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SUMMARY The spectral efficiency of cooperative relaying in
interference-limited environments in which a given channel is spatially
reused is investigated. Cooperative relaying is a promising technique that
uses neighboring stations to forward the data toward the destination in or-
der to achieve spatial diversity gain. It has been reported that by introduc-
ing cooperative relaying into communication between an isolated source-
destination pair, the error rate or spectral efficiency is generally improved.
However, it is not intuitively clear whether cooperative relaying can im-
prove the performance in interference-limited environments because the
simultaneous transmission of multiple stations increases the number of in-
terference signals. Assuming the most fundamental cooperative relaying
arrangement, which consists of only one relay station, numerical results
reveal that cooperative relaying is not always superior to non-cooperative
single-hop and two-hop transmissions in terms of spectral efficiency.
key words: cooperative relaying, multihop, area spectral efficiency, band-
width efficiency

1. Introduction

Recent advancements in radio technologies and the success
of the Internet have shown the potential of information sys-
tems as ubiquitous networks that are accessible from any-
where, at any time, and with any device [1]. A key enabling
technology for such networks is multihop transmission. By
using multihop transmission, signals are forwarded from a
source to its intended destination, which can be relatively
distant [2]. For this type of wide-area radio network, re-
ferred to as a multihop radio network, high spectral effi-
ciency is required because the amount of spectrum available
for wireless systems is limited. A new technique to enhance
the spectral efficiency of multihop radio networks is cooper-
ative relaying [3]–[8].

In cooperative relaying, the source, destination, and re-
lay stations share their resources to forward the data, which
achieves spatial diversity gain against fading. The perfor-
mance of cooperative relaying has mainly been evaluated in
terms of error rate or spectral efficiency assuming a single-
isolated communication [6]–[8] or two pairs of communica-
tions [3], [5]. It has been reported that the introduction of
cooperative relaying reduces the error rate and enhances the
spectral efficiency. In particular, it has been reported that
cooperative relaying outperforms non-cooperative multihop
transmission in terms of spectral efficiency.
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One of the remaining issues in cooperative relaying is
its introduction to radio communication systems, in which
co-channel interference exists. It is not intuitively clear
whether such cooperative relaying can improve the spec-
tral efficiency in interference-limited environments as effec-
tively as is expected in noise-limited environments. This is
because in some cooperative relaying systems, more than
one station may transmit simultaneously in order to achieve
diversity gain. Simultaneous transmission inherently in-
creases the number of co-channel interference sources, as
compared to non-cooperative two-hop transmission, and it
may be impossible to achieve a significant improvement, as
is expected in isolated environments.

Assuming a simple but fundamental cooperative relay-
ing arrangement, which consists of only one relay station
between a source and a destination, as described in [6],
the present paper introduces a meaningful theoretical frame-
work for analyzing two types of spectral efficiency for co-
operative relaying systems: bandwidth efficiency (BE) and
area spectral efficiency (ASE) in interference-limited envi-
ronments. BE is defined to be the maximum end-to-end bit
rate through multiple hops per unit bandwidth. ASE is de-
fined to be the BE per unit area as defined in cellular net-
works [9]–[11].

The remainder of the present paper is organized as fol-
lows. In Sect. 2, we discuss a system model and introduce
cooperative relaying. In Sect. 3, we derive and evaluate the
BE in interference-limited environments while considering
the BE in noise-limited environments [6]. In Sect. 4, we
investigate the ASE of cooperative relaying systems. Sec-
tion 5 concludes the present paper with a summary and some
final remarks.

2. System Model

2.1 General Assumptions

Consider a cooperative relaying system with only one re-
lay candidate (R) located between a given source (S) and
destination (D), as illustrated in Fig. 1(a). Each station is
equipped with an omnidirectional antenna and is assumed
to be able to either transmit or receive at a given time.

2.2 Interference-Limited Environments

We assume interference-limited environments in which co-
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Fig. 1 Solid arrows represent desired signals and dashed arrows
represent co-channel interference.

channel interference is dominate over the thermal noise. All
interference signals are assumed to be equivalent to Gaus-
sian noise over the channel, as in [12] (which is discussed in
more detail in [10]).

