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Abstract—A novel subcarrier-pair based opportunistic DF pro- considered in[]4] except that the source can also make direct
tocol is proposed for cooperative downlink OFDMA transmisson  S-D transmission at every unpaired subcarrier in the second
aided by a decode-and-forward (DF) relay. Specifically, use gint This protocol and its RA were later intensively stutie

message bits are transmitted in two consecutive equal-dutian . .
time slots. A subcarrier in the first slot can be paired with a e.g., in [7]12]. Note thathe improved protocol does not

subcarrier in the second slot for the DF relay-aided transmssion  really improve the way how DF relaying is implemented over
to a user. In particular, the source and the relay can transmi a subcarrier pair, but rather let the source utilize the unpaired
simultaneously to implement beamforming at the subcarrierin  gybcarriers in the second sot for direct transmission to avoid
the second slot for the relay-aided transmission. Each unpeed A ;
subcarrier in either the first or second slot is used by the soce the. \.NaSte ?jf Spectrurr:l resotl.'lrce' In .m]tl ]’t' th_e S('ju?cam?r
for direct transmission to a user without the relay’s assisance. palrln_g and power a 0(_:a |_on are jointly optimized for piin
The sum rate maximized resource allocation (RA) problem is to-point OFDM transmission. As for OFDMA systems, RA
addressed for this protocol under a total power constraint.lt is  problems considering the joint optimization of power adlec
shown that the novel protocol leads to a maximum sum rate tion and subcarrier assignment to users are addressetHn [7]
greater than or equal to that for a benchmark one, which sy |5 these works, a priori and CSl-independent subearri

does not allow the source to implement beamforming at the ~—_.°. " . idered. i b ier in the first sl
subcarrier in the second slot for the relay-aided transmis®n. pairng is considered, 1.e., a subcarrier in the nrst siaiveays

Then, a polynomial-complexity RA algorithm is developed to Paired with the same subcarrier in the second slot if theyrela
find an (at least approximately) optimum resource allocatin aided mode is used. It is a complicated RA problem to jointly

(i.e., source/relay power, subcarrier pairing and assignmnt to  optimize subcarrier pairing, power allocation and sukiearr
users) for either the proposed or benchmark protocol. Numeical assignment to users.

experiments illustrate that the novel protocol can lead to anuch

greater sum rate than the benchmark ondl In this paper, we consider downlink OFDMA transmission

from a source to multiple users aided by a DF relay. Compared
|. INTRODUCTION with the existing works, this paper makes the following
The incorporation of subcarrier-pair based decode-argpntributions. First, a novel subcarrier-pair based opypastic
forward (DF) relaying into orthogonal frequency divisiomdd DF relaying protocol is proposed. A benchmark protocol gsin
ulation (OFDM) or multiple-access (OFDMA) transmissiorthe improved protocol as in|[7] is also considered. How-
and associated resource allocation (RA) were studied]in [1§ver, the proposed protocol uses further improved reldgehi
[4] when the source-to-destination (S-D) link exists.[Ij-{B], transmission, which allows the source and relay to transmit
an “always-relaying” DF protocol was used, i.e., a subearriSimultaneously to implement beamforming at the subcarrier
in the first time slot is always paired with a subcarrier ifn the second slotNote that the proposed protocol truly
the second slot for the relay-aided transmission. To betigfproves the implementation of DF relaying over a subcarrier
exploit the frequency-selective fading, we have proposed gair with transmit beamforming, which is not the case for
opportunistic DF relaying protocol (sometimes termed dBe benchmark protocol. Second, the sum rate maximized
selection relaying) in[4]£[6], i.e, a subcarrier in the fiisne RA problem is addressed for both the novel and benchmark
slot can either be paired with a subcarrier in the second sfgptocols, under a total power constraint for the wholeesyst
for the relay-aided transmission, or used for the S-D direlitis shown that the novel protocol leads to a maximum sum
transmission without the relay’s assistance. It is veryangnt rate greater than or equal to that for the benchmark one. An RA
to note that when some subcarriers in the first slot are usaglgorithm is developed for each protocol to find the globally
for the direct transmission, some subcarriers in the sestmid optimum source/relay power allocation and subcarrierimgir
will not be used, which wastes spectrum resource. to maximize the sum rate of all users.
To address the above issue, we have proposed an improvetine rest of this paper is organized as follows. In the next

DF protocol in [7]. This protocol is the same as thosegection, the system and transmission protocols are describ
In Section[IIT=A, we will focus on computing the maximum
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numerical experiments are shown in Secfioh IV. Finally, som @
conclusions are drawn.

