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Abstract

In this letter, we investigate two selective relaying schemes in cooperative OFDM systems. Selective
OFDMA relaying, where the relay selection is performed in a per-subcarrier manner, and selective
OFDM relaying, where one best relay among thepotential relays is selected to relay the entire
OFDM block, are compared in a two-hop random network. The outage performance of Equal Bit
Allocation (EBA), where each subchannel has the same number of bits, and Bit Loading (BL), where
bits are adaptively allocated to each subchannel, are analyzed and compared for these two approaches.
The outage analysis clearly shows that a significant performance gain can be achieved by selective
OFDMA relaying, whether EBA or BL is employed, compared with selective OFDM relaying. With
EBA, the performance gain increases with an increasé,ithe number of relay nodes, and, the
number of independent subchannels. For BL, the performance gain further increases with an increase
in R, the average number of bits per subchannel. Simulation results verify the outage analysis of these

two schemes. Centralized and decentralized implementation issues are also considered.

I. INTRODUCTION

With the increasing needs for high speed wireless applications, future networks, no matter
infrastructure-based or ad hoc, will be required to provide reliable high data-rate services in

dynamic environments. The use of multiple antennas, which can significantly improve the power
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and spectral efficiency in single-link wireless communications, may be impractical in many

instances due to limitations on the size and power of communications devices. Cooperative
transmission, which utilizes the broadcast nature of the wireless medium and the numerous
nodes in a network, is an efficient way to realize the benefits of multi-antenna transmission with
only one antenna at each node (for example, see [1] and references therein).

Although there has been a significant effort on the study of cooperative systems, very little
work has been done on the use of Orthogonal Frequency Division Multiplexing (OFDM) in
these networks. In most of the work in this area, OFDM is simply the underlying transmission
technology. How to use OFDM to facilitate relaying in a multihop network is still an open issue.

With L relays located between the source and the destination, the maximum diversity gain
provided by the cooperation among these relays-ield. To achieve this full spatial diversity,
selective relaying, i.e., only selecting the "best” relay for forwarding the signal, is a good
candidate which requires minimum cooperation among the relays and which can be performed
in a distributed way [2]. In this paper, two selective relaying schemes, selective OFDMA
relaying and selective OFDM relaying, are proposed to achieve the full cooperative diversity
gain. Moreover, by using bit loading, where bits are adaptively allocated to each subchannel,
frequency diversity can also be exploited.

In selective OFDMA relaying, relay selection is performed on a per-subchannel basis. In this
way, different subchannels might traverse different paths. In selective OFDM relaying, however,
only one “best” relay is selected to re-transmit the entire OFDM block. The end-to-end outage
performance of these two relaying schemes are evaluated and compared in this paper. A two-hop
randomnetwork including the effects of path loss is considered.

Two transmission schemes, Equal Bit Allocation (EBA), where each subchannel has the same
number of bits to transmit, and Bit Loading (BL), where bits are adaptively allocated to each
subchannel, are addressed. It is proved that, although selective OFDMA relaying and selective
OFDM relaying achieve the same diversity gain, the power gain is different. The performance
improvement of selective OFDMA relaying with EBA over selective OFDM relaying with EBA
increases with an increase i the number of relay nodes, and, the number of independent
subchannels. For BL, an increaselinthe average number of transmission bits per subchannel,
will also increase the performance improvement. We also show that the locations of the relay

nodes do not affect the relative performance gap of these two approaches. Simulation results



validate the analysis. Practical issues, such as centralized and decentralized implementations and
complexity issues, are also addressed.

The paper is organized as follows. In Section Il, we provide the system model and introduce
selective OFDMA relaying. Sections Il and IV present the outage analysis for selective OFDMA
relaying and selective OFDM relaying with EBA, and with BL ,respectively. Finally, Section V

summarizes and concludes the paper.

Il. SYSTEM MODEL AND SELECTIVE RELAYING

We consider a single source(S)-destination(D) cooperative system wittlay nodes, as
shown in Fig. 1. The relays are randomly located between the source and the destination. An
OFDM transceiver with\V subchannels is available at each node. We assume perfect time and
frequency synchronization among nodes and the inclusion of a cyclic prefix that is long enough
to accommodate the channel delay spread.

