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Abstract— In this paper, we investigate two selective relaying
schemes in cooperative OFDM systems. Selective OFDMA relay-
ing, where the relay selection is performed in a per-subcarrier
manner, and selective OFDM relaying, where one best relay
among the L potential 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. The
performance gain remains the same for different relay locations.
With EBA, the performance gain increases with an increase in
L and N , the number of independent subchannels. For BL,
the performance gain also increases with an increase in R,
the average number of bits per subchannel, in addition to L
and N . Centralized and decentralized implementation issues are
also considered. For EBA, selective OFDMA relaying scheme
is preferred because of its superior performance and simple
decentralized implementation. For BL, selective OFDMA relaying
scheme is a good choice for centralized systems and selective
OFDM relaying is more suitable for decentralized systems at the
expense of a loss in performance.

I. INTRODUCTION

With the increasing needs for high speed wireless appli-
cations, 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 improve the power and spectral efficiency greatly 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]-[4]).

Orthogonal Frequency Division Multiplexing (OFDM),
which can enable the high bit rates demanded by current
and emerging applications [5], is the underlying physical-layer
technology for IEEE802.11 (WiFi) [6], as well as for digital
audio [7] and video broadcasting [8]. In addition, OFDMA,
a multiple access technique in which the subchannels of an
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OFDM symbol are shared by multiple users, has significant
advantages that have made it the natural choice for commercial
broadband wireless networks, such as IEEE802.16 (WiMAX)
[9], as well as for the long-term evolution of third-generation
cellular systems (specifically for the downlink) [10]. Currently,
relay and cooperative networks with OFDM(A) transceivers
have been proposed for applications in several emerging
systems [11]-[12].

Although there has been a significant effort on the study
of cooperative systems, there has been very little work on
the use of 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 networks is still an open issue. In [13], we proposed
selective OFDMA relaying, where relay selection is performed
on a per-subchannel basis. An OFDM transceiver with and
without coding in an idealized linear multi-hop network is
considered. We have shown that a significant performance
gain can be achieved by selective OFDMA relaying, compared
with selective OFDM relaying, when only one “best” relay is
selected to re-transmit the entire OFDM block.

In this paper, the end-to-end outage performance of selec-
tive OFDMA relaying is evaluated and compared to that of
selective OFDM relaying in a more practical environment. A
two-hop random network including the effects of path loss is
addressed. 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. For EBA, the performance improvement of selective
OFDMA relaying over selective OFDM relaying increases
with an increase in L, the number of relay nodes, and N ,
the number of independent subchannels. For BL, an increase
in R, the 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 of these two approaches. Simulation results val-
idate the analysis. Practical issues, such as centralized and
decentralized implementations and complexity issues, are also
addressed.

The paper is organized as follows. In Section II, we provide
the system model and introduce selective OFDMA relaying.
Section III presents the outage analysis for selective OFDMA
relaying and selective OFDM relaying with EBA. The outage
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analysis with BL is given in Section IV. We address centralized
and decentralized implementation issues in Section V. Finally,
Section VI summarizes and concludes the paper.

II. SYSTEM MODEL AND SELECTIVE RELAYING

We consider a single source(S)-destination(D) cooperative
system with L relay nodes, as shown in Fig. 1. The relays are
randomly located between the source and the destination. An
OFDM transceiver with N 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 adopt a selective decode-and-
forward relaying strategy. In particular, 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. With these
assumptions, interference is avoided.

We assume that the total required data rate is Rtotal bits
per OFDM symbol (block). On average, each subchannel will
transmit R = Rtotal/N bits. Further, denote the channel
response of subchannel n from the source node to relay
node i and from relay node i to the destination node as
Hsri

(n) and Hrid(n), respectively. In general, these include
path loss, shadowing, and Rayleigh fading. For convenience,
let Gsri

(n) and Grid(n) denote the channel power gains,
‖Hsri

(n)‖2 and ‖Hrid(n)‖2, respectively. Also, let Gsrid(n)
refer to min{Gsri

(n), Grid
(n)}.

