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In this paper, we propose an output threshold-based incremental multiple-relay combining scheme for cooperative amplify-and-
forward relay networks with nonidentically distributed relay channels. Specifically, in order to achieve the required performance,
we consider both conventional incremental relaying and multiple-relay selection where relays are adaptively selected based on a
predetermined output threshold. Moreover, the adaptive modulation technique is adopted by our proposed scheme for satisfying
both the spectral efficiency and the required error rate. For the proposed scheme, we first derive an upper bound of the output
combined signal-to-noise ratio and then provide its statistics such as cumulative distribution function (CDF), probability density
function (PDF), and moment generating function (MGF) over independent, nonidentically distributed Rayleigh fading channels.
Additionally, we analyze the system performance in terms of average spectral efficiency, average bit error rate, outage probability,
and system complexity. Finally, numerical examples show that our proposed scheme leads to a certain performance improvement
in the cooperative networks.

1. Introduction

In modern wireless communications, diversity techniques
have received great attention to mitigate wireless channel
impairments. Specifically, cooperative networks with the help
of relays can be used to make broader coverage as well as
to increase robustness against multipath fading [1]. However,
cooperative networks lead to a loss in spectral efficiency
because more resources (two frequency bands or two time
slots) are used for half-duplex transmission [1]. To avoid such
a loss in spectral efficiency by utilizing relays, incremental
relaying scheme was proposed in [1] where a relay is used
only if the direct transmission between the source and the
destination does not support a predetermined performance.
In other words, a relay is not used when the quality of the
direct link exceeds a certain threshold, usually, in terms of
signal-to-noise ratio (SNR).

There has been a lot of research studies on the cooperative
network withmultiple relays [2–7] because a spatial diversity

gain can be achieved by utilizing multiple relays in a network
like the antenna diversity system. However, utilizing multiple
relays causes transmission efficiency losses as the number of
relays increases. For examples, when 𝑚 relays are utilized
for the cooperative communication, it is required to have𝑚 + 1 system resources. In order to avoid such huge losses,
relay selection has been researched in the literature [2]
that can obtain the diversity order as much as the space
time-coded multiple-relay scheme [3] whereas the system
complexity can be reduced by a use of only two resources.
More specifically, opportunistic relaying was proposed in
[2] where the system used only the best one among relays
based on the relay selection criteria and proved that the
same diversity-multiplexing tradeoff could be achieved as the
space time-coded cooperative network [3]. Authors in [4]
provided the diversity order of single relay selection scheme
and studied on multiple-relay selection schemes with the
SNR-optimal/suboptimal criteria as well as their diversity
orders. Authors in [5] proposed the multiple-relay selection
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scheme in large AF relay network based on exploiting the
sparsity of the relay gain vector. Additionally, authors in [6]
proposed an output threshold-based multiple-relay selection
scheme in the amplify-and-forward (AF) transmission where𝐿𝑐 relays are sequentially selected out of 𝐿 relays accord-
ing to the predetermined threshold at the destination and
gave performance analyses over the independent, identically
distributed (i.i.d.) Rayleigh fading channels. Recently, the
authors in [7] investigated an adaptive multiple-relay selec-
tion scheme in conjunction with the incremental relaying
scheme and provided its link performance analyses over the
independent but nonidentically distributed (i.ni.d.) Rayleigh
fading channels, where the usage of relays (one ormultiple) is
decided based on the traditional incremental relaying fashion
[3].

Moreover, in a time-varying channel, adaptive transmis-
sion where the transmission rate is controlled according
to the channel state information (CSI) is a well-known
technique for increasing spectral efficiency while satisfy-
ing the required error performance [8]. Specifically, in
order to increase spectral efficiency, cooperative diversity
systems with variable rate transmission have been widely
researched in the literature [9–13]. For examples, Hwang et
al. in [9] proposed the incremental opportunistic relaying
with adaptive modulation (IOR-AM) scheme, combined the
incremental relaying and best-relay selection schemes, and
showed a certain improvement in spectral efficiency based
on adaptive 𝑀-ary quadrature amplitude modulation (𝑀-
QAM). In [10], authors studied the performance analysis
of adaptive transmission of multiple-relay AF cooperative
system without relay selection. In [11], authors summarized
the work done on relay selection in AF cooperative systems
with fixed-rate transmission as well as with discrete-rate
adaptive transmission. B. Lee and C. Lee in [12] considered
the incremental hop selection with adaptive modulation in
multiple relays network. Sun et al. in [13] analyzed the two-
way AF relay network with adaptive modulation and coding.

