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from cooperation. Currently, relay and cooperative
networks with OFDM(A) transceivers have been
ABSTRACT proposed for applications in several emerging systems.

_ _ _ . IEEE 802.16's Relay Task Group [5] is a developing
In this paper, we investigate the resource allocat'og'tandard for 802.16-based multihop networks. Also,

problem for an QFDM _cooperative_ network with a Singl‘?elaying is considered in IEEE 802.11s [6], a developing
source-destination pair and multiple relays. Assuming networking standard

knowledge of the instantaneous channel gains for all, ', orpM system, additional significant gains can

links in the entlr_e network, We propose sgv_e_ral bﬂe achieved by adaptive loading. In particular, more bits
and power a_lllo_catlon schemes aiming at mlnlmlzmg_tt‘éere placed in subchannels with larger channel gains,
tqtal transml_ssmn power_u_nder a targe_t rate co_nstral_n\tNh“e subchannels which are faded carry less or even
First, an optimal and efficient bit loading algorithm IS0 bits. Over the past decade, this problem has been
proposed when the relay node uses the same SUbCha@}%nsively investigated (for example, see [7]). In par-

to relay the'information transmitted by thg source nOdﬁ ular, different power and bit allocation schemes with
To furthe_r improve the performance gain, SubChannSﬁ/erse optimization objectives in single-user and mul-
permutation, in which the subchannels are reallocated fliser environments have been studied.

relay nodes, is_, con_sid_ered. An optimal subchanne_l P€"The resource allocation problem in cooperative net-
mutation algorithm is first proposed and then an eﬁ'c'eWorks, however, has received much less attention. In

suboptimal glgorithm is considered o achieye a be ], adaptive loading is employed in relay-to-destination
ter complexity-performance tradeoff. Simulation resul S1ks in an OFDM cooperative network to improve the
show that significant performance gains can be achievgd ;0 o performance. In [9]-[10], the power allo-

by the proposed bit Ic_)adi_ng algorithms, especially Whe&:\tion problem for nonregenerative OFDM relay links
subchannel permutation is employed. is investigated; in this work, the instantaneous rate is
|. INTRODUCTION maximized for a given source and relay power constraint.
In cooperative systems, a group of single-antentia [11], aiming at maximizing the achievable sum rate
nodes transmits as a "virtual antenna array,” obtainifigPm all the sources to the destination, a source, relay,
diversity gain without requiring multiple antennas at inand subchannel allocation problem for an OFDMA relay
dividual nodes. Much recent work has addressed aspgigéwork is studied; however, in this work, the assumption
of cooperative diversity, and significant benefits can f@at the relay node uses the same subchannel to relay
achieved (for example, see [1]-[2]). the information transmitted by the source node limits
Orthogonal Frequency Division Multiplexing (OFDM)the performance gain.
is the underlying physical-layer technology for In this paper, we employ subchannel permutation, in
IEEE802.11 (WiFi) [3], as well as for IEEE802.16Wwhich the subchannels are reallocated at relay nodes,
(WiMAX) [4]. The modularity of OFDM and the and devise bit loading algorithms for cooperative OFDM
fact that it will be used in many current and futuréystems with decode-and-forward relaying strategy. We
systems makes it very appealing for consideratigi®nsider a single source-destination pair with multiple
in cooperative wireless networks. More importantly@ssisting relay nodes. Our objective is to minimize the
the use of orthogonal signaling and the inheretftal transmission power by allocating bits and power
frequency diversity in a well-designed OFDM systerip each subchannel based on the instantaneous channel
are especially useful in obtaining the maximum benefiggins. We first devise optimal bit loading algorithms
under the assumption that the relay nodes re-transmit the
This material is based on research sponsored by the Air Foiigformation in the same subchannel as the source node.

Research Laboratory, under agreement number FA9550'06'1'0°T?ren we consider reallocating the source subchannels to
The U.S. Government is authorized to reproduce and distribute ~ .

reprints for Governmental purposes notwithstanding any copyrigRSsibly different r_elay SUbChannel_S to further improve
notation thereon. performance. In this regard, the optimal subchannel per-
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Stage 1

mutation algorithm is described. To achieve the optimum
performance, however, a large number of computations
and comparisons is needed. We then propose a simple
and efficient subchannel permutation algorithm. Simula-
tion results indicate that significant performance gains
can be achieved by the proposed bit loading algorithms,
especially with subchannel permutation at the relay
nodes. S
. . ®

The paper is organized as follows. The system model
is described in Section Il. In Section Ill, we propose O
optimal and eff|C|ent' bit. loading a!gor.lthms WIthOUtF'g. 1. Two-stage transmission protocol: In the first stage, the source
subchannel permutation. The combination of these @ansmits; in the second stage, those nodes which can decode the
gorithms with subchannel permutation is considered iiessage from the source retransmit it to the destination.
Section IV. Simulation results are given in Section \the required control signaling is currently being consid-
Finally, Section VI summarizes and concludes the papered.

