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Channel-Gain-Based Transmission Scheduling for Cooperative
Relaying

Naotaka SHIBATA†a), Koji YAMAMOTO†,††, Members, Hidekazu MURATA†, Senior Member,
and Susumu YOSHIDA†, Fellow

SUMMARY A cooperative relaying system with transmission schedul-
ing is investigated. Cooperative relaying is composed of multiple links
because the source sends the data to more than one receiver, and the des-
tination receives multiple data transmitted by more than one transmitter.
Therefore, if the source can transmit the data when the channel gains of the
links are high, it is not clear which channel gains should be high in order
to achieve high spectral efficiency. In the present letter, the spectral effi-
ciency of a cooperative relaying system is theoretically derived under the
assumption that the source transmits the data only when the channel gains
of links are above certain threshold values. Numerical results reveal that
a high spectral efficiency can be achieved by assuring a high channel gain
for the link with the highest average received power among links to the
destination.
key words: cooperative relaying, transmission scheduling, spectral effi-
ciency

1. Introduction

Cooperative relaying is a promising technique for exploiting
transmit diversity in a multi-hop transmission [1]–[3]. Di-
versity gain can be obtained by combining multiple signals
at receivers. Therefore, the introduction of this technique
can improve the bit error rate or the spectral efficiency (SE),
as compared to single-hop or multi-hop transmissions [1],
[2]. Moreover, cooperative relaying can improve the total
SE of wireless systems while assuring the required through-
put for each route [3].

In a number of wireless systems, transmission schedul-
ing (TS) is introduced in order to achieve more efficient use
of wireless resources [4]–[6]. By introducing TS, which al-
lows source with good channel conditions to transmit the
data, the use of power and frequency can be improved.

However, the introduction of TS into a cooperative re-
laying system has not yet been reported. Unlike multi-hop
transmission, cooperative relaying uses multiple links be-
cause the source sends the data to more than one receiver,
and the destination receives multiple data transmitted by
more than one transmitter. Therefore, if a source can trans-
mit the data when the channel gains of the links are high,
which channel gains should be high in order to achieve high
SE is not clear.
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In the present letter, the SE of a cooperative relaying
system is theoretically derived under the assumption that
the source can send the data only when the channel gains
of links are above certain threshold values. The numeri-
cal results of the evaluation suggest that the channel gains
of certain specific links should be used in TS in order to
achieve high SE.

2. System Model

In the present letter, cooperative relaying is assumed to con-
sist of a source, a destination, and a relay station as in [1],
[2]. Figure 1 shows the scheme of cooperative relaying
investigated in the present letter. In order to realize this
scheme, the available time is divided into two time slots of
equal size. In slot 1, the source sends the data to both the
relay station and the destination. In slot 2, the relay station
decodes and forwards the data received from the source. A
Rayleigh block-fading channel, as described in [1], is as-
sumed.

The SE of the wireless system is evaluated in an
interference-limited environment, where the thermal noise
is negligible compared to the interference. We approximate
the interference signals as additive Gaussian noise, as de-
scribed in [7]. All sources in the system transmit the data
using cooperative relaying, as in [3]. Moreover, all sources
are assumed to transmit the data in 100pth % of the time by
introducing the TS, where pth represents the transmission
probability. These assumptions are reasonable because the
goal is to evaluate the effect of introducing the TS to the co-
operative relaying system. The transmit power is assumed
to be the same at each transmitter. Omnidirectional antennas
are used at all stations. There is sufficient distance between
any two routes, so that the average interference power is as-
sumed to be the same for all of the transmitters in a given
route.

Fig. 1 Scheme of cooperative relaying investigated in the present letter.
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2.1 TS

In the present analysis, the TS based on channel gains, as
described in [4], is adopted. The source is assumed to send
data only when the square of the channel gain, |h|2, is above
a threshold value, Hth. The probability P(|h|2 > Hth) that |h|2
is higher than Hth is given as

P(|h|2 > Hth) =
∫ ∞

Hth

e−xdx = e−Hth . (1)

This is because the value of |h|2 follows an exponential dis-
tribution under a Rayleigh fading channel.

2.2 Cooperative Relaying with TS

Cooperative relaying consists of three links: the source-
destination link, the source-relay link, and the relay-
destination link. Let us denote the channel gains of the
source-destination link, the source-relay link, and the relay-
destination link as hSD, hSR, and hRD, respectively. The TS
allows the source to transmit the data only when hSD > HSD,
hSR > HSR, and hRD > HRD. Here, HSD, HSR, and HRD

are the thresholds of the source-destination link, the source-
relay link, and the relay-destination link, respectively, in
TS. For example, if only the source-destination link and the
source-relay link are used for TS, then HRD is set to zero so
that the source can transmit the data at any hRD.