1.1.Motivation andOurContribution. Existing relay selection
schemes [2, 4, 5, 9] unfortunately require complete CSI of all
relay paths at every transmission for relay ordering, which
can lead system overhead excessive in high speed wireless
communications. In detail, a complexity of the best-relay
selection schemes increases exponentially with the number
of relays. Though the previous best-relay selection scheme,
IOR-AM in [9], can achieve better spectral efficiency than
multiple-relay selection schemes, its error rate and outages
can be worse and the system complexity by estimations
of relay channels can be larger. Therefore, a new multiple-
relay selection scheme that offers a better tradeoff in spec-
tral efficiency, error performance, and system complexity is
desirable. Motivated by this, we propose output threshold-
based incremental multiple-relay combining with adaptive
modulation (IMRC-AM) that is an extended work of the
conventional incremental relaying in a distributed multiple-
relay network and that can achieve both high spectral
efficiency and high diversity gain. Instead just checking some
fixed values of output thresholds at the destination like the
conventional diversity system [14] and relaying systems [1, 6],

we use theminimum threshold of adaptivemodulation as the
output threshold in order to achieve both spectral efficiency
and error performance at a given channel condition where
the minimum threshold of adaptive modulation is variable
according to error performance requirements.

In a view of system complexity, we estimate and select
only 𝐿𝑐 relays out of 𝐿 relays in consecutive order where𝐿𝑐 is from 0 to 𝐿 (0 ≤ 𝐿𝑐 ≤ 𝐿) in our proposed IMRC-
AM. For instance, no relay is used if the direct path can
realize the desired performance (i.e., 𝐿𝑐 = 0), whereas
only 𝐿𝑐 relays are utilized to obtain the target performance
according to channel conditions when the direct path fails
to support the predetermined performance. Therefore, our
proposed scheme can offer a reduced complexity compared to
the best-relay selection scheme (i.e., IOR-AM [9]) while the
error requirements are satisfied, because it does not require
the ordering of relays by checking all channel paths.

For the performance analyses of the proposed IMRC-AM,
we considerAF transmission at the relay and the conventional
upper bound of the output SNR at the destination. Given this
upper bound of the output SNR inAF transmission [15], some
statistics such as the cumulative distribution function (CDF),
probability density function (PDF), and moment generating
function (MGF) are evaluated in a closed-form expression
over the independent but nonidentically distributed (i.ni.d.)
Rayleigh fading relay channels. By using the provided statis-
tics of the proposed IMRC-AM, we analyze the performances
of the proposed system such as average spectral efficiency,
average bit error rate (BER), outage probability, and system
complexity. Finally, we give some numerical examples to
show the system efficiency and to verify our analytical results.

2. System Description

We consider an AF cooperative system where one source
node, one destination node, and 𝐿 relay nodes are utilized
with a single antenna, and there exist feedback channels in
the source-destination link and the relays-destination links.
As stated in Section 1, the proposed system model is based
on incremental relaying [1] where the source-destination
transmission is successful when its channel is good enough
to support a certain performance and the cooperative trans-
mission operates in a half-duplex mode requiring two time
slots when some relays help a transmission. At the first time
slot, the source broadcasts its signal to the destination as
well as the relays. When the direct link fails to support a
certain threshold, that is, minimum threshold of adaptive
modulation, the selected relays transmit their amplified
signals to the destination via orthogonal channeling (between
the relays and the destination) at the second time slot. In
addition, we consider an AF relaying system with the power-
scaled gain at 𝑖th relay node 𝐺 = 1/√E[|𝑟𝑖|2], and its received
SNR at the destination via 𝑖th relay can be expressed as 𝛾𝑖AF =𝛾𝑠,𝑖𝛾𝑖,𝑑/(𝛾𝑠,𝑖+𝛾𝑖,𝑑+1), where 𝑟𝑖 is the received signal at 𝑖th relay
and 𝛾𝑠,𝑖 and 𝛾𝑖,𝑑 are instantaneous SNRs of channels source/𝑖th
relay and 𝑖th relay/destination, respectively.

In our proposed IMRC-AM, it is assumed that there is
a certain sequential order to estimate relay channel paths
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and the receiver of the destination combines those paths
in consecutive order based on the output threshold at the
destination. In this work, the destination decides the number
of the operated relays according to channel conditions; thus
it is assumed that the destination knows the sequential
order in successively selecting relay nodes in an incremental
manner and performs relay selection via orthogonal feedback
channels from relays during a guard period of the second time
slot. From the concepts of incremental relaying and adaptive
modulation, only the direct path between the source and des-
tination nodes is used if the SNRof the direct path exceeds the
minimum threshold of adaptive modulation, 𝛾1𝑇. If the direct
path fails to support the minimum threshold, the receiver at
the destination adaptively and successively combines asmany
relay paths as necessary in order to have the desired output
SNR exceeding theminimum threshold. From the above step,
let 𝐿𝑐 denote the number of the combined relay paths, where0 ≤ 𝐿𝑐 ≤ 𝐿. Once the output combined SNR 𝛾𝑐 with 𝐿𝑐 relays
satisfies the minimum threshold, the destination decides the
constellation size according to the switching threshold of
adaptive 𝑀-QAM, where 𝛾𝑛𝑇 denotes the threshold that the𝑛 bits can be transmitted while satisfying the certain error
performance. The detailed mode of operation is described
below:

(1) Only the direct path between the source and the
destination is used when its received SNR, 𝛾𝑠,𝑑, is
higher than the minimum threshold SNR of adaptive
modulation, 𝛾1𝑇. (i.e., 𝛾𝑠,𝑑 ≥ 𝛾1𝑇 and 𝐿𝑐 = 0).