We assume that the total required data rat® ibits
per OFDM symbol (block). Leb,, denote the number of

We consider a single source-destination cooperatidis assigned to source subchanngb,, can take values
system with K relay nodes, as shown in Fig. 1. Then the setB = {0,1, ..., Baz }. Further, denote the
relay nodes are randomly located between the soutgfannel response of subchannefrom the source node
node and the destination node. An OFDM transceivgy relay nodek, from the source node to the destination
with N subchannels is available at each node. We assufifie, and from relay node to the destination node as
perfect time and frequency synchronization among nodgs, (n), H.y(n) and H,,4(n), respectively. In general,
and the inclusion of a cyclic prefix that is long enougthese include path loss, shadowing, and Rayleigh fading.
to accommodate the delay spread of the channel.  For convenience, le€,, (n), Gy(n) and G, 4(n) de-

A two-stage transmission protocol, as shown in Fig.hote the channel power gaingH.,,, (n)|?, ||Hsq(n)|?
is adopted. In the first stage, the source transmits a@dd || H,,4(n)||?, respectively.
the other nodes listen - the links in this stage are calledLet ~(b,) be the required received SNR per symbol
the source-relay (SR) links and the source-destinatighsubchannet for reliable reception ob,, bits/symbol.
(SD) link. In the second stage, the relays retransmak in [13], SNR per symbol for subchannelis
the message to the destination - the links in this stage %
are called the relay-destination (RD) links. Here, we ¥(bn) = px (27 = 1) (1)
adopt aselectivedecode-and-forward relaying strategyThe parametep ranges from 1 to about 6.4, depending
In particular, each source subchannel can only be relaygtithe degree of coding used [13]. The required received
by one relay node. The selected relay node will fullgower P,.,(b,) can be written as
decode the received information, re-encode it, and then
forward it to the destination. In the RD links, a specific Preq(bn) = 7(bn)No (2)
subchannel can only be used by one relay node. Differavttere N, is the double-sided noise power spectral
source subchannels may select different relay nodegnsity level.
similar to the selective OFDMA relaying in [12]. The Each subchannel can operate in two different modes:
destination node employs maximal ratio combining tdirect or cooperative transmission. Each subchannel
combine the received signals from the first and secoodmpares the required power of these two modes and
stages. selects the one which has the minimum required power

Centralized resource allocation algorithms are consi achieve reliable reception at the destination node.
ered in this paper. In particular, a central controller fir§the minimum power required for the direct transmission
collects the instantaneous channel gains of all links in theode is
system. Then, it performs the assignment of resources p£<n> - M (3)
and broadcasts the decisions to each node. We also Gsa(n)
assume all the channels experience slow fading. Thke required power for cooperative transmission through
possible application scenarios include WiFi and WiMaselay nodek includes two parts. The first part is the
systems where the access point or base station can seeggiired source power to guarantee successful transmis-
as the central controller. A detailed protocol includingion from the source node to the relay nobeThe

Stage 2

II. SYSTEM MODEL



second part is the transmission power of relay néde where

which is determined by the fact that the sum of the two K N

received powers at the destination node should be greate(n) = 8(n)Gsa(n) + Y > ax(n, §)GS,, 4(n, 5)
than the required minimum received powex, (b, ). We k=1 j=1

assume relay nodé uses subchannel to re-transmit _ _ _ (11)
the information from the source node in subchanmel Subject to the following three constraints

The relay node can use either the same subchannel to N

re-transmit the information or another subchannel. Let Cl:R= an (12)
PS (n) and P (n,j) denote the source power and n=1

STk

the relayk power, respectively. The two powers should K N
satisfy C2:8(n)+ Y > ak(n,j)=1,%n,  (13)
ng (n)Gsr, (1) = Preg(bn) (4) k=1j=1
K N
and €3:3° ap(n.j) < 1,V (14)
ng (n)Gsd(n) + P’rgd(nvj)Grkd(j) > Preq(bn) (5) . k=1n=1 . L
Note thatC'1 is the rate constraint;2 indicates that
The total power for cooperative transmission is each SR subchannel can only be relayed by at most
Pg J(n,5) = PC (n) + Pcd(n,j) (6) o°ne relay at a given time, and3 means that each RD
g STk " subchannelj can be used by at most one relay.