Notations: A letter in bold, e.gx, represents a sef(z) = -~ '0) @@
2logy(1+ z) and [z]" = max{z, 0}.
——— transmission over subcarrier k in the first slot - - - — # transmission over subcarrier [ in the second slot
[1. PROTOCOLS ANDWSR MAXIMIZATION PROBLEM @) (b)
A. The transmission system and protocols Fig. 1. The relay-aided transmission mode over the sulscqpdir (k,1) to

useru.
Consider the downlink OFDMA transmission from a source

to U users collected in the s&f = {u|lu=1,--- ,U} aided

by a DF relay. The source and the relay can simultaneouskencodes those bits into the same codeword as the source
emit OFDM symbols usinds subcarriers and with sufficiently did.

long cyclic prefix to eliminate inter-symbol interferenééser In the second time slot, the source and relay broadcast
message bits are transmitted in two consecutive equatidnrathe codewordgd(n)e=7<"swt|¥ n} and {#(n)e =7 <Mt ¥ n}

time slots, during which all channels are assumed to ket#fpough subcarriel, respectively, where/hg,; and Zhy,
unchanged. During the first slot, only the source broadcastpresent the phase bf,; andh,., ;, respectively. This means

N OFDM symbols. Both the relay and all users receive thesieat the source and relay implement transmit beamforming to
symbols. After proper processing explained later, the @uremit the codeword through subcarrieass illustrated in Figure
and relay simultaneously broadcast OFDM symbols, and [I.b. Note that the source and relay need to know the phase
the users receive them during the second slot. Due to thiehs, ; and by, , respectively. At user, the nth baseband
OFDMA, each subcarrier is dedicated to transmitting a eingd;ignal received through subcarrieis

user's message exclusively. A subcarrier in the first slot ca

be paired with a subcarrier in the second slot for the rela§lul2 (\/ Bopalhsuil + v/ rl2|hrul|) )+ Zu2(n),
aided mode transmission to a user. Each unpaired subcarrier ©)

in either the first or second slot is used by the source for tb\ﬁherezu 1.2(n) is the AWGN with powers?.

direct mode transmission to a user. Finally, useru decodes the message bits from all signals

To simplify description, we use subcarridraindl to denote recejved during the two slots. These signals can be grouped
the kth andith subcarriers used during the first and secongo N vectors, thenth of which is

slots, respectivelyi(,l = 1,---,K). We define the source

transmission powers for subcarriér in the first slot and y(n) = [ Yu, k.1 (1) ] (4)
subcarrier in the second slot aB; ;1 and P, ; o, respectively. Yu.t,2(n)

The relay transmission power for subcarrieis P, ;5. The [ / Ps ke, 1 hsu ke (n) + z(n)
complex amplitude gains at subcarrierfor the source-to- VPs2lhsuil + /Pra2lhral

relay, source-tas and relay-tox channels arés, i, hs, r and wherez(n) = [zux1(n), 2us2(n)]T. Note that the transmis-

hru.k, respectively. The two transmission modes for the novel
ru,k P Y- Sion of the codeword in effect make¥ uses of a discrete
protocol are elaborated as follows:

memoryless single-input-two-output channel specifieddy (
1) The relay-aided transmission mode: Suppose subcarrier with the nth input and output being(n) andy(n), respec-

k is paired with subcarridrfor the relay-aided mode transmis-tively. To achieve the maximum reliable transmission rate,

sion to usern:. A block of message bits are first encoded intmaximum ratio combining should be uséd][14], It can readily

a code word of complex symbol@(n)|n = 1,---, N} with be derived that the SNR for after this combining is

E(|6(n)|?) = 1, ¥ n. In the first slot, the source broadcasts the

co(c|ie(vvo|rd) over subcarriér as illustrated in FigurEl1l.a. At the Vetu(Pokt Ptz Priz) = GoupPorat

relay and usew, the nth baseband signals received through (v/Gsui P2 + \/Gru7lpr,l72)2, (5)