(2) The destination decides a constellation size based on
the output SNR and then informs the source via a
feedback channel.

(3) If 𝛾𝑠,𝑑 is below 𝛾1𝑇, a cooperative transmission operates
during the second time slot.Thedestinationwakes the
first relay up andwith a request to send its pilot signal.

(4) The destination starts estimating the first relay path
channel and then calculates the combined SNR (i.e.,𝛾𝑐 = 𝛾𝑠,𝑑 + 𝛾1AF). If 𝛾𝑐 ≥ 𝛾1𝑇, only the first relay path
is used and the destination decides a constellation
size based on the combined SNR. If 𝛾𝑐 ≤ 𝛾1𝑇, the

destination continues to estimate the next relay path
channel and then calculates the combined SNR (i.e.,𝛾𝑐 = 𝛾𝑠,𝑑 + 𝛾1AF + 𝛾2AF).

(5) In the same manner, the first 𝐿𝑐 relay paths (1 ≤ 𝐿𝑐 ≤𝐿− 1) are combined where the output combined SNR
of the direct path and first 𝐿𝑐 relay paths is above the
minimum threshold SNR (i.e., 𝛾𝑐 ≥ 𝛾1𝑇).

(6) All the 𝐿 relay paths are used when the output
combined SNRwith the first 𝐿−1 relay paths does not
achieve theminimum threshold (i.e., when 𝐿𝑐 = 𝐿−1,𝛾𝑐 ≤ 𝛾1𝑇). A constellation size is decided based on
the output combined SNR with 𝐿 relay paths, and
the outage event occurs when it is still less than the
minimum threshold.

Based on the mode of operation, we can observe the
probability of the output combined SNR 𝛾𝑐, mathematically,
as

Pr[𝛾𝑐 = 𝛾𝑠,𝑑 + 𝐿𝑐∑
𝑖=0

𝛾𝑖AF]

=

{{{{{{{{{{{{{{{{{{{{{{{

Pr [𝛾𝑠,𝑑 ≥ 𝛾1𝑇] , 𝐿𝑐 = 0
Pr [𝛾𝑠,𝑑 + 𝛾1AF ≥ 𝛾1𝑇, 𝛾𝑠,𝑑 < 𝛾1𝑇] , 𝐿𝑐 = 1
Pr[𝛾𝑠,𝑑 + 𝐿𝑐∑

𝑖=1

𝛾𝑖AF ≥ 𝛾1𝑇, 𝛾𝑠,𝑑 +
𝐿𝑐−1∑
𝑖=1

𝛾𝑖AF < 𝛾1𝑇] , 2 ≤ 𝐿𝑐 ≤ 𝐿 − 1
Pr[𝛾𝑠,𝑑 + 𝐿−1∑

𝑖=1

𝛾𝑖AF < 𝛾1𝑇] , 𝐿𝑐 = 𝐿.

(1)

Since the event that 𝐿𝑐 relay paths are selected is mutually
exclusive, we can write the CDF of 𝛾𝑐 by the total probability
theorem as

𝑃𝛾𝑐 (𝑥) = Pr [𝛾1𝑇 ≤ 𝛾𝑠,𝑑 < 𝑥] + Pr [𝛾𝑠,𝑑 < 𝛾1𝑇 ≤ Γ1 < 𝑥]
+ 𝐿−1∑
𝑙=2

Pr [Γ𝑙−1 < 𝛾1𝑇 ≤ Γ𝑙 < 𝑥]
+ Pr [Γ𝐿−1 < 𝛾1𝑇, Γ𝐿 < 𝑥] ,

(2)

where Γ𝑙 = 𝛾𝑠,𝑑 + ∑𝑙𝑖=1 𝛾𝑖AF. Using (1) and (2), we can rewrite
the CDF of 𝛾𝑐 as

𝑃𝛾𝑐 (𝑥)

= {{{{{
𝑃𝛾𝑠,𝑑 (𝑥) − 𝑃𝛾𝑠,𝑑 (𝛾1𝑇) + ∫𝛾

1
𝑇

0
∫𝑥−𝑧
𝛾1𝑇−𝑧

𝑝𝛾𝑠,𝑑 (𝑧) 𝑝𝛾1AF (𝑦) 𝑑𝑦 𝑑𝑧 +
𝐿−1∑
𝑙=2

∫𝛾1𝑇
0
∫𝑥−𝑧
𝛾1𝑇−𝑧

𝑝Γ𝑙−1 (𝑧) 𝑝𝛾𝑙AF (𝑦) 𝑑𝑦 𝑑𝑧 + ∫
𝛾1𝑇

0
∫𝑥−𝑧
0

𝑝Γ𝐿−1 (𝑧) 𝑝𝛾𝐿AF (𝑦) 𝑑𝑦 𝑑𝑧, 𝛾1𝑇 < 𝑥
𝑃Γ𝐿 (𝑥) , 𝛾1𝑇 ≥ 𝑥.

