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Abstract

In this paper, a point-to-point Orthogonal Frequency DansMultiplexing (OFDM) system with

a decode-and-forward (DF) relay is considered. The trasson consists of two hops. The source
transmits in the first hop, and the relay transmits in the seédwp. Each hop occupies one time slot.
The relay is half-duplex, and capable of decoding the messag particular subcarrier in one time slot,

and re-encoding and forwarding it on a different subcaiiriethe next time slot. Thus each message is
transmitted on a pair of subcarriers in two hops. It is asslthat the destination is capable of combining
the signals from the source and the relay pertaining to theesmessage. The goal is to maximize the
weighted sum rate of the system by jointly optimizing subearpairing and power allocation on each

subcarrier in each hop. The weighting of the rates is to tat@account the fact that different subcarriers
may carry signals for different services. Both total andiittial power constraints for the source and
the relay are investigated. For the situations where thayrdbes not transmit on some subcarriers
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because doing so does not improve the weighted sum rate, nteeffiallow the source to transmit new

messages on these idle subcarriers. To the best of our kdgeylsuch a joint optimization inclusive

of the destination combining has not been discussed in theatfure. The problem is first formulated

as a mixed integer programming problem. It is then transéafo a convex optimization problem by

continuous relaxation, and solved in the dual domain. Basedhe optimization results, algorithms

to achieve feasible solutions are also proposed. Simulagsults show that the proposed algorithms
almost achieve the optimal weighted sum rate, and outgarfbe existing methods in various channel
conditions.
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. INTRODUCTION

For an Orthogonal Frequency Division Multiplexing (OFDM)s¢em with relay, identifying a proper
way to allocate resources to the source and the relay is the bwdtleneck for achieving good per-
formance. In this paper, we consider a point-to-point OFDMtem with a decode-and-forward (DF)
half-duplex relay. Each message is transmitted in two h@uh eccupying one time slot. A message
transmitted by the source on one subcarrier in the first tilmieis, if successfully decoded by the relay,
forwarded by the relay to the destination on one (not neci#gsiae same) subcarrier in the second time
slot. With the assumption that the channel state informafioSl) is known at the source, many works
have been done to make resource utilization of this systene mifficient.

A general downlink Orthogonal Frequency Division Multiphecess (OFDMA) relay system with
individual power constraints at one source and many relags @onsidered in_[1]. In that work, joint
optimization of the subcarrier selection and power allocatvas done. However, that work assumed that
a message is received by a destination either directly flearsburce, or from a relay which forwarded
the message. Destination combining of the signals dirdotiyn the source and forwarded by the relay
pertaining to the same message was not considered. In@ddis each relay collectively uses its active
subcarriers to forward messages to different destingtmsore complicated re-encoding scheme has to
be used by the relay to fit the received message for a pantidaktination into the subcarriers designated
to that destination. In_[2]=[4], optimal power allocatioor fOFDM with DF relaying and fixed source
and relay subcarrier pairing was proposed. [2] [4] congdetwo kinds of power constraints: one is
that the total transmit power is shared between the sourddéhenrelay; the other has individual power
constraints for the source and the relay. [Ih [5]-[7], bothveoallocation and subcarrier pairing were
considered for OFDM systems with relaying under the totavgroconstraint. However, power allocation
and subcarrier pairing were optimized separatély. [5] ps&pl a subcarrier pairing method by sorting
the subcarriers of the source-relay (SR) link and the rdiegtination (RD) link, respectively, according
to their channel gains. The SR subcarrier and the RD subcawnith the same respective ranks are
then paired together. The optimality of this sorted chamadling (SCP) scheme, in the absence of the
source-destination (SD) link, for both DF and amplify-aiodvard (AF) relaying schemes were proved
in [6] [[7]. SCP was also proposed inl [8]=[11] for OFDM AF reiag systems without the SD link, and in
[12] when the SD link and destination combining are presawer allocation with total and individual
power constraints for OFDM AF relaying systems were considén [10] and [12], while[[9] focused
on only the total power constraint. The above works dealiittp wower allocation for the OFDM AF
relaying systems usually used approximations to relax tbelem into a solvable one. Without making
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any approximations|_[13] investigated the optimal powéwcation problem for the OFDM AF relaying
systems with fixed subcarrier pairing and total power cemstrin the absence of the SD link.

In view of the lack of joint optimization of power allocatiand subcarrier pairing for OFDM systems
with DF relaying in the literature, the goal of this paper @ dolve this problem with the presence
of the SD link and destination combining of signals from thmurse and the relay. Both the total
power constrained system and the individual power comsthisystem are considered. For the total
power constrained system, we formulate the joint powercation and subcarrier pairing problem as a
mixed integer programming problem whose optimal solutehard to obtain. We then use some special
properties of the system and the continuous relaxation14] fo reform the problem and solve the
dual problem by the subgradient method][15]. With both thevgroand subcarrier pairing constraints,
the optimization problem becomes very complicated, anddinglity gap may not be zero. However,
as verified by|[[16][[1F] and our own simulation, the dualitypga virtually zero when the number of
subcarriers is reasonably large. Thus the dual optimumeviakcomes a very tight upper bound for the
primal optimum for most practical systems. In addition te thuality gap, some other practical issues such
as algorithm design and complexity comparison are alscudgsa. We then extend the formulation to
have individual power constraints, and find that the conapilimis caused by individual power constraints
can be alleviated in the dual domain. The dual optimum vaduggiain a very tight upper bound for the
primal optimum.

Finally, we relax the constraint that only the relay can srait in the second time slot. Therefore,
additional messages may be transmitted on the idle subcsiin the SD link in the second time slot,
when it is deemed that relaying on these subcarriers doegmmwbve the weighted sum rate. Such a
model was also considered inl [4]. Howevél, [4] optimized powallocation (and relaying modes) only
for a particular subcarrier pairing scheme without weightof the rates. These conditions made the
problem easier to solve. In this paper, we consider joininupation of power allocation and subcarrier
pairing with weighted rates. The problem is more generaldiffidult. However, by defining an additional
indicator, we can formulate the problem similarly as in thsewithout the second-slot SD transmission.
The problem is then solved in the dual domain. Simulationashitnat, for this problem, the duality gap
is also nearly zero.

Based on the optimization results, algorithms to achiessifde subcarrier pairing and power allocation
are also proposed. Simulation results show that the prapafgorithms almost achieve the optimal
weighted sum rate, and outperform the SCP proposed in [5hiiows channel conditions.

The rest of this paper is organized as follows. Sedtibn Icdkss the system model. Sectiod Ill solves
the optimization problem under the total power constrddstailed discussions on the practical issues
are also presented in this section. Secfioh IV solves thiengtion problem under the individual power
constraints. Section]V formulates and solves the optirgmaproblem for the system with additional
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messages transmitted on the SD link in the second time shateruboth total and individual power
constraints. Section VI summarizes our results and ob8enga Sectio VIl concludes this paper.

II. SYSTEM MODEL

We consider a two-hop DF relay system consisting of one souwne relay, and one destination.
OFDM with the same spectral occupancy is used for all linkse Total frequency band is divided into
M subcarriers. To avoid interference, for each subcarridy, ane node (the source or the relay) transmits
in a given time slot. All time slots are of the same duratioheBource transmits in the first time slot
while the relay and the destination receive. The relay isdhablex that receives in the first time slot and
transmits in the second time slot. Each subcarrier used dégadlurce in the first time slot is paired with
one subcarrier used by the relay in the second time slot teeyoa message. Therefore the number of
subcarrier pairs in transmission . If subcarrierk in the first time slot and subcarrien in the second
time slot are paired, we call them subcarrier pair (8Bjn). It is assumed that the relay re-encodes the
received message with the same codebook as the one useddputice. The destination maximum ratio
combines (MRC) the signals from the source in the first tinoé ahd from the relay in the second time
slot pertaining to the same message to exploit the spatiatgity. The messages transmitted on different
SPs are assumed to be independent.

The channel model associated with @m) is shown in Fig[IL. We uskZ®, hgR andhRP to denote the
channel gains of the SD link, SR link, and RD link on subcasrle k, andm, respectivelyos,, 05gy

ando?p , are the variances of the additive white Gaussian noises (A\iGthe corresponding channels.
Ihk o2 \hk \h P2

SR__
SD.k ’ ak
gains. The channels are assumed to remaln constant in alcthexlod. All the normalized channel

As shown in Fig[L, we usegP = , andaRP = to denote the normalized channel
gains are assumed known at the source which will performasuilec pairing and power allocation. The
source then informs the relay and the destination of theesponding parameters via proper control
signaling before the data transmission. These assumpdimnseasonable for the situations where the
channel coherence time is longer than the sum of the CSI mexasat and feedback time, the control
signaling time, and the data transmission duration.

