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Abstract—In this paper, a comprehensive analysis of strength-
based optimum signal detection model has been presented for con-
centration-encoded molecular communication (CEMC) with spike
(i.e., impulsive) transmission based on amplitude-shift keying
(ASK) and on-off keying (OOK) modulations. Strength-based
optimum signal detection problem in diffusion-based CEMC
system has been investigated in detail in the presence of both
diffusion noise and intersymbol interference (ISI). The receiver
for optimum signal detection has been developed theoretically and
explained with both analytical and simulation results of binary
signal detection. Results show that the receiver thus developed can
detect CEMC symbols effectively; however, the performance is
influenced by three main factors, namely, communication range,
transmission data rate, and receiver memory. For both ASK and
OOK receivers, exact and approximate detection performances
have been derived analytically depending on the probabilistic
nature of molecular availability and the relationship between
mean and variance of signal strengths. Correspondingly, bit error
rate (BER) performance of the optimum receiver in a single
CEMC link is further evaluated under various scenarios through
extensive simulation experiments.
Index Terms—Concentration-encoding, intersymbol interfer-

ence, molecular communication, nanonetworks, optimum receiver,
strength-based signal detection.

I. INTRODUCTION

I N recent years, research efforts on the interdisciplinary
fields of nanotechnology, molecular and synthetic biology

as well as information and communication engineering have
brought about a remarkable progress in the area of nanoma-
chine communication [1]–[7]. Molecular communication (MC)
is now being considered as one of the promising techniques

Manuscript received February 18, 2014; revised June 09, 2014; accepted
October 25, 2014. Date of publication January 13, 2015; date of current ver-
sion February 27, 2015. M. U. Mahfuz would like to thank the Natural Sci-
ences and Engineering Research Council of Canada (NSERC) for financial
support in the form of PGS-D scholarship during the years 2010–2013. A
small part of this paper was peer-reviewed, presented at, and published in the
proceedings of BODYNETS-2013 conference in Boston, MA, USA, during
30 September to 02 October 2013, DOI: 10.4108/icst.bodynets.2013.253560.
Asterisk indicates corresponding author.
*M. U. Mahfuz is with the School of Electrical Engineering and

Computer Science, University of Ottawa, ON K1N6N5 Canada (e-mail:
mmahf050@uottawa.ca).
D. Makrakis and H. T. Mouftah are with the School of Electrical Engineering

and Computer Science, University of Ottawa, ON K1N6N5 Canada (e-mail:
dimitris@eecs.uottawa.ca; mouftah@uottawa.ca).
Color versions of one or more of the figures in this paper are available online

at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/TNB.2014.2368593

suitable for communication among bio-nanomachines [7], [8].
A generic MC system consists of a transmitting nanomachine
(TN), a receiving nanomachine (RN) and a propagation channel
between them [9], [10]. In diffusion-based MC, a TN releases
information molecules1 that undergo diffusion process based on
random-walk motion [11] of the molecules in the propagation
medium and thus reach an RN in a probabilistic manner [12].
In MC, information symbols can be transmitted by modulating
several features of the molecules, e.g., specific type [13], con-
centration [14], transmission order [15], and release time [16]
of molecules.
In concentration-encoded molecular communication

(CEMC), a TN uses a single type of molecules to encode
information [10]. The TN modulates the amplitude of the trans-
mitting rate of molecules, and correspondingly, the RN decodes
the information symbols by observing the intensity [17], [18]
or the strength [17], [19] of concentration of molecules at the
location of its receptors. Hence the detection schemes in CEMC
are known as sampling-based [18] and strength-based [19], [20]
detections respectively. In CEMC, the intensity and the strength
of signal respectively mean the instantaneous amplitude of
concentration of molecules at any time instant [14] and the total
number of accumulated molecules in the entire symbol duration
[14]. In this paper, concentration of molecules is explained in
terms of the number of molecules per unit sensing volume of
the receiver. Unlike sampling-based detection [18], in strength
(i.e., energy)-based signal detection, the RN accumulates the
received molecules during the entire symbol interval, produces
a test statistic [20], [21] and decides based on its strength
compared to a threshold. In CEMC, strength-based detection
can equivalently be termed as energy-based detection (ED)2
[22]. This is because concentration strength of a symbol is
represented as the energy of the symbol in terms of the total
number of accumulated molecules during that symbol [10],
[22].
In ideal diffusion, the molecules propagate freely even after