subcarrierk are

where G, = “1;—2’“‘2 and Gy, = ‘h;—;F To ensure both
Yr,k(n) = / Pk 1hse k0(n) + 20 6(n),n=1,---,N, (1) the relay and user. can reliably decode the message bits,
the maximum number of message bits that can be transmit-
ted is 2NC(Gsr,sz,k,l) and 2NC(7klu( s,k laPs,l,Qa Pr,l,Q))a
Yur1 (1) = \/Pegihsurd(n) + 2y p1(n),n=1,--- N, respectively. This means that the maximum transmissian rat
(2) over the subcarrier paitk, ) in the relay-aided mode to user
i u is equal toc(mln{Gsr sz,k,la 'Yklu(Ps.,k.,ly Ps,l,2, Pr,l,Q)})
respectively, where, ,(n) and z,,1(n) are both additive pits/OFDM-symbol (bpos).
white Gaussian noise (AWGN) with power’. The signal-  2) The direct transmission mode: Suppose subcarriek
to-noise ratio (SNR) at the relay 1, 1,1 G x WhereGs,, = (respectively, subcarrid) is unpaired with any subcarrier in
'hg—z’“‘ At the end of the first time slot, the relay decodethe second (respectively, first) slot, and is used for dinemtle
the message bits froMy, x(n)ln = 1,---,N} and then transmission to usei. The source first encodes message bits

and



into a codeword of N symbols, which are then broadcasand the optimun¥; ; i is

through subcarriek (respectively, subcarriér In such a case,

the relay keeps silent at subcarriein the second slot, i.e. - %P if min{Gy r, Grut} > Geuks

P, 12 =0.). Useru decodes the message bits from the signals skl ' ’ if min{Ger k, Grui} < Gsu k-
received through subcarriér (respectively, subcarrid). The

maximum rate through subcarrier(respectively, subcarrigy To facilitate the derivation for the proposed protocol, defi
in the direct transmission moded$P . 1 Gs..1) (respectively, Auk = Gsek — Gsuk @NAGuyy = Gy + Gru. TO maximize

C(Ps1,2Gsu.1)) bpos. the rate, the optimun®, ;. 1, P ; 2 and P, ; » are the optimum
. ) ) solution for
A benchmark protocol is also considered. This protocol
is the same as the novel protocol except for the relay-aided max min{Gsr k Ps ie.1, Vitu(Pske1, Psi2, Pri2)}
transmission mode. Specifically, the relay-aided mode és th =+ 7=1.2:x1.2 ' ' '
same as that widely studied in the literature, i.e., the @ur st Psga+ Psi2+ Pr2 =P, )
does not transmit at subcarriérduring the second slot, if Pix1>0,P;2>0,P ;2 >0.

subcarriers: and/ are paired for the relay-aided transmission _ _ o
to useru. In such a case, the maximum rate for the relay- Using Cauchy-Schwartz inequality and an intuitive method
aided transmission over that subcarrier pair to usér equal Similar as that introduced in Appendix ofi[9], it can be shown

to C(min{Gs 1 Ps k.1, Gsuk P k1 + Grui Py 2}) bpos. that the optimum?, 1.1, Ps ;2 and P, » for () are
. G . .
B. The sum rate maximization problem L= mP if min{Ge k,Gui} > Gsuk,
We assume there exists a central controller which knows P if min{Gg i, Gui} < Geuy,

precisely the CSKGq r, Gsuk, Gruk|V k}. Before the data
transmission, the controller needs to find the optimum sub- {

Gau,l Ay ke . .
e 7(Au,k+Gu,l)P if min{Gs k,Gui} > Gsuk,

carrier assignment and power allocation to maximize the sum, , —
’7 0 if min{Gsr,ka CVVu,l} < Gsu,ka

rate of all users for the adopted transmission protocol ¢whi
can be either the novel or benchmark protocol), when thé tota
power consumption is not higher than a prescribed vatue and P2 =P— Py —Fe (p!ease S?dlﬁ] for more F’e'
Then, the controller can inform the source and the relay tid!S)- The maximum rate associated with the above optimum
optimum RA to be adopted for data transmission. solution is equal t@(Gjy, P) with

It can be shown that the novel protocol leads to a maximum Gor G if min{Ga g, Gut} > G
sum rate greater than or equal to that for the benchmagk,, _{ Bkt Gut [ T enky Pl s,k
one. This can be proven as follows. Note that the benchmark min{ Gk, Gsu i} i min{Gor i, Gui} < Gou k-
protocol is a special case of the novel one, since it is etpriva (8)
to the novel one constrained with ; » = 0 if subcarrierl is
paired with a subcarrier for the relay-aided transmiss&up-
pose the optimum subcarrier assignment and power allocatio For the adopted protocol (which can be either the proposed
have been found for the benchmark protocol. By using tte benchmark protocol), we first define
novel protocol with the same subcarrier assignment and powe {

