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Abstract

In this paper, we validate the availability of direct path in half-duplex-based cooperative relay networks from a
practical point of view. Cooperative relaying is a low-complexity technique, which schedules orthogonal
transmissions through the divided time slots. By doing so, transmission impairments due to multi-path fading and
path loss are mitigated by obtaining a diversity gain. In conventional approaches, most researchers have focused on a
role of relay and assumed that the received signal-to-noise ratio in source-to-destination link is doubled when source
transmits the same signal twice during the two transmission phases. However, in practical wireless environments, a
wireless channel is not static but varies with time. Thus, although the source retransmits the same signal during the
second transmission phase instead of forwarding by a relay, the (time) diversity gain may be obtained. As a result, the
performance of relaying-aided cooperative communication is not always better than that of the repeated
transmission (RT), but the RT scheme may be a better option than a cooperative relaying scheme. To this end, we first
show that the RT scheme is comparable to conventional cooperative relaying schemes. We then propose a selection
decode-and-forward (DF) relaying scheme, which combines the DF relaying and RT schemes. The proposed selection
DF relaying scheme has better outage performance than comparable relaying schemes in time-varying channels.
Lastly, all the theoretical results are validated through numerical evaluations and Monte Carlo simulations.

Keywords: Cooperative relay networks; Time-varying channels; Repeated transmission; Selective relaying; Outage
probability

Introduction
In recent years, cooperation technologies among dis-
tributed nodes or users have emerged as new com-
munication paradigms. This mainly comes from two
flows of communication fields. The first is the advent
of ad hoc and sensor networks with many new appli-
cations, where a sender requires the assistance of other
nodes to forward or relay its information to a desired
receiver. The second emerges from the demands for very
high data rate with communication reliability. In cur-
rent fourth-generation wireless networks, multiple-input
multiple-output (MIMO) technologies are considered as a
powerful approach tomeet the demands. In practice, most
mobiles have difficulty with multiple antennas installed
on small-size devices or the propagation environment
of a wireless link may not support the requirements for
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deploying MIMO technologies. To overcome such limita-
tions in achieving MIMO gains, cooperative technologies
in a distributed fashion are emerging beyond traditional
point-to-point communications. Accordingly, cooperative
communications with relaying nodes have been highly
favored in the literature [1-3].
In cooperative relay networks, a relay is basically

employed as two types of relaying methods: amplify-and-
forward (AF) and decode-and-forward (DF) relaying. In
the former scheme, a relay simply amplifies the received
signal from the source and forwards it to the correspond-
ing destination irrespective of source-to-relay (SR) link
condition [4]. In the latter scheme, a relay first decodes the
received signal and re-encodes it for forwarding regard-
less of the decoding result at the relay, namely, fixed DF
relaying scheme [5] or determines whether to forward
it or not depending on the channel condition of the SR
link, namely, selective DF relaying scheme [6]. These two
types of relaying schemes form the foundation of various
sophisticated relaying schemes.
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In half-duplex-based cooperative relay networks, the
channel of source-to-destination (SD) link has been mod-
eled as a time-invariant channel during the two trans-
mission phases [4,7-11]. According to the assumption, it
is well known that the cooperative relaying schemes are
more beneficial than repeated transmission (RT), which
simply transmits the same signal twice through the SD
link, at high-SNR region due to its diversity gain. However,
the coherence time of a wireless channel is determined
based on the inverse of the maximum Doppler frequency
fmax
D ∝ (v/c)fc, where v indicates the speed of the mobile
device relative to the receiver, c is the speed of light, and
fc is the carrier frequency [12]. The more the speed of the
mobile device or carrier frequency increases, the more the
coherence time is reduced. Furthermore, the maximum
Doppler frequency is not zero even with static termi-
nals. Therefore, we should consider the channel of the SD
link as a time-varying channel during the two transmis-
sion phases when the coherence time is shorter than the
transmission symbol period [13].

Related works
In half-duplex-based cooperative relay networks, the SD
link may be considered as a replacement of forwarding
by a relay during the second transmission phase. In the
literature, it has been simply assumed that the received
SNR in the SD link is doubled by the RT scheme [4,9-
11]. In order to prevent diversity loss caused by error
propagation at a relay, the authors of [4] introduced
the selection DF (SDF) relaying scheme in which the
relay forwards the received signal only when the trans-
mission in the SR link is not in outage; otherwise, the
source retransmits its signal during the second transmis-
sion phase while the relay remains idle. In [9], the out-
age probabilities of various selection relaying protocols,
which the relay chooses DF, AF, or direct transmission
to deliver the signal depending on the channel quality
of the SR link, were analyzed and compared for a coop-
erative relay network including three nodes. In [10] and
[11], the authors proposed incremental selection AF relay-
ing schemes, in which the source retransmits its signal
when doubling the received SNR in the SD link satisfies
the target SNR. Otherwise, the relay forwards it during
the second transmission phase, under a single and mul-
tiple relay scenarios, respectively. According to available
CSI information at a relay, the authors of [14] analyzed
the several optimum thresholds for determining whether
or not to forward, minimizing the end-to-end bit error
rate in cooperative digital relaying systems using BPSK
modulation.
Under time-varying channels, the impact of outdated

channel estimates caused by feedback delay or schedul-
ing delay on the performance of relay selection schemes
were analyzed in the literature [15-18]. The authors of

[15] analyzed the outage probability of opportunistic relay
selection (ORS) in a scenario based on DF relaying and
showed that the diversity order is always equal to 1 when
available CSI is outdated. In [16] and [17], the authors ana-
lyzed the impact of outdated CSI on the outage probability
and average bit error rate of AF partial relay selection and
ORS systems. It was shown in [17] that when the outdated
link SNR is less correlated to the current SNR, it is bet-
ter to use long-term statistics of the channel at the relay,
i.e., fixed gain amplification. In [18], the effect of outdated
channel estimates on outage and error rate performance
of relay selection schemes was studied, and the authors
showed that the AF-based best relay selection scheme is
more sensitive to CSI imperfection than DF-based best
relay selection scheme. However, all these works do not
consider the direct path.
In order to achieve higher bandwidth efficiency while

guaranteeing the same diversity order as that of conven-
tional cooperative schemes, the authors of [19] proposed
a new cooperative communication protocol, where the
source determines whether cooperation with one relay is
beneficial or not under multi-node DF cooperative sce-
narios, i.e., ‘when to cooperate?’ and ‘whom to cooperate
with?’. In [20], a novel selection AF relaying protocol,
which determines the transmitting node during the sec-
ond transmission phase between source and relay, was
proposed in time-varying channels.

