
3236 IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 56, NO. 7, JULY 2008

Bit and Power Loading for OFDM-Based Three-Node
Relaying Communications

Yi Ma, Member, IEEE, Na Yi, Student Member, IEEE, and Rahim Tafazolli

Abstract—Bit and power loading (BPL) techniques have been in-
tensively investigated for the single-link communications. In this
paper, we propose a margin-adaptive BPL approach for orthog-
onal frequency-division multiplexing (OFDM) systems assisted by
a single cooperative relay. This orthogonal half-duplex relay op-
erates either in the selection detection-and-forward (SDF) mode
or in the amplify-and-forward (AF) mode. Maximum-ratio com-
bining is employed at the destination to attain the achievable dis-
tributed spatial diversity-gain. Assuming perfect channel knowl-
edge is available at all nodes, the proposed approach is to minimize
the transmit-power consumption at the target throughput (average
number of bits/symbol) and the target link performance. With re-
spect to various power-constraint conditions, we investigate two
distributed resource-allocation strategies, namely flexible power
ratio (FLPR) and fixed power ratio (FIPR). The FLPR strategy is
proposed for scenarios without individual local power constraint.
The source power and relay power have a flexible ratio for each
subcarrier. The FIPR strategy is proposed for scenarios with indi-
vidual local power constraint. The source power and relay power
have a fixed ratio for each subcarrier. Computer simulations are
carried out to evaluate the proposed approach with respect to the
relay location. Significant performance improvement is observed
in terms of both the symbol-error-rate and the transmit-power ef-
ficiency.

Index Terms—Amplify-and-forward (AF), bit and power
loading (BPL), detection-and-forward, orthogonal frequency-di-
vision multiplexing (OFDM), relay.

I. INTRODUCTION

EMERGING wireless applications such as wireless mul-
tihop networks and mesh networks have an increasing

demand for high spectral-efficiency and quality-of-service.
However, the networking performance can be limited by di-
verse quality of wireless channels amongst distributed nodes.
The performance can be significantly improved if distributed
nodes can efficiently share their local radio resources. This
has motivated significant research activity towards what is
called cooperative communications or cooperative relaying
technologies (e.g., [1], [2]). The basic structure for cooperative
communications is the three-node relaying network accommo-
dating one source, one relay, and one destination [3]. The relay
often operates in the half-duplex mode. It can retransmit the re-
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ceived information by employing some relaying protocols such
as detection-and-forward (DF), amplify-and-forward (AF),
compress-and-forward, etc. (e.g., [4], [5]). The destination can
employ maximum-ratio combining (MRC) of the received sig-
nals to achieve the maximum distributed spatial diversity-gain.
Moreover, Chen and Laneman have proposed a piecewise-linear
combining scheme to offer the near-optimum performance for
noncoherent cooperative communications [6], [7]. Recently,
European Commission has been considering to apply the co-
operative relaying concept in the future high-data-rate cellular
services (e.g., [8], [9]). The relaying node can either be a fixed
relaying station or a low-mobility user [10]. This can com-
bine the merits of the cooperative relaying technique with the
advanced air-interface such as orthogonal frequency-division
multiplexing (OFDM). Then, one of interesting research issues
is to investigate the bit and power loading (BPL) technologies
for the OFDM-based cooperative communications.

The BPL techniques have been intensively investigated for
the single-link communications. They use the channel feedback
to determine the number of bits per symbol and the required
power for each subchannel in a parallel set of subchannels. The
water-filling algorithm turns out to be the optimum BPL ap-
proach. However, this optimum approach may result in frac-
tional number of bits/symbol, which can complicate encode/
decoder (or modulation/demodulation) implementation. Practi-
cally, one can employ two well-known suboptimum BPL ap-
proaches, i.e., the margin-adaptive algorithm and the rate-adap-
tive algorithm, to offer the near water-filling solution and the in-
teger number of bits/symbol [11], [12]. Specifically, the margin-
adaptive approach is to minimize the transmit power subject to
the target number of bits per block and the target link perfor-
mance. This approach has received considerable applications in
the OFDM systems. For instance, Wong et al. have investigated
the margin-adaptive approach for the OFDM-FDMA systems
[13]. Their investigation has included the single-user link adap-
tation and the multi-user resource competition. The rate-adap-
tive approach is to maximize the number of bits per block sub-
ject to the fixed transmit-power and the target link performance.
This approach has also received considerable applications in the
OFDM systems (e.g., [14]).