they first hit the RN, which causes intersymbol interference
(ISI) by producing residual molecules that originate at the pre-
viously transmitted symbols but become available to the RN at
the current symbol [10]. Therefore, in CEMC, the same type

1In the remainder of the paper, a “molecule” would mean an “information
molecule” that is different from a fluid or solvent molecule.

2We use the term ED to denote strength-based detection in short and the sub-
script “ ” to denote the quantities related to strength-based signal detection in
the later sections of this paper.
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of molecules transmitted in different numbers to represent dif-
ferent transmitted symbols makes it difficult for the RN to dis-
tinguish the molecules intended for the current symbol from
those intended for the previous symbols. When distance be-
tween TN and RN increases, the effects of ISI become severe
because of the temporal spreading of the impulse response of
the molecular channel [9], [10]. In addition, the effect of ISI in-
creases when transmission data rate increases. As a result, op-
timum signal detection in CEMC is an extremely challenging
problem.
In this paper, strength-based optimum detection of CEMC

signals has been investigated in detail. A small part of this
work has been published in [20] that reported the generalized
model of strength-based signal detection in CEMC. More
particularly, the work in [20] presented in a much limited
manner a generalized model of strength-based CEMC signal
detection in the presence of diffusion noise and ISI with
generalized amplitude-shift keying (ASK) modulation with
impulsive transmission only. In addition, the work in [20] did
not consider the effects of ISI on the theoretical performance of
the optimum detector, nor did it provide results of the optimum
receiver in the presence of ISI. In addition, the work in [20]
focused on ASK modulated scheme only. However, in this
paper, we thoroughly expand the work on optimum receiver
and its performance presented in [20].
The main contributions of this paper over its conference ver-

sion [20] published previously are the following:
• The generalized optimum receiver model has been thor-
oughly extended for both ASK- and on-off keying (OOK)-
based transmission schemes, with and without the effects
of ISI. Signal detection models have been presented in de-
tail in order to offer detection capabilities for both ASK-
and OOK-modulated CEMC schemes.

• Detection performance of the optimum receiver has been
derived theoretically with and without the effects of ISI.
For the optimum receiver, the exact and the approximate
detection performances have been derived analytically and
explained in detail in two realistic scenarios where the op-
timum receiver can be built and analyzed with some level
of approximation.

• The optimum receiver has been built in software by incor-
porating the effects of ISI-producing molecules at the RN
by considering the memory capability of the RN. Corre-
spondingly, bit error rate (BER) performance of the op-
timum receiver thus developed has been presented in detail
when communication range, transmission data rate, and
receiver memory vary. Based on receiver memory in the
form of the number of previously decoded bits that the RN
is capable of decoding correctly, three versions of the re-
ceiver have been investigated, and the corresponding BER
characteristics have been evaluated.

1) Abbreviations:
ASK Amplitude-shift keying.
BER Bit error rate.
bps Bits per second.
CEMC Concentration-encoded molecular

communication.

CIR Channel impulse response.
FC Full complexity.
ISI Intersymbol interference.
MC Molecular communication.
OOK On-off keying.
RC Reduced complexity.

2) List of Symbols:

Diffusion constant: s, i.e.,
s.

Transmission data rate.
Energy-normalized CIR as sensed by the RN.

, Diffusion noise and ISI quantities respectively.

Intensity of ISI-producing molecules.
Receiver memory size in unit of symbol.
Number of bits.
Probability of getting a molecule in contact
with RN at and .

