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Abstract—We propose a method that establishes a direct wireless
link from a transmission source to an out-of-range destination with
the assistance of the surrounding communication nodes. In this
method, a weak (subthreshold) signal is amplified by utilizing the
interference signals transmitted from the surrounding communica-
tion nodes. To evaluate the amplification gain, we study the mutual
information in a multipath fading channel. As a result, we reveal
that the mutual information is enhanced owing to the interference
signals, and the proposed method enlarges the radio coverage area
of the source node. To understand the enhancement mechanism,
we introduce a toy model of the propagation channel and discuss
the role of the interference signals. We find that the interference
signals allow the subthreshold signals into the detectable region in
the signal space. Moreover, the mutual information is maximized at
the optimal power of the interference signals. In addition, a detailed
discussion of the channel capacity shows that there exists an optimal
a priori probability of symbol transmission.

Index Terms—Channel capacity, noise-aided enhancement,
stochastic resonance, subthreshold signal detection.

I. INTRODUCTION

IN WIRELESS communications, the enhancement of radio
coverage is of fundamental interest because it is a key factor

that determines the quality of service. Considerable effort has
been devoted to the enhancement of radio coverage using relay
networks [1], [2] and/or multiantenna technologies [3]. In this
study, we offer another solution to this fundamental problem that
exploits interference signals.

It has been reported that the detectability of weak (sub-
threshold) signals is enhanced by noise via the transduction of
nonlinear elements [4], [5]. This phenomenon, called stochastic
resonance (SR), has been thoroughly discussed in the context of
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nonlinear physics [4]–[14]. In the last two decades, SR has been
applied to several systems in various fields of engineering, e.g.,
optics [15], [16], imaging [17]–[19], and computing [20]–[22].
Because the received signal is often attenuated and weakened in
wireless communications, many researchers have examined the
use of SR to improve communication performance; in cognitive
radio, weak signals have been successfully detected with SR-
based sensing schemes [23]–[26]. A stochastic resonator was
proposed to improve the bit-error rate for binary data transmis-
sion with a pulse-amplitude-modulated signal [27]. Amazingly,
multilevel pulse-amplitude-modulated signals were successfully
estimated at the receiver with an amplitude resolution of only one
bit [28]. The essence of these enhancements is the modulation
of the probability density [5], [19], [29]; owing to the nonlinear
behavior with noise, the probability density for correct detection
is changed to one that improves performance.

Traditional communication systems generally attempt to sup-
press interference signals to avoid erroneous detection. How-
ever, along with SR, such bothersome signals may aid in correct
detection by amplifying weak signals; in a multipath fading
channel, the behavior of such signals can be treated as stochastic
like noise; hence, an enhancement effect should be obtained. In
fact, the exploitation of such signals can enhance the channel
capacity in polarization diversity reception [30]. This is because
the detection limit is stochastically depressed owing to the
change in the probability density of the received symbols at
the detector input.

In this paper, we analytically explore the possibility of en-
hancing radio coverage by exploiting the stochastic behavior of
interference signals. To investigate this, we focus on the funda-
mental multipath fading scenario of Rician fading and introduce
a decision region for a signal originating from an out-of-range
node. As modulation schemes, on–off keying (OOK) andM -ary
phase-shift keying (M -PSK) are considered, and numerical
results focusing on the mutual information show that even the
signals from out-of-range nodes can be successfully detected. As
a result, the coverage area can be enlarged with an alternative
approach that is inherently different from conventional methods
such as relay networks and multiantenna technologies [1]–[3].

For better comprehension, an intuitive understanding of the
enhancement is provided with a toy model in Section IV. A
theoretical analysis focusing on the probability density func-
tion (PDF) of the received symbol gives us the enhancement
mechanism; specifically, the interference signals widen the PDF
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Fig. 1. (a) Schematic of system model. (b) System configuration of the source
and destination.

so that a signal originating from an out-of-range node could
often exceed the detection limit. Indeed, previous work [30]
has addressed this point; however, it is found that interference
signals that are too strong deteriorate the phase, which results in
a detection error. In this sense, there exist interference signals
with an optimal variance that provide correct detection. Through
a theoretical discussion of the channel capacity, it is revealed that
certain signal points cannot transfer information; the channel
capacity can be obtained even without the symbols that belong
to these points. This finding should be valuable for the design
of modulation schemes.