In this paper, we investigate the margin-adaptive BPL
approach for the OFDM-based three-node relaying communi-
cations. The orthogonal half-duplex relay can employ either
the symbol-level-selection (SLS) DF protocol or the AF pro-
tocol for retransmission. MRC is employed at the destination
to maximize the received signal-to-noise ratio (SNR). As-
suming perfect channel knowledge is available at all nodes,
the proposed approach is to improve the transmit-power ef-
ficiency for the distributed senders. With respect to various
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Fig. 1. Block diagram of the OFDM-based three-node relaying communication.

power-consumption conditions, we propose two distributed
resource-allocation strategies, namely flexible power ratio
(FLPR) and fixed power ratio (FIPR). The FLPR strategy is
proposed for scenarios without individual local power con-
straint. For example, an access point (source) communicates to
an user terminal with the help of a relaying station. Both the
source and the relay can provide the required power to achieve
the target performance. In this case, the source and relay have
an optimum (or suboptimum) distributed power allocation for
each subcarrier. The total transmit-power is optimally (or sub-
optimally) allocated between the source and relay. However, in
many cases, the distributed senders have their individual power
constrained, which cannot fulfill the optimum (or suboptimum)
distributed power allocation required by the FLPR strategy. For
example, a mobile relay might not be able to offer the sufficient
power to support the FLPR strategy. In this case, we can em-
ploy the FIPR strategy, i.e., the source power and relay power
have a fixed ratio for each subcarrier. This approach reduces
the degree of freedom and offers a suboptimum solution to the
problem that controls the power expended by each sender.

Note 1: Our performance investigation is focused on the
amount by which the proposed approaches can reduce the
required transmit-power. The investigation is carried out
by examining the average power-consumption per bit. This
method has been employed for evaluating cost efficiency of
an adaptive transmission system (e.g., [13]).
Note 2: The proposed BPL approaches are optimized for
the uncoded source. Certainly, employing error-control-
codes can improve the link performance for adaptive trans-
missions [15], [16]. However, investigating BPL for coded-
OFDM systems should take into account the impact of
time-frequency correlation. This can significantly compli-
cate the theoretical analysis.

The rest of this paper is organized as follows. Section II
presents the OFDM-based three-node relaying communication.
The margin-adaptive algorithm for the end-to-end communi-
cation is also introduced. Section III presents the proposed
BPL approach for the SLS-DF relaying protocol. Section IV
provides the investigation for the AF relaying protocol. Simula-
tion results and discussions are given in Section V. Section VI
draws the conclusion.

Notations: Throughout this paper, lower case boldface
symbols are used to denote column vectors (e.g., ) while
upper case boldface symbols are used to denote matrices (e.g.,

). Elements of vectors or matrices are expressed as or
. denotes the identity matrix of size . denotes a

matrix formed by the amplitude of the corresponding elements
in . denotes a diagonal matrix with in its diagonal.

, , denotes the matrix transpose, Hermitian, and

pseudo inverse, respectively. The superscripts , ,
, , , and denotes source, relay, destina-

tion, source-destination (SD) link, source-relay (SR) link, and
relay-destination (RD) link, respectively.

II. SYSTEM MODEL AND PREPARATION

A. OFDM-Based Relaying Communications

The OFDM system has been well documented in the litera-
ture (e.g., [17]). The major idea is to transmit the information-
bearing symbols over a number of low-rate orthogonal subcar-
riers. This is established by employing inverse discrete Fourier-
transform (IDFT) at the transmitter and DFT at the receiver. A
cyclic prefix (CP) is employed for introducing the channel cir-
culant property and mitigating the inter-block interference. The
above signal processing can effectively turn the frequency-se-
lective channel into a number of parallel flat subchannels. The
channel equalization and symbol detection can be performed
in the frequency-domain. To simplify the presentation, we will
only consider the frequency-domain signal representation in this
paper.