A two-stage transmission protocol is adopted. In the first stage, the source transmits and
the relay nodes listen - the links in this stage are called the source-relay (SR) links. In the
second stage, the relays retransmit the message to the destination - the links in this stage are
called the relay-destination (RD) links. Here, we adopetectivedecode-and-forward relaying
strategy. Compared to the other relaying strategies, selective relaying requires the least amount
of signaling and can be performed in a distributed way [2]. With selective relaying, each source
subchannel can only be relayed by one relay node. The selected relay node will fully decode
the received information, re-encode it, and then forward it to the destination. In the RD links, a
specific subchannel can only be used by a single node.

We assume that the total required data rateRis, bits per OFDM symbol (block). On
average, each subchannel will transiit= R,...;/N bits. Further, denote the channel response
of subchanneh from the source node to relay nodeand from relay node to the destination
node asH,,,(n) and H,,4(n), respectively. In general, these include path loss, shadowing, and
Rayleigh fading. For convenience, €, (n) and G,,4(n) denote the channel power gains,
| Hsr, (n)||*> and || H,,qa(n)||?, respectively. Also, leti,,.(n) refer tomin{Gs,,(n), G,,a(n)}.

Two transmission schemes are considered in this paper. In EBA transmission, the same number
of bits is allocated to each subchannel regardless of the subchannel gains. In an OFDM system,

however, the frequency diversity can be exploited by BL. In particular, more bits are placed in



subchannels with larger channel gains, while subchannels which are faded carry less or even no
bits. Hence, we also consider BL transmission to exploit the frequency diversity.

In previous work, OFDM is simply adopted as a physical-layer technique to overcome the
frequency-selective fading in the network. As shown in Fig. 1(a), one relay is selected to forward
the entire OFDM block so that all the subchannels traverse the same path. In particular, for EBA,
is selected. This type of réiéying is referred tosadective OFDM relayingHere, we propose
selective OFDMA relayingin this case, the relay selection is performed in a per-subcarrier
manner. In particular, for subchanne] the relay with the Iargesit:r{ljh Gsr,a(n) is selected.
Different relays might be selected to retransmit on different subchannels. As shown in Fig. 1(b),
subchannelsd and2 are retransmitted by relay; while subchanne$ is retransmitted by relay.

At the destination, all the subchannels are collected. In this paper, we compare the performance
of these two relaying strategies with EBA and BL.

The following assumptions are made:

Al) The destination node only uses the signal transmitted in the second stage.

A2) G, (n) andG,,4(n) are independent exponential random variables with ni¢ag., and
1/A.q4, respectively. Also, let; = Ay, + A4

A3) A high-SNR condition is assumed in deriving the diversity gain and power gain.

A4) Equal transmit power is allocated on each subchannel.

Al allows us to concentrate on the comparisons of these two relaying schemes, and the results
developed here can be easily extended to the case where the source-destination link is considered.
Equal transmit power in each subchannel is a good choice for EBA because the channel gains are
not available at the transmitter. For BL, at high SNR, varying the amount of transmit power as

a function of the channel state yields minimal gains [3]; hence, A4 is a reasonable assumption.

[II. OUTAGE ANALYSIS FOR EBA

In this section, we will evaluate the end-to-end outage performance, using EBA, of selective
OFDM relaying and selective OFDMA relaying. In this case, each subchannel has the same
number of bits,k. An outage occurs when at least one subchannel cannot successfully support

the end-to-end transmission of ti&bits.



Since relay selection is performed independently for each subchannel and channel gains are

independent (A2), the end-to-end outage of selective OFDMA relaying with EBA is given by

N N
PorpEs = 1= ] (0= POIER () = > PSIRE () (1)
n=1 n=1

The final approximation comes from the fact tHaff; DA% (n) PoF BA%4 (m), n # m, are small
compared taP%f P} (n), and, to first-order, we ignore them®(!' P2 (n) is the outage prob-

ability of subchanneh, and is given as

1
PEBY ) = Pr |log(1 + max, o)) < @

..... L r

where the logarithms are base-2 unless otherwise notesl,the SNR gap [4] determined by
coding techniques, ang is the SNR in each subchannel without fading. With perfect coding,
I'=1, andI' = 8.8 dB without any coding [4].