The paper is organized as follows. In Section II, we present
the proposed system and general propagation model that are
the focus of this work. In Section III, we numerically analyze
the performance of the proposed method in terms of the mutual
information. To understand the enhancement mechanism, we
introduce a toy model and discuss the stochastic behavior of
the proposed method in Section IV. In Section V, we derive
the performance limit, i.e., the channel capacity, of the pro-
posed method. Finally, we conclude with some final remarks in
Section VI.

II. PROPOSED METHOD

Fig. 1(a) shows a system model of a single communication
link between the source and destination nodes considered in this
work. The source and destination are separated by the distance
D, and the destination is surrounded by L nodes (surrounding
nodes). The communication range of the source is within the
shaded circle of radius Dc. Here, we focus on the critical
situation where the destination and all of the surrounding nodes

Fig. 2. Signal space diagrams and decision regions for (a) OOK, (b) 2-PSK,
(c) 4-PSK, and (d) 8-PSK modulation at ξ= 1. Crosses represent the message
points si, which are plotted by setting the parameters as |usi|= 0.8 and∑

vls(l) =n= 0 in (3).

are located outside the communication range of the source.
Because D>Dc, the signal transmitted from the source is not
detectable at the destination. Moreover, no surrounding nodes
can help transmit the message from the source to the destination
because relaying techniques are inapplicable. This situation is
often encountered in multipath fading environments.

To overcome such a severe situation, we propose a method
that enlarges the coverage range of the source using the signals
transmitted by the surrounding nodes, which is based on the
concept of SR. Fig. 1(b) presents the system configuration of
the source and destination nodes. A message is transmitted with
M -PSK and OOK modulation. An analytical expression for the
transmitted symbol is provided with the equivalent low-pass
signal [31]; for M -PSK, the transmitted symbol si is given as

si = Aej
(2i−1)π

M (1)

according to the selected message mi, where i∈N is the index
of the messages, which are i = {1, 2} for OOK and 2-PSK,
i = {1, . . . , 4} for 4-PSK, and i = {1, . . . , 8} for 8-PSK. The
variableM is the number of message points in the signal space,
which takes values of 2, 2, 4, and 8 for OOK, 2-PSK, 4-PSK,
and 8-PSK, respectively. The parameter A∈R quantifies the
amplitude of the transmitted symbol. For OOK, a transmitted
symbol has the form

si = A(i− 1), (2)
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where i= 1 and 2. Fig. 2 shows the signal space diagrams
for OOK and M -PSK modulation, where crosses represent the
message points.

Because the surrounding nodes also transmit their symbols
s(l), the symbol r received at the destination is expressed as

r = usi +

L∑

l=1

vls(l) + n

≡ aejφ, (3)

where u is the complex-valued channel response for the trans-
mitted symbol si, vl is the complex-valued channel response for
the symbol transmitted from the l-th surrounding node, and n is
the noise. The variables a∈R andφ∈R represent the amplitude
and phase of the received symbol, respectively. If the multipath
fading channelu is expressed as the sum of the channel responses
for each propagation path, u=

∑Nu

g=1 νge
jθg , where νg and θg

are the attenuation factor and phase shift on the g-th path, respec-
tively, and Nu is the number of paths. Similarly, for the channel

of the l-th surrounding node, vl=
∑Nvl
g=1 χlge

jψlg , where χlg
and ψlg are the attenuation factor and phase shift on the g-th
path, respectively, andNvl

is the number of paths. Note that the
parametersνg, θg, χlg , andψlg are random variables owing to the
statistical behavior of the multipath channel. Moreover, because
the signal from the source cannot reach both the destination
and surrounding nodes, the surrounding nodes do not know the
symbols transmitted from the source, and they cannot relay the
symbol si. Hence, the symbol transmitted from the surrounding
nodes, s(l), is independent of that from the source, si, for any
index l.

In the scenario in Fig. 1(a), the transmitted symbol si is greatly
attenuated owing to the termu; thus, detection errors often occur.
However, following the concept of SR, the interference symbol∑
vls(l) should amplify the transmitted symbol usi; when Nvl

is sufficiently large, the interference symbol behaves as noise
that plays a key role in the enhancement by SR.