In practical implementation, the channel gains can be nredsat the relay and the destination during
the training period preceding the data transmission peifibe training period has a similar structure as
the data transmission period in which the source transmaitsing signals during the first time slot while
the relay and the destination measure the SR and SD chamnegpgctively. The relay then transmits
training signals in the second time slot to let the destimatheasure the RD channel. A training slot could
be shorter than a data transmission slot. The measured elhgains can be fed back to the source on
dedicated reverse control channels. After the source has slabcarrier pairing and power allocation, it
can embed the pairing and power allocation parameters ingbmning of the first-slot data transmission.
This embedded control signal is transmitted with strong®vgr and/or more reliable coding. So it can
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be guaranteed that the relay and destination can sucdgsidabde the relevant parameters to figure out
how to receive (and for the relay, how to forward as well) tipeaming data.

Taking the same assumption aslin [2], [3], [5-[7], in Secfiiland Sectior IV we first consider the
scenario where for each SR, m), the source only transmits in the first time slot. Even if idiscided
that the relay will not transmit on subcarriex the source is not allowed to use this idle subcarrier in the
second time slot. In Sectidn] V, this restriction is relaxed ¢he source is allowed to transmit additional
messages in the second time slot on the subcarriers not ys#dtkelrelay. This model has also been
investigated in[[4] which assumed fixed subcarrier pairinth8Ps(k,k),k=1,2,... ;M. Together with
unweighted rates, thék, k) subcarrier pairing makes determination of whether theyreldl be active
for SP (k,k) and optimal power allocation among the SPs easier to soloeeMer, it is inferior and less
general than the joint optimization of subcarrier pairimgl power allocation considered in Sectloh V.

For the sake of generality, we consider weighted sum ratdagpérformance metric. A weighting
factorwy > 0 is assigned to the rate transmitted by the source on sidrdato reflect different priorities
or quality-of-service (Q0S) requirements.

I1l. WEIGHTED SUM RATE MAXIMIZATION UNDER TOTAL POWER CONSTRAINT

In this section, we consider joint optimization of subcarmpairing and power allocation to achieve
the highest weighted sum rate under the total power consthdie first give the problem formulation.
Then a solution in the dual domain is given. The duality gag achievability of the optimal solution,
together with some practical algorithm design issues, bélldiscussed.

A. Primal Problem Formulation

For a given SRk, m), let Rqm be its achievable weighted rate, apgl,, and pﬁm be the source power
in the first time slot and the relay power in the second timé, séspectively. Depending on whether the
relay is active, this SP may work in either the relay mode erdhect-link mode. In the relay mode, the
half-duplex relay forwards the message on subcamiém the second time slot. In the direct-link mode,
the relay does not forward, and only subcarkesf the SD link in the first time slot is used to transmit
the message. Thus the weighted rate achievable with Gaussigebooks for SIPk, m) can be expressed
as [18]

% log(1+ aZ°pRm). direct-link mode
Rim = W s SRS SD,S RD R @)
7m|n{log(1+ak Dem) » 100 (1+a2°pem+an Pem) | » relay mode

where the rate is scaled t%ybecause the transmission takes two time slots.
Under the total power constraint @y, = pﬁm+ pR,,, for the SP(k,m), using relay is advantageous
in terms of maximizing the achievable rate wheh [2]

SR SD

agR>a? and aRP > agP. 2)
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In addition, based on the fact that, for the relay mode, tlidesable rate is maximized when the amounts
of received information at the relay and the destinationtlaeesame, the expressionsl[ih (1) can be unified

as [5]
Wi
Rim = =~ 109(1 + &cmPim)- 3)
This is obtained by letting
a%D
= Pkm, relay mode
e =
Px,m; direct-link mode
a.ER— a.ED (4)
Px.m, relay mode
0, direct-link mode

in (T), and definingy m as the equivalent channel gain given by

SR4ARD
#ﬁ;"w, relay mode
agm=1{ & Tam & (5)
agb, direct-link mode

Thus, when the channel gains are known, for any possibléngawhether a SRk, m) should be in the
relay mode or the direct-link mode, and the maximum achilevaleighted rate of this SP as a function
of the total powerpcm, can be derived immediately. Define an indicatigy which is 1 if SP(k,m) is
selected, and 0 otherwise. The weighted sum rate optiroizqioblem can be formulated as

M M Wkl
max k; n;tk\m? 09(1 + & mPhm) (6)
M M
k=1m=1
M
thk,m =1, Vm, (8)
K=
M
> tom=1, Vk, 9)
m=1
pk,m > O» \V/k, m, (10)
tym € {0,1}, Vk,m, (11)

whereP is the total power constrainp € RM*M (with R, denoting the set of nonnegative real numbers)
andt € {0,1}M*M are matrices with entriegcm and tym, respectively. Since the power allocated to
the unselected SPs does not contribute to the weighted semitrés obvious that the optimal solution
will only allocate non-zero power to the selected SPs. Altffosimilar in the approach, there are some
significant differences between the above problem forrariaand the ones in [1] and [11].][1] and [11]
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both did not consider the SD link and destination combinirigewthe relay is used. In_[11], the power
allocated to each subcarrier is fixed. As mentioned in Seffithe relays in[[1] have to use complicated
re-encoders with codebooks different from that of the seufihese differences make our optimization
problem distinct from[[1] and [11].

The above problem is a mixed integer programming (MIP) mrobWhich is hard to solve. Therefore,
as in [14] [19], we relax the integer constraint 6f(11) tas € R, vk,m. This continuous relaxation
makesty n, the time sharing factor of each SP. The relaxed problem tleeorhes

M M
maxlz ztkmwklog<1+akm'°km) st (@, @@, [0, and (12)
pt =1m=1 km

tem > 0, VK, m. (13)

Note that the value of the objective functidn(12) is the samehat of the original objective function
(6) whentm € {0,1}, vk, m. This objective function is concave because it is a nonmegateighted sum
of concave functions in the form oflog(1+ ) which is concave ir(x,y) [14]. Since [I2) is a standard
convex programming problem, it can be solved by numericatcdealgorithms such as the interior-point
method[20]. However, the optim&l,, may not be integer-valued. Therefore, we opt to solve thoblem
by the dual method which can provide an upper bound for prolE2) (by the weak duality [20]). In
Section 1lI-B, it will be shown that the solution obtained the dual method hatg ,, € {0, 1}, vk, m.

B. Dual Problem

By dualizing constraintd {7) andl(8), we obtain the Lagrangas follows:

Px,m
tpa) = tem Wilog | 1+
L(pt.a Zﬁ;kmkg< akmkm)

M M M M
“(P_Z Z pk.m>+ Zam (1_2 tk‘m>7
k=1m=1 m=1 k=1

wherep € R, anda (the vector ofa,) € RM are the dual variables, witlk denoting the set of real

(14)

numbers. The dual objective function is

h(wa)=maxL(ptpa) st @00, 1TI (15)

and the dual problem is
TL” h(pa) s.t. p>0. (16)

It is well known that a function can be maximized by first maiimg over some of the variables, and

then maximizing over the remaining onés|[20, Sec 4.1.3].sTla first solvep, n, for (15) by

A m
oL tkak m W 1
Opkm 2 1+akmpkm_“:7 +pkm_“:0 an

tcm
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with constraint[(ID). The optimal solution is

Wi 1 +
o tem | — — — | 18
Phm = [ZU akm] (18)
wherext £ max{x,0}. This is similar to the result of multi-level water-fillin@g]. We then rewrite[(14)
as
M M
L(p"t.pa > tmXem+K(p, @), (19)
k=1m=1
where N X
W Wk 1 Wk 1 }
= —log| 1+ B O — = __= 7 20
Xm = g( ak’m[Zu ak,m:| ) " u([ZH Bcm ) (20)
M
K(pa) =pP+ 3 am. (21)
m=1