Fig. 1 depicts the block diagram for the OFDM-based
three-node relaying communications. Prior to transmission, the
information-bearing bits are first fed into the BPL component to

produce an symbol block ,
where stands for the information-bearing symbol (with the
variance ) or zero symbol. These symbols are then
modulated onto corresponding subcarriers with the transmit

power , where denotes the
transmit power for each subcarrier. This block goes through
the SD channel and the SR channel, respectively. Denoting

to be the channel coefficients on subcarriers, the received
frequency-domain block at the destination and at the relay is
expressible as

(1)

(2)

where denotes the white Gaussian noise with zero mean and
variance . The cooperative relay operates in the orthogonal
half-duplex mode. After a certain signal processing, it can send
an information-bearing block to the destination through the
RD channel. Then, the destination can receive the second ver-
sion of the information as below

(3)

The format of is related to the specific relaying protocols.
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This system description is based on the typical setup for the
relaying communications (e.g., in [1] and [10]). Recently, it
has been reported (e.g., in [18]) that the nonorthogonal half-du-
plex relays are employed in order to exploit the potential spatial
multiplexing-gain, i.e., both the source and the relays can send
the information at the same time/frequency slot. However, this
system setup results in different resource allocation strategy.
Here, our investigation is carried out only for the typical setup
introduced in Section II-A.

B. The SLS-DF Protocol

The selection DF relay has two typical protocols, i.e., frame-
level-selection (FLS) DF and SLS-DF. In the FLS-DF protocol,
the relay forwards every correctly received frame to the desti-
nation. In the SLS-DF protocol, the relay forwards every cor-
rectly received (or reliable) symbol to the destination. Recently,
the SLS-DF protocol has received considerable attention for
cooperative communications (e.g., [19]–[22]). This is because
the SLS-DF protocol can offer the significant performance im-
provement in comparison with the FLS-DF protocol [22]. Ba-
sically, the SLS-DF protocol has two modes, i.e., ideal mode
or outage mode. In the ideal mode, the relay should be capable
of symbol error detection. This demands employment of CRC
codes on the symbol level, which cannot be practically imple-
mented [23]. In the outage mode, the relay can compute the re-
ceived SNR for each subcarrier. When the received SNR is not
smaller than a SNR threshold , the relay can forward the de-
tected symbols to the destination. Sadek et al. have experimen-
tally shown that the outage SLS-DF can offer very close perfor-
mance to the ideal SLS-DF for the nonadaptive transmissions
[22]. To clarify the presentation, here, we take the ideal mode
as an example to introduce the SLS-DF protocol.

The ideal SLS-DF relay can relate the output to as
below

(4)

The vector can have zero elements corresponding to the un-
forwarded symbols or zero symbols. Define an diagonal

matrix . The destination can employ
MRC of and to yield

(5)

where , denotes the MRC coefficients. Then, the
single-tap equalizers, e.g., zero-forcing (ZF) or minimum
mean-square error (MMSE) [24], can be employed for the
channel equalization. These equalizers do not affect the SNR
of the received symbols. The symbol detection performance
is related to the effective SNR (denoted by ) for the MRC
[25], i.e.,

(6)

For the -ary quadrature-amplitude-modulation (QAM), the
symbol-error-rate (SER) (denoted by ) for the th element
of is tightly upper-bounded by [24]

(7)

where is the Gaussian Q-function.

C. The AF Protocol

In the AF protocol, the relay forwards all received noisy sym-
bols with power re-allocation. Hence, the AF relay relates the
output to as below

(8)

(9)

where denotes the amplifying coefficients. We can plug (9)
into (3) and obtain

(10)

The following operation is performed on to unify the noise
variance to :

(11)

The destination can perform the MRC on and . The
effective SNR can be calculated as

(12)

The SER for each subcarrier is tightly upper-bounded by (7).

D. Margin-Adaptive BPL for SD Communication

The margin-adaptive approach for the single-antenna single-
link OFDM communications can be found in many literatures,
e.g., Chow’s algorithm and Levin-Campello algorithm [11]. The
basic structure can be described as follows [13]. Consider to
be the target SER on the th subcarrier.1 Loading the amount of

bits on the th subcarrier with -QAM ( ) needs
the target SNR (denoted by ) as [derived from (7)]

(13)

1Similar to the consideration in [13], we also fix the target SER � for each
subcarrier. Certainly, the target SER could be different for each subcarrier, i.e.,
� and � � ����� � . However, it can be easily justified that the
later one offers larger block-error-rate than the considered target-SER setup.
Therefore, the considered target-SER is important when the ARQ scheme re-
quires retransmission of the whole block.
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The BPL algorithm aims to minimize the total power cost for a
system that transmits at a rate of bits per block and achieves
the target SER, . This can be realized by minimizing the La-
grangian

(14)

where is the transmit-power on the th subcarrier, and the
Lagrangian multiplier for the constraint .
It can be shown that is a convex and increasing function of

. Thus, (14) can lead to the following BPL algorithm.