B. Formulation of the WSR maximization problem

Gy if the proposed protocol is adopted,

allocation, the same sum rate can be achieved. Obviously, tl:y;, = GZlu if the benchmark protocol is adopted.

maximum sum rate for the novel protocol is greater than or
equal to that sum rate, namely the maximum sum rate for theror any possible subcarrier assignment used by the adopted
benchmark protocol. protocol, suppose: subcarrier pairs are assigned to the relay-
aided transmission, the unpaired subcarriers in the twts slo

- . can always be one-to-one associated with each other to form
A. Rate maximization for the relay-aided mode over a sub- K — i virtual subcarrier pairs for the direct transmission.

IIl. RA ALGORITHM DESIGN

carrier pair Based on this observation, we define:
Assume subcarriers and! are paired for the relay-aided o #;;, € {0,1} and Py, > 0, V k, [, u. t3, = 1 indicates
mode transmission to user, and a sum power” is used that subcarriek: is paired with subcarrieir for the relay-

for this pair. For the benchmark protocol, it can be shown aided transmission to user. Whenty;, = 1, P IS
by using an intuitive method similar as the one introduced in  used as the total power for the subcarrier gairl).
Appendix of [9] that the maximum rate associated with the ¢ #;;,, € {0,1}, apar > 0 and Brapy, > 0, ¥ k1, u.

above optimum solution is equal &G, P) with triap = 1 indicates that subcarrigr is assigned in the
direct transmission mode to userduring the first slot,
Gk Grua if min{Ge.x,Grai} > G . : .
Gzl _ Aot Crut I M Grsr ks Grrul su ks and so is subcarrier to userb during the second slot.
“ min{Ge i, Gsu,e b if min{Ge i, Grui} < Gsusie,s Whenty., = 1, Psx1 and P, » take the value ofvqp

(6) and SBriqp, respectively.



Let us collect all indicator and power variables in the detshence (at least approximately) optimum fgr](15), which can

andP, respectively, and defir® = {I, P}. Every feasible RA
scheme can be described by @rsatisfying simultaneously

tkluatklab S {011}7Vk7lauaa7ba (9)
Z Z i + Z thiay | =1,V K, (10)
l u a,b
Z Z i + Z thiay | =1,V 1, (11)
k u a,b
Z (trtuwPriv + thiab(Qkiab + Briab)) < P, (12)
k,l,u,a,b
Py 2 0, 0p1at > 0, Briap > 0,V k.1, u,a,b. (13)

Given a feasibles, the maximum sum rate for the adopted

protocol is
) = > (tkC(GriuPriu)+ (14)
k.lu,a,b
trtab (C(Gsakiiab) + C(GsbiBriav))
and the sum rate maximization problem is to solve
max f(S) (15)
st. @) — @3

be shown in a similar way as reported [n[15]. To this end,
note that thaty(¢, p, G) is a continuous and concave function
if t > 0 andz, because it is a perspective function®fGp)
which is concave op [16]. As a result,g(X) is a concave
function of X in its feasible domain for[{16). This means
that [I6) is a convex optimization problem. Apparently,|goa
satisfies the Slater constraint qualification, therefar@itality
gap is zero, which justifies the use of the dual method to look
for the globally optimum of[(1l6), denoted B* hereafter.

To use the dual methogd; is introduced as a Lagrange
multiplier for the constraint[(18). The Lagrange relaxatio
problem (LRP) for[(IB) is

mx LX) =900 +u(R-POO) (@2

s.t. ({7), @3 - @) @9),

where L(, X) is the Lagrangian of({16) and(X) is the
sum of aIIPklu, Qglap aNd Brqep in X. A global optimum
of (22) is denoted byX,. The dual function is defined as
d(p) = L(p, X,). In particular,P, — P(X,,) is a subgradient
of d(u), i.e., it satisfiesv p/,d(p') > d(p) + (1 — p)(P, —
P(X,)), and the dual problem is to find the dual optimum
W = argming>o d(u).