We give an intuitive explanation for each termXan,. The first term can be viewed as the rate obtained
by selecting subcarrien in the second time slot for subcarriktin the first time slotan, is the penalty
of selecting subcarriam in the second time slot. The last term is the price of powersaorption.
Due to the fact thaK(p, ) and X, are independent df, we can easily find the optimalfor (15)
with constraints[(9) and (13) as
1, m= arg max ka
ttm=s 7 ,  Vk. (22)
0, otherwise
In operation, we first assume thaanda,,’s are given. Then the power allocation for every possible SP
can be computed by (118) (withm ignored). These power allocation values are used ih (20ptopute
Xkm's. After that, each subcarride in the first time slot will independently select the subcarin the
second time slot that gives the largé&t, to maximize the the dual objective functidn[15).
The last step is to find the values pfanda which minimizeh(y, a). Using the subgradient method
[15], the values ofu anda can be found iteratively as

. . . M M .
uU+1)__uU)_.yO)(F)—-}£ j{ p&%)

k=1m=1

a1l — ) — 20 ( Z ) oM,

where the superscrigii) denotes the iteration index, anydl) and z") are the sequences of step sizes

(23)

designed properly. With the newand a in each iteration, the subcarrier pairing and power aliocat
can be updated with (22) anfd _{18), respectively, for the rixation. As the number of iterations
increases,[(23) will converge to the dual optimum varialflésj. The optimala, together with [(2PR),

makety .'s satisfy [8) and[(P).
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Note that with the optimal power allocation given [n18)e thchievable rate for Sfk,m) is

1 we 171°F 1 [ 1 1 ]+
—log| 1+ T =-log | 1+amW | =—— — . 24
2 g ( A m [ZH ak,m] ) > g ( A mWk 21 Wiim (24)

From [24), the impact of the weighting factors can be viewgavaighting the channel gain of SR, m)

by wi. A higher weighting factor results in more power allocatedhe corresponding SP.

C. Discussion on the Duality Gap

For problem[(B), the optimal subcarrier pairing scheme nt@nge as the total power constraint varies.
Thus the maximum weighted sum rate as a function of the tatalep constraint may have discrete
changes in the slope at the transition points where the aptiubcarrier pairing scheme changes. An
example is shown in the circled region in Fig. 2 fdr= 2 subcarriers. This phenomenon is similar to
that observed in the optimal resource allocation for OFDM#wdlink systems|[[17]. However, in our
case, this phenomenon is observed even when the weightingrdafor all subcarriers are set to the
same. As discussed in [16] [17], the nonconcavity shown @ [Bimay result in nonzero duality gap.
Let us denote the optimal values of the original probléin {6¢, relaxed probleni(12), and the relaxed
dual problem[(16) byRg, Rr, andDg, respectively. The relationship between thenRis< Rr < Dr.
Since the optimaly ,'s found by solving[(1b) and_(16) satisfyl (8] (9) adl(11), e@nclude thaDr is
also the dual optimum value for problem (6).

According to [16] [21] [17], the duality gap is zero if the apal value of the optimization problem
is a concave function of the constraints.|[16] and [17] alsowsed analytically and through simulations
that the concavity will be satisfied as the number of subegrbecomes large. In our case, we found
that the concavity is mostly satisfied when the number of suters is reasonably large. Specifically,
whenM = 2, we have observed in simulation that only about 1% of thesipteschannel realizations will
result in the nonconcavity shown in FIg. 2. Whih= 4, the probability of nonconcavity is about40%.
For M > 6, the maximum weighted sum rate is almost always concaveeiridtal power constraint. An
example is shown in Fid.] 2 favl = 8 subcarriers. Thus, for practical OFDM systems, the duagktp is
virtually zero, andRg ~ Dr. We can then conclude thBs ~ Rg ~ Dg for most practical OFDM systems.
This will be verified by the simulation results in Section VI.

D. Algorithm Design

Combining [22),[(1B) and (23), the algorithm to find the ogtirsubcarrier pairing and power allocation
can be designed as in the upper part of Table I. However, gir@imulation, we have observed that
although [[2R) guarantees that each rowt dfas only one “1”, some of the “1”s may be on the same
column. This corresponds to the situation where more thansomirce subcarriers select the same relay
subcarrier. As a result, the constraint (8) is violated, gnedsolution is not feasible. This situation usually
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arises in two scenarios. The first is when there are more thansource subcarriers with very strong
SD gains, such that no matter which relay subcarrier theypaned with, the direct-link mode will be
selected. For any of these source subcarriers, the povagedeterms inX n (20) are the same for all
relay subcarriers. Thus the relay subcarrier selecfiol &pends only o, The source subcarriers
with this property will select the same relay subcarriere Tther scenario is when a source subcarrier
gets a low equivalent SP channel gag, no matter which relay subcarrier it is paired with. All the
possible SPs formed by this source subcarrier will be alémtaery little power, thus theik,,'s are
dominated by the corresponding,'s. Similarly, the source subcarriers with this propertyl wiost likely
select the same relay subcatrrier.

To handle this situation, we include an amendment algorithrthe original algorithm as shown in
the lower part of Tablél I. Based on the above discussion, #s&chdea of the amendment algorithm is
to each time move a “1” in a column @fwith more than one “1"s to the column with no “1” that will
cause the minimum change in the valueogf. By moving a “1” to another column with a similar,,
value, the weighted sum rate will not be lowered much. Whengiso, the amendment algorithm will
make sure to keep the “1” corresponding to the larggst for each column with more than one “1"s.
It will also move the redundant “1”s to the columns with no ‘that will result in as large ,, values
as possible. Thus the resultant weighted sum rate will beirmaad. Eventually the pairing schente
altered by the amendment algorithm will meet the constsa@} and[().

The amendment algorithm is triggered when the dual varsabtaverge to a certain degree (for the
example in Tablél 1, within 1%). Once the amendment algorithiniggered, the algorithm will continue
to run for another 10% of iterations. For example, if the admant algorithm is triggered at the 1000th
iteration, the algorithm will run another 100 iterationsfdre it outputs the solution. For each of these
10% of iterations, a feasible pairing scheme will be obtdibg the amendment algorithm. Using this
pairing scheme, regular water-filling over parallel chdaneill be applied to obtain the optimal power
allocation and the corresponding weighted sum rate. Thiegagsng scheme and power allocation among
these iterations that achieve the highest weighted sunwilitee the outputs of this algorithm. As shown
in Section VI, the weighted sum rate obtained by the algorith Table[] is quite close to the optimal.

E. Complexity Comparison

The total number of all possible pairing scheme®id!). With a fixed subcarrier pairing scheme,
the complexity of computing the optimal power allocatioB) Tor the selected pairs ©(M) in terms
of multiplications. The complexity of computing the regudf weighted sum rate (weighted sum bf (3))
is alsoO(M) in terms of lod-) operations and multiplications. Thus the complexity of axstive search
is O(M - M!) which is prohibitively high.

On the other hand, in each iteration of the algorithm in Tdbléhe complexity is dominated by
the computation ofXm,vk,m, in (20). That complexity iSO(M?) in terms of lod-) operations and
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multiplications. For the amendment algorithm in the lastolOf iterations, alteration of the pairing
schemet takes onlyO(M?) additions and max) and mir(-) operations. The complexity of computing
the optimal power allocation and the resulting weighted sate is O(M) multiplications and lo¢)
operations. Therefore the overall complexity for the ailtpon in Tabled is O(JM?), whereJ is the
number of iterations. This complexity is much more feastdme tractable.

IV. WEIGHTED SUM RATE MAXIMIZATION UNDER INDIVIDUAL POWER CONSTRAINTS

When the source and the relay have individual power comssrathe weighted sum rate maximization
problem becomes

Wi SDS
max — log (1+2"Pim) -
Ps; Pr,5s, SR 2 ((Kr%ESS "
© S minflog(1+ 587, |og(1+aEDp§,m+a§DpEm)}> (26)
(k,m)eSr
s.t. pﬁm, F’Em2 0, vk,m o
pﬁm n (28)
(km)€3USk
> Pin<Pr ”
(k,m)ESr

where Ps and Pz are the source and the relay power constraints, respagtiaetl ps € ]R“fXM and
pPr € IR'X'XM are the matrices opﬁm and pl'zm, respectivelySs and S denote the sets of SPs operating
in the direct-link mode and the relay mode, respectivelywé let tx, = 1 when (k,m) € SsU Sg and
tym = O otherwise,$s and Sg must satisfy the additional constrainfs (8) ahd (9).