Initialization:

For all , let (iteration index), ,

, ;

Bit-loading iterations:

Repeat the following times:

;

;

;

;

End.

Cioffi has mentioned in [11] that this is the best design for
many transmission systems such as high data rate real-time
communications, where variable data rate is not desirable.
Moreover, our performance investigation is focused on the
average power-consumption per bit. Then, the margin-adaptive
approach can easily enable the fair comparison between the
adaptive transmissions and the nonadaptive transmissions.

III. BPL FOR THE SLS-DF PROTOCOL

In this section, we investigate the BPL approach for both the
ideal SLS-DF protocol and the outage SLS-DF protocol. Al-
though the ideal SLS-DF protocol cannot be practically imple-
mented, we can use it for the performance comparison with the
outage SLS-DF protocol.

A. Ideal SLS-DF Protocol

Equations (5) and (6) indicate that the effective SNR for each
subcarrier depends on whether the relay detects the symbol cor-
rectly. If the relay receives the correct symbol, which happens
with probability , then the effective SNR for the th
subcarrier is . Otherwise, the ef-
fective SNR is the SNR for the SD channel, i.e., .
Hence, the SER at the destination is tightly upper bounded by

(15)

Based on the fact , we can further obtain the
following upper bound:

(16)
A sufficient condition for the target SER to be achieved is for
the upper bound in (16) to be no larger than the target SER, .
A sufficient condition for that to happen is

(17)

(18)

We can see that the left hand of (18) (i.e., ) is a
monotonically decreasing function of the source power .
Therefore, the minimum of source power (denoted by )
is unique, and can be found by employing the line search
method [26]. For example, we can first use the Chernoff bound
[24] to derive the following inequality:

(19)

Based on (18) and (19), we can easily find the following result:

(20)

Then, the line search can be carried out within this range. When
the source power is determined, we can use (17) to obtain
the relay power (22). To help our further investigation, we sum-
marize the above results as below.

Theorem 1: Given the target SER, , and the number of
bits/symbol, , a sufficient condition on the distributed power
allocation on the th subcarrier for the target SER to be satis-
fied is

(21)

(22)

Next, our objective is to minimize the power sum
for the th subcarrier. This issue will be carefully investi-

gated for both the FLPR and the FIPR scenarios.
1) The FLPR Strategy: This strategy is used to minimize

the power sum for the scenarios without individual local
power constraint. We can first set the transmit-power ,
to the lower bound for (21) and (22). According to Theorem
1, this power allocation can achieve the target SER. Then,
we increase the source power with the difference , i.e.,
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. The lower bound for (22) indicates
that the required relay power is reduced with the difference

. Then, the total power change
for the th subcarrier is

(23)

Hence, the total power consumption for the th subcarrier can
be reduced (i.e., ) with increasing the source power
only for the case . In this case, the source should
pay all power cost for this subcarrier. For the case of

, we should keep the initial power allocation, i.e.,
. For the special case , we suggest the source

pay all power cost. This can increase the SD link reliability. As a
conclusion, the above statements can be summarized as below.

Corollary 1.1: Given the sufficient condition (21) and (22),
for the case , the power sum is minimized
with the following distributed power allocation:

(24)

Otherwise, the power sum is minimized by employing the
lower bound for (21) and (22).

2) The FIPR Strategy: In many cases, the distributed senders
have their individual power constraint. Usually, this power con-
straint does not support the FLPR strategy. In this scenario, we
can fix the power ratio for each subcarrier, i.e.,

, where , denotes the power constraint
for the relay and the source, respectively. This is a sufficient
condition for the relay/source power balancing required, and the
extra (subcarrier) constraint is for analytic simplicity.

Corollary 1.2: Given the sufficient condition (21) and (22)
and the fixed power ratio, , the minimum of total transmit-
power for the th subcarrier is

(25)

where

(26)

The proof for this result is simple. We can first replace
with in (22) to obtain another lower bound for the source
power (i.e., the second term at the right hand of (26)). As shown
in (26), the source power should be the maximum of two lower
bounds.

