
show the advantage of power allocation, the rate obtaine Relay inde__{}
with uniform power allocation has also been computed. The . |
power of each node (source or relays) is equally distribute: S % |
across all carriers. The best combination of relays fuifili ;’@ ° %52%
the decodability constraint is searched for each carrier. F A Oﬁ“ .
the not relayed mode, the power allocated by the source t | \ “ L
the carrier under consideration is further split betweentto ‘ \ | H ",\, \‘\j ‘
time slots. A decision is made about the Setor S, to which o ‘\“N \ li\ \
to allocate the carrier by comparing the rates obtained witt Y | 5\‘v L
the two modes. For the realization under consideration the b L “ﬂ“ J\‘;‘x \’
rate achieved i887 bits per 2 OFDM symbols duration. 5 F AT 110
Figures 4 shows the power allocation obtained for the carmer postion
optimized method and the individual power constraints in
the case ofN, = 3. The channel realization is different Fig. 4. N, = 3. Final power allocation to source and relay in the case of

and not reported here for the sake of concision. The pifdividual power constraints for the optimum approach.

rate achieved in this case &7 bits per 2 OFDM symbols
duration for individual constraints, aric¥2 bits per 2 OFDM
symbols duration for the sum power constraint. Uniform powe
allocation leads to a rate af14 bits per 2 OFDM symbols

duration.
[7]
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