To achieve such amplification, nonlinear signal processing,
i.e., hard decision decoding, is introduced at the destination.
More specifically, the received symbol r is detected in accor-
dance with the decision region to which the received symbol
belongs. For OOK, the decision region Ωi is

Ω1 = {a : a ≤ ξ} , (4a)

Ω2 = {a : a > ξ} = Ω1, (4b)

where ξ is the threshold level of the amplitude. The detected
symbol ŝ is then obtained as

ŝ = si if r ∈ Ωi. (5)

For M -PSK, the received symbol is similarly detected fol-
lowing the decision region:

Ω1 = {(a, φ) : a ≤ ξ} ∪
{
(a, φ) : a > ξ, |φ| < π

M

}
,

(6a)

Ωi �=1 =

{

(a, φ) : a > ξ,
(2i− 3)π

M
≤ φ <

(2i− 1)π
M

}

.

(6b)

Note that the threshold level ξ is not tunable because this level
is determined by the implementation of the RF circuit. In this
paper, we discuss communication with an out-of-range node for
a given threshold level ξ.

The decision regions are illustrated in Fig. 2. The decision
boundaries in (4a), (4b), (6a), and (6b) are simply set to ensure
that the following rules are met: for OOK, r lies in Ω2 if r
is larger than the threshold levels, and for M -PSK, r lies in
Ωi if the distance |r − sk| is minimized for k= i. Since the
threshold ξ is the detection limit at the destination, the threshold
amplitude is expressed by a circle of radius ξ in the signal space.
The destination cannot detect the subthreshold symbols, which
exist inside the circle (i.e., a< ξ). Thus, the symbols transmitted
from the source cannot be detected on the basis of these received
subthreshold symbols. For simplicity, the subthreshold symbol is
discriminated as being in regionΩ1 regardless of the transmitted
symbol. In OOK, because the symbol s1 = 0 should have a small
amplitude, the subthreshold symbol should be detected as s1. In
M -PSK, the subthreshold symbol is tentatively detected as the
symbol s1.

Again, even in the severe situation a< ξ, the transmitted sym-
bol si should be successfully detected via the help of the inter-
ference symbol

∑L
l=1 vls(l) and the hard decision decoder. The

interference symbol provides significant amplification, which is
maximized at a certain interference level. We discuss the detailed
mechanism of amplification in Section IV.

Our fundamental study explores the possibility of commu-
nication among the out-of-range nodes with the help of the
interference signals. For simplicity, we focus on a general radio
propagation model, i.e., a Rician fading channel, and the en-
hancement effect is analytically evaluated with the theoretical
limit of the channel capacity. Since this fading model is used
in the evaluation of a wide range of wireless communication
channels, including relay networks [32], [33], fifth generation
(5G) [34] and developing 802.11 systems [35], our results should
be effective in many scenarios of wireless communication, and
it is expected that the proposed method will provide further
improvements in long-range communication. As a side note,
the parameters are listed in Table I.

III. PERFORMANCE RESULTS

In this section, we show that the interference symbol enhances
the mutual information. We first derive the PDF of the received
symbol in a multipath fading channel. Next, we numerically
calculate the mutual information. Throughout the analysis, we
demonstrate that the interference symbol allows us to enlarge
the communication range of the source.

A. Probability Density of the Received Symbol

We now derive the PDF of the received symbol r in a common
propagation model, where the numbers of paths (Nu and Nvl

)
are sufficiently large and the channel responses (u and vl) are
assumed to be independent. Thus, the communication channel
in Fig. 1 is described as a Rician fading channel; the term u is
assigned to the dominant path νgde

jθgd si, and the residual mul-
tipath component

∑
g �=gd νge

jθgsi, where g= gd corresponds
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TABLE I
SYMBOL DEFINITIONS

to the dominant path. Equation (3) is now rewritten as

r = ρsi +

Nu∑

g=1,g �=gd
νge

jθgsi +

L∑

l=1

vls(l) + n, (7)

where ρ≡ νgd and, without loss of generality, θgd = 0.
In the Rician fading channel, the in-phase and quadrature

components of the received symbol r have Gaussian distribu-
tions. The mean and variance, which are the key variables for
characterizing the PDF, are given as