In order to represent the density of the simultaneous
communication, we introduce the end-to-end carrier to in-
terference ratio (ECIR) as follows. Consider the situation in
which every source transmits directly to a designated des-
tination regardless of whether each source-destination pair
can communicate directly, as shown in Fig. 1(a), and we
designate the received carrier-to-interference ratio (CIR) as
being the ECIR. This ECIR is considered to be an appro-
priate parameter to reflect the density of the simultaneous
communication since the absolute value of this density does
not have meaning in the following simple model (which is
discussed in more detail in [13]). We first evaluate the BE
using the ECIR as a parameter. We then show the relation-
ship between ASE and BE, which does not depend on the
ECIR.

The spectral efficiency of cooperative relaying is sensi-
tive to several factors, particularly fairness [14], [15]. Since
the main purpose of this investigation is to examine the im-
pact of cooperative relaying on the spectral efficiency of
wireless networks, we set aside the fairness problem for
now. Thus, we investigate the spectral efficiency under the
condition that all communication at a given time has almost

Fig. 2 Three cooperative and two non-cooperative schemes. Solid ar-
rows represent transmissions in slot 1 and dashed arrows represent trans-
missions in slot 2.

the same condition, i.e., communication methods for all
transmissions are the same and ECIR is larger than γ. In ad-
dition, the interference power from the source and that from
the designated relay station are assumed to be the same.

2.3 Cooperative Relaying

One technique to enable forwarding of a signal under the
above assumptions is dividing the spectrum into different or-
thogonal time slots and allocating these slots to each trans-
mitting station [6]. Time slots are assumed not to be syn-
chronized among all routes.

The relay station is assumed to decode and forward the
signal received from the source to the destination using two
time slots and let i (= 1, 2) denote the index of the slot. We
assume the following three cooperative schemes (RD, SR),
(RD, R), and (R, SR) and two non-cooperative schemes, as
shown in Fig. 2, where for example (RD, SR) denotes that
both R and D receive in slot 1 and both S and R transmit in
slot 2.

(RD, SR) This scheme is proposed in [6]. In slot 1, both
the relay station and the destination receive the signal
from the source. In slot 2, both the source and the relay
station transmit to the destination.

(RD, R) This scheme is proposed in [5], [16]. In slot 1, both
the relay station and the destination receive the signal
from the source. In slot 2, only the relay station trans-
mits to the destination.

(R, SR) This scheme is also proposed in [5], [16]. In slot
1, only the relay station receives the signal from the
source. In slot 2, both the source and the relay station
transmit to the destination.

Single-hop In slots 1 and 2, the source transmits directly to
the destination.

Two-hop In slot 1, only the relay station receives the signal
from the source. In slot 2, only relay station transmits
to the destination.
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3. Bandwidth Efficiency

3.1 Analysis

In this section, we modify the performance expressions of
cooperative relaying in [6] in order to investigate the effect
of co-channel interference.

3.1.1 Cooperative Relaying (RD, SR)

The signal transmitted by the source in slot i is denoted as
xi. Let Ii denote the interference power in slot i. The signal
received by the relay station in slot 1 is then given by

yR,1 =
√

ESRhSRx1 + nR,1 (1)

where ESR denotes the average signal energy at the relay
station, hSR denotes a complex unit-power channel gain, and
nR,1 ∼ CN(0, I1) is interference treated as Gaussian noise
process in slot 1. Similar to (1), the signals received by the
destination in slots 1 and 2 are given by

yD,1 =
√

ESDhSDx1 + nD,1

yD,2 =
√

ESDhSDx2 +
√

ERDhRDx1 + nD,2 (2)

where ESD and ERD denote the average signal energy at the
destination through S-D and R-D links, hSD and hRD denote
complex unit-power channel gains through S-D and R-D
links, and nD,i ∼ CN(0, Ii) is interference treated as Gaus-
sian noise process in slot i.