Motivation and contribution
In the literature, the researchers for selection relaying
protocols have not considered the time-varying property
of a wireless channel for the SD link. Furthermore, the
direct link has not been considered yet in investigating the
impact of the outdated CSI by the time-varying property.
In practical wireless environments, the channel quality of
the SD link is not always poor, andwhen the SD link is sim-
ilar to the SR or relay-to-destination (RD) link, the direct
path is also possible candidate for obtaining diversity gain.
In this paper, we focus on such points and investigate the
availability of the direct path in practical wireless environ-
ments. The main contributions of this paper are listed as
follows:

1. Verification of the availability of the direct path :
Unlike the conventional approaches described
earlier, we validate the availability of the direct path
in half-duplex-based cooperative relay networks. By
analyzing the outage probability of the RT scheme,
we show that the time diversity gain can be obtained
by the RT scheme even though the channel
correlation of the SD link during the two
transmission phases is extremely high. In addition,
we provide several useful insights to employ the
direct path in cooperative relay networks.
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2. Proposal of a SDF relaying scheme: As one approach
to utilize the direct path in time-varying channels, we
propose a SDF relaying scheme which combines the
DF relaying and RT schemes. Unlike [4], the
proposed SDF relaying scheme considers not only
the instantaneous channel information of the SR link
but also the channel statistics of the RD and SD links
for selecting the transmitting node during the second
transmission phase. For performance analysis, we
derive the exact and asymptotic outage probabilities
of the proposed SDF relaying scheme and show that
the proposed scheme is especially more beneficial
when the relay is close to the destination.

3. Verification of all the analyzed results: Through
numerical evaluations and Monte Carlo simulations,
we show that the analyzed results are well matched
with the simulation results. In addition, we compare
the outage probability of the proposed SDF relaying
scheme with those of conventional comparable
schemes and show that the SDF relaying scheme is
superior to its benchmark schemes.

The remainder of this paper is organized as follows.
The ‘System model’ section briefly describes the sys-
tem model for the considered cooperative relay network.
In the ‘Outage probability analysis of the RT scheme’
section, the exact and approximate outage probabilities of

the RT scheme are derived, followed by the comparison
of the approximate outage probability of the RT scheme
with that of the AF relaying scheme. For performance
improvement, we propose a selection DF relaying scheme
by combining the DF relaying and RT schemes in the
‘Proposal of a selection DF relaying scheme under time-
varying channels’ section. All the results are validated
through Monte Carlo simulations in the ‘Simulations
and discussions’ section. Finally, the ‘Conclusions’ section
concludes this paper.

Systemmodel
We investigate communication scenarios of AF, DF relay-
ing, and RT schemes for cooperative relay networks with
one source, one relay, and one destination under time-
varying channels shown in Figure 1. Conventionally, after
source’s transmission during the first transmission phase
in half-duplex-based cooperative relay networks, only the
path through the relay has been considered as a unique
option to obtain a diversity gain. However, since the
diversity gain can be also obtained through the direct
path under time-varying channels as will be described
later, not only the path through the relay but also the
direct path should be simultaneously considered as equal
candidates for transmission during the second transmis-
sion phase in cooperative relay networks from a practical
viewpoint.
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Figure 1 Scenarios of conventional cooperative relaying and repeated transmission. For half-duplex-based cooperative relay networks with one
source, one relay, and one destination under time-varying channels.
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In the following discussions, we employ the propaga-
tion model which includes large-scale path loss, shadow
fading, and frequency non-selective fading [21,22] and is
expressed as:

h(t)
ij = g(t)

ij√
dη
ij

, (1)

where h(t)
ij , i ∈ {s, r}, j ∈ {r, d}, t ∈ {1, 2}, is the chan-

nel gain from node i to j during phase t, g(t)
ij captures

the channel fading characteristics due to the rich scat-
tering environment, which follows a zero-mean complex
Gaussian distribution with variance σ 2

ij , dij is the distance
between node i and j, and η is the path loss exponent.
Similarly, the noise term n(t)

ij denotes the AWGN with
variance N0. We denote the total transmission power dur-
ing the two transmission phases as PT , which is shared by
the source and relay.
During phase 1, the received signal from the source to

node j, where j ∈ {r, d}, is given by:

y(1)
sj = √

ρ1PTh(1)
sj x + n(1)

sj , (2)

where ρ1 is a positive value satisfying 0 < ρ1 < 1 and x
is transmitted signal with E[ |x|2]= 1. During phase 2, if
the source retransmits the same signal x, then the received
signal at the destination is given by:

y(2)
sd = √

ρ2PTh(2)
sd x + n(2)

sd , (3)

where ρ2 is a positive value satisfying 0 < ρ2 < 1 and
the condition ρ1 + ρ2 = 1 should be satisfied due to the
limited power. On the other hand, when the relay forwards
the received signal from the source during phase 2, the
received signal at the destination is given by:

y(2)
rd = μrh(2)

rd xr + n(2)
rd , (4)

If the relay is operated in AF mode, then xr is equal to
y(1)
sr and μr in (4) is given [4] as follows:

μAF
r =

√
ρ2PT

ρ1PT |h(1)
sr |2 + N0

. (5)

According to ρ1 and ρ2, the transmitted power at the
source and relay is determined.Meanwhile, when the relay
is employed in DFmode, xr is the decoded and re-encoded
signal x̃ and μr in (4) is given by:

μDF
r = √

ρ2PT . (6)

The received signals during the two transmission phases
are combined by a maximal ratio combiner (MRC) at the
destination. For AF relaying and DF relaying schemes,
the instantaneous SNR at the output of the MRC can be
respectively written as:

γAF
MRC = γ

(1)
SD + γAF

SRD, (7)

γDF
MRC = γ

(1)
SD + γDF

SRD, (8)

where

γ
(1)
SD = ρ1γ |h(1)

sd |2, γAF
SRD = ρ1ρ2γ 2|h(1)

sr |2|h(2)
rd |2

ρ1γ |h(1)
sr |2 + ρ2γ |h(2)

rd |2 + 1
,

γDF
SRD = ρ2γ |h(2)

rd |2, γ = PT
N0

.