E[Re(r)] = ρRe(si), (8a)

E[Im(r)] = ρIm(si), (8b)

Var[Re(r)] = Var[Im(r)] = σ2
u|si|2 + σ2

v + σ2
n ≡ σ2, (8c)

where

σ2
u ≡ Var

⎡

⎣Re

⎛

⎝
∑

g �=gd
νge

jθg

⎞

⎠

⎤

⎦ = Var

[

Im

( ∑

g �=gd
νge

jθg

)]

,

(8d)

σ2
v ≡ Var

[

Re

(∑

l

vls(l)

)]

= Var

[

Im

(∑

l

vls(l)

)]

, (8e)

σ2
n ≡ Var [Re(n)] = Var [Im(n)] , (8f)

E[·] is the expectation, Var[·] is the variance, and
Re(si) and Im(si) are respectively the real and imaginary
parts of si [31]. Therefore, Re(r)∼N(ρRe(si), σ

2), and
Im(r)∼N(ρIm(si), σ

2), where N(μ, σ2) is a Gaussian dis-
tribution with mean μ and variance σ2. Note that in (8e), we
assume that the random variable vl is stochastically equivalent
for l = 1, . . . , L.

The distribution is scaled as σ2
u/ρ

2 = 1/κ using the Rician
K-factor κ for the channel response u. The Rician K-factor for
the channel response vl is assumed to be zero. Then, the variable
σ2 in (8c) is rewritten as

σ2 =
ρ2|si|2
κ

+ σ2
v + σ2

n. (9)

An important point is that the varianceσ2 is tuned as a function
of the term σ2

v, which depends on the transmit power at the
surrounding nodes. This indicates that the signals transmitted
from the surrounding nodes (i.e.,

∑L
l=1 vls(l)) stochastically

amplify the subthreshold symbol ρsi to be detectable, which
is explained by the SR phenomenon [30].

In (3), the received symbol r is fully described by two random
variables, i.e., the amplitude a and phase φ. This means that the
stochastic properties of the received symbol are characterized
for a given si using the joint PDF of (a, φ). Hence, making a
change of variables, the joint PDF of the received symbol r is
obtained as

pσ2(a, φ|si) = N(ρRe(si), σ
2)N(ρIm(si), σ

2)|J |, (10a)

where |J | is the Jacobian matrix:

|J | =
(

∂(a cosφ)
∂a

∂(a cosφ)
∂φ

∂(a sinφ)
∂a

∂(a sinφ)
∂φ

)

. (10b)

B. Mutual Information

The mutual information is analyzed for a discrete memoryless
channel between the source and the destination, as depicted in
Fig. 3. The discrete memoryless channel is often used to discuss
the detection performance and channel capacity [31]. For M
input symbols {s1, . . . , sM} transmitted from the source, the
M output symbols {ŝ1, . . . , ŝM} detected at the destination are
characterized with the transition probability

Pki ≡ P [ŝ = sk|si]

=

∫

Ωk

pσ2(a, φ|si)dadφ, (11)
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Fig. 3. Discrete memoryless channel used in the analysis of mutual
information.

where k= 1, 2, . . . ,M . The transmitted symbol is selected with
a probability P [si]≡αi, i.e., the a priori probability. This tran-
sition probability is related to the signal transmitted from the
surrounding nodes, s(l), because the transition probability Pki
is a function of the variance σ2.

When the sets of the transmitted and detected symbols are
S≡{s1, . . . , sM} and Ŝ≡{ŝ1, . . . , ŝM}, respectively, the mu-
tual information is given as

I(S; Ŝ) =
M∑

k=1

M∑

i=1

P [si, ŝ = sk] log2

(
P [ŝ = sk|si]
P [ŝj = sk]

)

. (12)

Because P [si, ŝ = sk] = αiP [ŝ = sk], I(S; Ŝ) depends on the
a priori probability αi. Unfortunately, it is difficult to explicitly
derive the mutual information because the channel transition
probabilities in (11) are expressed as a double integral of two
Gaussian functions. Therefore, our analysis should numerically
calculate the mutual information.