Let I denote the interference power when every source
transmits directly to a designated destination as shown in
Fig. 1(a). Then the average received ECIR can be written as
γ = ESD/I. In addition, let λi = I/Ii, μ = ESR/ESD, and
ν = ERD/ESD, we can rewrite (2) as[√

λ1yD,1√
λ2yD,2

]

=

[ √
ESDλ1hSD 0√
ERDλ2hRD

√
ESDλ2hSD

] [
x1

x2

]
+

[√
λ1nD,1√
λ2nD,2

]

=
√

IγA

[
x1

x2

]
+

[√
λ1nD,1√
λ2nD,2

]
(3)

where

A =

[ √
λ1hSD 0√
λ2νhRD

√
λ2hSD

]
. (4)

In the following, we assume a frequency-flat block fading
channel, the relay station has the perfect information of hSR,
and the destination has the perfect information of hSD and
hRD. In order for the relay station to be able to decode the
signal, the transmission rate in slot 1, R1, must satisfy

R1 < log2

(
1 +

ESR|hSR|2
I1

)

= log2

(
1 + |hSR|2μλ1γ

)
� Rmax

relay. (5)

In addition, in order to decode at the destination, the trans-
mission rate in slot i, Ri, must satisfy

R1 < log2

(
1 + ‖a‖2γ

)
= log2

(
1 + |hSD|2λ1γ + |hRD|2νλ2γ

)
� Rmax

1 (6)

R2 < log2

(
1 +

ESD|hSD|2
I2

)

= log2

(
1 + |hSD|2λ2γ

)
� Rmax

2 (7)

where a denote the first column of A and ‖ · ‖ is the Eu-
clidean norm. In addition, since the relation between input
and output (3) can be treated as a multiple-input multiple-
output (MIMO) channel, the sum rate R1 + R2 must satisfy

R1 + R2 < log2 det
(
I2 +AAHγ

)
= log2

[
1 +

(
|hRD|2νλ2 + |hSD|2(λ1 + λ2)

)
γ

+|hSD|4λ1λ2γ
2
]
� Rtotal (8)

where I2 denotes the identity matrix of size 2, rather than the
interference power. Since the sum rate R1 + R2 must satisfy
the capacity for the receptions at both the relay station and
the destination, the sum rate is constrained by

R1 + R2 < min
{
Rtotal,R

max
relay + Rmax

2

}
(9)

(more details in [6]). Ergodic capacity as a function of ECIR
γ can be expressed as

f(RD,SR)(γ) =
1
2

min
{
E

[
log2

[
1 +

(
|hRD|2νλ2

+|hSD|2(λ1 + λ2)
)
γ + |hSD|4λ1λ2γ

2
]]
,

E
[
log2

(
1 + |hSR|2μλ1γ

)
+ log2

(
1 + |hSD|2λ2γ

)]}
(10)

where the factor 1/2 represents two slots required for this
scheme and E denotes the expectation operator.

3.1.2 Cooperative Relaying (RD, R)

Since the source does not transmit in slot 2, unlike the
scheme (RD, SR), the received signals can be written as[√

λ1yD,1√
λ2yD,2

]
=

[ √
ESDλ1hSD√
ERDλ2hRD

]
x1 +

[√
λ1nD,1√
λ2nD,2

]

=
√

Iγa x1 +

[√
λ1nD,1√
λ2nD,2

]
. (11)

The transmission rate R1 has to satisfy the capacity con-
straint for the receptions at both the relay station and the
destination as

R1 < min
{
Rmax

relay,R
max
1

}
. (12)

Ergodic capacity can be expressed as

f(RD,R)(γ) =
1
2

min
{
E

[
log2

(
1 + |hSR|2μλ1γ

)]
,

E
[
log2

(
1 + |hSD|2λ1γ + |hRD|2νλ2γ

)]}
. (13)



YAMAMOTO et al.: SPECTRAL EFFICIENCY OF FUNDAMENTAL COOPERATIVE RELAYING IN INTERFERENCE-LIMITED ENVIRONMENTS
2677

3.1.3 Cooperative Relaying (R, SR)

Since the destination does not receive in slot 1, unlike the
scheme (RD, SR), the received signal can be written as

√
λ2yD,2 =

[√
ERDλ2hRD

√
ESDλ2hSD

] [x1

x2

]
+

√
λ2nD,2

=
√

Iγ bT

[
x1

x2

]
+

√
λ2nD,2 (14)

where bT is the second row of A. Since this relation can be
treated as a multiple-input single-output (MISO) channel,
the sum rate R1 + R2 must satisfy

R1 + R2 < log2

(
1 + ‖b‖2γ

)
= log2

(
1 + |hSD|2λ2γ + |hRD|2νλ2γ

)
� Rmax′

1 .