, Probabilities of detection and false alarm
respectively.

, Number of transmitted molecules.
Input signal, i.e., transmission rate of molecules,
in molecules/s.
TN-RN distance and time variables respectively.
Communication range up to which zero BER
can be obtained.

, Mean strength ratio and standard deviation
strength ratio of ISI-producing molecules
to desired signal molecules respectively at
hypothesis .
Mean concentration of molecules at and .

, Mean signal strength and variance of diffusion
noise respectively under hypothesis .
Sampling time interval.

, , Test statistic.
Symbol duration.
Mean concentration of molecules, i.e., number
of available molecules at and .

Virtual receive volume, approximately .
Location of the RN in Cartesian coordinate
system.

, Intensity and strength respectively perturbed by
diffusion noise.

, Intensity and strength respectively perturbed by
diffusion noise and ISI.
Standard normal variable .
Axes in Cartesian coordinate system.
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Ratio of amplitudes, i.e., .
, Threshold values.

, Constants related to mean and variance of
.

Conditional probabilities under hypothesis .
Limit operator.
Delay spread.
Normal-distributed random variable with mean
and variance .

Chi-square random variable with 1 degree of
freedom.

Q Right tail probability.

Laplacian operator.

Signal to diffusion-noise strength ratio.

The paper is organized as follows: Section II provides the re-
lated work, followed by Section III detailing the strength-based
optimum signal detection in CEMC. Section IV presents a com-
prehensive analysis of the theoretical detection performances
for ASK and OOK signal detections in CEMC respectively.
Simulation results of the BER performance of the optimum and
the suboptimum receivers have been presented in Section V. Fi-
nally, Section VI concludes the paper with a summary of the
findings.

II. RELATED WORK

Strength-based signal detection was first conceptualized in
[17] that first proposed ED technique as a means to determine
the effective communication ranges in CEMC between a pair
of nanomachines. Later on, the idea of ED scheme was further
investigated in [22] that provided threshold-based ED schemes
in CEMC. On the other hand, taking into account the effects of
stochastic ligand-receptor binding based on chemical Langevin
equation [23], the ED scheme with mean concentration of
molecules at the RN was later investigated in terms of perfor-
mances depending on communication ranges and transmission
rates [19] as well as variable threshold-based CEMC detection
depending on stochastic chemical kinetics and receiver memory
considerations [24]. However, the works presented in [17],
[19], [22] were based on mean signal intensity only and did not
consider diffusion-based noise [18] at the RN while developing
the ED scheme.
The mechanism of energy-based signal detection in MC has

also been investigated with communication metric-based ap-
proach in [25], however, without providing any performance
evaluation in the form of information/detection theoretical or
BER analyses.
A sequence detector-based receiver design for MC has been

presented in [26] that focuses on high data rate MC and reports
that sequence detectors can be possible at the expense of high
computational complexity at the RN. Though sequence detec-
tion methods are widely seen in the traditional high-speed dig-
ital wireless communications, there is still inadequate evidence
that such sequence detectors would be possible for MC, espe-
cially at high rates, given the fact that diffusion-based molec-
ular propagation is an extremely slow process [7]. In addition,

since nanomachines generally are of extremely low functional
capacity [7], [8], it is not clear yet in the literature whether
nanomachines would be able to implement such computation-
ally intensive sequence detectors. Unlike [26], our work in this
paper focuses on strength-based scalar symbol detection, and
not signal vector detection, for low rate MC systems that are
more biologically suitable, e.g., in calcium signaling [27], liver
cells [28], and endocrine systems [29].
Apart from these, other related works include finding the