Theorem 1. For high SNR, the end-to-end outage of selective OFDMA relaying with EBA

transmission is given by

L I T L
Poi i = 1211 AN (227 = 1) (;) €)
Proof: Rewrite (2) as
PO?LEEDg/[AA(n) =Pr erllaXL Gra(n) < (221%%1)11} = ﬁPr [Gmd(n) < (22R+1)F (4)
Y i=1
The last step results from A2. We also know tliat. ;(n) is an exponential random variable
with parameter\; = \,. + A4 [5]. Then
Pr {Gsrid(n) < W—_lw} =1—exp (—/\i(22R—_1)F) ~ )\i(22R——1)F 5)
Y Y Y
The last step is a high-SNR approximation. Substituting (4) and (5) into (1), we obtairm(3).
From Theorem 1, we can see that selective OFDMA relaying with EBA can achieve the full
spatial diversity gain, i.e.[-fold. Also, \; varies with different relay locations, and, so, the
outage probability will vary with the locations of the relays. It can be easily proven that the
outage probability is minimized when therelay nodes are located in the middle of the source-
to-destination path. In particular, each relay is equidistance from the source and the destination.
The L relay nodes form a relay cluster, and we assume that the distance between the source

or the destination and the relay nodes is much larger than the distance between any two relay



nodes. Also, the distance between any two relay nodes is sufficiently large so that the channel
gains of different relay nodes are independent. Thereférg(n) andG, 4(n) are i.i.d. random
variables.

For selective OFDM relaying with EBA, one relay is selected to retransmit the entire OFDM

symbol. Under A2, the end-to-end outage for this case is given by
L
Potesa = || Pt e, (6)
=1
where POIPE, | is the end-to-end outage probability through relagnd is given as

N

1
poroy 1 -] (1 —Pr [510g<1 + Guraln) ) < RD )

Theorem 2. For high SNR, the end-to-end outage of selective OFDM relaying with EBA

n=1

transmission is given by

L L
(T
Poroy T AN (27— 1) (;) ®)
=1
Proof: Rewrite (7) as
1
PR, = P [lon(1+ min, Gurn) ) < 1) ©

From A2, we know thatnin,_; n Gs.q(n) iS exponentially distributed with parametér);.

Hence, for high SNR,
(228 — 1)U

~
Eq. (8) follows easily by substituting (10) into (6). [ |

OFDM
Pout,EBA,n ~ NA”L

(10)

As for selective OFDMA relaying with EBA, the saniefold diversity gain can be achieved.
The power gain, however, is different. In [6], we showed that no diversity gain can be obtained
for selective OFDM relaying with EBA if the relay node with the highest combined SNR is
chosen. Here, the relay with the largest minimum SNR amongMheubchannels is chosen,
and L-fold diversity gain can be achieved. Comparing (3) and (8), we see that the relative

performance improvement of OFDMA relaying over OFDM relaying is
L—-1

Avgpa = 10 logyo NV (11)

Thus, using EBA, selective OFDMA relaying is always preferred. This improvement is not a
function of the location of the relays or the data r&teln addition, it increases with an increase

in L, the number of relays, and, the number of subchannels.



Fig. 2 illustrates the performance improvement of OFDMA relaying over OFDM relaying.
In the simulation, we assume the channels between the source and each relay and between
each relay and the destination are independent. A perfect match can be observed between the
theoretical and simulation results. As expected, the performance gap increases with an increase
in L, the number of relays, an®/, the number of subchannels. An almost 6-dB performance
improvement can be achieved by using OFDMA relaying with EBA when theré arel relays
and N = 6 subchannels.

Using EBA, both OFDMA relaying and OFDM relaying can be implemented in a decentralized
way [2]. Each relay only needs to know channel gains of its @¥nsubchannels. For selective
OFDM relaying with EBA, each relay first finds thir?inN Gsr,a(n), which require2N — 1

n=1,...,

-----

timer scheme described in [2]. In the case of selective OFDMA relaying with EBA, however,
each subchannel at each relay has a timer according,tq(n), which would increase the
selection delayV-fold. In addition, the comparisons among relays are implemented by the timers.
Therefore, with a decentralized EBA, selective OFDMA relaying achieves better performance,
but at the expense of a larger selection delay and less computational complexity. In Table 1, we

summarize the implementation complexities.