When the source transmits the signal x twice during
phase 1 and phase 2, the two channel coefficients of h(1)

sd
and h(2)

sd may be correlated each other. Let us denote the
correlation coefficient between h(1)

sd and h(2)
sd as α, which

depends on maximum Doppler frequency, time inter-
val between phase 1 and phase 2, and so on. Then, the
following relation is satisfied [18,23]:

h(2)
sd = αh(1)

sd +
√
1 − α2wsd, (9)

where wsd follows the same distribution as h(1)
sd . For the

maximum Doppler shift fmax
D and the time interval τ

between phase 1 and phase 2, the correlation coefficient α

is given [24] by:

α = J0(2π fmax
D τ), (10)

where J0(·) is the zeroth-order Bessel function of the first
kind [25]. In practical wireless systems, the maximum
Doppler frequency is not zero even with static terminals,
and the time interval cannot be zero. Thus, from (10), the
range of 0 ≤ α < 1 is reasonable in real wireless environ-
ments. From (2), (3), and (9), the instantaneous SNR at the
output of the MRC for the RT scheme is given by:

γ RT
MRC = γ

(1)
SD + γ

(2)
SD (11)

= γ
{
(ρ1 + ρ2α

2)|h(1)
sd |2 + ρ2(1 − α2)|wsd|2

}
.

Lastly, we assume that all the nodes utilize one antenna
for transmitting and receiving.

Outage probability analysis of the RT scheme
In this section, we validate the availability of the direct
path, in half-duplex-based cooperative relay networks
under time-varying channels. To do so, we first derive
the exact and asymptotic outage probabilities of the RT
scheme and show that the diversity gain can be obtained
by the RT scheme. Based on the derived results, we pro-
vide several useful insights by comparing the asymptotic
outage probabilities of the AF relaying and RT schemes.

Derivation of the outage probability of the RT scheme
The outage probability is defined as the probability that
the instantaneous capacity of the system is below a pre-
defined value R (b/s/Hz). From the definition, the outage
probability of the RT scheme is defined as:

POut
RT (γ ,R) = Pr[CRT < R] , (12)
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whereCRT is the instantaneous capacity of the RT scheme,
which is given by:

CRT = 1
2
log

(
1 + γ RT

MRC

)
(13)

From (11), (12), and (13), the outage probability of the
RT scheme can be rewritten as:

POut
RT (γ ,R) = Pr

[
(ρ1 + ρ2α

2)|h(1)
sd |2

+ρ2(1 − α2)|wsd|2 < f (γ ,R)
]
,

(14)

where the function f (γ ,R) is defined as:

f (γ ,R) = 22R − 1
γ

(15)

In (14), (ρ1+ρ2α2)|h(1)
sd |2 and ρ2(1−α2)|wsd|2 are expo-

nential random variables with parameters dη

sd/{σ 2
sd(ρ1 +

ρ2α2)} and dη

sd/{σ 2
sdρ2(1 − α2)}, respectively.

At first, if the correlation coefficient α is equal to one,
i.e., α1 = 1, then the equality of ‘h(1)

sd = h(2)
sd ’ is satis-

fied, and thus, from (14), the outage probability of the RT
scheme is derived as:

POut
RT (γ ,R)|α=1 = Pr

[
(ρ1 + ρ2)|h(1)

1d |2 < f (γ ,R)
]

= 1 − e−dη

sdf (γ ,R)/{σ 2
sd(ρ1+ρ2)}. (16)

Secondly, let us consider the case of α �= 1. Denoting
k = |h(1)

1d |2, the outage probability of the RT scheme is
derived as:

POut
RT (γ ,R)|α �=1 = Pr

[
|wsd|2 <

f (γ ,R) − (
ρ1 + ρ2α2) k

ρ2(1 − α2)

]

= dη

sd
σ 2
sd

f (γ ,R)

ρ1+ρ2α2∫
0

{
1−e−dη

sd{f (γ,R)−(ρ1+ρ2α2)k}/{σ 2
sdρ2(1−α2)}

}
e−dη

sdk/σ
2
sd dk

= dη

sd
σ 2
sd

f (γ ,R)

ρ1+ρ2α2∫
0

e−dη

sdk/σ
2
sd dk

︸ ︷︷ ︸
PA

− dη

sde
−dη

sd f (γ ,R)/{σ 2
sdρ2(1−α2)}

σ 2
sd

f (γ ,R)

ρ1+ρ2α2∫
0

ed
η

sd(ρ1−ρ2+2ρ2α2)k/{σ 2
sdρ2(1−α2)}dk

︸ ︷︷ ︸
PB

(17)

In (17), PA and PB are respectively derived as:

PA = σ 2
sd

dη

sd

(
1 − e−dη

sdf (γ ,R)/{σ 2
sd(ρ1+ρ2α2)}) (18)

PB=

⎧⎪⎪⎨⎪⎪⎩
f (γ ,R)/ρ1, α=0, ρ1=ρ2

σ 2
sdρ2(1−α2)

dη

sd(ρ1−ρ2+2ρ2α2)

⎛⎝e
dη
sd(ρ1−ρ2+2ρ2α2)f (γ ,R)

σ2sdρ2(1−α2)(ρ1+ρ2α2) −1
⎞⎠,otherwise

(19)

From (17), (18), and (19), we have:

POut
RT (γ,R)|α �=1=

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

1−
(
1+ dη

sdf (γ,R)

σ 2
sdρ1

)
e−dη

sdf (γ,R)/(σ 2
sdρ1), α=0, ρ1=ρ2

1−e−dη

sdf (γ ,R)/
{
σ 2
sd(ρ1+ρ2α2)

}
+ ρ2(1−α2)

ρ1−ρ2+2ρ2α2

(
e−dη

sdf (γ,R)/
{
σ 2
sdρ2(1−α2)