In addition, the sum rate must satisfy the capacity constraint
for the reception at the relay station,

R1 + R2 < min
{
Rmax′

1 ,Rmax
relay + Rmax

2

}
. (15)

Ergodic capacity can be expressed as

f(R,SR)(γ) =
1
2

min
{
E

[
log2

(
1 + |hSD|2λ2γ + |hRD|2νλ2γ

)]
,

E
[
log2

(
1 + |hSR|2μλ1γ

)
+ log2

(
1 + |hSD|2λ2γ

)]}
.

(16)

3.1.4 Single-Hop Transmission

The signal received by the destination in slot i is given by

yD,i =
√

ESDhSDxi + nD,i. (17)

The transmission rate must satisfy

Ri < log2

(
1 +

ESD|hSD|2
I

)
. (18)

Since for single-hop transmission there is no difference in
capacity between both slots 1 and 2, ergodic capacity can be
expressed as

f1(γ) = E
[
log2

(
1 + |hSD|2γ

)]
. (19)

3.1.5 Two-Hop Transmission

Two-hop transmission is different from cooperative relaying
(RD, R) in that the destination does not receive in slot 1.
By eliminating the factor related to the S-D path in (13), we
obtain the ergodic capacity of the two-hop channel

f2(γ) =
1
2

min
{
E

[
log2

(
1 + |hSR|2μλ1γ

)]
,

E
[
log2

(
1 + |hRD|2νλ2γ

)]}
. (20)

Table 1 Ratio of interference power λ1, λ2.

1, 2-hop, (RD, R) (RD, SR), (R, SR)
λ1 1 2/3
λ2 1 2/3

Table 2 Parameters used in the evaluation.

Parameters Values
Path loss exponent α 2, 3.5

Channel model Rayleigh fading
Area environment Interference-limited

3.1.6 Number of Interference Signals

There are two types of transmission in terms of the num-
ber of transmitters in a route. When using schemes (RD,
SR) or (R, SR) both the source and the relay station transmit
in slot 2, as shown in Fig. 1(b), resulting in doubled inter-
ference signals compared to other situations in which either
the source or the relay station transmit during a given time.

We then consider the resultant CIR when using
schemes (RD, SR) or (R, SR). When assuming different
transmissions are not synchronized, on average, in half of
the routes both the source and the relay station transmit si-
multaneously, and in the other half of the routes either the
source alone or the relay station alone transmits. Therefore,
the number of interference signals is increased by a factor
of 3/2, and the received CIR in the (RD, SR) and (R, SR) is
approximately 2/3 of that in the other schemes. Table 1 sum-
marizes the ratio of interference power λi for each scheme.

3.2 Numerical Results

Table 2 summarizes the parameters used in the following
evaluation. The complex channel gains hSD, hSR, and hRD

are assumed to be i.i.d. CN(0, 1), i.e., Rayleigh fading. We
assume path loss with the path loss exponent α. For the
sake of simplicity, the effect of shadowing is not considered.
Since the interference-limited situation is assumed, the ab-
solute value of transmit power does not have an impact on
the received CIR. Thus, the transmit power is assumed to be
the same for all stations. Note that it is not fair to compare
these schemes in terms of power consumption.

Let (xR, yR) denote the position of the relay station
when assuming the positions of the source and the des-
tination are (0, 0) and (1, 0). Unless otherwise specified,
the relay station is assumed to be on the center point of
a straight line segment from the source to the destination
((xR, yR) = (0.5, 0), i.e. μ = ν = 2α). While these assump-
tions are not necessarily realistic, they do enable us to gain
insight into the design of cooperative relaying systems.