This problem is very complicated. Because the conditions® nelay depends not only on the channel
condition, but also indirectly on the source power and r@layer constraints [2] [3][4], it is not possible
to classify the SPs into the direct-link mode or the relay emad advance to use the unified weighted
rate formulation[(B) and the equivalent channel gain (55éatior{ IV-A, we will first investigate optimal
power allocation with fixed subcarrier pairing under indval power constraints considered in [2] [3]
[4]. Through some insightful observations on the resultg3pf we will find that the unified weighted
rate formulation[(B) and the equivalent channel gain (5), aarfact, be applied to the dual problem of

(28). After that, [2b) can be solved similarly as in the tqialver constrained case.
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A. Unified Rate Formulation

For (28), assuming fixed subcarrier pairing, a Lagrangiamlar to [3, eq. (8)] with slight changes

can be obtained Wi
L= Y Zlog(1+a0p5,)

(k,m)eSs
Wi
+ Y 5 log(1+apim+ai pln)
(k,m)ESr
M (30)
+Us Ps— z pE’.m +HR Pr— Z pl'Zm
= (kME Sk
+ Y Pem (8 PRm — & Pem — 8m Pem) »
(kMESr

whereps > 0 andpg > 0 denote the Lagrange multipliers corresponding to thecgopower constraint
Ps and the relay power constraiRg, respectively. The third Lagrange multiplipgm > O corresponds to

the condition

A Pem > & Pem + a8kl Prm (31)

for the SP(k,m) to operate in the relay mode! [3]/[4]. [F{(B1) is not valid forelay mode SP, apparently
some of that SP’s relay power can be reallocated, withouidied its rate, to other relay subcarriers to
improve their rates, or simply to be conserved. Following $ame procedures as in [3], a §m) can
be further classified into the following three modes giveat {ls; and pr are fixed:

Direct-link mode:  a®> apRor aiP < aED“E
S

Relay mode : ag" > agP andalP > aEDE (32)
spHrR

Intermediate mode : aZR> ag° and ai® = &

)

Hs
where the intermediate mode is a special case of the relay mitti the condition[(31) satisfied with

strict inequality (and the correspondipg, = 0). That is, the relay receives more information than the
destination. Thus the relay mode here is redefined to inamiiethe SPs that satisfi (81) with equality.
That is, the amounts of received information are the sambeatelay and the destination. According to
[3], usually there is at most one SP in the intermediate mBdeboth the relay mode and the intermediate
mode SPs, the solutions that maximize the Lagrandian (30)vake its last term zero.

The first conditionag® > a2R for selecting the direct-link mode over the relay mode for &Fmn)
is based on the fact that, in this situation, the destinatidhreceive more information than the relay.
Then there is no need to use the relay. The second congifirc aEDi ensures that the direct-link
mode will contribute more to the Lagrangianl30) than theyehode. For example, for SR, m), if the
power “cost” for selecting the direct-link modaspﬁm, in (30) is kept the same as the power cost for
selecting the relay modeispy, + HrPRm: WhenafP < agP'®, selecting the direct-link mode will result
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in a higher weighted rate (hence larger value[of (30)) thdectiag the relay mode. This is implied by
the “single sum power constraint” approachlin [4, egs. (38) &0)] with modified power and channel
gain variables.

By solving [30) for weighted sum rate maximization, the poaHlocation can be obtained

( 1 +
Direct-link mode:  pg,, = [Wk ] , Pem=0

2us @ km
W 1 + Wi 1 +
Relay mode : v :[———} . pR :[ -
Y Pk = | 2 (st pe/Bem) &) " T | 2(iBem ) & B (33)
Intermediate mode : Accordin >Cpp ropR _ WA ro_ jsobie
: g to Hag " pim+am Pm = s’ an =& s
’ S S
and source and relay power constrajints
where .
am
Bk.m = W (34)

Power allocation for the intermediate mode SP can be cordpafier the power allocations for the
direct-link mode and relay mode SPs are done. Note that sheeelay mode SPs must satisfy [(31)
with equality, it is clear thapg , = BkmPgy- From [32) we know that for the relay mod&m > 0. Thus
pﬁm and pf(fm must be zero or positive simultaneously. This can also be e the relay mode power
allocation in [(38). This observation allows us to allocatalk powerpym = pﬁm+ PR, to the relay mode

SPs first according to

W 1 +

2(UsPim+HR) @ PBm)
then obtain the correspondimg,,, and pﬁm using the relay mode power distribution [d (4). To this end,
the unified weighted rate expression i (3) with (4) and theivdent channel gairi {5) can be applied
here as well to the direct-link mode and relay mode SPs, whemnd pr are fixed.

Prkm = (Bk.m + 1) (35)

As to the intermediate mode SP, we examine its contributiorthe rate and cost in the Lagrangian
(30) and find that, withp, , = 0 [3], they are

WkaED>

Wk W
rate= > log (1+a§Dpﬁm+a§DpEm) =5 log < 2

cost= uspﬁm + URpEm =HUs <P§,m+ E pﬁm)

s A g s /_sb.s RD R
= p-S<pk,m+$pk.m> = @(ak Picm + am pk,m)

:ﬁ WkaED_l = %_i
al \ 24s *\2us &P

(36)
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If the intermediate mode SP was classified as a direct-linda ®P, it would contribute to the Lagrangian

(30) with
Wk Wi Wk 1
Wk wkaED
- . 37
2 Iog< 2Us ) 4D
COSt= HsPm = Hs 2us @

On the other hand, if it was classified as a relay mode SP, myith= am;‘:Ra?D ¥ — 0, its contributions
to the Lagrangian (30) would be

rate= % log (1+ & pem + A PRm)
W0 <1+ owa® & wal/Bun aﬁiD/Bk,m>
2(Us+Hr/Bkm) &R 2(HMs+ Hr/Bkm) an

SR
- %Iog e RD - ﬂlog( ;ak >
Z(HerHs el ) Hs

3 Brm (38)

(a5Pp8 -+ aRPPR,) = 1= (aSRpS )

cost= llspﬁm+ URpI'Zm = & aED

aED

_ Ua§R< W _i)
P \2(Us+Hr/Bkm) &R

Wm 1
=HUs 2 @

Interestingly, with givenus and pr, the intermediate mode SP’s contributions to the Lagran@id)
remain the same no matter it is classified to the direct-lirddenor the relay mode. Thus, in terms of
maximizing the Lagrangian, we can assign the intermediaidenSP to either mode without affecting
the result. However, once the optima) and pr are obtained, we still need to identify the intermediate
mode SP and allocate its powers accordind td (33).

In the following, we will assign the intermediate mode SP he telay mode. Together with the
conclusion that the unified weighted rate and equivalenhigehgain expressions can be applied when
Us and pr are fixed, the dual problem df (25) can be formulated with edifxpressions.
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B. Dual Problem

By dualizing (8), [(28), [(29),[(31), letting and p be the matrices ofcm and pxm, respectively, and
applying continuous relaxation tR's as in Sectio II[-A, we have the following Lagrangian

M=
;,\_—..
3
NJE
o
«Q
7N
H
+
2
3
"o
~
3
N———

L(patausv “Raaap) =

M M
+HR<PR— Z Z C|Fém pk,m) (39)

1
+ Pxm (aERpEm - aEDpE,m - arF;DpEm) )
(k,m)ESr
where
agan SR ,SD RD ~ ,SDHR
—=— =5, Whena">ag" anday,” > ag —
agm=1{ & e - & s (40)
agP, otherwise
agP SR ,SD RD spHrR
—s——o——=5, Whena:" > ay” anda;,” > ag-—
S,=1{ & +ah—a’ Hs (41)
1, otherwise
aER—akD SR ~SD RD spHR
—s—=e—=5, Wheng: > a;” anda;” > ag —
=4 A +aRP—aP Ms (42)
0, otherwise

are the equivalent channel gain, the portionsppf, distributed to source power and relay power,
respectively, for the two modes specified in the conditi®imilar to [16), the dual problem associated
with (39) can be expressed as

min h(ps, kg, @) S.t. Us=>0, pr>0 (43)
Hs, bR, O
with
h(us,m,u)zrgtag L(p,t, ks br,@,p) s.t. (@), ([10),([1I). (44)

Note that the source and relay power distribution] (40)] @&)sfy the constrainaprﬁm = aEDpﬁer
aTﬁDpl'Zm for the relay mode. Thus the last term [n](39) is always zeadlowing the same procedure as
in SectionIl[-B and applying the results in Section 1V-Agetloptimal power allocation fof_(44) can be

solved as N

Wk 1
2(Cﬁm|"ls + CEmUR) ak,m

pﬁ,m =tkm (45)
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The optimalt,,, can be solved as