}
−e−dη

sdf (γ ,R)/{σ 2
sd(ρ1+ρ2α2)}), otherwise

(20)

From (16) and (20), we have:

POut
RT (γ,R)=

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

1−e−dη

sd(22R−1)/
{
γ σ 2

sd(ρ1+ρ2)
}
, α=1

1−
(
1+ dη

sd(22R−1)
γ σ 2

sdρ1

)
e−dη

sd(22R−1)/(γ σ 2
sdρ1), α=0,ρ1=ρ2

1− ρ1+ρ2α2

ρ1−ρ2+2ρ2α2 e−dη

sd(22R−1)/
{
γ σ 2

sd(ρ1+ρ2α2)
}

+ ρ2(1−α2)
ρ1−ρ2+2ρ2α2 e−dη

sd(22R−1)/
{
γ σ 2

sdρ2(1−α2)
}
, otherwise

(21)

In addition, we derive the approximate outage proba-
bility of (21) at high SNR region in order to confirm the
diversity order. Let us denote the first, second, and third
terms of (21) as PO1 , P

O
2 , and PO3 , respectively. We employ

the following approximation relationship:

lim
c→0

e−c ≈ 1 − c + 1
2
c2 (22)

From (22), at high SNR region, the first and second
terms of (21) can be respectively approximated as:

lim
γ→∞PO1 ≈ dη

sdf (γ ,R)

σ 2
sd(ρ1 + ρ2)

− 1
2

(
dη

sdf (γ ,R)

σ 2
sd(ρ1 + ρ2)

)2
≈ dη

sdf (γ ,R)

σ 2
sd(ρ1 + ρ2)

(23)

lim
γ→∞PO2 ≈1−

(
1+ dη

sdf (γ ,R)

σ 2
sdρ1

)⎧⎨⎩1− dη

sdf (γ ,R)

σ 2
sdρ1

+ 1
2

(
dη

sdf (γ ,R)

σ 2
sdρ1

)2⎫⎬⎭
= 1

2

{
d2ηsd f

2(γ ,R)

σ 4
sdρ

2
1

− d3ηsd f
3(γ ,R)

σ 6
sdρ

3
1

}
≈ d2ηsd f

2(γ ,R)

2σ 4
sdρ

2
1

(24)

Unlike PO1 and PO2 , the approximation of PO3 depends on
both of γ and α. With the condition of (1− ρ4

1)γ 	 1, PO3
can be approximated as:

lim
(1−α4)γ→∞

PO3 ≈1− ρ1+ρ2α2

ρ1−ρ2+2ρ2α2

(
1− dη

sdf (γ ,R)

σ 2
sd(ρ1+ρ2α2)

+ d2ηsd f
2(γ,R)

2σ 4
sd(ρ1+ρ2α2)2

)

+ ρ2(1−α2)

ρ1−ρ2+2ρ2α2

(
1− dη

sdf (γ,R)

σ 2
sdρ2(1− α2)

+ d2ηsd f
2(γ ,R)

2σ 4
sdρ

2
2 (1 − α2)2

)

= d2ηsd f
2(γ ,R)

2σ 4
sdρ2(1 − α2)(ρ1 + ρ2α2)

(25)
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From (23), (24), and (25), the outage probability in (21)
can be approximated as:

P̃Out
RT (γ,R)≈

⎧⎪⎨⎪⎩
dη

sd
σ 2
sd(ρ1+ρ2)

(
22R−1

γ

)
, α= 1, γ 	 1

d2ηsd
2σ 4

sdρ2(1−α2)(ρ1+ρ2α2)

(
22R−1

γ

)2
, 0≤α<1, (1−α4)γ	1

(26)

As shown in (26), the time diversity gain can be obtained
by retransmission at the source unless α is not equal to
one. The condition ‘α = 0’ means that the two channel
coefficients of h(1)

sd and h(2)
sd are completely independent

of each other. In this case, we can simply expect that
the diversity gain is obtained. In addition, for the case
of 0 < α < 1, the diversity gain can be still obtained
depending on α and γ . Figure 2 visually describes such a
phenomenon. In Figure 2, we also plotted the outage prob-
ability of the direct transmission (DT) as a benchmark,
which is defined as

POut
DT (γ ,R) = Pr[ log(1 + ρ1γ |h(1)

sd |2) < R] (27)

Although the channel correlation of the SD link is
extremely high, i.e., α = 0.99, the diversity gain can be
obtained at high SNR region when the source transmits
the same signal twice during phase 1 and phase 2. In
conclusion, the RT scheme is comparable to cooperative
relaying schemes such as AF and DF relaying.

Comparison of the outage probabilities of the AF relaying
and RT schemes
From [4], it is evident that the AF relaying and selection
DF relaying schemes, which are representative relaying

schemes in cooperative relay networks, have the same
asymptotic outage probability at high SNR region. Thus,
to show that the RT scheme is comparable to conventional
relaying schemes, we only compare the RT scheme to the
AF relaying scheme.
Under the system environments described in this paper,

the instantaneous channel capacity of the AF relaying
scheme is given by:

IAF = 1
2
log

(
1 + ρ1γ |h(1)

sd |2 + ρ1ρ2γ 2|h(1)
sr |2|h(2)

rd |2
ρ1γ |h(1)

sr |2 + ρ2γ |h(2)
rd |2 + 1

)
.

(28)

Through the similar procedures as in [4], the outage
probability of the AF relaying scheme at high SNR region
can be approximated as:

POut
AF (γ ,R) = Pr

[
IAF < R

]
≈ dη

sd
2ρ1σ 2

sd

(
dη
sr

ρ1σ 2
sr

+ dη

rd
ρ2σ

2
rd

)(
22R − 1

γ

)2
.