(3)

The corresponding PDF of 𝛾𝑐 can be obtained by differen-
tiating (3) with respect to 𝑥 as

𝑝𝛾𝑐 (𝑥) =
{{{{{
𝑝𝛾𝑠𝑑 (𝑥) + ∫𝛾

1
𝑇

0
𝑝𝛾𝑠𝑑 (𝑧) 𝑝𝛾1AF (𝑥 − 𝑧) 𝑑𝑧 +

𝐿∑
𝑙=2

∫𝛾1𝑇
0
𝑝Γ𝑙−1 (𝑧) 𝑝𝛾𝑙AF (𝑥 − 𝑧) 𝑑𝑧, 𝛾1𝑇 < 𝑥

𝑝Γ𝐿 (𝑥) , 𝛾1𝑇 ≥ 𝑥.
(4)
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3. Performance Analysis over i.ni.d. Rayleigh
Fading Channels

3.1. Statistical Analysis of Output Combined SNR. In this
section, we consider the upper bound of the output combined
SNR 𝛾ub𝑐 since the statistics of 𝛾𝑐 are not tractable in a
closed-form expression. With the traditional maximal ratio
combiner at the destination, the output combined SNR with𝑙 relay paths, Γ𝑙, can be approximated by its upper bound asΓub𝑙 = 𝛾𝑠,𝑑 +∑𝑙𝑖=1 𝛾ub𝑖AF = 𝛾𝑠,𝑑 +∑𝑙𝑖=1min(𝛾𝑠,𝑖, 𝛾𝑖,𝑑) [10]. Over the
i.ni.d. Rayleigh fading channels, the CDF and PDF of Γub𝑙 are
given by [10]:

𝑃Γub
𝑙
(𝑥) = 1 − [𝛽0,𝑙𝑒−𝑥/𝜏0 + 𝑙∑

𝑖=1

𝛽𝑖,𝑙𝑒−𝑥/𝜏𝑖] , (5)

𝑝Γub
𝑙
(𝑥) = 𝛽0,𝑙𝜏0 𝑒−𝑥/𝜏0 +

𝑙∑
𝑖=1

𝛽𝑖,𝑙𝜏𝑖 𝑒−𝑥/𝜏𝑖 , (6)

respectively, where 𝜏0 = 𝛾𝑠,𝑑, 𝜏𝑖 = (𝛾𝑠,𝑖𝛾𝑖,𝑑)/(𝛾𝑠,𝑖 + 𝛾𝑖,𝑑), 𝛽0,0 =1, 𝛽0,𝑙 = ∏𝑙𝑖=1(1 − 𝜏𝑖/𝜏0)−1, 𝛽𝑖,𝑙 = (1 − 𝜏0/𝜏𝑖)−1∏𝑙𝑘=1,𝑘 ̸=𝑖(1 −𝜏𝑘/𝜏𝑖)−1. In addition, the PDF of the upper bound of 𝛾𝑙AF is
simply given as

𝑝
𝛾
ub𝑙
AF
(𝑥) = 1𝜏𝑙 𝑒−𝑥/𝜏𝑙 . (7)

The CDF and PDF of the upper bound of the output
combined SNR 𝛾ub𝑐 over the i.ni.d. Rayleigh channels can be
obtained by substituting (5) and (6) into (3) and (4) as

𝑃𝛾ub𝑐 (𝑥) =
{{{{{{{{{{{

𝐿−1∑
𝑙=0

𝑙−1∑
𝑖=0

𝜆𝑖,𝑙 (𝑒−𝛾𝑇/𝜏𝑙 − 𝑒−𝑥/𝜏𝑙) + 𝐿−1∑
𝑖=0

[𝛽𝑖,𝐿−1 (1 − 𝑒𝛾𝑇/𝜏𝑖) − 𝜆𝑖,𝐿𝑒−𝑥/𝜏𝐿] , 𝛾𝑇 < 𝑥
1 − 𝐿∑
𝑙=0

𝛽𝑙,𝐿𝑒−𝑥/𝜏𝑙 , 𝛾𝑇 ≥ 𝑥
(8)

𝑝𝛾ub𝑐 (𝑥) =
{{{{{{{{{{{

𝐿∑
𝑙=0

𝑙−1∑
𝑖=0

𝜆𝑖,𝑙𝜏𝑙 𝑒−𝑥/𝜏𝑙 , 𝛾𝑇 < 𝑥
𝐿∑
𝑙=0

𝛽𝑙,𝐿𝜏𝑙 𝑒−𝑥/𝜏𝑙 , 𝛾𝑇 ≥ 𝑥,
(9)

respectively, where 𝜆0,0 = 1, 𝜆𝑖,𝑗 = (𝛽𝑖,𝑗−1𝜏𝑗/(𝜏𝑗 − 𝜏𝑖))(1 −𝑒−((𝜏𝑗−𝜏𝑖)/𝜏𝑖𝜏𝑗)𝛾𝑇). Correspondingly, the MGF of 𝛾ub𝑐 for the
i.ni.d. Rayleigh fading channels can be given by

M𝛾ub𝑐 (𝑥) =
𝐿∑
𝑙=0

𝑙−1∑
𝑖=0

𝜆𝑖,𝑙 (1 − 𝑒−𝛾𝑇(1/𝜏𝑙+𝑠)1 + 𝜏𝑙𝑠 )