1, m=arg max Zxm
tim = LM vk (46)
0, otherwise

where

+
Wik Wi 1
Zym=—log| 1+ a - —-a
kmT2 g< ™ 2(62 Ms+ R MR) ak,m] ) "

- 1+

Wy 1

—ps| e - (47)
Hs( km | 2(CRpMs+CRpkR) A )

r 1+
- G -— .
“R< T 2(CE s+ CRrble) Bk | )
Since assigning the intermediate mode SP to the relay moeg miat change the dual value, we can

approach the dual optimal value by the subgradient methbd.LBgrange multipliergls, pUr, anda are
updated by

camps)m) |

. . . M M .
b = e — R (PR— S>> cﬁmpﬁ'}n) (48)

1m=1

wherey(i), yg) andz) are the sequences of step sizes designed properly. Wherptineabsubcarrier
pairing and power allocation do not include an intermedmtele SP,[(48) will converge to the optimal
values. However, when an intermediate mode SP is preseheimftimal solution,[(48) may oscillate
around the optimal values. Specifically, due to assignimgitbermediate mode SP to the relay mode
with power allocation[(45), the relay power for that SP isr@ased, while the source power is decreased,
to make [(311) satisfied with equality instead of strict indiuarhus, even whems andpg are already at
their optimal, the total source power consumption will beaier than the source power constraint, and
the total relay power consumption will be larger than theaygbower constraint. This will result ipg
decreased angk increased in the next iteration. Thgg/us will be increased, and the intermediate mode
SP may fall in the direct-link mode according [0§32). Simiathis will make pr/|s decreased, and the
intermediate mode SP may fall in the relay mode in the nerdtien. As a result[(48) oscillates. Similar
oscillation was also observed inl [3]. Thus, like [d [3, Sewti3.2], the zero-crossing of the difference
between the total source power consumption and the sousgerpgmnstraint can be used to determine
the optimalpr/ps and the corresponding mode classification and power aicatowever, due to the
issues discussed in Section II-D, we have found that thengptzero-crossing is very difficult to trace
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when subcarrier pairing, mode classification and powercatlon are updated at the same time. In the
algorithm given in Tablé ]I, similar to Tablé I, the amendrmaigorithm is used to obtain a feasible
pairing scheme when the subgradient method converges tratincdegree. With diminishing step sizes,
we found that the subgradient method will eventually be lstaicassigning the intermediate mode SP
(if it exists in the optimal solution) to either the direatk mode or the relay mode. In both cases, the
obtained subcarrier pairing scheme is near optimal. Witkdfisubcarrier pairing, angk/s given by the
amendment algorithm which is already very close to the agdtithe zero-crossing method in [3, Section
3.2] can be used to quickly obtain the optim&l/us. Then the corresponding mode classification and
power allocation can be done according[ol (32) and (33) ectsly.

The algorithm in Tablé]l has the same order of complexityhas of the algorithm in Tablé I. Through
simulation, we have also found that the duality gap for thizbfem approaches zero when the number
of subcarriers is reasonably large.

V. WEIGHTED SUM RATE MAXIMIZATION WITH EXTRA DIRECT-LINK TRANSMISSION

In the previous sections, only the relay can transmit in theosd time slot. Therefore, for the SPs
operating in the direct-link mode, the second time slot is used. It is possible to allow the source
to transmit extra messages in the second time slot on théseuthcarriers. We consider this modified
system with both total and individual power constraints.

A. Total Power Constraint

Under the total power constraint, the achievable weighted gate for SP(k, m) for this system is
M og (1+a°pem) + M 1og (1+a3 0k m) » direct-link mode
_) 2 ’ 2 ’
Rcm = (49)

% min {log (1+ &g pem) » 10g (1+ agPpg m+aRPpRn) |, relay mode

where pﬁm, pl'zm, and qﬁm represent the source power in the first time slot, relay pawehe second
time slot, and source power in the second time slot, respdgtiBy comparing the achievable weighted
rate for these two modes, we find that the condition for udiregrelay depends not only on the channel
gains but also on the power allocation. Thus we introducedaiitianal indicators, , related to the use
of the relay as a variable to be jointly optimized. Wh&m, = 1, the relay is used for Sf,m). When
scm = 0, the relay is not used. In addition, we again make contisuelaxation for the indicators and
the same adjustment to the sum rate function. The relaxeghtesl sum rate maximization problem is
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expressed as follows
M M

1 pk7m,l
max 5 Z > tm {Skaklog <1+akmtkms<’m>

=1m=1

+(1- wlog (1+a$P—Pkm2__ )
( Sﬁm)[ X g< & tk.m(l_ﬁgm)

+Wpmlog (1 + aﬁPi'okvm’3 ﬂ } (50)

tk,m(l - Sk,m)
st @), @), @3

M M

Z Zpkmr_ (51)

k=1m=1r=

pk,m,r 2 07 vk7 m7 r (52)

0< sm< 1,k m, (53)

where pym1 andaym are the sum power and equivalent channel gain, respectfelige relay mode SP

(k,m) taking the form of the relay mode expressions(ih (4) and o) and pxm3 are the powers used

by the direct-link mode SFk,m) in the first and second time slots, respectivgly RMM<3 t ¢ RMM,

andse IRTXM are the matrices ofym,, tym, andsgm, respectivelyP is the total power constraint.
Similarly, by dualizing constraint§1(8) and (51), we obt#ie Lagrangian as

1 M M
L(p7t757 I-J'?a) :E Z Z tk.m {SKkalog <1+akmt:):1;1]r.n>
k=1m=1

1— S | 14 aSP Pk,m,2 )
+(1—s¢ )[Wk og< +a to(l—sm)

o (ani )}} Y
m tkm(1—Scm)

( k_lmrz pkmr) ( Ztkm>,

wherepe R, anda € RM are the dual variables. Then the dual objective functioroimpmuted as

h(h.a) =maxL(p.t.spa) st @, (013,52, 6. (55)

The dual problem is given as

TL” h(pa) s.t. p>0. (56)
The solution to[(Bb) is
1 +
p* tk mSKm |:% - —:|
k,ml 2“ akm )
" Wy 1 +
Pim2 = tm(1—Scm) [Zl - @] ; (57)

W 1
S

+
p;.m.3 = tk‘m(l— Sﬁm) |:2—u — @] ,
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1, aER> aED arldYk'?m > YkI.Dm

= (58)
0, otherwise
where . .
Wk Wy 1 Wy 1
YR = Miog 1+ {___] - {___] 50
m 2 g( Bom 20 am H 20 am (59)
Wi Wy 1 +
Yim = 109 <1+a§0[if§’} )
Win so[Wn 11"
+5 <1+am [ZH aﬁP] ) (60)

I—I

(-] <[ %)

are the SRk,m)’s contribution to the Lagrangian when it is in the relay madehe direct-link mode,
respectively. The conditiomg® > ag° in (58) is necessary. The reason is that the valuer,
meaningless wheagR < agb, since it is impossible to make the relay receive more infifrom than
the destination. Theg ,, tells us whether it is better to use relay for the &An).

The SP selection variable is given as follows

1 m= arg max Ykm
ttm=¢ 7 , VK (61)
0, otherwise

where

Yiem = Scm¥iom + (1= Sm) Yicm — Om. (62)
Again, the dual optimal value is reached by the subgradiezthad. The Lagrange multipliegs and a
are updated by

(63)

whereyl) andZ") are the sequences of step sizes designed properly.

The algorithm to obtain feasible solutions is given in Talblavhere s¢'s found in an iteration are
directly used, together with the subcarrier pairing schénobtained by the amendment algorithm, to
compute the power allocation and weighted sum rate. Doing Suboptimal, as., in fact depends
on the power allocation. However, this saves the compleritplved in joint optimization ofs,» and
power allocation given fixed subcarrier pairing. The altfoni in Table[1ll also has the same order of
complexity as that of the algorithm in Taklle |. We have fouhdttthe duality gap for this problem is
virtually zero when the number of subcarriers is reason&btye.
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B. Individual Power Constraints

With individual power constraints for the source and thaygthe problem can be solved by combining
the results in Sectidn IV and Sectibn ¥-A with some crucialdifioations. Due to limited space, we will
discuss only these crucial points.