(29)

For the case of α �= 1, we compare (29) with the sec-
ond part of (26) to confirm the better scheme having lower
outage probability. Let us consider the case of α = 0,
which means that the channel coefficients of the SD link
between phase 1 and phase 2 are completely independent
of each other. Such a case can occur when the channel
of the SD link varies rapidly with time or when the time
interval between phase 1 and phase 2 is sufficiently large
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with the high maximum Doppler frequency. From (26)
and (29), we can obtain the following result:

α = 0 → dη

sd
ρ2σ

2
sd

RT≤
>
AF

dη
sr

ρ1σ 2
sr

+ dη

rd
ρ2σ

2
rd
. (30)

The outage probability of the RT scheme is only influ-
enced by the channel quality of the SD link, whereas that
of the AF relaying scheme depends on channel quality
of both the SR and RD links. Thus, when one of the SR
or RD links has similar channel quality with the SD link,
the outage performance of the AF relaying scheme can-
not be better than that of the RT scheme. For example,
let us assume ρ1 = ρ2 and consider the two cases of
dη
sr/σ 2

sr : dη

rd/σ
2
rd : dη

sd/σ
2
sd = 1000 : 1 : 1 or dη

sr/σ 2
sr :

dη

rd/σ
2
rd : dη

sd/σ
2
sd = 1 : 1000 : 1. In such cases, although

the quality of the SR or RD link is sufficiently good com-
pared to the others, the outage performance of the AF
relaying scheme is still less than that of the RT scheme
statistically. On the other hand, if both SR and RD links
have much higher channel quality than the SD link, then
the AF relaying scheme can be better option than the
RT scheme. However, the AF relaying scheme basically
requires some additional efforts such as relay allocation,
synchronization, relay installation cost, etc. Therefore,
given such extra efforts, the research on whether perfor-
mance improvement by cooperative relaying schemes is
reasonable or not is also a crucial issue. We leave this as a
potential future work.
For the case of 0 < α < 1, from (26) and (29), the

scheme having lower outage probability is determined by
the following relational expression:

α

RT≤
>
AF

√√√√√ρ2 − ρ1
2ρ2

+
√√√√ (ρ2 − ρ1)2

4ρ2
2

+ 1
ρ2

(
ρ1 − ρ1σ 2

srσ
2
rdd

η

sd
σ 2
sd(ρ2σ

2
rdd

η
sr + ρ1σ 2

srd
η

rd)

)
.

(31)

On the right-hand side of (31), all the parameters are
deterministic. The correlation coefficient α is related to
many factors such as the carrier frequency fc, the maxi-
mumDoppler frequency fmax

D , the time interval τ between
phase 1 and phase 2, the mobile speed v, etc [26]. The car-
rier frequency and time interval is determined by system
operator. The maximum Doppler frequency is defined as
the ratio of the mobile speed v to the wavelength of the
carrier frequency λ, i.e., fmax

D = v/λ. The destination can
estimate the maximumDoppler frequency and the mobile
speed [26,27], thus the channel correlation α can be cal-
culated by (10). In the current literature, it is well-known
that the AF relaying scheme is more effective than the
non-cooperative case without the help of relay. However,
from (31) as the correlation coefficient α decreases, the
RT scheme can have lower outage probability than the AF

relaying scheme. As shown in [4], the outage performance
of the selection DF relaying scheme has the same asymp-
totic outage probability as the AF relaying scheme. Thus,
the outage performance of the RT scheme can also be bet-
ter than that of the selection DF relaying scheme. More
generally, various relaying schemes can be inefficient com-
pared to the RT scheme, and thus, it should be carefully
evaluated whether relaying schemes are useful or not even
though such relaying schemes are available.
As described previously, the correlation coefficient α is

related to the maximum Doppler frequency and the time
delay τ . Therefore, from (10), (31) can be also rewritten as:

τ

AF
<

≥
RT

J−1
0

⎛⎜⎝2π f max
D

√√√√ρ2 − ρ1
2ρ2

+
√

(ρ2 − ρ1)2

4ρ2
2

+ ξ

ρ2

⎞⎟⎠ , (32)

where

ξ = ρ1 − ρ1σ 2
srσ

2
rdd

η

sd
σ 2
sd(ρ2σ

2
rdd

η
sr + ρ1σ 2

srd
η

rd)
. (33)

Unlike the carrier frequency and the mobile speed, the
time interval τ can be arbitrary changed by the source
or destination. Thus, although the channel condition of
the SD link is worse than those of the SR and RD links,
the outage performance of the RT scheme can be better
than that of the AF relaying scheme by controlling the
time interval τ . Figure 3 shows the variation of the chan-
nel correlation of the SD link with an increase in the time
interval between phase 1 and phase 2. With a specific
maximum Doppler frequency value, the correlation coef-
ficient decreases with an increase in the time interval. For
example, in wireless environments used by pedestrians,
the maximum Doppler frequency is usually 5 Hz. With a
maximum Doppler frequency of 5 Hz, α is 0.9755, 0.9037,
0.7900, and 0.6425 at the time interval of 10, 20, 30, and
40 ms, respectively. In other words, as the time interval
increases, the α value decreases and the effectiveness of
the RT scheme is improved. Even with the low maximum
Doppler frequency, the RT scheme can still provide the
diversity gain and have better outage performance than
the AF relaying scheme according to (31).
To control the time interval τ in real wireless systems,

we give one possible scenario. In an incremental relay-
ing protocol, when the destination selects the source as
a transmitting node during the second phase, the des-
tination may inform the specific time interval τ̄ to the
source. For example, let us define the minimum and max-
imum time intervals as τmin and τmax, respectively. If n
bits are available to inform the specific time interval τ̄ at
the destination, the time difference between τmin and τmax
is divided into 2n slots, and the destination may select
the specific time interval τ̄ among them and inform it to
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Figure 3 Variation of the correlation coefficient of the SD link versus the time interval between phase 1 and phase 2.

the source. However, increasing the specific time inter-
val τ̄ may result in network delay, and thus, the optimal
time interval should be carefully determined. We leave
this problem as a future work.

Proposal of an on-off control protocol
As shown in the previous section, both of the AF relay-
ing and RT schemes provides the same diversity gain,
and thus, we can expect performance improvement by
selecting the better scheme between them according to
the channel conditions. If instantaneous channel infor-
mation of all the links are available, then the outage
performance can be much improved by adaptively select-
ing the better scheme. However, in time-varying channels,
obtaining exact channel information is challenging. On
the other hand, the channel statistics does not vary in real
time. Thus, it is possible to use the channel statistics for
selecting the better scheme between them. From such a
perspective, we propose an on-off control protocol in half-
duplex-based cooperative relay network as in Figure 1,
which works as follows:

1. Step 1: During phase 1, the source broadcasts its
signal to both the relay and destination.

2. Step 2: Between phase 1 and phase 2, the source
determines the transmitting node between the
source and relay according to (31).