C. Numerical Results

The analytical expression in (12) implies that the mutual
information is dramatically enhanced owing to the presence of an
interference symbol during weak signal reception. To clarify this
point, we provide a numerical example of the mutual information
regarding the variance σ2

v in Fig. 4. We encoded the transmitted
symbols with equal probabilities: α1 =α2 = · · · =αM = 1/M .
The parameters were set as ρ|si|= 0.2 and ξ= 1 to reflect the
critical situation in which the received signal is not detectable at
the destination (i.e., ρ|si| ≤ ξ), as shown in Fig. 1(a). Clearly,
when the interference symbol does not exist (i.e., σ2

v = 0, in
other words, a conventional fading environment), the mutual
information is zero. This means that no information is transferred
from the source to the destination. In contrast, when σ2

v> 0, the
mutual information takes a positive value. This demonstrates
that the interference symbol helps to decode the weak symbol
transmitted from the out-of-range source, which contributes to
the enlargement of the communication range of the source. This
point is analytically understandable from (3). In the presence of
the interference symbol (i.e., the term

∑L
l=1 vls(l)), the received

Fig. 4. Mutual information versus the varianceσ2
v . The parameters areρ|si| =

0.2, ρ = 0.8, κ = 2, σ2
n = 0.01, and ξ = 1.

symbol can exceed the detection limit even if the transmitted
symbol is below the limit. The stochastic behavior of the inter-
ference symbols means that such an effect can be stochastically
observed. In Section IV, the details of the mechanism are pre-
sented.

The results in Fig. 4 show interesting behavior; specifically,
the mutual information is maximized at a certain value of the
variance of the interference symbols. The mutual information is
maximized at σ2

v = 0.10, 0.32, 0.28, and 0.27, for OOK, 2-PSK,
4-PSK, and 8-PSK, respectively. This is a common feature of
the proposed method regardless of the modulation scheme. It
is noted that this maximization effect in terms of the variance
is typical behavior in systems that exhibit SR [5]. A similar
trend is also found in previous work focusing on the exploitation
of interfering signals [30]. These results are evidence that our
analyses are correct.

It is also noted that the fading environment needs to be iden-
tified for the proposed method. Channel estimation techniques,
which have been thoroughly discussed in conventional wireless
communications [36], should successfully enable channel iden-
tification for the proposed method.

IV. BEHAVIOR OF THE PROPOSED SYSTEM

A. Toy Model

The challenge described in this section is to identify the
underlying signal detection mechanism of the proposed method.
To reveal the contribution of the interference symbol, from (7),
we introduce a toy model for the received symbol:

r = ρsi + v, (13)

which describes the single path and noiseless channel between
the source and the destination:

∑
g �=gd νge

jθgsi= 0 and n = 0.
In addition, a single surrounding node is considered to provide
the interference symbol: L= 1 and v≡ v1s(1). This model al-
lows us to explicitly derive the joint PDF of the received symbol
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Fig. 5. Constellation diagrams of the received symbol r for 4-PSK at (a) σ2
v = 0.005, (b) σ2

v = 0.09, and (c) σ2
v = 0.3. The received symbols are plotted with

circles, crosses, squares, and dots for i = 1, 2, 3, and 4, respectively. The desired symbol strength and threshold level are ρ|si| = 0.8 and ξ= 1, respectively. Fifty
constellation points for each message are sampled along with the probability in (14).

pσ2(a, φ|si), which is a key variable for signal enhancement
based on the interference symbol.

Straightforwardly, the joint PDF in (10a) is now rewritten as

pσ2
v
(a, φ|si) = a

2πσ2
v

e
− a2+ρ2 |si |2−2ρa|si |cos(φ−arg(si))

2σ2
v , (14)

wherearg(·) is the argument of a complex number. Equation (14)
provides an important insight into the detectability of the sub-
threshold signal; the PDF varies in accordance with the variance
σ2
v. Such a variation can be used for the detection of subthreshold

symbols in the hard decision decoder in (5).