As in Section[1V, in addition to the direct-link mode and thelay mode, there may also be an
intermediate mode in which the relay receives more infoilwnathan the destination, and (31) is satisfied
with strict inequality. On the other hand, the relay modeuwtisatisfy [31) with equality. Note that given
the same power, the rate of the direct-link mode[in (49) withhaesecond-slot SD transmission should
be no less than the rate of the direct-link modelin (1). Thisasause the latter is a special case of the
former with the second time slot allocated zero power. Tioeeg the necessary conditi@g™ > agP in
(32) for the relay to be active (in both the relay and the midliate modes) is also necessary in this
case. The second necessary condié@fi = ag”i2 in (32) for a SP to be in the intermediate mode, as
derived in [3], is directly related to having (31) as a stimequality. Thus it is also necessary in this case.
The second conditionf® < agPif in (32) for selecting the direct-link mode over the relay reodas
derived by comparing the achievable rates of the dire&t#itode and the relay mode when they have the
same power cost in the Lagragianl(30) (see the discussien(@R) and[[4]). With the extra second-slot
SD transmission that can improve the rate for the diredt-fimode, this condition may change. In fact,
with the extra second-slot SD transmission, the diredt-hmode may possibly be selected even when
aRP > afDi. For the special case with fixg#t,k) subcarrier paring/ [4] has derived the exact condition
which also depends on the allocated power. In our case, theasier paring is variable and may not be
the trivial (k,k) pairing. Due to this reason and different weighting factorshe rate of the direct-link
mode [(49), the exact condition based on having the same powstiis complicated and dependent also
on the weighting factors. However, we may simplify the cdiodi by comparing the contributions of the
direct-link mode and the relay mode to the Lagrangian. Thisr@ach is similar to using (58) to select
modes to maximize the Lagrangidnl(55).

The fact that the direct-link mode may also be selected vafen> aEDi implies that the region for
the intermediate mode to occur may be encompassed by thenrémi selecting the direct-link mode.
That is, the intermediate mode may no longer exist, excephénspecial situation where the optimal
power allocation for a direct-link mode SP results in zeravpofor the second-slot SD transmission.
For a SP with this property, there will be no second-slot Sihdmission if the direct-link mode is
selected. Then the situation becomes the same as in SEdidrhls [32) can be used to select modes,
and the unified rate formulation discussed in Secfion 1V-A ba applied with the intermediate mode
SP assigned to the relay mode.

In summary, we can assume that there are only the directrtiolle and the relay mode, and apply
the results in Section VAA with the following changes. Théayemode power allocatiomy ,,; in (57)
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takes the expression of the right-hand side (RHS) of (45Yipli¢ld by s¢m, Wherecﬁm and cﬁm are the
portions of p ., ; distributed to source power and relay power defined by theyrelode expressions in
(41) and [(4R), respectively. The RHS 6f [59) is replaced ey RHS of [4Y) with—a,, removed.u in
(60Q) is replaced byis. In each iterationps, pr anda are updated as i _(#8) using the power allocation
computed in[(5]7) it m1 computed by the RHS of _(#5) multiplied ks ). If there is an intermediate
mode SP in the optimal solution, it must belong to the siaratvhere the condition§ (B2) are applicable.
Then, like in Section IV-B, the zero-crossing method.ih [8con 3.2] can be used to obtain the optimal
Ur/Ms. The corresponding mode classification and power allogatan then be done accordingly.

VI. SIMULATION RESULTS

This section provides the simulation results for the ratetioed by the proposed algorithms, and
the dual optimum values which serve as the performance uppemnds. The performances with fixed
subcarrier pairing and with the SCP proposedLlin [5] are alesented for comparison. Note that the
original SCP in[[5] considered only the unweighted sum rhtérst sorts the subcarriers of the SR link
and the RD link, respectively, according to their normalizdannel gains, then pairs the SR subcarrier
with the RD subcarrier having the same rank. For weighted isue) according td (24) and the discussion
right after it, we modify the SCP such thataZR and aRP are sorted first. Then the SR subcarrier and
the RD subcarrier with the same rank are paired. The RD lirdnoRl gains are not weighted for the
reason that we do not know the actual subcarrier pairingrsehia advance.

The channels of different links are assumed to be indepdrafeone another. The channels of the
subcarriers are independent and identically distributéd.j Rician fading channels witK-factor = 1.
They are assumed constant within each two-slot period, amnging independently from one period to
another. The AWGN variance is assumed to be one. The totakipoanstraint is set aB = 5. As for
the cases with individual power constraints, the sourcegpamnstraint ifPs = 4 and the relay power
constraint isP; = 1. These constraints are set with the practical considerdtiat the relay usually plays
the role of assisting the transmission and/or extendingctheerage, and has a smaller power than the
source. In addition, when the relay is allowed more power thiedachievable rate becomes limited by
the source power constraint, some of the relay power willogotsed. Settin§s= 4 andPr = 1 reduces
the occurrence of this situation and makes the comparistm tive total power constrained case fairer.
For all cases, the SD link is present, and the destinatiofoqmes MRC whenever the relay is used.
The SCP schemes first establish subcarrier pairing using B, in the total power constrained cases
(including the case with extra direct-link transmissiof?) is used as the condition to use relay. In the
individual power constrained case without extra diregk-liransmission, the method inl[3] is used for
mode classification and power allocation. For the individuaver constrained case with extra direct-
link transmission, the method inl[3] cannot be used becaus@ptimal mode classification conditions
are no longer[(32). Naively using_(32) arid{(33) may resultnvalid power allocation as they are not
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the solutions in this case, and will affect tg, ur values through the iterations. On the other hand,
modifying the method in [4] to accommodate weighted rataedsous. Thus, the algorithm discussed in
Section V-B is used with fixed subcarrier pairing from the ST fixed pairing schemes use the same
mode classification and power allocation procedures asahtite SCP schemes. In Figd.[3,[5,[6[8, 9
and[11, the unweighted sum rate is considered. That is, bamelweighting factor is used. In Fids. 4,
[7 and[10, the weighted sum rate is considered wijth= 1+ n%llka' which is used only as an example
with a concise expression.

For the proposed algorithmp, pr, Us and ap’'s were randomly initialized to be between 0 and 2 for
each two-slot period. For each number of subcarrier§4,8,16,32,64}), 1000 such two-slot periods
were simulated, and the results averaged to avoid favormgio initial conditions. The step sizes for
the subgradient method were all set%%é, wherei is the iteration index. In the simulation, we observed
that the number of iterations before the amendment algoritlas triggered depends on the number of
subcarriers. The number of iterations needed ranged rpdgith a few hundreds for small numbers of
subcarriers < 10) to slightly more than 10000 for 64 subcarriers.

We investigate three system configurations correspondirgjfterent scenarios. In Figsl Bl 4 ahH 5,
the mean square channel gains of the SR, SD and RD links are33,réspectively. This corresponds
to the situation where the relay is placed between the scamdethe destination. In Figsl 6] 7 ahd 8,
the mean square channel gains of the SR, SD and RD links areabd 1, respectively, which means
that the relay is close to the source. In Figs[9, 10 [add 11ptean square channel gains of the SR,
SD and RD links are 1, 1 and 5, respectively, which means treatdlay is close to the destination. In
these figures, we find that, in all cases, the rates obtaingdebgroposed algorithms are almost equal to
the corresponding dual optimum values. This validates tharaents in Section II-C, Sectidn TV}B and
Section[V-A that the duality gap is virtually zero when themher of subcarriers is reasonably large.
Even when the number of subcarriers is 4, the duality gaprdiyaoticeable from the averaged results,
because it is zero with a very high probability. These raesalso show that the proposed algorithms
can almost achieve the optimal weighted sum rates. Thers@are other general trends that can be
observed from these figures. One of them is that fixed sulecarairing incurs a significant performance
loss. In addition, the weighted and unweighted sum ratee@se with the number of subcarriers due
to frequency diversity and more flexibility in pairing. As te performance under different constraints,
the performance under total power constraint is better tin@nperformance under individual power
constraints, due to the flexibility in power allocation. Bgneparing Figs[ 13 and 5] 6 andi[8, 9 dnd 11, it
is clear that extra direct-link transmission always im@®the performance.