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, the relay with the largest

min
n=1,...,N

Gsrid(n) is selected for EBA. For BL, the relay

with the largest sum rate is selected. This type of relaying
is referred to as selective OFDM relaying. Compared to the
other relaying strategies, selective relaying requires the least
amount of signaling and can be performed in a distributed
way [14]. In [13], we propose a new relaying scheme, which
is called selective OFDMA relaying. In this case, the relay
selection is performed in a per-subcarrier manner. Different
relays might be selected to retransmit on different subchannels.
As shown in Fig. 1(b), subchannels 1 and 2 are retransmitted
by relay 3, while subchannel 3 is retransmitted by relay 2. At
the destination, all the subchannels are collected. In this paper,
we compare the performance of these two relaying strategies
with two transmission schemes: EBA and BL.

The following assumptions are made:

• A1) The destination node only uses the signal transmitted
in the second stage.
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Fig. 1. (a) Selective OFDM relaying in a two-hop random network. (b)
Selective OFDMA relaying in a two-hop random network.

• A2) Gsri
(n) and Grid(n) are independent exponential

random variables with mean 1/λsri
and 1/λrid, respec-

tively. Also, let λi = λsri
+ λrid.

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

• A4) Each subchannel has equal transmitting power.

A1 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 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 [15]. Hence, A4 is a reasonable assumption.

III. OUTAGE ANALYSIS FOR EBA

In this section, we will evaluate the end-to-end outage per-
formance of selective OFDM relaying and selective OFDMA
relaying. We first consider EBA. That is, each subchannel
has the same number of bits, R. An outage occurs when at
least one subchannel cannot successfully support the end-to-
end transmission of the R 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 is given by

POFDMA
out,EBA = 1−

N∏
n=1

(
1 − POFDMA

out,EBA (n)
) ≈ N∑

n=1

POFDMA
out,EBA (n)

(1)
where POFDMA

out,EBA (n) is the outage probability of subchannel
n, and is given as

POFDMA
out,EBA (n) = Pr

[
1
2
log(1 + max

i=1,...,L
Gsrid(n)

γ

Γ
) < R

]
(2)

where the logarithms are base-2 unless otherwise noted, and
where Γ is the SNR gap determined by coding techniques and
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γ is the SNR in each subchannel without fading. With perfect
coding, Γ = 1, and Γ = 8.8 dB without any coding [5].

Theorem 1. The end-to-end outage of selective OFDMA
relaying scheme with EBA transmission is given by

POFDMA
out,EBA ≈

L∏
i=1

λiN
(
22R − 1

)L(Γ
γ

)L

(3)

Proof: Rewrite (2) as

POFDMA
out,EBA (n) = Pr

[
max

i=1,...,L
Gsrid(n) <

(22R − 1)Γ
γ

]

=
L∏

i=1

Pr
[
Gsrid(n) <

(22R − 1)Γ
γ

] (4)

The last step comes from A2; we also know that Gsrid(n) is an
exponential random variable with parameter λi = λsri

+ λrid

[16]. Then

Pr
[
Gsrid(n) <

(22R − 1)Γ
γ

]
= 1 − exp

(
−λi

(22R − 1)Γ
γ

)

≈ λi
(22R − 1)Γ

γ
(5)

The last step is a high-SNR approximation. Substituting (4)
and (5) into (1), we obtain (3).

From Theorem 1, we can see that selective OFDMA relay-
ing can achieve L-fold diversity gain, which is the maximum
for EBA. Also, λi varies with different relay locations, that is,
the outage probability varies with relay locations.

Proposition 1: For the same N , L, and R, the minimum
outage probability is achieved when the L relay nodes are
located in the middle of the path from the source to the
destination.

Proof: See Appendix I.
In this case, L relay nodes form a relay cluster. We assume

that the distance between the source (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. Therefore, Gsri

(n) and Grid(n) are
i.i.d. random variables.

For selective OFDM relaying, one relay is selected to
retransmit the entire OFDM symbol. With A2, the end-to-end
outage of selective OFDM relaying is given by

POFDM
out,EBA =

L∏
i=1

POFDM
out,EBA,ri

(6)

where POFDM
out,EBA,ri

is the end-to-end outage probability
through relay i, and is given as

POFDM
out,EBA,ri

= 1 −
N∏

n=1

(
1 − Pr

[
1
2
log(1 + Gsrid(n)

γ

Γ
) < R

])
(7)

Theorem 2. The end-to-end outage of selective OFDM
relaying scheme with EBA transmission is given by

POFDM
out,EBA ≈

L∏
i=1

λiN
L
(
22R − 1

)L(Γ
γ

)L

(8)

Proof: Rewrite (7) as

POFDM
out,EBA,ri

= Pr
[
1
2
log(1 + min

n=1,..,N
Gsrid(n)