B. Enhancement Mechanism Exploiting the
Interference Signal

Here, we discuss the detection mechanism of the proposed
system using the derived PDF in (14) in the severe communi-
cation scenario where ρ|si| ≤ ξ; that is, the transmitted symbol
si is incorrectly estimated at the destination owing to the low
strength of the received symbol. Such a scenario mostly occurs
when the destination is outside the communication range of the
source. Throughout the analysis presented here, we reveal that
the interference symbol v amplifies the subthreshold signal ρsi;
thus, the desired symbols si are successfully decoded at the
destination.

Using 4-PSK as an example, we plot constellation diagrams
of the received symbol r in Fig. 5. The strength of the desired
symbol and the threshold level were ρ|si| = 0.8 and ξ = 1,
respectively. Fifty constellation points were sampled for each
message according to PDF in (14) for the variances σ2

v = 0.005,
0.09, and 0.3.

Note that, when v= 0, the constellation points of the received
symbol are located at r= 0.8 exp (j(2i− 1)π/4), as marked
with the black circles, whose amplitude is less than the detection
limit ξ. Therefore, the received symbol cannot be identified

at the destination when the surrounding nodes do not provide
assistance.

In Fig. 5, the constellation points are scattered depending
on σ2

v. For σ2
v = 0.005 in Fig. 5(a), all of the constellation

points exist in region Ω1 = {(a, φ)|a ≤ ξ}. This means that the
symbols are always detected as ŝ= s1; that is, the received
symbols cannot be identified at the destination. However, when
the variance is increased to σ2

v = 0.09, some of the symbols
emerge in the region {(a, φ)|a> ξ}, as shown in Fig. 5(b). For
example, the received symbols for ρs2 (blue crosses) are partly
found in region Ω2 owing to the stochastic term v in (13) (these
constellation points are enclosed by the green dashed circle).
Hence, the transmitted symbol si is correctly, although slightly,
identified at the destination. Asσ2

v further increases, the received
symbols spread over the undesired region Ωk �=i. This wide
scattering causes decision errors at the destination. For σ2

v = 0.3
in Fig. 5(c), for instance, the symbols of ρs1(red circles) are
observed in regionsΩ2 andΩ4. This leads to erroneous detection
because they actually belong in region Ω1.

To understand the statistical behavior in Fig. 5, we elucidate
the probability of successful detection for s2 in the following
discussion. This probability is given as

P [r∈Ω2|s2] = P [(a, φ)∈Ω2|s2]

= P [a> ξ|s2] · P [π/2<φ<π|s2]

=

∫ +∞

ξ

pσ2
v
(a|s2)da ·

∫ π

π/2
pσ2

v
(φ|s2)dφ

≡ Pa(s2) · Pφ(s2) (15)

owing to the independence of a and φ. Moreover, Pa(s2) and
Pφ(s2) are the probabilities for which the amplitude of the
received symbol exceeds the threshold ξ and the phase exists
in [π/2, π], respectively. The marginal PDFs included in (15)
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Fig. 6. Marginal PDFs of the symbol r: (a) amplitude pσ2 (a|s2) and (b) phase pσ2 (φ|s2). The probabilities Pa(s2) =
∫ +∞
ξ

pσ2
v
(a|s2)da and Pφ(s2) =

∫ π

π/2
pσ2

v
(φ|s2)dφ are plotted in the insets of (a) and (b), respectively. The hatched regions are the ranges of integration used in the calculations of Pa(s2) and

Pφ(s2). The parameters used here are the same as those in Fig. 5.

are expressed as

pσ2
v
(a|si)

=

∫ 2π

0
pσ2

v
(a, φ|si)dφ =

a

σ2
v

e
− a2+ρ2 |si |2

2σ2
v I0

(
aρ|si|
σ2
v

)

, (16a)

pσ2
v
(φ|si)

=

∫ ∞

0
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(a, φ|si)da

=
1

2π
e
− ρ2 |si |2

2σ2
v

·
[

1 +

√
π

2
ρ|si| cos(φ− arg(si))

σv
e

ρ2 |si |2 cos2(φ−arg(si))

2σ2
v

·
(

1 + erf

(
ρ|si| cos(φ− arg(si))√

2σv

))]

, (16b)

where I0(·) and erf(·) denote the modified Bessel function of
the first kind and the error function, respectively.