3.2.1 Noise-Limited Environments

For comparison, we first evaluate the BE of single-isolated
communication, i.e., in noise-limited environments. The BE
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Fig. 3 Bandwidth efficiency in noise-limited environments, (xR, yR) =
(0.5, 0).

in noise-limited environments can be obtained by substitut-
ing λ1 = λ2 = 1 into Eqs. (10), (13), (16), (19), and (20),
and replacing ECIR with the end-to-end carrier to noise ra-
tio (ECNR), which is the received CNR at the destination
regardless of whether the source and destination can com-
municate directly. The ECNR is a parameter that reflects
both the transmit power per station and the end-to-end dis-
tance [13]. This substitution results in the same expression
on ergodic capacity as described in [6] being obtained.

Figure 3 shows the BE in noise-limited environments.
The (RD, SR) scheme always outperforms the other two co-
operative relaying schemes because only this scheme has the
same multiplexing gain as in MIMO, as shown in (8). In ad-
dition, (R, SR) always outperforms (RD, R). Note that these
relationships are still preserved for any particular position of
the relay station [6].

Let us next compare the (RD, SR) and non-cooperative
single-hop transmission. Since λ1 = λ2 = 1, and assum-
ing μ|hSR|2 > |hSD|2 (recall that μ = 2α and E[|hSR|2] =
E[|hSD|2] = 1), f(RD,SR)(γ) satisfies

f(RD,SR)(γ)

=
1
2

min
{
E

[
log2

[
1 +

(
|hRD|2ν + 2|hSD|2

)
γ + |hSD|4γ2

]]
,

E
[
log2

(
1 + |hSR|2μγ

)
+ log2

(
1 + |hSD|2γ

)]}

>
1
2

min
{
E

[
log2

(
1 + 2|hSD|2γ + |hSD|4γ2

)]
,

E
[
2 log2

(
1 + |hSD|2γ

)]}
= E

[
log2

(
1 + |hSD|2γ

)]
= f1(γ)

which demonstrates that (RD, SR) outperforms single-hop
transmission.

Two-hop transmission and (RD, R) have almost the
same performance. This is because the first term dominates
in Eq. (13) and both the first and second terms in Eq. (20)
have approximately the same value as the dominant first
term in Eq. (13) due to the assumption that the relay station
is located at the center between the source and the destina-
tion.

3.2.2 Interference-Limited Environments

Figure 4 shows the BE in interference-limited environments.
The technique to achieve the highest BE is changed from
single-hop transmission to the (RD, SR) scheme and then to
two-hop transmission and the (RD, R) scheme. Note that,
in contrast to the noise-limited situation, (RD, SR) is not
always superior to the other four schemes because of the re-
duction in each CIR value due to the simultaneous transmis-
sion of the source and the relay station in slot 2. On the other
hand, (RD, R) or two-hop transmissions do not have an im-
pact on the number of simultaneous transmissions compared
to single-hop transmissions.

In noise-limited environments, the advantage of (RD,
SR) over (RD, R) and (R, SR) depends on neither ECNR
nor the position of the relay station [6]. As described above,
however, in interference-limited environments, the advan-
tage depends on the ECIR and may also depend on the po-
sition of the relay station. Figure 5 shows the dependence
of the technique achieving the highest BE on the position of
the relay station (xR, yR). When the ECIR is high, single-
hop transmission achieves the highest BE for most positions
of the relay station, as shown in Fig. 5(a), and cooperative
relaying achieves the highest BE only if a relay station near
the destination can be used. Along with the reduction in
the ECIR, the area where cooperative relaying achieves the
highest BE is expanded, as shown in Figs. 5(b) to 5(d).

The effective area of cooperative relaying is approxi-
mately an overlapped area of two intersecting circles, the
centers of which are located at the source and the destina-
tion. The effective area of (RD, R) is located nearer to the
source than that of (RD, SR) and (R, SR) because when us-
ing (RD, R) and the relay station cannot decode the signal,
the destination does not receive any signal in slot 2, and thus
the BE of (RD, R) is more highly dependent on the capacity
of the link between the source and the relay station (the first
term in (13)) compared to (RD, SR) and (R, SR).
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3.3 Computer Simulation

In order to verify the assumption concerning the interfer-
ence described in Sects. 2.2 (recall that the ECIR’s of all si-
multaneous communication pairs are greater than γ and the

Fig. 4 Bandwidth efficiency in interference-limited environments,
(xR, yR) = (0.5, 0).