When the channel gains of the SR and the RD links m
are both greater than the channel gains of the SD
links, i.e., Gsa(n) < min{Gs,(n),Gr.a(j)} for any

BIT LOADING
In this section, we devise bit loading algorithms with-

k, cooperative transmission requires less power tthF SL:EChggnT.I pke”TrL:tat'oT' IF gh's (I:ase, fgr sulbchannel
direct transmission. The minimum power required fdf in the INKs, the selecled reldy node aiso Uses

cooperative transmission through subchanhet relay f:ubci]ri]nneh |n tr|1e It?DhImks }0 retransmlt ttT]e mfohrmal-
nodek can then be expressed as ion. The equivalent channel power gain through relay

node k is determined by the mode in which the sub-

) Ai(n,j i : ,
PC 4(n,j) = qu(bn)Lj), 7) channel is used. 1t7,4(n) < min{Gs, (n), Gr.a(n)},
G, (n)Gra(d) cooperative transmission is preferred and the equiva-
where Ag(n, j) = Gap, (1) + Groa(j) — Gea(n). Ien_t channel power gain is the cooperative transmission

N ) i i C . . . - .
Here, for cooperative transmission, we define &N Gs.a(n,n); Otherwise, direct transmission costs

equivalent channel power ga'@ig (n,), given by less power and the equivalent channe_l power gain is
F the gain of SD links,G44(n). Hence, if Gy4(n) <

c o\ Gsr (n)Gra(j) min{Gy,, (n),G,.q4(n)}, the equivalent channel power
GST‘kd(nh]) - . (8) . .
Ag(n,j) gain through relay nodg is

Thus, the minimum total power required for cooperative G aln) = Gsr, (n)Gra(n) (15a)
transmission for subchannel through subchannel at sTed ) Ag(n,n)
rEIay nodek is otherwise

PC (n ]) _ Preq(bn) (9) GST'kd(n) = GSd(n) (15b)

sTedD GS. 4(n,5) Each subchannel should be used by the relay node,

among theK nodes, which has the largest equivalent
channel power gain to relay the information. I&t,(n)
denote this maximum equivalent channel power gain,
then it can be written as

We usef((n) € {0,1} to indicate the mode in which
subchanneln operates. Let3(n) = 1 indicate direct
transmission. Also, we usey(n, j) € {0, 1} to indicate
whether or not subchannel is used in cooperation
with subchannelj at relay nodek. Our objective is to Geq(n) = arg max Gsra(n) (16)
allocate bits and power to each subchannel to minimize T
the total transmitting poweP;:.. Mathematically, we can 1€ optimization problem in (10) can be rewritten as

formulate the optimization problem as N p (bn)
Pf = min reqrn (17)
al Pre (bn) bn€B n=1 Geq(n)
P} = min A (20) . - ) L
bneB <= G(n) In this case(C2 and C'3 are automatically satisfied, and

we only need to consider the rate constra@it,



A. Greedy Algorithm Thus the number of bits in subchannelb,,, is

From (17) we can see that the optimization problem is . R 1 1 Geq(n) 23
similar to that in point-to-point OFDM systems, which n= 5 T 5108 N v (23)
has been extensively researched. Among all kinds of (Hn:1 Geq(”)>

glgori_thms, the greedy algqrithm, firsf[ introdgced in.[14}rhe first part in (23) is the average number of bits per
is believed to yield the optimal solution. This algorith ubchannel. The second part is a margin determined by

allocates bits one by one until the target rafe is th? ratio of then-th subchannel’s power gain over the

achieved. In each _step, the addltlonql power 'nc.rease&%ometric mean of the N subchannels’ power gains [7].
each subchannel in order to transmit the additional bit . - :
In the previous derivations, we removed the constraint

in that subchannel is calculated, and the one with the . .
- . . . . n b, to be an integer. Moreover, the result in (23)
minimum power increase is selected. The idea is quiie .
. . : may be less than zero. This means that the channel
simple and several efficient greedy algorithms [15] have . .
, . ain of subchanneh is so small that we should not
been proposed. However, the sorting and comparisonsin_ . : .
ransmit any information. We exclude these subchannels

each step make the algorithm complex, especially Whend then repeatedly apply (23) until all theare greater