These thresholds should be set to satisfy the following
relationship for a given transmission time, pth.

pth = P(|hSD|2 ≥ HSD) · P(|hSR|2 ≥ HSR) · P(|hRD|2 ≥ HRD)

= e−HSD e−HSR e−HRD . (2)

Our goal is to evaluate the maximum SE depending on the
links used for TS. Therefore, we evaluate the maximum
SE by varying HSD, HSR, and HRD while satisfying Eq. (2).
Moreover, the same values of HSD, HSR, and HRD are used
for all routes in the system.

2.3 Wireless Systems with TS

By introducing the TS, the transmission probabilities of all

Fig. 2 Received SIR after the introduction of TS.

routes are reduced to pth. The number of simultaneous com-
munications is thus reduced to pth. The received signal-to-
interference power ratio (SIR), therefore, increases to ap-
proximately 1/pth at each receiver, as shown in Fig. 2. The
validity of this assumption will be discussed later.

3. Total SE

The total SE of the system is evaluated by multiplying the
SE per route and the density of simultaneous communica-
tions. We use the expression given in [2] to evaluate the SE
of cooperative relaying. Let us define SE as the maximum
end-to-end bit rate through multiple hops per unit band-
width. Moreover, we use the expression in [3] to evaluate
the density of simultaneous communications.

3.1 SE of Cooperative Relaying

The source encodes the data so that all of the receivers can
decode the data. The transmission rate of the source, R1,
must satisfy the following so that the relay station can de-
code the data:

R1 ≤ log2

(
1 + |hSR|2γSR

)
�Rmax

relay, (3)

where γSR is the average received SIR of the source-relay
link. The transmission rate R1 must also satisfy the follow-
ing so that the destination can decode the data:

R1 ≤ log2

(
1 + |hSD|2γSD + |hRD|2γRD

)
� Rmax

1 . (4)

Here, γSD and γRD are the average received SIR of
the source-destination link and the relay-destination link.
Therefore, the SE of cooperative relaying, Rcoop, is ex-
pressed as

Rcoop =
1
2

min{Rmax
relay,R

max
1 }, (5)

where 1/2 represents the effect of dividing the available time
into two time slots. Additional details are given in [2].

Let us define the 100p % outage SE as the SE that can
be achieved in 100(1 − p) % of the transmission time. The
100p % outage SE, Cout(p), is obtained by solving the fol-
lowing equation:

P(Rcoop < Cout(p)) = p. (6)

3.2 Density of Simultaneous Communications

The density of simultaneous communications is defined to
be the maximum density of communications, while all sta-
tions achieve the required average SIR γ. We consider the
case in which the required average SIR is γQPSK and the den-
sity of simultaneous communications is ρQPSK, as a standard
for comparison.

We consider each distance among simultaneous com-
munications to become z times larger than the distance in
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the standard case. The interference power at each receiver is
then reduced to 1/zα. Here, α represents the path loss expo-
nent. Thus, the average SIR γ is expressed as γ = zαγQPSK.
On the other hand, the density of simultaneous communi-
cations becomes 1/z2 times smaller than that in the standard
case. The density of simultaneous communications is, there-
fore, given by

ρ(γ)=
ρQPSK

z2
· pth=

(
γQPSK

γ

)2/α

ρQPSK · pth, (7)

where pth represents the average reduction of the density of
simultaneous communications resulting from the introduc-
tion of the TS.

4. Results

4.1 Interference Power after Introducing TS

Computer simulation is used to examine the validity of the
assumption described in Sect. 2.3 by evaluating the effect
of introducing the TS on the interference power. Let the
distance from the source to the destination be denoted by D.
The simulation area is set to a 50D × 50D square area. All
sources transmit the data using cooperative relaying. The
relay station is assumed to be located at the center point of
the line segment from the source to the destination. The
simulation parameters are listed in Table 1.