Since [16) has zero duality gap, it satisfies two important
properties. Firstu* > 0. This is because* represents the

for a globally optimumsS. Obviously, [15) is a nOﬂCOﬂVGXsenSthy of the optimum objective value fgr{16) with pest

mixed-integer nonlinear program. To find a globally optimurgy P, 9X)

o u* [16]. Obviously, g(X*) is strictly

S, all indicator variables are first relaxed to be contlnuoqﬁcreasmg OfPt, meanlng thaty* > 0. Second, and X

within [0, 1], i.e., Then, we make the COV froR to P =
iPklu,Oéklab,Bklab|W€,l,U a,b}, where everyPy,, Gqb and
Briap Satisfy, respectively,

Priw = thiuPriv, Oklab = triabOkiab, Briab = thiabBriab-

After collecting all variables intoX = {I,P}, the RA
problem can be rewritten as
max g(X) (16)
s.t. triw, tkiap € [0,1],V k, 1, u, a,b. a7
Z (ﬁkm + Qplab + Eklab) < P, (18)
k,l,u,a,b
ﬁklu Z O, aklab Z 07 Bklab Z Ovv ka la u, a, b7 (19)

whereg(X) represents the maximum sum rate expressed a

9X)= > (et Perus Gria) (20)
k,l,u,a,b
+ O (triab, Aktabs Gsak) + (triabs Briab, Gsbyt))
and
[ tc(cz) ift>o,

Obviously, [I6) is a relaxation of (IL5). We will find an
(at least approximately) optimum solution fér{16), andwsho
that theS corresponding to this solution is still feasible, and

are equal top = p* and X, = X*, if and only if X, is
feasible andu(P;, — P(X,)) = 0 is satisfied according to
Proposition5.1.5 in [17]. Based on the above properties, the
p > 0andX,, satisfyingP(X,,) = P; can be found ag* and
X*. Therefore, the key to developing a duality based algorithm
consists of two procedures to fipd andX,,, respectively. We
first introduce the one to finX,, as follows.

1) Finding X, when ;2 > 0: The following strategy is used
to find X, for (22) whenp > 0. First, the optimumf’ for
(]Z)Nwith fixedI is found and denoted bf’l. DefineX; =
{I,P1}. Then we find the optimurh to maximizingL(u, Xr)
subject to[(TI7),[(0) an@(1L1). FinalBX; corresponding to this
optimumI can be taken aX,,.

Supposel is fixed, we fmdPI as follows. Specmcally,
%very Pri, N PI is equal to0 when ti;,, = 0. When
trw > 0, the optimum Py, can be found by using the
KKT conditions related toPy;,. In summary, the optimum
Py, can be shown to beéPy, = trwA(u, Gr), where

+
Ap,G) = [lo&e - i} . In a similar way, the optimum

2/ G

Qkiab, AN Briqp €N be shown to b8y = triab A, Gsak)
and Briab = trrabA(ws, p, Gsp,1). respectively. Using these
formulas,X; = {I, P1} can be found. It can readily be shown

that

L(p,X1) = pPi+ Y
k,l,u,a,b

(tkiuAriu + triabBriav)  (23)



where inequalitiesd(u1) > d(ua) + (1 — p2) (P — P(X,,,)) and
d > d(py) + (g2 — P,—P(X,,)) follow. As a result,
At =CGuahp, Gatu) — 1 At i) L PP % ) ) > o p) (P

and P(X,,)) holds, and thus’(X,,,)) < P(X,,), meaning that
P(X,,) is a decreasing function ¢f > 0. Based on the above
Biiap =C(Gsa kA1, Gsa k) = 1+ Mg, Gsa k) + property, a bisection method can be used to find ghe 0
C(Gsp i A1ty Gspr)) — o - Aty Gspr)- satisfying P(X,,) = P, asu*.

Finally, we find the optimund for maximizing L(u, Xi) A

. : . ; Igorithm 1 The algorithm to solve(15).
[ 7a
subject to [(1I7),[{70) and_(1L1). This problem is equivalent O omputeG,. v k.Lu.

solvin —
9 2 ftmin = 0; fmax = 1; cOMputeP (X, );
max Z Z (tkiuAkta + triab Briab) 3: while P(X,,,,..) > P do
L{twi|V k,l} K1 wab 4 fmax = 2lbmax; computeP(X#max);
5. end while
. =1V E S ty=1,Y1, 24 :
i ; M ; M (24) 6: While pimax — fimin > 0 dO
7. p = tmechimns solve [22) forX,;
EDITEDDTRE N 8 if P,—c<P(X,) <P then
u a,b 9 go to line 12;
triw 2 0, triap 2 0,V k, 1, u,a,b. 10.  else if P(X,) > P, then
Note that the inequality 1L Frmin = Hs
12: else
Z (tktuAkiu + triab Briab) < te1Cha (25) 13 Hmax = Hs
w,a,b 14:  end if