As addressed in [30], the detection limit can be effectively en-
hanced by exploiting interference signals in a statistical sense. To
investigate such an effect in communication with an out-of-range
node, Fig. 6(a) shows the marginal PDF of the amplitude, i.e.,
pσ2(a|s2), for several values of σ2

v. The parameters used here
have the same values as those in Fig. 5. The hatched regions
are the ranges of integration in the calculations of Pa(s2). At
σ2
v = 0.005, the amplitude of the received symbols is mostly

less than the threshold level ξ= 1, as plotted with the dotted
curve. However, according to the increase inσ2

v, the PDF spreads

over the detectable region, a> ξ, as plotted with the solid and
dashed curves at σ2

v = 0.09 and 0.3, respectively. This means
that the signal from the source node could often exceed the
detection limit, which leads to correct detection. This effect is
clearly observed in the inset of Fig. 6(a); the probability Pa(s2)
is drastically enhanced with an increase in the variance σ2

v.
Therefore, the concept described in [30] is also effective in the
communication scenario with an out-of-range node.

In contrast to previous work [30], the phase—another im-
portant factor—should be considered in the discussion of the
enhancement because this study focuses on the PSK modulation
scheme. To discuss this point, Fig. 6(b) shows the marginal PDFs
of the phase, i.e., pσ2(φ|s2), for several values ofσ2

v. The hatched
regions are the ranges of integration in the calculations of
Pφ(s2). Unlike the symbol amplitude, an increase in the variance
σ2
v has a negative effect on the phase φ. When the variance

is small, e.g., σ2
v = 0.005, the phase is mostly located around

3π/4, which is the original phase of the transmitted symbol
s2. In this case, the interference symbol does not significantly
affect symbol detection. When the variance σ2

v is large, such as
σ2
v = 0.09 or 0.3, the phase is distributed over a wide range of

the phase space, thereby resulting in erroneous detection. This
drawback is clearly observed in the inset of Fig. 6(b). Therefore,
to communicate with an out-of-range node, interference signals
that are too strong should be avoided.

As shown in Figs. 4 and 5, the variance σ2
v should be set

to an adequate magnitude to obtain the most reliable detec-
tion. This interesting behavior is explained in terms of the
inversely related probabilities Pa(s2) and Pφ(s2). From (15),
the probability of correct detection, P [r∈Ω2|s2], is written as
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the product ofPa(s2) andPφ(s2). When the variance σ2
v is small

(e.g., σ2
v = 0.005), P [r∈Ω2|s2] ≈ 0 because Pa(s2) ≈ 0. This

implies that the received symbols are incorrectly decoded. An
incorrect decision is also made when the variance σ2

v is large
(e.g., σ2

v = 0.3); this is because P [r∈Ω2|s2] is degraded owing
to the decrease in Pφ(s2), which decreases faster than Pa(s2)
increases. However, when σ2

v has an adequate magnitude (e.g.,
σ2
v = 0.09), the received symbol ρs2 can partly reside in the

desired region Ω2. This explanation is confirmed by the intuitive
observation in Fig. 5.

V. PERFORMANCE LIMIT: CHANNEL CAPACITY

A. Channel Capacity

In this section, we discuss the channel capacity for the general
propagation scenario presented in Section III to reveal the per-
formance limit of the proposed method. The channel capacity
is obtained via the maximization of the mutual information
subject to the a priori probability αi [31]. In addition, we
require the interference level σ2

v to be optimized because the
interference-aided enhancement strongly depends on the inter-
ference level [30]. Indeed, the term P [ŝ = sk|si] in (12) is a
function of σ2

v. Thus, the channel capacity is obtained by solving
the following optimization problem:

max
α1,...,αM ,σ2

v

I(S; Ŝ) s.t.
M∑

i=1

αi = 1. (17)

This problem should be solved with convex optimization algo-
rithms, including the Nelder–Mead simplex method [37], even
in a time-variant environment.