optimum threshold-based detection with a prior signal trans-
mission probability and without considering the diffusion noise
as reported in [30], and in a noiseless scenario as in [30] but
from the microscopic perspective with only one molecule trans-
mitted as shown in [31]. In addition, optimum molecule-shift
keying (MoSK) receiver was presented in [32], where the TN
encodes information symbols in different types of information
molecules. A signal detection scheme based on multiple am-
plitude modulation dealing with the diffusion channel from
microscopic perspective, where the molecule with drift ve-
locity is removed from the system once it hits the RN, has
been reported in [33]. The work in [34] identified the noise in
diffusion-based propagation of molecules as particle-counting
noise and developed the expression of the concentration signal
perturbed by the diffusion noise at the location of the RN.
Our work presented in this paper is different from the works

presented in [30]–[33] in the sense that we consider the CEMC
system from the macroscopic perspective dealing with the con-
centration of a large number of transmitted molecules, all of
which are of a single type all through and the molecules prop-
agate in an unbounded three-dimensional propagation medium.
In our system model, none of the molecules is removed from
the system upon its first hit at the RN, thereby providing an
ideal (i.e., free) diffusion-based propagation environment. In ad-
dition, we also consider both diffusion noise and ISI in detail
while developing the ED scheme in CEMC, which, to the best
of our knowledge, were not incorporated in any of the available
open literature including ours.

III. STRENGTH-BASED OPTIMUM SIGNAL DETECTION MODEL

As shown in Fig. 1, the TN and the RN communicate with a
single type of information molecules that can bind with a single
type of receptors located on the surface of the RN. The TN
is a point source type transmitter and is located at the origin
(0,0,0). In this paper, we consider two modulation schemes,
namely, ASK and OOK, both based upon spike (i.e., impulsive)
transmission.
1) ASK: In the generalized ASK-modulated scheme,

the TN emits information molecules in impulsive
fashion at the beginning of each symbol3 duration ,
where , , and denotes the Dirac
delta function [35]. As a result, in a time-slotted fashion, the
TN transmits and molecules at the beginning of each

when it wants to transmit bit 0 and bit 1 respectively.
Therefore, represents the transmitted
signal, where , , is the bit to be
transmitted, is the total number of bits in the bit sequence.

3In binary system, each bit (0 or 1) represents one symbol. However, in -ary
system, each symbol consists of bits, being the alphabet size [51].
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Fig. 1. Ideal (i.e., free) diffusion of information molecules (green circles) in
three-dimensional unbounded propagation medium. The RN is located at the
centre of the VRV. The receptors on the surface of the RN are shown in the
inset.

Hence denotes the bit sequence
transmitted by the TN.
2) OOK: In the OOK-modulated scheme, in a time-slotted

fashion, the TN emits molecules at the beginning of each
when it wants to transmit bit 1 and no molecules at all

when it wants to transmit bit 0. As a result, the TN apparently
remains “off” while bit 0 is being transmitted. OOK is a special
case of ASK when .
The RN is assumed to be located at the centre of a small

volume known as the virtual receive volume (VRV) [36]. VRV
is a small unit volume [37] (e.g., , which is the typical
volume of a bacterium, i.e., a bionanomachine [8]) surrounding
the RN where the RN senses the information molecules that
are available at the RN and come in contact with its surface
receptors. We consider a perfect molecule monitor that can
estimate the concentration of molecules accurately [38], [39].
While information molecules can bind with the receptors with
some probability based on the kinetic properties of mole-
cule-receptor binding process (MRBP), we do not consider the
MRBP in this paper. Rather we consider a sufficiently high
density of receptors on the surface of the RN, which ensures
that the available molecules on the surface of the RN come
in contact with the receptors [40]. The TN and the RN are
assumed to be in time-synchronization [4] and not move in
space. Time-synchronization between the TN and the RN can
be achieved by using external signals [41].
The concentration of molecules varies with time and space as

below [12]

(1)

where denotes the mean intensity of the concentration
signal, in number of molecules per unit volume (e.g., per

), at the location of RN, is the distance between the TN
and the RN located at where
when Cartesian coordinate system is assumed, is the time
variable, is the diffusion constant of information molecules
in the three-dimensional unbounded propagation medium, and

is the three-dimensional Laplacian operator denoted as
. In response to an impulsive

transmission, , the output signal can be defined

4Concentration refers to the number of molecules per unit volume, e.g., per
, which is equal to the VRV in our case.