Each transmitter is assumed to be able to transmit its
data if the interference power from each of the other sta-
tions is lower than a threshold. This assumption is equiva-
lent to carrier sense [8]. This threshold is used as a parame-
ter to change the number of simultaneous communications.
When the number of simultaneous communications is in-
creased, the average received SIR is decreased. Two time
slots are randomly allocated to the source and the relay sta-
tion under the condition that both of time slots can transmit
the data. After no other station can begin to transmit the
data, the interference power of each link is evaluated. Let
the interference power at the destination at this time be de-
noted by I0, and let the average received SIR of the source-
destination link at this time be denoted by γSD. The value
of γSD is the average value for all receivers. Then, the TS
is introduced so that each route transmits in 100pth % of the
time. The route can transmit the data when the square of
the channel gain of the source-destination link is above Hth,
where Hth = − ln(pth). Let the interference power at this
time be denoted by I1. The value of I1/I0 represents the rate
of decrease in the interference power by introducing the TS.

Figure 3 shows the cumulative density function (CDF)
of I1/I0. The value of I1/I0 is distributed from 0.4 to 0.6

Table 1 Parameters used in the evaluation.

Parameters Values
Path loss exponent α 2

Channel model Rayleigh fading
Area environment Interference-limited

when pth = 0.5 and is distributed from 0.7 to 0.9 when
pth = 0.8. This is because the number of simultaneous com-
munications is reduced to approximately pth by introducing
the TS. However, there is a slight difference between I1/I0

and pth because the stations are randomly located.

4.2 Numerical Results

The outage SE is evaluated using the parameters shown in
Table 1. We evaluate the maximum 1% outage SE, Cmax

out (1),
by varying HSD, HSR, and HRD while satisfying Eq. (2). The
1% outage SE per area will be given by multiplying Cmax

out (1)
and the density of simultaneous communications, ρ(γSD),
i.e., Cmax

out (1)ρ(γSD) = Cmax
out (1)(γQPSK/γSD)(2/α)ρQPSK pth.

Figures 4(a) and 4(b) show the 1% outage SE per area when
the relay station is located at the center point of the line
segment from the source to the destination (γSR = γRD =

2αγSD). The value of pth is set to 0.5 in Fig. 4(a) and is set
to 0.8 in Fig. 4(b). The symbols in the figures represent the
links used for TS. For example, “SD, SR” means that the
channel gains of the source-destination link and the source-
relay link are used for TS and HRD is set to zero. The case
of “w/o TS” represents the 1% outage SE of the cooperative
relaying system without the TS (pth is set to 1).

The lowest 1% outage SE is achieved in the case of
“SD, RD,” where the source-relay link is not used for TS.
This implies that the channel gain of the source-relay link
must be high in order to achieve high spectral efficiency.
This is because the relay station has to correctly decode the
signal from the source. The highest 1% outage SE per area is
achieved in the cases of “SD, SR, RD” and “SR, RD.” This
implies that the channel gain of the source-destination link
can be ignored in TS. This is because γSD is assumed to be
low compared to γRD, and thus the source-destination link
has less of an impact on Eq. (4) and almost no impact on the
outage SE. When the position of the relay station changes so
that γRD < γSD, the source-relay link has almost no impact
on the SE.

These results do not depend on pth because the same

Fig. 3 Effect of introducing the TS on the average interference power.
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Fig. 4 1% outage SE per area when γSR = γRD = 2αγSD.

Fig. 5 1% outage SE per area when γSR = γRD = γSD.

distribution is used for the channel gain of each link. How-
ever, the value of the maximum 1% outage SE per area is
different for Fig. 4(a) and Fig. 4(b). The 1% outage SE in
Fig. 4(b) is higher when γSD ≥ 10 dB. This is because each
station has a greater chance to transmit the data, and there-
fore the density of simultaneous communications is higher.
On the other hand, the 1% outage SE in Fig. 4(a) is higher
when γSD < 10 dB. This is because the interference power
is decreased, and so the SIR increases at each station.

Figures 5(a) and 5(b) show the maximum 1% outage
SE per area when the source, destination, and relay station
are located at the vertices of an equilateral triangle (γSR =

γRD = γSD). The value of pth is set to 0.5 in Fig. 5(a) and is
set to 0.8 in Fig. 5(b). The highest 1% outage SE is achieved
in the cases of “SD, SR, RD,” “SR, RD,” and “SD, SR.” This
implies that when the receiver receives multiple signals with
the same average received power, the channel gain of one of
the signals must be high in order to achieve high spectral

efficiency.

5. Conclusion

We evaluated the spectral efficiency of a cooperative relay-
ing system with transmission scheduling based on the chan-
nel gains of multiple links. The channel gain of the source-
relay link must be high because the relay has to correctly
decode the signal from the source. In contrast, the channel
gain of the source-destination link can be ignored for trans-
mission scheduling when the average received power of the
source-destination link is low.
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