3. Step 3: Before phase 2, the source broadcasts the
selection result through a short packet including one
bit information.

4. Step 4: If the bit is 1, the relay simply amplifies and
forwards the received signal from the source (‘On’

mode), and the source remains idle. Otherwise, the
relay remains idle (‘Off’ mode), and the source
retransmits the same signal to the destination.

When applying this protocol to the cooperative relay
network, the asymptotic outage probability of the pro-
posed on-off control protocol at high SNR region is given
by:

P̃Out
On-Off(γ ,R) ≈ dη

sd
2σ 2

sd

(
22R − 1

γ

)2

· min
(

dη

sd
σ 2
sdρ2(1 − α2)(ρ1 + ρ2α2)

,
dη
sr

ρ2
1σ

2
sr

+ dη

rd
ρ1ρ2σ

2
rd

)
(34)

where min(·, ·) is the function which selects lower value
between the two values. The proposed on-off control
protocol guarantees the minimum outage probability
between those of the AF relaying and RT schemes.

Proposal of a selection DF relaying scheme under
time-varying channels
In the previous section, we showed that the RT scheme
is comparable to cooperative relaying schemes in half-
duplex-based cooperative relay networks. In the litera-
ture, researchers have considered the SD link as a time-
invariant channel during the two transmission phases and
simply assumed that the received SNR in the SD link is
doubled by the RT scheme. Based on the assumption,
many cooperative relaying protocols have been investi-
gated and proposed. However, such an assumption may
not be practical in real wireless environments, and thus,
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research on cooperative relaying protocols considering
the time-varying property of the SD link is required.
With this in mind, we proposed a SDF relaying scheme
which combines the DF relaying and RT scheme under
time-varying channels in this section.

Proposal of a SDF relaying scheme
Under time-varying channels, although the instantaneous
channel information is obtained, it is likely to be out-
dated. Thus, we assume that only the local CSI informa-
tion is available. In conventional SDF (C-SDF) relaying
scheme [4,9], the relay determines whether or not to for-
ward, depending merely on the channel quality of the
SR link. This is due to the assumption that the chan-
nel of the SD link is fixed during the two transmission
phases. However, since the RT scheme is comparable
to a cooperative relaying scheme, both the source and
relay should be simultaneously considered as possible
candidates for transmission during phase 2 in practi-
cal wireless environments. The proposed SDF (P-SDF)
relaying scheme determines the transmitting node dur-
ing phase 2 between the source and relay depending on
not only the instantaneous channel information of the
SR link but also the channel statistics of the SD and
RD links.
The protocol of the P-SDF relaying scheme is described

as follows. At first, when the instantaneous capacity of the
SR link is less than the spectral efficiency R (b/s/Hz), i.e.,
log(1 + ρ1γ |h(1)

sr |2) < R, the relay selects the source as
a transmitting node during phase 2. On the other hand,
when the condition of log(1 + ρ1γ |h(1)

sr |2) ≥ R is satisfied,
the relay compares the two asymptotic outage probabil-
ities of the DF relaying and RT schemes because the
instantaneous channel information is not available due to
the assumption. To do that, we first derive the asymp-
totic conditional outage probability of the DF relaying
with respect to |h(1)

sr |2. The instantaneous capacity of the
DF relaying for the case of log(1 + ρ1γ |h(1)

sr |2) ≥ R is
given by:

CDF

∣∣∣|h(1)
sr |2>f (γ ,R)/ρ1

= 1
2
log

(
1 + γ (ρ1|h(1)

sd |2+ρ2|h(2)
rd |2)

)
,

(35)

where f (γ ,R) is defined as (15). From (35), its conditional
outage probability is expressed as:

POut
DF

(
γ ,R

∣∣∣|h(1)
sd |2 > f (γ ,R)/ρ1

)
= Pr

[
ρ1|h(1)

sd |2 + ρ2|h(2)
rd |2 < f (γ ,R)

]
.

(36)

In (36), ρ1|h(1)
sd |2 and ρ2|h(2)

rd |2 are exponential random
variables with parameters dη

sd/(ρ1σ
2
sd) and dη

rd/(ρ2σ
2
rd),

respectively. Thus, through the similar procedures with
Proposition 1, (36) can be expressed as:

POut
DF

(
γ ,R

∣∣∣|h(1)
sd |2 > f (γ ,R)/ρ1

)

=

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
1−

(
1+ dη

sd(2
2R−1)

ρ1γ σ 2
sd

)
e−dη

sd(2
2R−1)/(ρ1γ σ 2

sd), dη

sd
ρ1σ 2

sd
= dη

rd
ρ2σ 2

rd

1+ ρ2σ 2
rdd

η

sd
ρ1σ 2

sdd
η

rd−ρ2σ 2
rdd

η

sd
e−dη

rd(2
2R−1)/(ρ2γ σ 2

rd)

− ρ1σ 2
sdd

η

rd
ρ1σ 2

sdd
η

rd−ρ2σ 2
rdd

η

sd
e−dη

sd(2
2R−1)/(ρ1γ σ 2

sd), dη
sr

ρ1σ 2
sd

�= dη

rd
ρ2σ 2

rd

(37)

At high SNR region, from (22), the conditional outage
probability of the DF relaying is approximated as:

P̃Out
DF

(
γ,R

∣∣∣|h(1)
sd |2> f (γ ,R)/ρ1

)
= dη

sdd
η

rd
2ρ1ρ2σ 2

sdσ
2
rd

(
22R − 1

γ

)2
.

(38)

By comparing the second part of (26) with (38), we have:

dη

rd
σ 2
rd

RT≥
<
DF

ζ (39)

where

ζ = ρ1dη

sd
σ 2
sd(1 − α2)(ρ1 + ρ2α2)

In summary, the better scheme S∗ having lower outage
probability is determined by:

S∗ =
{
DF, |h(1)

sr |2 > f (γ ,R)/ρ1 and dη

rd
σ 2
rd

< ζ

RT, otherwise
(40)

When both the conditions of |h(1)
sr |2 > f (γ ,R)/ρ1 and

dη

rd/σ
2
rd < ζ are satisfied, the relay forwards the received

signal, or otherwise the source retransmits its signal while
the relay remains idle.