+ 𝐿∑
𝑙=0

𝛽𝑙,𝐿 (𝑒−𝛾𝑇(1/𝜏𝑙+𝑠)1 + 𝜏𝑙𝑠 ) .
(10)

3.2. Average Probability of Error. There are performance
criteria of interest, the probability of error defined rela-
tive to either symbol or bit errors [16]. Since we have
obtained the MGF of 𝛾ub𝑐 over the i.ni.d. Rayleigh fading
channels in (10), the lower bound of the average symbol

error rate with the proposed scheme for different coherent
modulations can be evaluated by the MGF-based approach
[17]. For 𝑀-ary phase shift keying (MPSK) modulation,
the average symbol error rate 𝑃𝑠(𝐸) can be calculated as
𝑃𝑠(𝐸) = (1/𝜋) ∫(𝑀−1)𝜋/𝑀

0
M𝛾ub𝑐 (−sin2(𝜋/𝑀)/sin2𝜙)𝑑𝜙. In

addition, the average bit error rate with the proposed scheme
can be evaluated by averaging the conditional error rate over
the PDF of the combined output SNR 𝑝𝛾𝑐(𝑥) as 𝑃𝑏(𝐸) =
∫∞
0
𝑃𝑏(𝐸 | 𝑥)𝑝𝛾𝑐(𝑥)𝑑𝑥 where 𝑃𝑏(𝐸 | 𝑥) is the conditional

BER of an interested modulation and can be expressed in an
approximation form for coherent modulations as 𝑃𝑏(𝐸 | 𝑥) ≈𝑎Q(√𝑏𝑥). Q(⋅) is the Gaussian 𝑄-function defined as Q(𝑥) =(1/√2𝜋) ∫∞

𝑥
𝑒−𝑡2/2𝑑𝑡. The parameters 𝑎 and 𝑏 depend on the

type of approximation and the modulation type [16]. Thus,
given the upper bound of the combined output SNR 𝛾ub𝑐 , the
lower bound of average BER with the proposed scheme can
be given by some manipulations as [18]

𝑃𝑏 (𝐸) = ∫𝛾𝑇
0

𝐿∑
𝑙=0

𝑙−1∑
𝑖=0

𝑎𝜆i,𝑙𝜏𝑙
Q (√𝑏𝑥)
𝑒𝑥/𝜏𝑙 𝑑𝑥 + ∫∞

𝛾𝑇

𝐿∑
𝑙=0

𝑎𝛽𝑙,𝐿𝜏𝑙
Q (√𝑏𝑥)
𝑒𝑥/𝜏𝑙 𝑑𝑥

= 𝐿∑
𝑙=0

𝑙−1∑
𝑖=0

𝑎𝜆𝑖,𝑙 {Q(√𝑏𝛾𝑇) (1 − 𝑒−𝛾𝑇/𝜏𝑙) − 12√𝜋 [Γ(12 , 𝑏2𝛾𝑇) − √𝜋 − √ 𝑏𝜏𝑙𝑏𝜏𝑙 + 2 (Γ(
12 , 𝑏𝜏𝑙 + 22𝜏𝑙 𝛾𝑇) − √𝜋)]}

− 𝐿∑
𝑙=0

𝑎𝛽𝑙,𝐿{Q(√𝑏𝛾𝑇) (1 − 𝑒−𝛾𝑇/𝜏𝑙) + 12√𝜋 [Γ(12 , 𝑏2𝛾𝑇) + √ 𝑏𝜏𝑙𝑏𝜏𝑙 + 2Γ(
12 , 𝑏𝜏𝑙 + 22𝜏𝑙 𝛾𝑇)]} ,

(11)
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where Γ(𝛼, 𝑥) is the incomplete gamma function defined asΓ(𝛼, 𝑥) = ∫∞
𝑥
𝑒−𝑡𝑡𝛼−1𝑑𝑡.

4. Performance Analysis of the Proposed
System with Adaptive Modulation

4.1. Average Spectral Efficiency. Sincewe investigate the statis-
tical analysis for an upper bound of the output combined SNR
over Rayleigh fading channels in Section 3, we can obtain
an upper bound for an average spectral efficiency of our
proposed system as

𝜂IMRC−AM ≤ 𝑁∑
𝑛=1

𝑛(𝑑 (𝑛) + 𝐿∑
𝑙=1

𝑐 (𝑛, 𝑙)𝑙 + 1 ) , (12)

where 𝑁 is the maximum constellation size for adaptive
modulation and 𝑑(𝑛) and 𝑐(𝑛, 𝑙) are the probabilities that
each instantaneous SNR of the direct path and the combined
path with the first 𝑙 relays falls in the 𝑛th region, respectively.
The 1/(𝑙 + 1) in the second term of the parenthesis in the
summation comes from the fact that the transmission with𝑙 relays takes place in 𝑙 + 1 orthogonal channels or time slots.
Moreover, in (12), the probability 𝑑(𝑛) can be obtained as