Fig. 2. Mean concentration signal intensity at in response
to impulse transmissions and when bits 1 and 0 are transmitted
respectively [20].

as the channel impulse response (CIR) expressed as
shown below.

(2)

Fig. 2 shows the mean CIR of the molecular channel. Within
the VRV, the mean concentration of the information molecules
available to the RN can be expressed as below [18].

where

(3)
Here is the differential volume in the VRV and

is the probability of getting one molecule [12], [18] in the
VRV. As shown in (3), mean concentration inside the VRV is
determined by integrating the mean CIR with respect
to the VRV and dividing by the VRV. In CEMC, the number
of molecules that the RN and the TN handles is large and it is,
therefore, convenient to consider concentration4 in the encoding
and decoding of the message [8]. For simplicity of analysis [42],
in this paper, we consider a perfect molecule monitor [38], [39],
which from (3) provides that themean intensity of concentration
signal within the VRV of the RN is .
Also note that, in this paper in all the results except those in
Fig. 10, we consider sampling time intervals of second
(s), which is quite reasonable to ensure that any two samples of
concentration intensity are statistically independent and provide
options for the RN to make an accurate measurement of concen-
tration [38], [39], [43].
Note here that RN samples the concentration intensity of

molecules at uniform temporal intervals of and works on
the basis of energy normalization principle explained in detail
in our previous works [18], [44]. For various sampling rates
that the RN can adopt, in most cases in short, medium, and
long communication ranges [10], varies in the range

; see Fig. 11 in Appendix B [18], [44].
Since each of the transmitted molecules travels
independently in the unbounded three-dimensional space, the
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number of molecules available at the RN at any time instant
due to diffusion only is a random variable and, based on
the normal-approximation to the binomial distribution, can be
expressed as below [8], [18], [32], [37].

(4)

Here denotes the diffusion noise at the sample taken
at the time instant and denotes a normal-distributed
random variable with mean and variance . For sim-
plicity in writing the equations, at a given , the functional de-
pendences of and on are omitted and so here-
after the respective quantities are shown as functions of only,
i.e., and .
In ED scheme, after the RN has sensed the concentration

samples at its receptors at regular time intervals of s, it pro-
duces a resultant concentration available at the RN during that
symbol. As a result, the output variable (i.e., test statistic) of
strength-based detection scheme in diffusion noise only can be
expressed as below, where denotes the number of sam-
ples per symbol.

(5)

Therefore,

(6)

Note that (5) is valid only when the temporal samples of
concentration intensity are uncorrelated and statistically inde-
pendent, which can be ensured by choosing the reasonably
larger than the waiting time of a molecule in sensing volume
VRV, e.g., , of the RN [38]. In this paper, we choose

s that satisfies both the condition of sampling time of sta-
tistically independent, uncorrelated samples and its biological
relevance to measurement intervals for bionanomachines, e.g.,
E. Coli [38]. Since biological nanomachines are generally very
limited in their functionalities and are able to perform simple
computational tasks only [5], [8], it is highly desired to keep a
low computational burden on the RN.When the number of sam-
ples increases, as shown in (5), it correspondingly increases the
receiver circuit complexity and so the computational burden on
the RN. Therefore, given the extremely limited functional ca-
pacity of the RN [5], [8], i.e., a biological nanomachine [8], the
RN would most likely not be able to build a highly complicated
detection circuitry within itself. Therefore, we focus our atten-
tion to more realistic scenarios by using a fixed sampling time

Fig. 3. Input and one realization of the output signal at
in (a) binary ASK and (b) OOK CEMC systems with diffusion noise and ISI,
where s and transmitted bits are . (a) ASK:
when and [20]. (b) OOK: and .