γ

Γ
) < R

]
(9)

From A2, we know that minn=1,..,N Gsrid(n) is an exponen-
tial random variable with parameter Nλi. Hence

POFDM
out,EBA,ri

≈ Nλi
(22R − 1)Γ

γ
(10)

Eq. (8) follows easily by substituting (10) into (6).
As for selective OFDMA relaying, the same L-fold diversity

gain can be achieved‡. The power gain, however, is different.
Comparing (3) and (8), we see that the performance improve-
ment of selective OFDMA relaying over selective OFDM
relaying is

∆γEBA = 10
L − 1

L
log10 N (11)

From (11), we can see that selective OFDMA relaying
always has better performance than selective OFDM relaying.
The performance gap remains the same for different relay lo-
cations and different data rate R; it increases with an increase
in the number of relays and the number of subchannels.
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Fig. 2. Performance improvement of selective OFDMA relaying over
selective OFDM relaying with L = 2, 3, and 4 relays.

Fig. 2 illustrates the performance improvement of selective
OFDMA relaying over selective OFDM relaying with EBA.
In the simulation, we assume that the L relay nodes are
located in the middle of the source-to-destination path. We
also assume that each relay node has the same distance to the
source and the destination. The channels between the source
and each relay and the channels 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 and N .
An almost 6-dB performance improvement can be achieved
by selective OFDMA relaying when there are L = 4 relays
and N = 6 subchannels.

‡In [13], we showed that no diversity gain can be obtained for selective
OFDM relaying if the relay node with the highest combined SNR is chosen.
Here, the relay with the largest minimum SNR among the N subchannels is
chosen, and L-fold diversity gain can be achieved.
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IV. OUTAGE ANALYSIS FOR BL

So far, we have shown that selective OFDMA relaying
and selective OFDM relaying both achieve L-fold diversity
gain with EBA; however, only space diversity is exploited.
To take advantage of frequency diversity, BL is adopted. In
this section, we analyze and compare the outage of OFDMA
relaying and OFDM relaying with BL.

With BL, an outage occurs when the sum rate of all
subchannels is less than NR bits. The end-to-end outage of
selective OFDMA relaying with BL is

POFDMA
out,BL = Pr

[
N∑

n=1

1
2

log(1 + max
i=1,...,L

Gsrid(n)
γ

Γ
) < NR

]
(12)

Theorem 3. The end-to-end outage of selective OFDMA
relaying scheme with BL transmission is given by

POFDMA
out,BL ≈

L∏
i=1

λN
i 22NRL (Lln 2)N−1

×

N−1∏

j=1

1
j
(2NR)N−1


(Γ

γ

)−NL
(13)

Proof : See Appendix II.
From Theorem 3, we can see that selective OFDMA relay-

ing can achieve (NL)-fold diversity gain with BL. This means
that all diversity gains are exploited by selective OFDMA
relaying with BL. Also, as for EBA, the outage probability
varies for different relay locations; for the same N , L and R,
the outage probability achieves the minimum when L relay
nodes are located in the middle of the path from the source
to the destination.

For selective OFDM relying, one best relay is selected for
retransmission. With A2, the end-to-end outage of selective
OFDM relaying with BL is

POFDM
out,BL =

L∏
i=1

Pr

[
N∑

n=1

1
2

log(1 + Gsrid(n)
γ

Γ
) < NR

]
(14)

Theorem 4. The end-to-end outage of selective OFDM
relaying scheme with BL transmission is given by

POFDM
out,BL ≈

L∏
i=1

λN
i 22NRL (ln 2)L(N−1)

×

N−1∏

j=1

1
j
(2NR)N−1




L(
Γ
γ

)−NL
(15)

Proof : See Appendix III.
Comparing (13) and (15), we see that selective OFDM

relaying achieves the same NL-fold diversity gain as selective
OFDMA relaying. The power gain, however, is different. The
performance improvement of selective OFDMA relaying over
selective OFDM relaying is

∆γBL =
10(N − 1)

N
log10

(
(CR)(L−1)/L

L−1/L
)

(16)

where C = 2N (ln 2)

(
N−1∏
j=1

1
j

)1/(N−1)

From (16), we see that selective OFDMA relaying always
has better performance than selective OFDM relaying. The
performance gap remains the same for different relay loca-
tions; it increases with an increase in L, N and R.
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Fig. 3. Performance improvement of selective OFDMA relaying over
selective OFDM relaying with L = 2, 3, and 4 relays (N = 2).