IV. OUTAGE ANALYSIS FOR BL

We have shown above that, with EBA, selective OFDMA relaying and selective OFDM
relaying both achieve.-fold diversity gain; however, only space diversity is exploited. In this
section, we analyze and compare the outage of OFDMA relaying and OFDM relaying with bit
loading (BL), where frequency diversity gain can also be achieved.

With BL, an outage occurs when the sum rate of all subchannels is less\tRahits. The

end-to-end outage of selective OFDMA relaying with BL is

N
1 gl
OFDMA __
Pout,BL =Pr Zl 5 log(l + zilll,a},(L Gsmd(”)f) <NR (12)

The exact outage performance can be given in terms of the Meijer G-function [7]. However,
we can not obtain any insight from resulting complicated close-form expression. Here, we focus

on the high-SNR approximation to obtain some insight.



Theorem 3. For high SNR, the end-to-end outage of selective OFDMA relaying with BL
transmission can be approximated as
L N—-1 —NL
POIENA = T AN 2V (LIn2)¥ ™ x ( ,(zNR)N*) (E) (13)
=1
Proof: See Appendix I.

From Theorem 3, we can see that selective OFDMA relaying with BL can achieve full spatial
and frequency diversity gain, i.ely L-fold. This means that all of the possible diversity gains
can be exploited. Also, as for EBA, the outage probability is minimized wher.tretay nodes
are located in the middle of the path from the source to the destination.

For selective OFDM relying with BL, onbestrelay is selected for retransmission. Under A2,

the end-to-end outage of selective OFDM relaying with BL is
L

POYEY =] Pr
i=1

Theorem 4. For high SNR, the end-to-end outage of selective OFDM relaying with BL trans-

N
1
> 5 log(L+ Gmdm)%) < NR

n=1

(14)

mission can be approximated as

L N1y L r\ ML
POTEM ~ T AN 22VEE (In2) Y x ( f(2NR)N—1> (—) (15)
’ J
1

=1
Proof: : Letting L = 1 in Theorem 3, we get
N 1 ~ N—-1 1 T N
P ~log(1 J(n)L) < NR| ~ AN22NE (1p )V ! SENRNTH) (=
r nzl 5 log(1 4+ Gara(n) ) < NR| = X, (In2) j( R) - (16)

Substituting (16) into (14), gives (15). [ |

Comparing (13) and (15), we see that the two selective relaying schemes both achieve the
sameN L-fold diversity gain, but with different power gains. The performance improvement of
OFDMA relaying over OFDM relaying is

10(N — 1)

~— logy ((CR)V/F L) (17)

Avpr =

oy \ V(D
whereC' = 2N (In2) | ] ;

7=1
In Fig. 3, this performance improvement of OFDMA relaying over OFDM relaying is illus-

trated. The same simulation environment as in Section Il is adopted. We see that the analysis

is quite accurate, especially for a high data rate. For BL, as for EBA, the performance gain



increases with an increase Iy the number of relay nodes. In addition, it also increases with
an increase iR, the average number of bits per subchannel.

In the previous simulations, we assume that the channel gains of neighboring subchannnels
are independent; this assumption, however, is not valid for realistic OFDM systems. Next, we
relax this assumption. In particular, we consider a channel with an exponential power delay
profile with a root-mean-square (RMS) delay spreag, = nT', whereT is the time duration
of one OFDM symbol (block)] = NT, and0 < n < 0.1. In the simulations N = 64. The
smaller RMS delay spread results correlations among neighboring subchannels. In the previous
example,r,.,.s was much larger than this (even though we assume no ISI). In the simulation, we
use a discrete-time model with an impulse response limited to 16 samples spagédthig
is sufficient to encompass all of the paths with significant energy for these values of rms delay
spread. The total bit rate is 256 bits per OFDM symbol (block), ie5 4 bits. BL, which
can exploit the frequency diversity and which is interesting for practical systems, is adopted.
The same network setup as the previous simulation is assumed. Four relay nodes are located in
the middle of the source-to-destination path as discussed in Section Ill. From Fig. 4, we can
see that the performance improvement of OFDMA relaying over OFDM relaying increases with
an increase in the delay spread. This is because the number of independent subchannels also
increases with the delay spread.