Outage probability analysis of the P-SDF relaying scheme
Based on (40), the outage probability of the P-SDF relaying
scheme is defined as:

POut
P-SDF(γ ,R) = Pr[ S∗ = DF]POut

DF (γ ,R|S∗ = DF)

+ Pr[ S∗ = RT]POut
RT (γ ,R|S∗ = RT)

=

⎧⎪⎪⎪⎨⎪⎪⎪⎩
POut
RT (γ ,R), dη

rd
σ 2
rd

≥ ζ

Pr
[
|h(1)

sr |2 >
f (γ ,R)

ρ1

]
POut
DF

(
γ ,R

∣∣∣|h(1)
sd |2 >

f (γ ,R)

ρ1

)
+Pr

[
|h(1)

sr |2 ≤ f (γ ,R)

ρ1

]
POut
RT (γ ,R), dη

rd
σ 2
rd

< ζ

(41)
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Figure 4 Outage probability comparison of the AF relaying and RT schemes versus the total transmission power PT . R = 1, dsr = drd = 0.8 km, dsd =
1 km, η = 3, σ 2

ij =1 where i ∈ {s, r}, j ∈ {r, d}, N0 = -80 dBm, ρ1 = ρ2 = 0.5.

In (41), POut
RT (γ ,R) and POut

DF (γ ,R||h(1)
sd |2 > f (γ ,R)) were

derived in the previous section. In addition, the probabil-
ity Pr[ |h(1)

sr |2 ≤ f (γ ,R)/ρ1] is derived as:

Pr[ |h(1)
sr |2 ≤ f (γ ,R)/ρ1]= 1 − e−dη

sr f (γ ,R)/(ρ1σ 2
sr) (42)

By applying (21), (36), and (42) to (41), the exact outage
probability of the P-SDF relaying scheme is derived.
We omit the applying result to prevent the duplicated
expression.
With the relationship in (22), at high SNR region,

through some mathematical manipulation the outage
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Figure 5 Outage probability comparison of the AF relaying and RT schemes versus dsr . R = 1, drd = 0.8 km, dsd = 1 km, η = 3, σ 2
ij =1 where

i ∈ {s, r}, j ∈ {r, d}, PT = 35 dBm, N0 = -80 dBm, ρ1 = ρ2 = 0.5.
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probability of the P-SDF relaying scheme can be approxi-
mated as:

POut
P-SDF(γ ,R) ≈

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

d2ηsd
2σ 4

sdρ2(1−α2)(ρ1+ρ2α2)

(
22R−1

γ

)2
, dη

rd
σ 2
rd

≥ ζ(
dη

sd
2ρ1ρ2σ 2

sd

){(
1 − dη

sr(22R−1)
γρ1σ 2

sr

)(
dη

rd
σ 2
rd

)
+
(

dη
srd

η

sd(22R−1)
γ σ 2

srσ
2
sd(1−α2)(ρ1+ρ2α2)

)}(
22R−1

γ

)2
, dη

rd
σ 2
rd

< ζ

(43)

Herein, we make mention of an important point of the
proposed SDF relaying scheme. Interestingly, the P-SDF
relaying scheme can provide additional diversity gain for a
specific case. As dη

rd approaches zero, (43) is approximated
as:

lim
dη

rd→0
POut
P-SDF(γ ,R) ≈

(
dη
srd2ηsd

2ρ1ρ2σ 2
srσ

4
sd(1 − α2)(ρ1 + ρ2α2)

)(
22R − 1

γ

)3
(44)

Unlike conventional relaying schemes, the P-SDF relay-
ing scheme provides the diversity order of three when the
relay is close to the destination.

Simulations and discussions
In this section, we describe our numerical and Monte
Carlo simulation results as a validation of the previously
obtained results. Through the simulations, we first show
that the outage probability of the RT scheme is compara-
ble to that of the AF relaying scheme under various sim-
ulation scenarios. And then, the outage performance of
the P-SDF relaying scheme is compared to several bench-
marks schemes. By comparison, we show that the P-SDF
relaying scheme is superior to the benchmark schemes.
For simulations, we consider the cooperative relay net-

work including one source, one relay, and one destination
under time-varying channels shown in Figure 1. Basically,
we consider the effects of large-scale and small-scale fad-
ing for all the links as described in the ‘System model’
section. Based on such considerations, we set R = 1
(b/s/Hz), dsd = 1 (km), dsr = drd = 0.8 (km), η = 3, σij = 1
where i ∈ {s, r}, j ∈ {r, d}, PT = 10 ∼ 40 (dBm), ρ1 = ρ2
= 0.5, N0 = -80 (dBm), unless otherwise specified. Each
caption in the corresponding figure includes the detailed
parameter information.

Verification of the RT scheme
The outage performance of the RT scheme is strongly
dependent on the channel variation of the SD link.
Figure 4 compares the outage probabilities of the RT
and AF relaying scheme with various correlation coeffi-
cients regarding the total transmission power PT . The RT
scheme as well as the AF relaying scheme provides the
diversity order of two even though the channel correla-
tion of the SD link during the two transmission phases is

sufficiently high, i.e., α = 0.99. In practical wireless envi-
ronments, considering the RT scheme as a possible option
for obtaining a diversity gain in cooperative relay networks
is reasonable. As α decreases, the outage performance of
the RT scheme is enhanced, and with α = 0.5, the two
curves almost overlap. In addition, the derived exact out-
age probability of the RT scheme as in (21) is well matched
with that of Monte Carlo simulation results.
Figures 5 and 6 shows the effective range of the RT

scheme depending on the path loss. With the fixed dis-
tances of drd and dsd, Figure 5 compares the outage
probabilities of both schemes regarding the distance vari-
ation between the source and relay. Although the distance
between the source and relay is sufficiently short, the out-
age performance of the AF relaying scheme does not get
better than that of the RT scheme when the channel corre-
lation of the SD link is low. This is due to the fact that the
performance of the AF relaying scheme depends on both
SR and RD links. For the case where both the distances,
dsr and drd, get shorter, the AF relaying scheme can have
better outage performance than the RT scheme as given in
Figure 6. According to the channel correlation of the SD
link and the relay location, the better scheme having lower
outage probability is determined.
In Figure 7, the ratios of the outage probability of the