∫𝛾𝑛+1𝑇
𝛾𝑛𝑇

𝑝𝛾𝑠,𝑑(𝑥)𝑑𝑥 for 𝑛 = 1, 2, . . . , 𝑁, and the probability 𝑐(𝑛, 𝑙)
for 𝑛 = 1, 2, . . . , 𝑁, can be given by

𝑐 (𝑛, 𝑙) =
{{{{{{{{{{{{{{{{{

∫𝛾1𝑇
0
∫𝛾𝑛+1𝑇 −𝑧
𝛾1𝑇−𝑧

𝑝𝛾𝑠,𝑑 (𝑧) 𝑝𝛾ub𝑙AF
(𝑦) 𝑑𝑦 𝑑𝑧 − ∫𝛾1𝑇

0
∫𝛾𝑛𝑇−𝑧
𝛾1𝑇−𝑧

𝑝𝛾𝑠,𝑑 (𝑧) 𝑝𝛾ub𝑙AF
(𝑦) 𝑑𝑦 𝑑𝑧, 𝑙 = 1

∫𝛾1𝑇
0
∫𝛾𝑛+1𝑇 −z
𝛾1𝑇−𝑧

𝑝Γub
𝑙−1
(𝑧) 𝑝
𝛾
ub𝑙
AF
(𝑦) 𝑑𝑦 𝑑𝑧 − ∫𝛾1𝑇

0
∫𝛾𝑛𝑇−𝑧
𝛾1𝑇−𝑧

𝑝Γub
𝑙−1
(𝑧) 𝑝
𝛾
ub𝑙
AF
(𝑦) 𝑑𝑦 𝑑𝑧, 𝑙 = 2, . . . , 𝐿 − 1

∫𝛾1𝑇
0
∫𝛾𝑛+1𝑇 −𝑧
0

𝑝Γub
𝑙−1
(𝑧) 𝑝
𝛾
ub𝑙
AF
(𝑦) 𝑑𝑦 𝑑𝑧 − ∫𝛾1𝑇

0
∫𝛾𝑛𝑇−𝑧
0

𝑝Γub
𝑙−1
(𝑧) 𝑝
𝛾
ub𝑙
AF
(𝑦) 𝑑𝑦 𝑑𝑧, 𝑙 = 𝐿.

(13)

Note that 𝛾𝑁+1𝑇 = ∞. For the i.ni.d. Rayleigh fading channels,𝑑(𝑛) and 𝑐(𝑛, 𝑙) can be given by

𝑑 (𝑛) = 𝑒−𝛾𝑛𝑇/𝛾𝑠,𝑑 − 𝑒−𝛾𝑛+1𝑇 /𝛾𝑠,𝑑 , (14)

𝑐 (𝑛, 𝑙) = {{{{{{{

𝜆0,1 (𝑒−𝛾𝑛𝑇/𝜏1 − 𝑒−𝛾𝑛+1𝑇 /𝜏1) , 𝑙 = 1
𝑙−1∑
𝑖=0

𝛽𝑖,𝑙−1𝜏𝑙𝜏𝑙 − 𝜏𝑖 (1 − 𝑒−((𝜏𝑙−𝜏𝑖)/𝜏𝑖𝜏𝑙)𝛾
1
𝑇) × (𝑒−𝛾𝑛𝑇/𝜏𝑙 − 𝑒−𝛾𝑛+1𝑇 /𝜏𝑙) , 𝑙 = 2, . . . , 𝐿 (15)

respectively.

4.2. Average Bit Error Rate. For coherent𝑀-QAM with two-
dimensional Gray coding, the approximate BER expressions
are given by [16, Eq. 9.31]

BER (𝑛, 𝛾) ≈
{{{{{{{{{{{{{{{

𝑄(√2𝛾) , 𝑛 = 1
𝑄 (√𝛾) , 𝑛 = 2
4𝑛𝑄(√ 3𝛾2𝑛 − 1) , 𝑛 ≥ 3,

(16)

where 𝑛 = log2𝑀. The switching thresholds for 𝑛 bits
transmission 𝛾𝑛𝑇, in which the system will operate at a BER
below the required target, can be chosen according to (16).
For the given discrete-rate adaptive 𝑀-QAM, the average
BER (ABER) of the proposed scheme can be approximated

by the ratio of the average number of bits in error over the
average number of transmitted bits as

ABER ≃ 1𝜂IMRC−AM

𝑁∑
𝑛=1

𝑛(BER𝑑(𝑛) + 𝐿∑
𝑙=1

BER𝑐(𝑛,𝑙)𝑙 + 1 ) , (17)

where

BER𝑑(𝑛) = ∫𝛾
𝑛+1
𝑇

𝛾𝑛𝑇

BER (𝑛, 𝑥) 𝑝𝛾𝑠,𝑑 (𝑥) 𝑑𝑥,
BER𝑐(𝑛,𝑙) = ∫𝛾

𝑛+1
𝑇

𝛾𝑛𝑇

BER (𝑛, 𝑥) 𝑝𝛾ub
𝑐(𝑙)
(𝑥) 𝑑𝑥,

(18)