Fig. 5 Most effective technique to achieve high bandwidth efficiency, α = 3.5. When the relay station
is in a non-dotted area, single-hop transmission is the most effective technique.

interference power from the source and that from the des-
ignated relay station are assumed to be the same) and 3.1.6
(recall that the received CIR of (RD, SR) and (R, SR) is ap-
proximately 2/3 that of other cases), a computer simulation
is used to evaluate the BE in random networks.

Table 3 summarizes the parameters used in the sim-
ulation. Source-destination pairs are uniformly and inde-
pendently distributed in a two-dimensional square area and
remain stationary throughout the evaluation. The distance
between the source and the destination is set to be less than
500 m.

The relay station is assumed to be located at the mid-
point of a straight line segment that runs from the source
to the destination because the purpose of this simulation is
to verify the above assumptions in the analytical evaluation,
and not to evaluate the impact of route selection. It is ex-
pected that similar results will be obtained according to the
number of relay stations when there are uniformly and inde-
pendently distributed relay stations and we select the relay
station nearest to the center point.

Since the purpose of the present paper is to evaluate the
impact of simultaneous communication on the capacity of
cooperative relaying, each station pair is assumed to contin-
uously communicate using the same power and same com-
munication scheme only when the received carrier power at
the source from already transmitting sources below a cer-
tain threshold. After the above procedure has been com-
pleted for all of the sources, the CIR’s of S-R, R-D, and S-D
are calculated, and based on these CIR’s the ECIR and BE
are evaluated. The threshold of this simple carrier sensing
mechanism is used as a parameter to change the density of
the simultaneous communication.

Figure 6 shows the BE. The order of performance is
the same as that from numerical evaluations, as shown in
Fig. 4(b). Thus the results validate the assumption used in

Table 3 Parameters used in the simulation.

Parameters Values
Path loss exponent α 3.5

Channel model Rayleigh fading
Area environment Interference-limited

System area 10 km× 10 km
Number of communications < 104
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Fig. 6 Simulation result of bandwidth efficiency in interference-limited
environments, (xR, yR) = (0.5, 0), α = 3.5.

the numerical evaluation even for wireless networks with
access control based on simple carrier sensing. Note that,
since the simulation results are based on different assump-
tions than the results obtained by numerical evaluations,
comparison of the absolute values of the average bandwidth
efficiency is meaningless.

4. Area Spectral Efficiency

In radio communication systems, spatial channel reuse has
a large impact on the ASE. In a single-hop transmission
scenario, the decrease in the required CIR allows more si-
multaneous communications in a given area. However, each
station should transmit at a lower rate. In addition, the in-
troduction of two-hop transmission or cooperative relaying
can decrease the required ECIR and allow more simultane-
ous communications.

In [13], we reported that the tradeoff between the ASE
and BE of each communication is such that the use of multi-
hop transmission can increase the ASE. Next, we investigate
the impact on this tradeoff of the introduction of cooperative
relaying. Under the assumptions described in Sect. 2.2, the
ASE is the product of the BE and the density of the simulta-
neous communication.

4.1 Analysis

Recall that we have assumed that the ECIR’s of all simul-
taneous communication pairs are greater than γ and that the
communication schemes of all station pairs are the same.
Let ρ(γ) denote the density of the simultaneous communi-
cation achieving the given ECIR γ.

For comparison, we also consider single-hop radio net-
works with QPSK. Let γQPSK denote the required carrier-to-
interference plus noise ratio (CINR) for QPSK, which satis-
fies BE = 2. In order to satisfy γQPSK, we assume that the
distances between simultaneous communications need to be
multiplied by z, while maintaining the distance between the

source and the destination. The interference power is then
reduced to roughly 1/zα of the given network, so that the
ECIR’s of all transmissions satisfy the following condition:

zαγ = γQPSK. (21)

Let ρQPSK be the density of the simultaneous communica-
tion, and let ηQPSK be the ASE of single-hop transmission
with QPSK. The density of the simultaneous communica-
tion is reduced to roughly 1/z2 of the given network

ρQPSK = ρ(γ)/z
2

=

(
γ

γQPSK

)2/α

ρ(γ) (22)

Since the BE of QPSK is 2, the ASE of single-hop transmis-
sion with QPSK is expressed as the product of the BE and
the density of the simultaneous communication

ηQPSK = 2 · ρQPSK

= 2

(
γ

γQPSK

)2/α

ρ(γ). (23)

Solving (23) for ρ(γ) yields

ρ(γ) =
1
2

(
γQPSK

γ

)2/α

ηQPSK. (24)

The ASE of the given network is approximated by the prod-
uct of ρ(γ) and BE calculated in Sect. 3.