B. Outage SLS-DF Protocol

In this protocol, the relay can measure the received SNR for
each subcarrier. When the received SNR is smaller than the SNR
threshold2 (i.e., ), the relay does not transmit the
received symbols on the th subcarrier. In this case, the SER at
the destination is . Otherwise, the relay transmits
the received symbols on the th subcarrier. Then, the SER at
the destination is expressible as

(27)

where denotes the SER at the relay for ,
and the SER for the MRC in the presence of
error propagation. Based on the fact and

, (27) is upper bounded by

(28)

As a summary of the above discussions, the SER at the destina-
tion can be upper bounded by

(29)

where is binary, i.e.,

;

.
(30)

A sufficient condition for the target SER to be achieved is for
the upper bound in (29) to be no larger than the target SER,

. For the case of , a sufficient condition for that to
happen is: C1) ; C2) .
The condition C1) leads to the result (22). Based on the fact

(31)

the following condition is demanded for protecting the condition
C2), i.e.,

(32)

We can replace in (32) with the SNR
and obtain the following result:

(33)

As a conclusion, we can summarize the above discussions as
below.

Theorem 2: Given the target SER, , and the number of bits/
symbol, , for the case , a sufficient condition on the
distributed power allocation on the th subcarrier for the target
SER to be satisfied is (22) and (33).

2The SNR threshold � can be different with respect to the modulation
order.
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Now, we are ready to investigate the FLPR and FIPR strategy
for the outage SLS-DF protocol.

1) The FLPR Strategy: Theorem 2 provides the sufficient
condition only for the case . To protect this case, the
condition (33) needs to be satisfied. However, the case
will happen under the following condition:

(34)

In this case, the relay does not transmit on the th subcar-
rier, i.e., . The source should guarantee the condition

, which results in

(35)

The conditions (34) and (35) can lead to the following results:

(36)

We can easily justify that the right hand of (36) is very close to
1 for the target SER . Moreover, Corollary 1.1
shows that the source should pay all power cost under the con-
dition . This statement is derived from the con-
dition (22), which is also valid for the outage SLS-DF protocol.
Therefore, the FLPR strategy here should obey the following
criterion.

Corollary 2.1: Given the sufficient condition (23) and (33),
for the channel condition (36) and , the power
sum is minimized with the distributed power allocation as in
(24). Otherwise, the power sum is minimized by employing
the lower bound for (22) and (33).

2) The FIPR Strategy: In this scenario, we only need to con-
sider the case . This is to protect the fixed power ratio
for each subcarrier. Therefore, the source power should simul-
taneously fulfill the condition (22) and (33). Then, the power
allocation strategy can be described as below.

Corollary 2.2: Given the sufficient condition (22) and (33)
and the fixed power ratio, , the minimum of total transmit-
power for the th subcarrier is given by (25) with

(37)

So far, we have investigated the BPL criteria for the SLS-DF
protocols. The BPL approach can be implemented by modifying
slightly the algorithm introduced in Section II-D.

Initialization:

For all , let (iteration index), ,

, ;

Bit-loading iterations:

Repeat the following times:

;

;

;

Allocate between the source and relay;

;

End.

IV. BPL FOR THE AF PROTOCOL

In the AF protocol, the SER is only related to the effec-
tive SNR after the MRC. Eqn. (12) shows that the effective SNR
for the th subcarrier is expressible as

(38)

The relay power and the source power for the th subcarrier
can be related as

(39)

Given the target SNR (corresponding to the target SER ),
our objective is to minimize the power sum for
the th subcarrier. Next, we will investigate this issue for the
FLPR strategy and the FIPR strategy, respectively.

A. The FLPR Strategy

We can use (39) to obtain as

(40)

Plugging (40) into (38) yields

(41)

It can be easily justified that is a monotonically increasing
function of the power sum . Assuming to be determined,
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our objective is equivalent to finding an corre-
sponding to the maximum . Prior to solving this constrained
optimization problem, we need to study the monotonicity of

with respect to for the range of .
For the condition , is a mono-

tonically increasing function of . This leads to the following
result

(42)

where the coefficients , , , are defined as

(43)

(44)

(45)

(46)

We can see that is a second-order polynomial function,
whose characteristic depends on the the coefficient and
the root distribution. This function has real roots under the fol-
lowing condition:

(47)

Plugging (43)–(46) into (47) leads to the result . Based
on the above analysis, we can obtain the following interesting
results.

Lemma 1: Suppose . is a monotonically in-
creasing function for .

Proof: We can justify this result by considering two cases,
i.e., and . Due to , the result (42)
holds for the condition . The condition results
in

(48)

In this case, (44) infers . Due to and
, the result (42) holds as well. This lemma is therefore proved.