. a
the available subchannels and the target number of Ps : ;
are very large, as in IEEE 802.16 systems. tfhan zero. Next, we can adopt the algorithm in [16] to

roundb,, to an integer value. The required transmission
B. Lagrange Optimization power can be calculated using (17) after all the bits are

As discussed in the previous subsection, the gree%gfjcated' Note that, in this algorithm, the number of

algorithm has the optimal performance, but it is too conferations is determined by the number of subchannels

plex for high data-rate systems. In this subsection, vVVt.h Zero b't.s’ which is much smaller than the number
iterations in the greedy algorithm.

propose an efficient bit loading algorithm. To solve th@
optimization problem (17), we first release the constraint
that b, must be an integer. Substituting (1) and (2) into

IV. SUBCHANNEL PERMUTATION

(17), we obtain In this section, we consider subchannel permutation
to further save transmission power. We not only allocate
. L (22 — 1) Ny bits and power to subchannels, but also reallocate the

Pr :Hginz Geg(n) subchannels used for transmission in the RD links.
”Tvl N (18) The optimization problem (10) becomes a combinatorial

_ Z PNo 4 omin ST 2 220+ Ny problem and is difficult to solve. Exhaustive search can

— Geq(n) bn £ Geq(n) obtain the optimal solution; however, the computational

complexity is too high. Here, we first propose a simpli-

So the optimization problem reduces to fied greedy algorithm, which is still complex, especially
N o, when the number of target bits is high. Next, we propose

P} = min pNo * 27 (19) @ suboptimal algorithm, which is more efficient but

b = Geg(n) which gives close to optimum performance.
Including the constraint, the objective function is A. Greedy Algorithm

N N + 22n N As discussed in Section llI-A, greedy algorithms al-

L) = Z —— — MR- Z bn) (20) locate bits on a bit-by-bit basis to the subchannel which
Geg(n) n=1 has the minimum additional power required to transmit

the additional bit. In each step, the increase in power for

all possible allocation schemes is calculated. When we

allocate the first bit, there a2 K possible allocation

22bn A schemes, wher& is the number of relay nodes and
Geq(n) - 2pNp * In2 =,V (21) is the number of subchannels. First, consider the inverse
of the channel power gain in (8), that is,

where )\ is a Lagrange multiplier. After differentiating
L(X) with respect tab,, and setting to 0, we obtain

wherey is a constant independent of Then we get

N R N 1 _ Ak (Tl, j)
( 52b, > vyt 2 G amd)  Gor(n)Gralj) (24)
Geq(n) n—1 Geq(n) ngl Geq(n) = (5(?1) 1 + !
(22) Gmd(j) GSM (n)



whered(n) = (Ggr, (n) — Gsq(n))/Gsr,. (n) is a coeffi- o Step 4: If all the subchannels are paired, the sub-
cient of subchannel. We can see that for SR subchannel  channel permutation operation is complete. Other-
n, the channel power gain of cooperative transmission wise, go to Step 1.

achieves the maximum value if it is paired with the In the subchannel permutation approach, the com-
best subchannel in the RD IinkS, i.e., the SUbChaanlJtational Comp|exity main|y comes from f|nd|ng the
with highest channel power gain. So, in each step of thgaximum channel gains of the SR links and the SD
greedy algorithm, for each relay node, subchannels in i§ks. The number of iterations is equal to the number of
SR links only need to be paired with thestavailable sybchannels)y, which is much smaller than the number
subchannel in the RD links. When allocating the firgt iterations for the greedy algorithms. After reallocat-
bit, we only need to calculate the channel gainsXak ing subchannels, the bit-loading Lagrange algorithm in
permutation schemes and then compare these gaingsétion I11-B is performed to allocate the power and
find the scheme which has minimum power increase ffts. As discussed there, the Lagrange algorithm has low
transmit the additional bit. ObViOUSly, this is much moreomputaﬂoneﬂ Comp|exity_ ThUS, the Computationa| com-
efficient than exhaustive search. The performance of tb%xr[y can be greatly reduced by performing subchannel

greedy algorithm, of course, will serve as a bound f?fermutation and bit loading separately.