where 𝑝𝛾𝑠,𝑑(𝑥) and 𝑝𝛾ub
𝑐(𝑙)
(𝑥) over the i.ni.d Rayleigh fading

channels are given by 𝑝𝛾𝑠,𝑑(𝑥) = 𝑒−𝑥/𝛾𝑠,𝑑/𝛾𝑠,𝑑 and 𝑝𝛾ub𝑐(𝑙)(𝑥) =∑𝑙𝑖=0∑𝑖−1𝑗=0(𝜆𝑗,𝑖/𝜏𝑖)𝑒−𝑥/𝜏𝑖 , respectively. In addition, (18) can be
evaluated by taking similar manipulations with (11). For
instance, BER𝑐(𝑛,𝑙) can be obtained as
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BER𝑐(𝑛,𝑙) = ∫𝛾
𝑛+1
𝑇

𝛾𝑛𝑇

𝑙∑
𝑖=0

𝑖−1∑
𝑗=0

𝑎𝜆𝑗,𝑖𝜏𝑖 Q (√𝑏𝑥) 𝑒−𝑥/𝜏𝑖𝑑𝑥 = 𝑙∑
𝑖=0

𝑖−1∑
𝑗=0

𝑎𝜆𝑗,𝑖 {Q(√𝑏𝛾𝑛+1𝑇 ) (1 − 𝑒−𝛾𝑛+1𝑇 /𝜏𝑖) − Q (√𝑏𝛾𝑛𝑇) (1 − 𝑒−𝛾𝑛𝑇/𝜏𝑖)

− 12√𝜋 [Γ(12 , 𝑏2𝛾𝑛+1𝑇 ) − Γ(12 , 𝑏2𝛾𝑛𝑇) − √ 𝑏𝜏𝑖𝑏𝜏𝑖 + 2 (Γ(
12 , 𝑏𝜏𝑖 + 22𝜏𝑖 𝛾𝑛+1𝑇 ) − Γ(12 , 𝑏𝜏𝑖 + 22𝜏𝑖 𝛾𝑛𝑇))]} ,

(19)

where 𝑎 = 4/𝑛 and 𝑏 = 3/(2𝑛 − 1).
4.3. Outage Probability. For the proposed system with adap-
tive modulation, the outage event can happen when the
system cannot transmit any bits according to adaptive mod-
ulation even it uses full system resources and, equivalently,
when the combined output SNR with 𝐿 relay paths is smaller
than the minimum threshold (i.e., Γ𝐿 < 𝛾1𝑇). Therefore, we
can evaluate the lower bound for the outage probability of the
proposed system as 𝑃lb

out = 𝑃Γlb𝐿 (𝛾1𝑇).
4.4. System Complexity. In this subsection, we focus on how
many relays are estimated for the multiple-relay selection
in the proposed incremental relay combining fashion. In
our scenario, the 𝑙th relay will be added when the current
combined output SNRwith 𝑙−1 relays is below theminimum
threshold 𝛾1𝑇. Hence, the probability that the 𝑙th relay is used
can be given as

Pr [𝐿𝑐 = 𝑙]

=
{{{{{{{{{{{{{{{{{{{{{

1 − 𝑃𝛾𝑠,𝑑 (𝛾1𝑇) , 𝑙 = 0
∫𝛾1𝑇
0
∫∞
𝛾1𝑇−𝑦

𝑝𝛾𝑠,𝑑 (𝑦) 𝑝𝛾1AF (𝑥) 𝑑𝑥 𝑑𝑦, 𝑙 = 1
𝑙∑
𝑘=2

∫𝛾1𝑇
0
∫∞
𝛾𝑇−𝑦

𝑝Γ𝑘−1 (𝑦) 𝑝𝛾𝑘AF (𝑥) 𝑑𝑥 𝑑𝑦, 2 ≤ 𝑙 ≤ 𝐿 − 1
𝑃Γ𝐿−1 (𝛾1𝑇) , 𝑙 = 𝐿.

(20)

Since we know the statistics of Γub𝑖 and 𝛾ub𝑗AF instead of Γ𝑖 and𝛾𝑗AF in (20), finally, the lower bound of the average number of
estimated relays with the proposed scheme can be calculated
by substituting (5), (6), and (7) into (20) as

𝑁lb
𝐴 = 𝐿 − 𝐿𝐿−1∑

𝑖=0

𝛽𝑖,𝐿−1𝑒−𝛾1𝑇/𝜏𝑖

+ 𝐿−1∑
𝑙=1

𝑙 [
[
𝑙∑
𝑗=1

𝑗−1∑
𝑘=0

𝛽𝑘,𝑗−1𝜏𝑗𝜏𝑘 − 𝜏𝑗 × (𝑒−𝛾
1
𝑇/𝜏𝑘 − 𝑒−𝛾1𝑇/𝜏𝑗)]

]
.