In this case, can achieve its maximum at .
Lemma 2: Suppose and . Let be the

positive root for the equation . achieves the
maximum at only when and

(49)

Otherwise, achieves the maximum at .

Proof: For the condition , the equation
has two real roots denoted by and , respectively. The

product of and is given by

(50)

Hence, the equation only has one positive root.
Assuming to be the positive one, (42) holds only for

. In other words, is a monotonically increasing func-
tion for . Therefore, can achieve the maximum
at

(51)

As shown in Appendix A, holds only for the
conditions and (49).

Lemma 3: Suppose and . Let , be the
roots for . achieves the maximum at

only for the conditions and
(49). Otherwise, achieves the maximum at .

Proof: In this case, the equation has two real
roots. But, the product of two roots is positive, i.e., the sign for
two roots is identical. Due to , the minimum of

is negative and can be achieved at

(52)

It can be concluded that both roots are positive. The result (42)
holds for or . Hence, achieves the
maximum at for the range of . On the other
hand, is monotonically increasing for . Hence,
there exists a threshold fulfilling .
If , the maximum of is achieved at . The
threshold is derived in Appendix B.

Lemma 4: Suppose and . achieves the
maximum at

(53)

under the conditions (49) and . Otherwise,
achieves the maximum at .

Proof: See Appendix C.
As a summary of Lemmas. 1–4, we can conclude the fol-

lowing major result for the optimum power allocation.
Theorem 3: Define

(54)

(55)

The source power is under the conditions: C3)

, and C4) . Otherwise, the
source power is .
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Proof: It can be easily justified that (54) is the desired root
in Lemmas 1–3. Using the upper bound in C4), the SD link can
achieve the target SNR without need of the relay. Others are
all proved results.

Based on the above resource-allocation criterion, the BPL al-
gorithm can be implemented as below.

Step 1: Use (13) to calculate the target SNR ;
Step 2: Calculating the range of in C4);
Step 3: If C3), C4) holds, let .

Otherwise, let and goto
Step 5;

Step 4: Searching over the range in C4) to minimize
;

Step 5: Use the BPL algorithm in Section II-D to minimize
;

End;

Note 1: Since is the monotonically increasing function
of , we can employ the line search algorithm in Step 4.
Note 2: Recently, optimal power allocation for the AF re-
laying channel has been reported in [27]. Differed from
our approach, the reported scheme is based on the assump-
tion of no SD link, and takes into account of the local
power-constraint condition.3 This effectively results in the
different power-allocation strategy.

B. The FIPR Strategy

In the FIPR strategy, the transmit-power ratio on the th sub-
carrier is fixed to

(56)

Applying (56) in (38) results in

(57)

where

(58)

(59)

It is easy to justify that is a monotonically increasing func-
tion of . Given the target SNR , we can obtain the demanded

as

(60)

3It is very difficult to consider the optimum power-allocation strategy in the
presence of SD link together with the local power-constraint condition.

Then, the BPL approach can be implemented as follows.
Step 1) Determine the minimum source-power via (60),

and calculate the minimum power sum
for a given (e.g., );

Step 2) Use the BPL algorithm introduced in Section III-B
to minimize .

V. SIMULATION RESULTS AND PERFORMANCE EVALUATION

Computer simulations were used to examine the required
transmit-power per bit and the final SER for both the SLS-DF
and the AF-based three-node relaying communications. The
results were obtained by averaging over 5 000 independent
channel realizations. The linear MMSE method was employed
for the channel equalization. Throughout the simulations, the
BPL algorithms were optimized for the target SER .
Then, the link performance was examined by changing the
noise power. The CP-OFDM system setup was given by (the
typical setup for HIPERLAN/2 in [28]): subcarriers,
8 samples in the CP. The OFDM block duration (exclusive
CP) was 3.2 s. Each burst consisted of 64 OFDM blocks. The
information-bearing bits were randomly generated independent
and equally likely. The number of bits per OFDM block was

bits.4 The modulation schemes were -QAM with
, 16, 64, respectively. The channel impulse response for

each link was generated according to the indoor channel model
A specified by ETSI for HIPERLAN/2 [29]. The channel gain
(denoted by ) for each link was considered as the following
three cases:

Cases I, II, and III are corresponding to the scenarios: the relay
is close to source, close to the destination, and in the middle
between the source and the destination, respectively. The
simulations were divided into four experiments with respect to
various BPL approaches and relaying protocols. We considered
two baselines for the performance comparison. One was the
nonadaptive 16QAM-OFDM relaying communication. The
other was called the SD-adaptive case, i.e., the source per-
formed the BPL approach based on the channel quality of the
SD link, and sent the information in the broadcasting fashion.
The relay retransmitted the received symbols according to the
corresponding relaying protocols.