4.2 Numerical Evaluations

Figure 7 shows the ASE for the two different path loss expo-
nents α, where the absolute value of ηQPSK depends on the
specific value of the path loss exponent α. Therefore, there
is no way to conduct a direct comparison between Figs. 7(a)
and 7(b).

Along with the decrease in ECIR, two-hop transmis-
sion outperforms single-hop transmission. Note that in
terms of both BE in noise-limited environments in Fig. 3(b)
and ASE in Fig. 7(b), the performances of two-hop and
single-hop transmissions intersect at the same ECINR.
However, since the use of (RD, SR) or (R, SR) increases the
number of interference, the performances of (RD, SR) and
other schemes do not intersect at exactly the same ECINR.
Therefore, in order to evaluate the ASE of cooperative re-
laying, it is necessary to take into account the increase in
the number of interference.

The tradeoff between ASE and BE [13] indicates that
there is an achievable region of ASE and BE. Figure 8 shows
that (RD, SR) expands the achievable region compared to
single-hop and two-hop transmissions, where 0.5 < BE <
4 (α = 2) and 2 < BE < 6 (α = 3.5). Note that, this
tradeoff does not depend on the ECIR. Therefore, this type
of cooperative relaying is truly effective for increasing the
spectral efficiency of wireless systems.
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Fig. 7 Area spectral efficiency in interference-limited environments,
(xR, yR) = (0.5, 0).

5. Concluding Remarks

Assuming the most fundamental cooperative relaying, we
have examined two types of spectral efficiency. First, we in-
vestigated the spectral efficiency per communication, which
is referred to as the bandwidth efficiency. Numerical re-
sults revealed that the advantage of cooperative relaying in
interference-limited environments depends on the density of
the simultaneous transmission because of the increase in the
number of interference signals, but does not depend on the
density in noise-limited environments.

Next, we examined the impact of cooperative relaying
on the tradeoff between bandwidth efficiency and overall
spectral efficiency of wireless networks, referred to as the
area spectral efficiency. The numerical results also reveal
that the use of cooperative relaying expands the achievable
region of area spectral efficiency and bandwidth efficiency
compared to non-cooperative single-hop and two-hop trans-
missions.

Fig. 8 Area spectral efficiency vs. bandwidth efficiency in
interference-limited environments, (xR, yR) = (0.5, 0).

We would like to emphasize that the purpose of the
present paper is to clarify the circumstances under which co-
operative relaying outperforms non-cooperative single-hop
or two-hop transmission. We hope that the results presented
in the present paper will provide insights that are useful in
designing cooperative relaying systems. Further research is
required for route selections in cooperative relaying.
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nels: Performance limits and space-time signal design,” IEEE J. Sel.
Areas Commun., vol.22, no.6, pp.1099–1109, Aug. 2004.

[7] M. Haenggi, “Analysis and design of diversity schemes for ad hoc
wireless networks,” IEEE J. Sel. Areas Commun., vol.23, no.1,
pp.19–27, Jan. 2005.

[8] T. Ohtsuki, “Performance analysis of statistical STBC cooperative
diversity using binary sensors with observation noise,” IEICE Trans.
Commun., vol.E89-B, no.3, pp.970–973, March 2006.

[9] R. Haas and J.C. Belfiore, “Spectrum efficiency limits in mobile cel-
lular systems,” IEEE Trans. Veh. Technol., vol.45, no.1, pp.33–40,
Feb. 1996.

[10] M.S. Alouini and A.J. Goldsmith, “Area spectral efficiency of cellu-
lar mobile radio systems,” IEEE Trans. Veh. Technol., vol.48, no.4,
pp.1047–1066, July 1999.

[11] K.J. Hole and G.E. Øien, “Spectral efficiency of adaptive coded
modulation urban microcellular networks,” IEEE Trans. Veh. Tech-
nol., vol.50, no.1, pp.205–222, Jan. 2001.