The SCP was proved inl[6][7] to be optimal for the unweightestesm without the SD link under the
total power constraint. When the SD link is present and/oemiveighted sum rate is considered, the
performance of the SCP depends on the link qualities. The &@Bst achieves the optimal unweighted
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sum rate for the cases with total power constraint and naeditect-link transmission in Fig.] 3 and
Fig. [9, but becomes noticeably worse than the optimal in [BigFor the scenario in Fid.l 3, this is
reasonable because the SD link is relatively weak compardiet other two links. Thus the direct-link
mode is rarely used, and the SCP is nearly optimal for thgmlade SPs given that their SD subcarriers
are weak. For the scenario in Fid. 9, the RD link is the strehgad seldom becomes the bottleneck for
mode selection. For the SCP as well as the proposed algonittode selection is mainly determined by
the SR and SD links. For the direct-link mode SPs, the SCP lamgtoposed algorithm have similar
performances. For the relay mode SPs, the SCP is nearly aiplietause the SD link is the weakest
among the three links. Overall, the SCP has a very simildiopeance to that of the proposed algorithm
which is almost optimal. As to the case of Fig. 6, we can seedimeze the SR link is much stronger
than the SD link, the condition for using reldy (2) is dométhby the relation between the channel gains
of the SD and the RD links. However, the SCP does not condiieSD link in establishing subcarrier
pairing. As a result, the SCP is almost equivalent to randaimng in terms of optimizing the mode
selection and sum rate. Thus its sum rate is smaller tharofithe proposed algorithm. The SCP is still
better than fixed pairing because it helps the SPs that ateeinelay mode.

For the individual power constrained cases, or when weifjsten rate is considered, as shown in
Figs.[3,[6, andl4,]7, the gaps between the SCP and the proplgeeithans become larger. This is due
to the mismatches between the SCP and these scenarios. Watlshtoour modification to the original
SCP is meaningful, we show the performance of the originalvgighted) SCP together with that of
the “weighted SCP” in Figl.l4 and Figl 7. These two figures tyeshow that the original SCP is not
suitable when weighted sum rate is considered. The perfizengap between the “weighted SCP” and
the proposed algorithm in Fig] 7 is due to the aforementidnaddom pairing” effect of the SCP (as in
the total power constrained case in Hi@). 6). However, thessels do not appear in Figl 9 and Hig] 10.
For Fig.[9, this is because the strong RD link makes the suemat limited by the low relay power
constraint. Therefore, for the SCP, the situation is vemjilar to that with the total power constraint.
As a result, the SCP is almost optimal. For Figl 10, the sti®@Bglink makes mode selection dependent
almost only on the channel gains of the SR and SD links. Thuglenselection is almost independent
of the pairing scheme and weighting factors. For the sounteariers that have relatively lower SR
gains and are in the direct-link mode, all schemes yieldlampierformances. On the other hand, for the
subcarriers in the relay mode, pairing better RD subcarméth SR subcarriers having higher weighted
channel gains can improve the weighted sum rate. Both tlygnatiSCP and the weighted SCP can do
that for the SR subcarriers that are strong enough. Thushibty perform well and almost optimally.

With possible extra direct-link transmission, the SCP igsgothan the proposed algorithm for not
considering the benefits of the extra direct-link transioisgsuch as more diversity from the additional
independent channels, and more flexibility in water-filjingsubcarrier pairing and mode selection. Under
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the total power constraint, we find that the SCP is similar eneh slightly worse than fixed pairing in
Fig.[8 and Fig[Il1. This is because, without considering thesible extra direct-link transmission, the
SCP’s pairing of strong SR subcarrier with strong RD subeatends to satisfy[{2) more than fixed
pairing, and make more SPs use the relay. Thus it loses thertopyiies to transmit more messages
with the extra direct-link. This phenomenon does not appe&ig.[5, for which the benefits of the extra
direct-link transmission are not significant due to the w&&klink. Under individual power constraints,
both the SCP and the fixed pairing schemes use the algorith@edtion[V-B for optimal joint mode
selection and power allocation. The SCP always performteb#tan fixed pairing due to its better
subcarrier pairing. In Fig._11, the advantage of the SCP fixed pairing is smaller than in Fig.] 9
because the optimal mode selection assigns more SPs tordw-liik mode for which better SR-RD
subcarrier pairing does not improve the rate.

VIl. CONCLUSION

In this paper we investigated OFDM point to point transnaissenhanced with a DF relay. We jointly
optimized subcarrier pairing and power allocation to mazenhe weighted sum rate with consideration
of the source-destination link and destination combinihg.the best of our knowledge, this problem
has not been solved before. Both total power constraint aditidual power constraints for the source
and the relay were considered. The system that allows addltimessages to be transmitted on the
idle subcarriers not used by the relay, in the source-dastim link in the second time slot, was also
investigated. We solved the optimization problems by usimme special properties of the systems, as well
the continuous relaxation and the dual method. The subgmadiethod was adopted to find the Lagrange
multipliers which also helped us to find the primal feasibddutons. Based on the optimization results,
algorithms with tractable complexities to obtain feasscarrier pairing schemes and the corresponding
power allocations were proposed. Simulation results shoatlvat the proposed algorithms can achieve
nearly optimal weighted sum rates, and outperform the nte@iroposed in[[5] under various channel
conditions.

REFERENCES

[1] W. Nam, W. Chang, S. Y. Chung, and Y. H. Lee, “Transmit @p#tation for Relay-based Cellular OFDMA Systems,” in
Proc. IEEE Int. Conf. on Commun. (ICC’Q7Jun. 2007, pp. 5714-5719.

[2] L. Vandendorpe, R. Duran, J. Louveaux, and A. Zaidi, “lowllocation for OFDM Transmission with DF Relaying,” in
Proc. IEEE Int. Conf. on Commun. (ICC’Q8Way 2008, pp. 3795-3800.

[3] J. Louveaux, R. Duran, and L. Vandendorpe, “Efficient édighm for Optimal Power Allocation in OFDM Transmission
with Relaying,” in Proc. IEEE Int. Conf. on Acoustics, Speech, and Signal Rsing Mar. 2008, pp. 3257-3260.

[4] L. Vandendorpe, J. Louveaux, O. Oguz, and A. Zaidi, “R@imized Power Allocation for DF-Relayed OFDM
Transmission under Sum and Individual Power ConstrainE2JRASIP Journal on Wireless Communications and
Networking vol. 2009, Article ID 814278, 2009.

DRAFT



25

[5] Y. Wang, X. Qu, T. Wu, and B. Liu, “Power Allocation and Suayrier Pairing Algorithm for Regenerative OFDM Relay
System,” inProc. IEEE Vehic. Technol. Conf. (VTC'QApr. 2007, pp. 2727-2731.
[6] V. Li, W. Wang, J. Kong, W. Hong, X. Zhang, and M. Peng, “RowAllocation and Subcarrier Pairing in OFDM-Based
Relaying Networks,” inProc. IEEE Int. Conf. on Commun. (ICC'Q8ylay 2008, pp. 2602—2606.
[7] Y. Li, W. Wang, J. Kong, and M. Peng, “Subcarrier Pairirgy fAmplify-and-Forward and Decode-and-Forward OFDM
Relay Links,”IEEE Commun. Lettvol. 13, no. 4, pp. 209-211, Apr. 2009.
[8] M. Herdin, “A Chunk Based OFDM Amplify-and-Forward Rgiag Scheme for 4G Mobile Radio Systems,” Rroc.
IEEE Int. Conf. on Commun. (ICC’06Jun. 2006, pp. 4507—4512.
[9] I. Hammerstrom and A. Wittneben, “Joint Power Allocatifor Nonregenerative MIMO-OFDM Relay Links,” iRroc.
IEEE Int. Conf. Acoustic, Speech, and Signal Processind$&P’06) May 2006, pp. 49-52.
[10] ——, “Power Allocation Schemes for Amplify-and-ForveaMIMO-OFDM Relay Links,”|IEEE Trans. Wireless Commun.
vol. 6, no. 8, pp. 2798-2802, Aug. 2007.
[11] A. Hottinen and T. Heikkinen, “Optimal Subchannel Agsinent in a Two-hop OFDM Relay,” itEEE Int. Workshop on
Signal Processing Adv. Wireless Commun. (SPAWC2097, pp. 104-111.
[12] I. Hammerstrom and A. Wittneben, “On the Optimal Powelogation for Nonregenerative OFDM Relay Links,” Proc.
IEEE Int. Conf. on Commun. (ICC’06Jun. 2006, pp. 4463—4468.
[13] M. Saito, C. Athaudage, and J. Evans, “On Power Allarafor Dual-Hop Amplify-and-Forward OFDM Relay Systems,”
in Proc. IEEE Global Commun. Conf. (GLOBECONNov. 2008, pp. 4419 — 4423.
[14] W. Yu and J. M. Cioffi, “FDMA Capacity of Gaussian MultlAccess Channels with ISIIEEE Trans. Communvol. 50,
no. 1, pp. 102-111, Aug. 2002.
[15] S. Boyd and A. Mutapcic, “Subgradient Methods,”lecture notes of EE364b, Stanford Univ. Spring Quarter 20038.
[16] W. Yu and R. Lui, “Dual Methods for Nonconvex Spectrumtipzation of Multi- carrier SystemsJEEE Trans. Commun.
vol. 54, no. 7, pp. 1310-1322, Jul. 2006.
[17] K. Seong, M. Mohseni, and J. Cioffi, “Optimal Resourcdaghtion for OFDMA Downlink Systems,” ifProc. IEEE Int.
Symp. Inform. Theory (ISIT'06Jul. 2006, pp. 1394-1398.
[18] T. Cover and A. Gamal, “Capacity Theorems for the Reléahel,"IEEE Trans. Inf. Theoryol. 25, no. 5, pp. 572-584,
Jan. 1979.
[19] L. M. C. Hoo, B. Halder, J. Tellado, and J. M. Cioffi, “Mulser Transmit Optimization for Multicarrier Broadcasta®imels:
Asymptotic FDMA Capacity Region and AlgorithmdEEE Trans. Communvol. 52, no. 6, pp. 922-930, Jun. 2004.
[20] S. Boyd and L. Vandenbergh€onvex Optimization Cambridge University Press, 2004.
[21] P. Hande, S. Zhang, and M. Chiang, “Distributed Rateoédtion for Inelastic Flows,JEEE/ACM Trans. Netw.vol. 15,
no. 6, pp. 1240-1253, Dec. 2007.