Experiment 1 (SLS-DF, FLPR): The objective of this ex-
periment is to evaluate the proposed FLPR approaches for
the outage SLS-DF relaying protocol. The SNR threshold is
corresponding to the SER at relay (i.e., ). We
first examine the proposed BPL approach based on the outage
behavior, i.e., the outage SLS (OSLS) approach addressed in
Section III-B. Fig. 2 illustrates the SER at the destination as
a function of the total transmit-power per bit to noise. It is
observed that the OSLS approach can improve significantly the

4This setup was used to offer the fair comparison with the nonadaptive
16QAM-OFDM communications.
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Fig. 2. SER versus total average bit SNR. A comparison amongst outage
SLS-DF, SD adaptive only, and nonadaptive DF communications.

SER performance or the transmit-power efficiency in compar-
ison to both baselines. Taking Case I and as an
example, the OSLS approach shows about 12 dB gain and 4 dB
gain in comparison to the nonadaptive case and the SD adaptive
case, respectively. This result shows the significance of the
multi-link adaptation. Fig. 2 also reflects another interesting
phenomenon. For the nonadaptive approach, Case II shows the
worst performance. Cases I and III have the very close SER.
This is a well-known feature for the SDF relaying protocol
[22]. It is observed that the SD-adaptive approach mitigates the
difference amongst three cases. This is because the source is
optimized for the SD link, which can reduce the impact of the
relaying link on the final performance.

We then examine the proposed BPL approach originally
optimized for the ideal SLS (ISLS) protocol. As shown in
Section III-A, the BPL result only depends on the quality of
relaying channels. Therefore, the ISLS approach can also be
employed in the outage SLS-DF scenario. For example, the
source can load the power and the bits according to the ISLS
criterion. When the outage SLS-DF relay needs to forward the
received symbol, the transmit-power should be in line with the
ISLS criterion. Fig. 3 illustrates the SER performance for both
the ideal SLS-DF protocol and the outage SLS-DF protocol.
We can see that employing the ISLS approach for the outage
SLS-DF protocol can offer the comparable performance to that
for the ideal SLS-DF protocol. Although the ISLS approach is
not optimized for the outage SLS-DF environment, it can offer
very close performance to the OSLS approach.

To see the distributed power-consumption for the proposed
BPL approaches, we plot the transmit-power ratio in Fig. 4. It
is shown that all curves generally increase with increase of the
bit-SNR (or decrease of the noise power), i.e., the relay pays
the increasing power consumption. This is because the number
of bits/block forwarded by the relay is increased with the noise-
power reduction. It is also observed that the transmit-power ratio
for the OSLS approach is smaller than that for the ISLS ap-
proach. This means that the relay pays less power consumption

Fig. 3. SER versus total average bit SNR. A comparison amongst outage
SLS-DF, ideal SLS-DF in ideal context, and ideal SLS-DF in outage context.

Fig. 4. Transmit Power ratio versus total average bit SNR. A comparison
amongst outage SLS-DF, ideal SLS-DF in ideal context, and ideal SLS-DF in
outage context.

in the OSLS approach. Another interesting phenomenon is that
the relay in Case II expends less power in comparison to other
cases. This is because the number of bits/block forwarded by
the relay depends on the channel gain for the SR link.

Experiment 2 (SLS-DF, FIPR): This experiment is used to
evaluate the proposed FIPR approaches for the outage SLS-DF
relaying protocol. The transmit-power ratio between relay and
source is set to . Fig. 5 illustrates the SER performance for
both the ISLS and the OSLS approaches. In contrast to the base-
lines in Fig. 2, we can see that the proposed approaches offer the
significant performance improvement in terms of the SER or the
transmit-power per bit. Taking Case I and
as an example, both the ISLS and the OSLS approaches out-
perform the SD-adaptive approach more than 3 dB in terms
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Fig. 5. SER versus total average bit SNR. A comparison amongst outage
SLS-DF, ideal SLS-DF in ideal context, and ideal SLS-DF in outage context.

of the bit-SNR. Although the ISLS approach is originally op-
timized only for the ideal SLS-DF protocol, its performance in
the outage SLS-DF environment is also very close to that for the
OSLS approach.