Fig. 3 illustrates the performance improvement of selective
OFDMA relaying over selective OFDM relaying with BL. The
same simulation environment as in Section III is adopted. We
see that the analysis is quite accurate, especially for high data
rate R. As expected, the performance gain increases with an
increase in L and R.

V. CENTRALIZED AND DECENTRALIZED

IMPLEMENTATIONS

In the previous section, we showed that selective OFDMA
relaying always outperforms selective OFDM relaying, no
matter if EBA or BL is used. In this section, we will address
issues related to centralized and decentralized implementations
of these techniques.

With selective relaying, the best relay(s) should be selected
based on the channel gains of the SR and RD links. If a central
controller is available (such as a base station in a cellular
network or an access point in a mesh network), it can collect
all the channel information and then assign the transmission.
In this scenario, selective OFDMA relaying is clearly preferred
for its superior performance.

For ad hoc networks, decentralized relay selection strategies
are preferred. Each relay node can obtain the channel gains of
its own SR and RD links by listening to the RTS (Request-
To-Send) signal and CTS (Clear-To-Send) signal. A similar
decentralized relay selection algorithm as that in [14] can be
adopted here. In this algorithm, each relay sets a timer based
on a parameter. The larger the parameter is, the shorter the
timer should be. In this way, the timer of the relay with the
largest parameter will expire first. That relay then sends a flag
signal. All other relays, while waiting for their timer to reduce
to zero, are in listening mode. As soon as they hear the flag
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signal, they back off. This method requires that all the relays
in a cluster hear each other.

For EBA, both selective OFDMA relaying and selective
OFDM relaying can be implemented with the above decentral-
ized algorithm. From (9), we know that, with selective OFDM
relaying, each relay can set the timer according to the smallest
Gsrid(n) among N subchannels. The one with the largest

min
n=1,...,N

Gsrid(n) is selected. In the case of selective OFDMA

relaying, however, relay selection needs to be performed in
a per-subchannel manner, i.e., the best relay is selected for
each subchannel. From (2), we know that relay i sets a
timer for subchannel n according to Gsrid(n). In this way,
each subchannel has a timer at each relay, which would
significantly increase the selection delay: N -fold compared
to selective OFDM relaying. Therefore, with a decentralized
EBA, selective OFDMA relaying achieves better performance
but at the expense of a larger selection delay.

For BL, selective OFDMA relaying needs the channel infor-
mation of all SR and RD links to perform relay selection and
bit loading. Hence, a significant amount of communications
overhead is required for relays to exchange their channel in-
formation. Selective OFDM relaying, however, only needs the
channel information of its own SR and RD links. Each relay
calculates the maximum rate based on its own channel gains,
and then sets the timer according to its own rate. The relay
with the largest rate is selected to relay all the subchannels.
We see that, for BL, selective OFDMA relaying achieves better
performance at the expense of more communications overhead.

Another important practical issue is synchronization (such
as timing and frequency offset estimation) among nodes, es-
pecially for selective OFDMA relaying. In selective OFDMA
relaying, multiple relay nodes transmit simultaneously to the
destination node. How to deal with multiple time and fre-
quency offsets is a challenging problem. For OFDM relaying,
only one relay node transmits to the destination. Traditional
synchronization techniques can be adopted to estimate and
compensate the offset.

In summary, for EBA, selective OFDMA relaying is always
a good choice whether centralized control is available or not.
For BL, selective OFDMA relaying is preferred for the case
with centralized control; otherwise, selective OFDM relaying
is more suitable.

VI. CONCLUSIONS

In this paper, we analyzed and compared the outage per-
formance of selective OFDMA relaying and selective OFDM
relaying in a two-hop random network. We showed that the
same diversity gain can be achieved by each relaying scheme;
the power gains, however, are different. Simulation results
validated our analysis and showed that superior performance
can always be achieved by selective OFDMA relaying, and
the performance improvement remains the same with different
relay locations. 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.

Future work will include the consideration of a more
practical environment; in particular, synchronization for the
selective OFDMA relaying is an important issue and requires
more investigation.