[12] S. Toumpis and A.J. Goldsmith, “Capacity regions for wireless
ad hoc networks,” IEEE Trans. Wireless Commun., vol.2, no.4,
pp.736–748, July 2003.

[13] K. Yamamoto and S. Yoshida, “Tradeoff between area spectral ef-
ficiency and end-to-end throughput in rate-adaptive multihop radio
networks,” IEICE Trans. Commun., vol.E88-B, no.9, pp.3532–3540,
Sept. 2005.

[14] J. Jun and M.L. Sichitiu, “Fairness and QoS in multihop wireless
networks,” Proc. IEEE VTC 2003-Fall, pp.6–9, Oct. 2003.

[15] V. Gambiroza, B. Sadeghi, and E.W. Knightly, “End-to-end perfor-
mance and fairness in multihop wireless backhaul networks,” Proc.
MOBICOM 2004, pp.287–301, Sept.-Oct. 2004.

[16] R.U. Nabar and H. Bölcskei, “Space-time signal design for fading
relay channels,” Proc. IEEE GLOBECOM’03, vol.4, pp.1952–1956,
Dec. 2003.

Koji Yamamoto received the B.E. degree in
electrical and electronic engineering from Kyoto
University in 2002, and the M.E. and Ph.D. de-
grees in informatics from Kyoto University in
2004 and 2005, respectively. Since 2005, he
has been an assistant professor of the Grad-
uate School of Informatics, Kyoto University.
His research interests include cooperative multi-
hop radio networks and distributed controls. He
received the PIMRC 2004 Best Student Paper
Award in 2004, the Ericsson Young Scientist

Award in 2006, and the Young Researcher’s Award from the IEICE of Japan
in 2008. He is a member of the IEEE.

Hirofumi Maruyama received the B.E.
degree in electrical and electronic engineering
from Kyoto University in 2007. He is currently
studying towards his M.E. degree at the Gradu-
ate School of Informatics, Kyoto University. His
research interests includes multiantenna wire-
less systems.

Takashi Shimizu received the B.E. degree
in electronic engineering from Doshisha Univer-
sity in 2005, and the M.E. degree in informatics
from Kyoto University in 2006. He is currently
studying towards his Ph.D. degree at the Gradu-
ate School of Informatics, Kyoto University. His
research interests includes receiver cooperative
wireless networks.

Hidekazu Murata received the B.S., M.S.,
and Ph.D. degrees in electronic engineering
from Kyoto University, Kyoto, Japan, in 1991,
1993, and 2000, respectively. In 1993, he joined
the Faculty of Engineering, Kyoto University. In
2002–2006, he was an associate professor of To-
kyo Institute of Technology. Since 2006, he has
been an associate professor of Kyoto University.
His current research interests include signal pro-
cessing and its hardware implementation, with
particular application to multi-hop cooperative

wireless networks. He received the Young Researcher’s Award from the
IEICE of Japan in 1997, the Ericsson Young Scientist Award in 2000, and
the Young Scientists’ Prize of the Commendation for Science and Technol-
ogy by the Minister of Education, Culture, Sports, Science and Technology
in 2006. He is a member of the IEEE and SITA.

Susumu Yoshida received the B.E., M.E.
and Ph.D. degrees all in electrical engineering
from Kyoto University, Kyoto, Japan in 1971,
1973 and 1978, respectively. Since 1973, he
has been with the Faculty of Engineering, Kyoto
University and currently he is a full professor of
the Graduate School of Informatics, Kyoto Uni-
versity. During the last 30 years, he has been
mainly engaged in the research of wireless per-
sonal communications. His current research in-
terest includes highly spectrally efficient wire-

less transmission techniques and wireless ad hoc networks. During 1990–
1991, he was a visiting scholar at WINLAB, Rutgers University, U.S.A.
and Carleton University in Ottawa. He served as a TPC Chair of IEEE
VTC 2000-Spring, Tokyo. He was a guest editor of IEEE J-SAC on Wire-
less Local Communications published in April and May 1996. He received
the IEICE Achievement Award and Ericsson Telecommunication Award in
1993 and 2007, respectively.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