RD
m;_‘hﬁ
Cl’m =

O-RD,m

‘2

Fig. 1. Channel model for subcarrier pdk,m).
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TABLE |
ALGORITHM FOR THE TOTAL POWER CONSTRAINED CASE

Initialize i =1, p, a®, £ =0.01, amendment false max it = e, sum rate = 0
While (i < max_it) (** iteration i **)
Compute ﬁ%ﬁk?m, using 1), a® in (20)
Computett) using >§'r)n in @2
Computepd) using 1", t0 in (@8)
Compute {itY, a(+D using W), a®, t0, pl) in @3
If (amendment Halse and (% < s) and (W < s)
amendment rue
max_it = [L.1xi]
End
If (amendment =rue) (** amendment algorithm **)
t=t0, cn=3M,fcm¥m
For (=1 to M)
If (cj>1), s"=argmaxss, 1) Xé']) End
While (cj > 1)
m' = argminyc, oy ‘a(ji) — aﬁ? ’
= argmag, 1 ey X
;=0 fom=1
Ci=Cj—1 Cn=Cm+1
End
End
With fixed subcarrier pairing, apply water-filling on the subcarrier pairs with equivalent
channel gains in[{5) to compute power allocatipnand the weighted sum rate R as [i.(6)
If (R> sumrate), sumrate=R, {=f, p=p, End
End (** amendment algorithm **)
i=i+1
End (** iteration i **)

sum rate,f and p are the obtained weighted sum rate, feasible subcarriérirganand power allocation, respectively.
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TABLE Il
ALGORITHM FOR THE INDIVIDUAL POWER CONSTRAINED CASE

Initialize i = 1, “(31)7 u,(?l), a®, £=0.01, amendment false max. it = «, sum rate = 0
While (i < max_it) (** iteration i **)

Determine modes for all possible subcarrier pairs, and obta m, cﬁm and c{zm
by using ', W) in @0), [@1) and[[@R)

Compute f}WVK m, using ;g), u,@, a), am, Com Com N @)

Computett) using 4'2“ in (@6

Computepd) using ;g)7 ug)7 t0 am, Come Chm in @5)

Compute §+1)7 ug+1)7 a(+1) using @7 ug>7 d(i)7 t0, pi), 3 R in @8

(i+1) ) (i+1) (@) (i+1) _ g (i)
If (amendment Falsg and (s 51 < ¢) and (e —tel < ¢) and (W < s)
[Pl | o]

amendment =rue
max it = [1.1xi]
End
If (amendment rue) (** amendment algorithm **)
t=t0, cn=3M fm¥Ym
For j=1toM)
If (cj>1), s"=argmaxss, 1) Zé'} End
While (cj > 1)
m* = arg minymc,.—oy MD — ag])‘
= argmae 1 ris) Zin
=0, frm=1
Cj=¢Cj—1 cmwr=Cm+1
End
End
With fixed subcarrier pairing, and lettingflg = u,(si), r= ug), use the zero-crossing method if [3, Section 3.2]
to updatefls, fir to their optimal.
Usefls, [ir in (32) and [3B) to obtain mode classification and power altamn pg, pg,
and compute the weighted sum rate R
If (R>sumrate), sumrate=R, t=1, ps=pPs, Pr=Pr EnNd
End (** amendment algorithm **)
i=i+1
End (** iteration i **)

sum rate,f, ps and pr are the obtained weighted sum rate, feasible subcarrieripgiand power allocation, respectively.
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TABLE 1l
ALGORITHM FOR THE TOTAL POWER CONSTRAINED CASE WITH EXTRA DIRCT-LINK TRANSMISSION.

Initialize i =1, M, a®, £ =0.01, amendment false max it = «, sum rate = 0
While (i < max_it) (** iteration i **)
Compute(Yk'?m>(i)7(Ylfm)<i>7 vk,m, using i) in (9) and (E0).
Obtain &) using <Y|5m> D,(Yk'f’m)w in (G9)
Compute Q("r)n vk,m, using (Yk'?m> (i), (Yk?m)(i), s, a® in @2)
Computett) using Y., in (E1)
Computepd’ using ), t@, s in (57)
Compute {itY, al*D using @), a®, t0, pi)in &3
If (amendment Halsg and <% < s) and (W < s)
amendment rue
max_it = [1.1xi]
End
If (amendment Zrue) (** amendment algorithm **)
t=t0, 8=8V, cn=3M ficm¥m
For  =1to M)

If (¢j>1), s'= argma>$s|fsj:1}YS£i) End

i
While (cj > 1)
m" = arg minym g, oy ’agn - aé‘?‘
r=arg maXyg, 1, r?és*}Yr%
ﬂwwzo,ﬂgm«zl
Ci=¢Cj—1 Cn=Cm+1
End
End
With fixed subcarrier pairing and mode selectior$, apply water-filling on the direct-link, extra direct-link
subcarriers and the relay mode subcarrier pairs with eqléwa channel gains in{5), to compute
power allocationp and the weighted sum rate R
If (R>sumrate), sumrate=R, {=f, §=§ p=p, End
End (** amendment algorithm **)
i=i+1
End (** iteration i **)

sum rate,t, $ and p are the obtained weighted sum rate, feasible subcarriéring mode selection and power allocation.
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Fig. 2. Concavity of rate versus power constraint for systevith 2 and 8 subcarriers.
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Fig. 3. Unweighted sum rates for the systems vi{thSR2] = 3, E[|nhSP?] = 1 andE[|hRP|?] = 3.
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Fig. 4. Weighted sum rates for the systems with total powesstaint, andz[|hSR?] = 3, E[|hSP|?] = 1, E[|hRP|2] = 3.
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Fig. 5. Unweighted sum rates for the systems with extra tiek transmission, an@[|hSR?] = 3, E[|hSP|?] = 1, E[|hRP|?] = 3.
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Fig. 7. Weighted sum rates for the systems with total powesstaint, andg[|hSR?] = 5, E[|hSP|?] = 1, E[|hRP2] = 1.
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Fig. 8. Unweighted sum rates for the systems with extra tiek transmission, an@[|hSR?] = 5, E[|hSP|?] = 1, E[|hRP|?] = 1.
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Fig. 9. Unweighted sum rates for the systems Vi{thSR2] = 1, E[|hSP?] = 1 andE[|hRP|?] = 5.
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Fig. 10. Weighted sum rates for the systems with total powestaint, andZ[|hSR?] = 1, E[|hSP2] = 1, E[|hRP|?] = 5.
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Fig. 11. Unweighted sum rates for the systems with extraiiek transmission, antl[|hSR?] = 1, E[|hSP|?] = 1, E[|hRP|?] = 5.
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