the performance of the suboptimal algorithms.
V. SIMULATIONS RESULTS

B. Suboptimal Algorithm ) ) ) ]
In this section, we present simulation results to com-

Although the simplified greedy algorithm is much Sim|bare the performance of the different bit loading algo-
pler than exhaustive search, itis still quite complex Whef, g consider a single source-destination pair OFDM
the ”“”_‘ber of tgrget b't_s s large. Her_e, WE Propose g8fgperative network with relay nodes. We assume that
alternative algorithm which has suboptimal performantge i rejay nodes are located in the middle of the source-
but is much more efficient. In this algorithm, we firsf,_jegtination path. In each node, an OFDM transceiver
reallocate subchannels in the SR links to subchannﬁ}ﬁh N = 64 subchannels is employed. We also assume
In th? RD links, a”‘?' then we perform the bit Io"Jld'nghat each relay node has the same distance to the source
algorithm proposed in Sec_tlon I-B. L and the destination. We normalize the distance from the

We know that cooperative transmission is preferrgd,, nodes to the source and to the destination to one:
when Gisq(n) is smaller thanGy,, (n) and Gi.a(j)- SO the path loss exponent is 4. Shadowing is not considered.
d(n) of (24) is a value between zero and one when cgye assume that the channels between the source and
operative transmission is preferred. Themagkd(mi) each relay and the channels between each relay and the
can be roughly approximated by the suml19(+,,.a(j) gestination are independent. The power delay profile is

and1/Gs, (n). Itis easy to see that we should pair goodsq;med to be exponential with a root-mean-square delay
subchannels in the SR links with good subchannels inthe 4 _ 4T, whereT is the time duration of one
rms — L)

RD links. Also, bad SR subchannls should be paired W@FDM symbol (block),T” = NT, and0 < 7 < 0.1.
bad RD subchannels. After permutation, the equivaleif ie simulation, we use a discrete-time model with
channel power gains of cooperative transmission vary, impulse response limited to 16 samples spaced by

greatly from subchannel to subchannel. In this casp, s is sufficient to encompass all of the paths with
the frequency diversity can be easily exploited by b&gnificant energy.

loading. Based on th_is idea, we propose the following We assume the target bit rate of the system is such
subchannel permutation algorithm: that there are 128 bits per OFDM symbol. Abg can
« Step 1: For each relay, find the maximum sub- take values in the seB = {0, 1, ...,4}. So, without bit
channel power gains of the SR and RD linkgpading, each subchannel will transmit 2 bits per OFDM
respectively; denote them [y, (n) andG,,a(j)- symbol; we call this Equal Bit Allocation (EBA).
Calculate the equivalent cooperative channel power|n Fig. 2, we compare the average required transmis-
gain G, ,4(n, j), as in (8). sion power for Greedy Bit Loading (GBL), Lagrange Bit
» Step 2: Compare the equivalent cooperative charpading (LBL) and EBA. We do not consider subchannel

nel power gainG,. ,(n,j) of the K relay nodes. permutation (SP) in this case, and we assume there

Determine the values of: and j which maxi-
mizeGg%d(ﬁ,j). Pair those subchannels and denote *Coding is not considered in this paper. It has been shown that
N 5 coded bit-loading OFDM systems also greatly outperform coded
them a'Sn and. . N OFDM systems in point-to-point networks [15]. For cooperative
- Step 3: Set the gains of the SR subchanneind eqyorks, distributed coding is an interesting problem to be explored
the RD subchannel of all relay nodes to zero. in future work.



is only one relay node, i.e/{ = 1. It can be seen 0
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: . 10
that the required transmission power for GBL and LBL
are almost the same, but LBL is much less complex. '
We also notice that the required transmission power for \
GBL and LBL decreases with an increase in the delayw Q
. . . . \
spread;,.s. This is because an increase in delay sprea& \
corresponds to more available frequency diversity, ands Y
hence more gains can be achieved. The performancg 0% LA
of EBA is not good because coding is not employed;s —&— BL with 1 relay N
. . . . o .
thus, the frequency diversity is not exploited for EBA 3 . - © ~EBAwith 1 relay koY
as implemented here. Compared to EBA, a 3-dB power 10 | "5 _SLWh2 ;e::?’:ys 3
saving can be achieved by LBL. —p— BL with 4 relays >
- B - EBA with 4 relays
10_4 L L L L
20 ‘ ‘ ‘ ‘ 0 5 10 15 20 25
—+— BL Greedy SNR (dB)
m 195F —B—BL Lagrange [
\-S/ 19 -~ ——EBA Fig. 3. Block error rate for different bit loading algorithms with
o K=1,24.
§ 185 o 1
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E 175 1
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n 17 T -1
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= 165 1 =
S 16 1 £
= 2 1o
15.5 e $ m — Llj
15 : ‘ ‘ w X v :
0 0.02 ~ 0.04 0.06 0.08 01 o —&— BL with SP optimal, 1 relay \ {>
Normalized RMS Delay Spread n @ || ——BLwith SP optimal, 2 relays < ]
—&— BL with SP optimal, 4 relays
Fig. 2. Average transmission power required for different bit loading =0~ EBA, 1 relay
algorithms with K = 1. I EBA, 2 relays f
. ‘= - EBA, 4 relays