Experiment 3 (SLS-AF, FLPR): The objective of this exper-
iment is to evaluate the proposed FLPR approach for the AF
relaying protocol. We first examine the final SER and the total
transmit-power efficiency for the proposed approach and plot
the results in Fig. 6. It is shown that the proposed approach
can significantly improve the SER performance or the transmit-
power efficiency. For example Case I and ,
the proposed approach shows around 3 dB and 11 dB gain in
comparison with the SD-adaptive approach and the nonadap-
tive approach, respectively. As for the nonadaptive approach,
the transmit-power efficiency for the proposed approach can be
further improved when the relay is placed close to the desti-
nation (i.e., Case II) or in the middle between the source and
the destination (i.e., Case III). However, the performance dif-
ference between Case II and Case III is not considerable. We
then plot the transmit-power ratio in Fig. 7 to examine the dis-
tributed power consumption. It is shown that the transmit-power
ratio is almost identical for Cases I and III. The relay in Case II
expends less power. It is also observed that all curves generally
increase with increase of the bit-SNR (or decrease of the noise
power). This is because the transmit-power ratio for the AF pro-
tocol is given by . Obvioursly, the
reduction of noise power can result in the increase of .

Experiment 4 (SLS-AF, FIPR): This experiment is used
to evaluate the proposed FIPR approach for the AF-re-
laying protocol in the local-resource-restriction context. The
transmit-power ratio between relay and source is set to .
Fig. 8 illustrates the SER performance for both the proposed
approach and the SD-adaptive approach. The results show that
the proposed approach offers the considerable performance
improvement in terms of the SER or the total transmit-power
efficiency. Taking Case I and as an example,
the proposed approach outperforms the SD-adaptive approach

Fig. 6. SER versus total average bit SNR. A comparison amongst FLPR, SD
adaptive only, and nonadaptive AF communications.

Fig. 7. Transmit Power ratio versus total average bit SNR for the FLPR AF
approach.

about 1.5 dB gain. The performance improvement becomes
more large for Case II (about 2.5 dB) and Case III (about
3.5 dB).

VI. CONCLUSION

In this paper, we have investigated the margin-adaptive ap-
proaches for the OFDM-based three-node relaying communi-
cations, where the orthogonal half-duplex relay could use either
the SLS-DF or the AF relaying protocol to retransmit the in-
formation. The MRC has been employed at the destination to
attain the achievable link performance. With respect to various
power-consumption conditions, the proposed approaches have
been carefully designed for both the FLPR and the FIPR con-
texts. Specifically, two BPL approaches, i.e., the ISLS approach
and the OSLS approach, have been proposed for the SLS-DF
protocols. The ISLS approach was based on the assumption that
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Fig. 8. SER versus total average bit SNR. A comparison between FIPR and SD
adaptive case.

the relay could perform the ideal symbol-error detection. The
OSLS approach was based on the assumption that the relay only
knew the received-SNR for each subcarrier. It has been shown
that these two approaches could offer very close performance in
the outage SLS-DF protocol. Moreover, the BPL approach has
been intensively investigated for the AF relaying protocol. Sim-
ulation results have shown that the proposed BPL approaches
could significantly improve the performance in terms of the link
performance and the transmit-power efficiency.

APPENDIX A

Proof of the condition for : Suppose
. We should have the following inequality:

(61)

which can be detailed into

(62)

It can be easily shown that has two real roots (de-
noted by and ), i.e.,

(63)

(64)

For the case of , we can see that (62) holds only
when , which is not possible. For the case
of , (62) holds only when .

APPENDIX B

Proof of the threshold : Assuming , we
should have

(65)

which is followed by

(66)

We can easily show , and can rewrite (66) into

(67)

Replacing with

(68)

the following inequality can be obtained:

(69)

Equations (43) and (46) indicate

(70)

(71)

Then, the third term at the left hand of (69) can be written into

(72)

Plugging (72) into (69) results in

(73)

We plug (43) and (45) into (73) and obtain

(74)

We can see that (74) does not hold for . When
, (74) leads to the threshold shown in (55).

APPENDIX C

Proof of lemma 4: For and , (42) results
in

(75)
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Then, achieves the maximum at

(76)

Under the condition , we can easily obtain

(77)

In this case, the maximum of is achieved at . For
the condition , we let and
have the result (49).
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