APPENDIX I
PROOF OF PROPOSITION 1

For the same N , L, R, and γ, the outage probability
achieves its minimum when λi, i = 1, ..., L, is a minimum.
From A2, we know that 1/λsri

and 1/λrid are the means of
Gsri

(n) and Grid(n), respectively. With path loss, 1/λsri
and

1/λrid equal to 1/dα
sri

and 1/dα
rid

, respectively. Hence,

λi = λsri
+ λrid = dα

sri
+ dα

rid (17)

where dsri
and drid are the distance from the source to relay

i and the distance from relay i to the destination, respectively;
α is the path loss exponent. We can easily show that

dα
sri

+ dα
sri

≥ 2
(

d

2

)α

(18)

where d is the distance from the source to the destination;
equality holds when relay i is located in the middle of the
path from the source to the destination, that is, dsri

= drid =
d/2. Hence, the outage achieves its minimum when the relays
are located in the middle of the path from the source to the
destination.

APPENDIX II
PROOF OF THEOREM 3

The proof of Theorem 3 requires the results of Theorem 1
in [17], which is rewritten here:
Theorem 1 in [17]: Let us and vs be two independent random
variables with the property that

lim
s→∞ s · Pr[us < t] = f(t)

lim
s→∞ sd · Pr[vs < t] = g(t),

where f(t) and g(t) are monotone increasing and integrable,
and f ′(t) is integrable. Then

lim
s→∞ sd+1 · Pr[us + vs < t] =

∫ t

0

g(t − x)f ′(x)dx. (19)

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

POFDMA
out,BL = Pr

[
N∑

n=1

1
2

log(1 + max
i=1,...,L

Gsrid(n)
γ

Γ
) < NR

]

≈ Pr

[
N∑

n=1

1
2

log( max
i=1,...,L

Gsrid(n)
γ

Γ
) < NR

]

(20)

The last step comes from the fact that log2(1 + x) ≈ log2 x,
when x � 1 [15]. Let un = log ( max

i=1,...,L
Gsrid(n) γ

Γ ), then

Pr[un < t] = Pr
[
( max
i=1,...,L

Gsrid(n)
γ

Γ
) < 2t

]

=
L∏

i=1

Pr
[
Gsrid(n) <

2tΓ
γ

] (21)
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We know that Gsrid(n) is an exponential random variable with
parameter λi = λsri

+ λrid [16]. Then

Pr[un < t] =
L∏

i=1

(
1 − exp

(
−λi

2tΓ
γ

))
(22)

Therefore

lim
γ→∞ γL · Pr[un < t] =

(
2tΓ
)L L∏

i=1

λi (23)

Let g1(t) = f(t) = (2tΓ)L∏L
i=1 λi and f ′(t) =

2tLLΓL
∏L

i=1 λi ln 2. Applying Theorem 1 in [17], we get

lim
γ→∞ γ2L · Pr[u1 + u2 < t] =

∫ t

0

g1(t − x)f ′(x)dx

=
L∏

i=1

λ2
i 2

tLΓ2L (Lln 2) t

(24)

Repeating the application of Theorem 1 in [17], that

is, let g2(t) =
L∏

i=1

λ2
i 2

tLΓ2L (Lln 2) t and f ′(t) =

2tLLΓL
∏L

i=1 λi ln 2, then

lim
γ→∞ γ3L · Pr

[
3∑

n=1

un < t

]

=
L∏

i=1

λ3
i 2

tLΓ3L (Lln 2)2 (
1
2
t2) = g3(t)

(25)

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

gN (t) =
L∏

i=1

λN
i 2tLΓNL (Lln 2)N−1


N−1∏

j=1

1
j
tN−1


 . (26)

Thus, sufficiently high SNR,

Pr

[
N∑

n=1

un < t

]

=
L∏

i=1

λN
i 2tL (Lln 2)N−1


N−1∏

j=1

1
j
tN−1


(Γ

γ

)NL
(27)

With t = 2NR and substituting (27) into (20), (13) is obtained.

APPENDIX III
PROOF OF THEOREM 4

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

POFDM
out,BL =

L∏
i=1

Pr

[
N∑

n=1

1
2

log(1 + Gsrid(n)
γ

Γ
) < NR

]

(28)

Letting L = 1 in Theorem 3, we get

Pr

[
N∑

n=1

1
2

log(1 + Gsrid(n)
γ

Γ
) < NR

]

≈ λN
i 22NR (ln 2)N−1


N−1∏

j=1

1
j
(2NR)N−1


(Γ

γ

)N
(29)

Substituting (29) into (28), gives (15).
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