For selective OFDMA relaying with BL, a significant amount of communications overhead is
required for the center controller to collect the channel gains af/édll. SR and RD links. After
collecting the required channel information, the center controller will perform bit loading and
broadcast the decisions. For selective OFDM relaying with BL, however, each relay calculates
the maximum rate based on its o0&V channel gains. That i, times the complexity is required
for selective OFDM relaying with BL. The relay with the largest rate is selected to relay all the
subchannels. We see that, for BL, selective OFDMA relaying achieves a better performance at
the expense of more communications overhead and less computational complexity. In Table 2,

we summarize the implementation complexities.

V. CONCLUSIONS

In this paper, we analyzed and compared the outage performance of selective OFDMA re-

laying and selective OFDM relaying in a two-hop random network. We showed that the same
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diversity gain can be achieved by both relaying schemes; the power gains, however, are different.
Simulation results validated the analysis and showed that superior performance can always be
achieved by selective OFDMA relaying, and the performance improvement is not a function of
the locations of the relays. This approach is preferred for centralized systems because of its good
performance. For decentralized systems, selective OFDMA relaying works well with EBA; if BL

is employed, selective OFDM relaying is a good choice because of its simpler implementation.

APPENDIX |

PROOF OFTHEOREM 3

The proof of Theorem 3 requires the results of Theorem 1 in [8], which is rewritten here:

Theorem 1 in [8] Let u, and v, be two independent random variables with the property that

lim s - Prlus < t] = f(¢)

§—00

lim s - Prv, < t] = g(t),

§—00

where f(¢) and g(¢) are monotonically increasing and integrable, gh@) is integrable. Then

§—00

lim s - Prlu, +v, < t] = /tg(t — ) f'(z)dx. (18)
0

The end-to-end outage of OFDMA-relaying with BL is

N
1
Pifé?LMA — Pr [Z 5 log(1 + _max Gs,,id(n)%) <NR

N
1
~ Pr [Z QIOg(PllaX Gmd(n)z) < NR

=1,....L. N T T | =2 P, L I
n=1 n=1
(19)
The last step comes from the fact that, (1+2) ~ log, =, whenz > 1. Letw,, = log (ErllaXL Gea(n)g),
then
v L 2T
— t]
Pru, <t] =Pr {(lirllaXL Gsrid(n)f) <2 } = Dl:Pr {Gsrid(n) < T} (20)

We know thatG,, 4(n) is an exponential random variable with parametge= \,,, + A4 [5].
Then

peon <01 (1o (220 on

i=1

Therefore .

lim v* - Prlu, < t] = (QtF)L H/\i (22)

Y00
i=1
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Let g, (t) = f(t) = (2'T)" I, A and /() = 2 LTF [T, A In 2. Applying Th. 1 in [8],

¢ L
lim 2 - Priu; +uy < t] = / gt —x)f'(x)de = H MN2UT2L ([In2)t (23)
0

—00
7 =1

L

Repeating the application of Th. 1 in [8], that is, Ig{t) = [ M\72!2T%L (LIn2)t and f/(t) =
=1

QLT T, Ain2, then

L
1
lim ~3 . p < t] =TT 23 (LIn2)? (242) = g5t 24
im v rZU< 11 (LIn2)" (5¢°) = g5(t) (24)

—00
K n=1

In this way, we can easily prove the following by induction,

gn H)\NQtLFNL (LIn2)™ H tN t. (25)

=1

Thus, for sufficiently high SNR,

N L N-1 1 F NL
Pr( u, <t| =[N (Lm2)™ | T =4 <—> (26)
n=1

i=1 =17 v

With ¢ = 2N R and substituting (26) into (19), (13) is obtained.

(1]
(2]

(3]
(4]
(5]
(6]
(7]

(8]
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TABLE |

IMPLEMENTATION COMPLEXITY FOR EBA

Relaying Schemes Number of Channel Gains Number of Comparisons Number of Relay Selection Implementation Method

OFDM 2N subchannels 2LN-L 1 Decentralized
OFDMA 2N subchannels LN N Decentralized
TABLE I

IMPLEMENTATION COMPLEXITY FOR BL

Relaying Schemes Number of Channel Gains Number of Performing Bit Loading Implementation Method

OFDM 2N subchannels L Decentralized

OFDMA 2NL subchannels 1 Centralized

uEene (12 [3]4]5]

[1[2[2[+]5] ['T2[3[#]¢]

Fig. 1. Two-hop random network (a) Selective OFDM relaying. (b) Selective OFDMA relaying.
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