B. Numerical Results

Fig. 7 presents numerical examples of the channel capacity of
the proposed method (solid curves), i.e., σ2

v �= 0. These results
were obtained by solving the problem in (17). For comparison,
we also plotted the channel capacity without interference sym-
bols (dotted curves), i.e., σ2

v = 0. The curves for both σ2
v �= 0 and

σ2
v = 0 increase according to the symbol strength ρ|si|, and they

merge at ρ|si|= 0.48, 0.81, 0.67, and 0.67, for OOK, 2-PSK,
4-PSK, and 8-PSK, respectively. These points are highlighted
with arrows in Fig. 7. In comparison with the curves for σ2

v �= 0
and σ2

v = 0, the proposed method improves the channel capacity
in the range of small amplitudes before they merge owing to
the presence of the interference symbol. This contributes to the
increased area coverage for the source.

For the problem in (17), there exist certain values of σ2
v andαi

that provide the greatest channel capacity. Such optimal values,
which are denoted as σ̆2

v and ᾰi, respectively, should depend on
the strength of the symbol amplitude ρ|si|. To demonstrate this
point, the optimal variance σ̆2

v is plotted in Fig. 8. The merge
points shown in Fig. 7 are also marked in Fig. 8. A positive value
of σ̆2

v is found at a lower symbol amplitude than that provided
by the merge point. This means that the interference symbol
enhances the channel capacity when the symbol amplitude is
smaller than the merge point; that is, the received symbol is
stochastically amplified by the interference symbol following

Fig. 7. Numerical examples of the channel capacity for (a) OOK, (b) 2-PSK,
(c) 4-PSK, and (d) 8-PSK. Channel capacities with and without the interference
symbol, σ2

v �= 0 and σ2
v = 0, are plotted with solid and dotted curves, respec-

tively. Both curves merge at the points indicated with arrows, whereρ|si|= 0.48,
0.81, 0.67, and 0.67 for OOK, 2-PSK, 4-PSK, and 8-PSK, respectively. The
parameters used here are ρ= 0.8, κ= 2, σ2

n = 0.01, and ξ= 1.

Fig. 8. Optimal variance σ̆2
v that gives the channel capacities shown in Fig. 7.

The arrows indicate the merge points shown in Fig. 7. The parameters have the
same values as those in Fig. 7.

the mechanism discussed in Section IV. Once the symbol am-
plitude reaches the merge point, the interference symbol is not
required to obtain the channel capacity; that is, σ̆2

v = 0.
As with σ2

v, the a priori probability αi should be optimized
according to symbol amplitude ρ|si| to obtain the channel ca-
pacity. Fig. 9 shows the optimal a priori probability ᾰi for the
four modulation types studied here. The trends of the curves
obviously change at the merge points. Interestingly, α1 should



TANAKA et al.: DIRECT WIRELESS LINK TO OUT-OF-RANGE NODE WITH ASSISTANCE OF SURROUNDING NODES 10711

Fig. 9. Optimal a priori probabilities ᾰi for (a) OOK, (b) 2-PSK, (c) 4-PSK,
and (d) 8-PSK modulation that give the channel capacity shown in Fig. 7. The
arrows indicate the merge points shown in Fig. 7. The parameters have the same
values as those in Fig. 7.

be coded as zero in the ranges where 0.20≤ ρ|si| ≤ 0.67 for
4-PSK and 0.20≤ ρ|si| ≤ 1.00 for 8-PSK. This indicates that,
in these ranges, the symbol si=1 cannot carry any information.
In this sense, the effective number of message points decreases
to three for 4-PSK and seven for 8-PSK.

VI. CONCLUSION

We proposed a detection method that exploits interference
signals to enhance radio coverage. In this method, a weak signal
is stochastically amplified by utilizing the interference signals
transmitted from the nodes around the destination. To evaluate
the amplification effect, we calculated the mutual information.
As a result, we showed that transmittable information increases
in the presence of an interference signal. Moreover, a propa-
gation toy model was introduced to explain the enhancement
mechanism. The analysis using the toy model revealed that
the optimal power of the interference signal maximizes the
mutual information. In addition, we pointed out that the a priori
probability of the transmitted symbols should be optimized to
obtain the channel capacity.

Successful symbol detection at the destination node verified
that the proposed method offers a direct wireless link to out-
of-range nodes. Therefore, the proposed method could be an
important building block for future communication applications
such as device-to-device and Internet of Things networks.
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