RT scheme to that of the AF relaying scheme are plotted
in terms of the channel correlation of the SD link. When
the ratio is smaller than 1, it means that the RT scheme
has lower outage probability than the AF relaying scheme.
Herein, we changed the distance between the source and
relay in particular because the performance of a relaying
scheme is strongly related to the SR link condition. In the
high range of α, i.e., α = 0.6 to 0.9, the ratios are sharply
changed. This means that the RT scheme is still attrac-
tive even though the channel correlation of the SD link is
not much low. When α is around 0.5 or 0.6, the outage
probability of the RT scheme is very similar with that of
α = 0.1.

Verification of the P-SDF relaying scheme
In this subsection, we validate the outage performance
of the P-SDF relaying scheme proposed in the ‘Proposal
of a selection DF relaying scheme under time-varying
channels’ section. For comparison, we consider the three
following benchmark schemes: 1) RT scheme, which was
described in the ‘Motivation and contribution’ section,
2) DF-AF relaying scheme [9], whereby the relay adap-
tively selects the transmission mode between AF and DF
relay modes depending on the SR link, 3) SDR relaying
scheme [14], which utilizes optimal threshold for SNR-
based selective digital relaying. Since the DF-AF relay-
ing scheme adaptively selects the better relaying mode
between them, we do not consider the individual AF and
DF relaying schemes as benchmarks.
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Figure 6 Outage probability comparison of the AF relaying and RT schemes versus both dsr and drd . R = 1, dsd = 1 km, η = 3, σ 2
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Figure 8 compares the outage probability of the P-SDF
relaying scheme with those of the benchmark schemes
in terms of the total transmission power PT . Under the
scenario described in the caption of Figure 8, the P-SDF
relaying scheme has the best outage performance, whereas
all the benchmark schemes have the similar outage perfor-
mance. Compared to the benchmark schemes, 2 dB SNR
gain is obtained by the P-SDF relaying scheme.

The performance of cooperative relaying schemes is
strongly dependent on the channel quality of the SR link.
In Figure 9, we confirm the outage probability variation of
all the schemes in terms of the distance variation between
the source and relay. Figure 9 depicts that the P-SDF
relaying scheme has the best outage performance in all
ranges, even though the outage probabilities of the DF-AF
and SDR relaying schemes approaches that of the P-SDF
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Figure 8 Outage probability comparison. Of the P-SDF relaying and benchmark schemes versus the total transmission power (R = 1, dsr = drd =
0.8 km, dsd = 1 km, η = 3, σ 2

ij =1 where i ∈ {s, r}, j ∈ {r, d}, α = 0.5, N0 = -80 dBm, ρ1 = ρ2 = 0.5).

relaying scheme as the distance dsr decreases. This is
because of the fact that DF relaying is the best optionwhen
the channel quality of the SR link is sufficiently good. On
the other hand, when the channel quality of the SR link
is poor, both the outage probabilities of the DF-AF and
SDR relaying schemes perform worse than that of the RT
scheme.

The performance of the P-SDF relaying scheme is deeply
related to the channel quality of the RD link, which was
explained in the ‘Proposal of a selection DF relaying
scheme under time-varying channels’ section. Figures 10
and 11 support the analyzed results in the ‘Proposal of
a selection DF relaying scheme under time-varying chan-
nels’ section. In Figure 10, as the distance drd decreases,
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Figure 9 Outage probability comparison of the P-SDF relaying and benchmark schemes. Versus dsr (R = 1, drd = 0.8 km, dsd = 1 km, η = 3, σ 2
ij =1

where i ∈ {s, r}, j ∈ {r, d}, α = 0.5, PT = 30 dBm, N0 = -80 dBm, ρ1 = ρ2 = 0.5).
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Figure 10 Outage probability comparison of the P-SDF relaying and benchmark schemes. Versus drd (R = 1, dsr = 0.8 km, dsd = 1 km, η = 3, σ 2
ij =1

where i ∈ {s, r}, j ∈ {r, d}, α = 0.5, PT = 30 dBm, N0 = -80 dBm, ρ1 = ρ2 = 0.5).

the outage performance of the P-SDF relaying scheme
is better whereas those of the DF-AF and SDR relaying
schemes slightly get better. Figure 11 shows that the addi-
tional diversity gain can be obtained by the P-SDF relaying
scheme. When the relay is close to the destination, i.e.,
drd = 0.1 km, the P-SDF relaying provides the diversity
order of three, whereas the other schemes only provides

the diversity order of two. The P-SDF relaying scheme is
more effective when the relay is positioned on a spot near
to the destination.

Conclusions
In this paper, we investigate the availability of the direct
path in half-duplex-based cooperative relay networks
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Figure 11 Outage probability comparison of the P-SDF relaying and benchmark schemes versus PT . R = 1, dsr = 0.8 km, drd = 0.1 km, dsd = 1 km,
η = 3, σ 2

ij =1 where i ∈ {s, r}, j ∈ {r, d}, α = 0.5, N0 = -80 dBm, ρ1 = ρ2 = 0.5.
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including one source, one relay, and one destination under
time-varying channels. Unlike conventional approaches,
we proved that the RT scheme should be modeled as
a time-varying channel from a practical viewpoint. To
do that, we analyzed the outage performance of the RT
scheme and validated it through Monte Carlo simula-
tions. Based on the analysis, we provided useful insights
to employ the RT scheme in cooperative relay networks.
In addition, we proposed a SDF relaying scheme, namely,
P-SDF relaying scheme, which adaptively selects the
transmitting node during the second transmission phase
between source and relay. The P-SDF relaying scheme
resulted in better outage performance in comparison to
the conventional relaying schemes and, in particular, is
more beneficial when the relay is positioned near to the
destination. The RT scheme is applicable to all the coop-
erative relaying scenarios.
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