(21)

5. Numerical Examples

For the numerical examples, we consider the i.ni.d. Rayleigh
fading channels per hop where the average SNR are set as𝛾 = 𝛾𝑠,𝑑, 𝛾𝑠,𝑖 = 𝑑−𝛼𝑠,𝑟𝑖𝛾, and 𝛾𝑖,𝑑 = 𝑑−𝛼𝑟𝑖 ,𝑑𝛾 for 𝑖 = 1, . . . , 𝐿. In detail,
we consider a radio propagation channel model [19] which is

referred to as a path-loss model over distance where all the
channels are normalized by the distance between the source
and the destination set as 𝑑𝑠,𝑖 + 𝑑𝑖,𝑑 = 𝑑𝑠,𝑑. Specifically, we set
the path-loss exponent and the normalized distance between
the source and the relays as 𝛼 = 3 and 𝑑𝑠,𝑟𝑖 = 0.5 + 0.1𝑖,
respectively. In addition, the maximum constellation size 𝑁
is 8 and the target BER for adaptive modulation is 10−6 for
Figures 1–4.

In Figure 1, we compare the average spectral efficiency
of the proposed IMRC-AM with the IOR-AM [9], the con-
ventional incremental relayingwith adaptivemodulation (IR-
AM), and the noncooperative transmission. In the examples
of comparison, the IOR-AM [9] uses only the best relay
among relay candidates and the IR-AM has one relay in a
cooperative network. In addition, we draw the performance
bound for the average spectral efficiency of the IMRC-AM
to verify our analytical result. Interestingly, the performance
improvement by the IMRC-AM is observed in the low SNR
regions in comparison with the IOR-AM [9] since the outage
corresponding to event that the IOR-AM scheme cannot
support the minimum threshold usually occurs in the low
SNR region. This is an example that the proposed scheme
can offer a better tradeoff between the spectral efficiency
and the error performance. From a practical point of view,
the IOR-AM scheme requires the estimation of all channels
of relay paths when the cooperation is performed, whereas
the proposed IMRC-AM scheme incrementally estimates the
relay paths.Thus, as shown in Figure 2, the system complexity
of the proposed scheme in terms of the average number
of estimated relays is much lower than the previous IOR-
AM in overall SNR regions even it offers better average
spectral efficiency performance in some low SNR regions. For
example, in Figures 1 and 2, from 0 to 5 dB in the average
SNR, the proposed scheme achieves better performance in
the average spectral efficiency while requiring lower system
complexity. Additionally, the performance analyses of lower
bound on the average number of estimated relays are alsowell
matched to the simulation results.

The numerical examples in Figure 3 show the proposed
scheme can satisfy the required BER performance. In addi-
tion, our analytical results are in good agreement with our
simulation results.

In Figure 4, we illustrate the outage probability of the
proposed IMRC-AM in comparison with IOR-AM, IR-AM,
and noncooperation. In this example, we can observe that a
significant improvement of the outage performance can be
obtained. This is because the proposed IMRC-AM focuses
on increasing the probability of a transmission within given
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Figure 1: Comparison of the average spectral efficiency of the
proposed IMRC-AM, IOR-AM, IR-AM, and noncooperation for a10−6 BER performance over i.ni.d. Rayleigh fading channels.
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Figure 2: Comparison of the average number of estimated relays
of the proposed IMRC-AM, IOR-AM, and IR-AM for a 10−6 BER
performance over i.ni.d. Rayleigh fading channels.

orthogonal channels even if performance degradation may
occur in the spectral efficiency. As shown in Figure 4, the
provided lower bound analysis has also the same behavior as
the simulation results.

In Figure 5, we show the effectiveness of the proposed
IMRC-AM against the number of relay links with respect
to the direct link. In order to give more useful insight,
we constrain the total transmitted power to be the same
irrespective of the number of relays, which implies the
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Figure 3: Average BER of the proposed scheme satisfying for a 10−6
BER required performance over i.ni.d. Rayleigh fading channels.
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Figure 4: Outage probability of IMRC-AM, IOR-AM, IR-AM, and
noncooperation for a 10−6 BER performance over i.ni.d. Rayleigh
fading channels.

direct link fairly uses the total power against the number
of relays. Since our proposed scheme adaptively decides the
number of active relays in an incremental manner, we cannot
decide the transmitted power before collecting all of channel
information with the total power constraint. However, in
this example, we assume that all of channel information
are available to show a fair comparison with respect to the
total power. In addition, our proposed scheme has some
improvements in the average spectral efficiency compared to
the direct transmission and the IR-AM and we can check the
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Figure 5: Comparison of the average spectral efficiency of IMRC-
AM with the different required BERs over i.ni.d. Rayleigh fading
channels.

performance tradeoff between the spectral efficiency and the
error performance for different target BERs with 𝐿 = 2 relays.
6. Conclusion

In this paper, we proposed IMRC-AM and analyzed its
performance in terms of the average spectral efficiency, the
average BER, outage probability, and the system complexity
over the i.ni.d. Rayleigh fading channels. For amore tractable
analysis, we used the upper bound for the output combined
SNR and offered its statistical analyses such as CDF and
PDF. From the selected numerical examples, we showed that
our proposed scheme provided a certain improvement of the
spectral efficiency and outage probability in comparison with
the previous work while satisfying the required target BER
performance. Finally, our provided performance bounds for
IMRC-AMhad a good agreement with the simulation results.
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