In the following simulation, we assume,,,; = 0.17’, 10°
which is a reasonable delay spread for practical systems.
Fig. 3 presents the block error rate (BLER) versus SNR
with different numbers of relay nodes. We adopt theg. 4. Block error rate for different bit loading algorithms with
efficient LBL in the simulation. From the results, wesubchannel permutatiods = 1,2, 4.
can see that the performance gains of LBL over EBA
decrease with an increase ik, the number of relay respectively. As discussed in the previous section, the
nodes. Forr.,s = 0.17, the power saving of LBL optimal BL with SP is too complex, especially with a
decreases from 3-dB with one relay node to 1-dB wilAarge number of relay nodes. In Fig. 5, we compare the
four relay nodes. The main reason is that, for eagerformance degradation using the suboptimal, but less
subchannel, we compare the subchannel gaidé aflay complex, BL with SP. We can see that the performance
nodes and select the best one. The more relay nodes,gaép increases with an increase in the number of relay
less subchannel gain variation after selection, and thedes,K. At an outage ofl0~2, a 0.5-dB performance
less frequency diversity to be exploited by bit loading.degradation is ontained using the suboptimal algorithm

In Fig. 4, we present the performance of the bit loadinghen K = 4; although, it is still 2.5-dB better than
algorithms using subchannel permutation (SP) wlith=- EBA. A good complexity and performance tradeoff can
1,2, and 4 relay nodes, respectively. Compared withe achieved by using the suboptimal algorithm.

EBA, a dramatic performance gain can be achieved byFrom these results, we can see that the proposed
BL with SP, even in the case when four relay nodes aBd. algorithm can significantly save transmission power,
employed. For an outage @02, the performance gain especially when the number of relays is small. A small
is 5-dB, 4-dB, and 3-dB with 1, 2, and 4 relay nodesiumber of relays on their own does not provide enough

5 1‘0 1‘5 20 25
SNR (dB)
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Fig. 5. Block error rate for optimal and suboptimal bit loading
algorithms with subchannel permutatiolf, = 1,2, 4.

3]
space diversity. So that even simple BL without SP can[4]
provide significant gains, compared to EBA. With an in-
crease in the number of relays, however, space diversit%g
can provide good performance improvement; thus, only|7]
the BL with SP can provide significant performance gain,
at the expense of complex computations.

The communications overhead of BL and EBA are g
similar. The instantaneous channel gains are required by
both to make decisions, and these must be broadcast to
nodes in the network. EBA only needs to select the gooo[
subchannels among relays. BL, however, also allocates
bits to subchannels, which entails more complexity.  [10]

VI. CONCLUSIONS

In this paper, we investigated resource allocation foil1]
cooperative OFDM systems. Aiming at minimizing the
total two-stage transmission power for a given transmizm
sion rate, we formulated the optimization problem an
proposed several bit loading algorithms. First, without
considering subchannel permutation, we showed thél®
the optimization problem is similar to that for point-
to-point OFDM systems. We proposed an efficient bit-
loading algorithm and simulation results demonstratett4]
that the proposed algorithm has similar performance
to the optimal one. Using these algorithms, the totghs;
transmitting power can be reduced by 3-dB, compared
to the EBA algorithm. The performance gain, however,
decreases with an increase in the number of relay nodegg,

To further improve the bit loading performance gain,
we considered re-allocating subchannels in the RD links,
called subchannel permutation. An optimal algorithm

improve the performance by at least 2-dB. Even with
four relay nodes, the optimal algorithm with subchannel
permutation still outperforms EBA by about 3-dB. An ef-

ficient suboptimal subchannel permutation algorithm was

proposed which can achieve a good performance-

complexity tradeoff.

this paper, we focused on bit loading algorithms

with a central controller. Distributed algorithms are more
attractive in a practical environment and are the focus of
our current work.
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