15: end while
16: compute theS corresponding taX,, and output it as an
(at least approximately) optimum for (P1).

holds whereC),;; = max{maxu Apl, maxg p Bklab}- Let us
call A, as the metric forty, and By, as the metric
for tr.p- This inequality is tightened when all entries of
{tkiu, tkiav|V u, a, b} are assigned to zero, except that the one

with the metric equal t@},; is assigned tey,. Therefore, after ~ The overall procedure to solve{16) is shown in Algorithm

the problem @, wheree > 0 is a small prescribed tolerance. It can be
shown in a similar way as if_[15] that the finally produced

TR > tuCu X, is either equal to (ifP(X,) = P, is satisfied), or a close

kil uad approximation (if %, — ¢ < P(X,) < P, is satisfied) for

s.t. Ztkl =1,V k, Ztkl =1,Y1, (26) X*. Moreover, the indicator variables K, are either0 or
1 & 1. Therefore, theS corresponding t&,, is either optimum or
t >0,V k1, approximately optimum for(15). After finding this optimum
) ) ) ) ) S, the optimum subcarrier assignment and source/relay power
is solved for its optimum solutiof}; |V k. I}, an optimuml  gjj0cation can computed accordingly. It can readily be show

for (24) can be constructed by assigning for every comismatiyhat algorithm[3 has a polynomial complexity with respect to
of k andl, all entries in{txiu, tkias|V u,a,b} C I to z€ro, 1 andrr.

except for the one with the metric equal @; to ¢3,.

Most interestingly,[(26) is a standard assignment problem, IV. NUMERICAL EXPERIMENTS
hence{t},|V k,(} can be found efficiently by the Hungarian Consider the relay-aided downlink OFDMA system illus-
algorithm, and every entry in¢},|V k.l} is either 0 or trated in Fig[R2.U = 5 users are served and the users are
1 [18]. After knowing {t¢},|V k,l}, the optimumI can be randomly and uniformly distributed in a circular region of
constructed according to the way mentioned earlier. Rinalradius50 m. To evaluate the maximum sum rate of the adopted
the correspondin; = {I, Py} is assigned t&X,,. Note that protocol for each fixed set of system paramet&fs, random
the Hungarian algorithm to solvé (26) has a complexity okalizations of channels are generated. For each realizati
O(K?) [18], meaning that the complexity of findin®, is the user coordinates are first randomly generated, and then

O(K?3). the channels are generated in the same way &s in [19].
To find p*, an iterative method which updataswith ;1 = When K = 32 and P, /o2 increases from5 to 25 dB, the

[u—6(P,—P(X,))]" can be used, where> 0 is a prescribed averageR,., and Ry, which are the optimum sum rates for
step size[[17]. However, this method converges very slowl§he two protocols, respectively, are shown in Eiy. 3. It can b
since § has to be very small to guarantee convergence. $een that the average,,., is always greater than the average
develop a faster algorithm, we first prove thB{X,) is @ Rpen. This illustrates the benefit of using the novel protocol.
decreasing function of. > 0. To this end, supposg, > When P, /o2 = 20 dB and K increases fromt to 64, the

p2 > 0. SinceP;, — P(X,,,) is a subgradient of () at p1, the average% are shown in Fig[]4. It can be seen that the
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Fig. 3. The averagénov and Ry, when K = 32 and P; /o2 increases

from 15 to 25 dB. 9]

average% is always greater thah, and the benefit of using [10]
the novel protocol increases ds increases. This indicates
that the proposed protocol can better exploit the frequengyz]
selective fading than the benchmark one for optimizing the
subcarrier assignment to maximize the sum rate, especiq{%
when a big number of subcarriers is used.

V. CONCLUSION

We have proposed a novel subcarrier-pair based opportur[&g1
tic DF relaying protocol for downlink OFDMA transmission.
Note that the proposed protocol truly improves the DF reigyi [14]
itself. It is shown that the novel protocol leads to a maximur[mﬂ5
sum rate greater than or equal to that for the benchmark one. A
polynomial-complexity RA algorithm has been developed for
each protocol to maximize the sum rate of all users. Numieri ]
experiments have illustrated that the novel protocol caud le

to a much greater sum rate than the benchmark one. [17]
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