interval s. On the other hand, depends on the data
rate and the sampling time interval of the system and can
be expressed as .
In the accumulated molecules during the -th symbol, in addi-

tion to themolecules that were intended for the -th symbol only,
the RN would also receive some of the molecules that were not
intended for the -th symbol. This means some of the molecules
that were transmitted during the first to the sym-
bols would become available at the RN during the symbol,
causing ISI to the symbol. Therefore, the intensity and
the strength of the CEMC signal including the effects of ISI
can be written as

(7)

where is as shown in (6) and denotes the resultant
concentration of residual molecules causing ISI. Since the con-
centration intensity [14] at any time instant is a normal-dis-
tributed random variable [18] and concentration strength can be
found as the integral of concentration intensity over the symbol
duration [14], can also be expressed as a normal-distributed
random variable as . Fig. 3 shows
the input signal and -th realization of the output signal

. Therefore, strength-based binary detection problems in
ASK- and OOK-modulated CEMC systems can be formally
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written as below, where hypotheses and denote the cases
when bits 1 and 0 are to be transmitted respectively.

(8a)

.
(8b)

IV. STRENGTH-BASED OPTIMUM RECEIVERS

A. Optimum ASK Receiver Architecture

In this section, the optimum ASK receiver is developed first
in Sections IV-A–IV-C, followed by the development of the op-
timum OOK receiver in Section IV-D. An optimum receiver
provides theminimum probability of error in detecting the trans-
mitted bits. Therefore, we consider Neyman-Pearson theorem
[21] and calculate the logarithm of the likelihood ratio under the
minimum probability of error criterion using equal prior prob-
abilities in order to derive the test statistic

as shown below

(9)

where, for ASK system, the conditional probabilities can be ex-
pressed as shown below.

(10)
The strength-based detector computes the test statistic

at the end of symbol duration after the RN has pro-
duced a resultant concentration of all the molecules sensed
during that symbol. Therefore, in each symbol the detection
processing unit of the RN would generate one observation of

and the detection of the symbol would be based on that
observation. Combining (9) and (10) and simplifying yields the
test statistic for ASK system as follows. See equation (11) at
the bottom of the page.
As a result, the strength-based optimum receiver can be

shown in Fig. 4. The main difference between a conven-
tional energy-detector in EM wave-based signals and the
strength-based detector in CEMC signals is that in CEMC the
numbers of molecules causing diffusion noise and ISI depend
on the signal value itself under the specific hypothesis. This
makes the strength-based detection of CEMC signals and its
receiver implementation significantly challenging. However,
the detection models presented in this paper are able to provide
theoretical performance and numerical simulation results that
describe the BER performance of the optimum receiver in
CEMC as well as the effects of any suitable simplifications that
may be possible in the detection signal processing unit of the
RN.

B. Optimum ASK Receiver (Exact Detection Performance)
In this subsection, we derive the exact detection performance

of the optimum ASK receiver first, followed by its approximate
detection performance, which leads to the suboptimum ASK re-
ceiver in the next subsection. Dividing both sides of (11) yields
the following.

(12)

(11)
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Fig. 4. Strength-based optimum receiver architecture in binary CEMC system
with diffusion noise and ISI. The selection of the quantities , , and
determines the type of the receiver, i.e., ASK or OOK.

where and . At , since
, by con-

verting into a standard normal variable ,
i.e., ,
the data dependent terms of , as shown in (12),
yields the following modified test statistic as shown
below.

(13)

Plugging the expression of as a function of into
(13) and simplifying the results further yields the modified test
statistic as shown below.

(14)

Here is a chi-square distributed random variable with one
degree of freedom with mean and variance equal to 1 and 2
respectively [21]. The expression of in terms of the
data-dependent terms is important because it will show the dom-
inance of the normal distributed part over the chi-square dis-
tributed part, as will be shown later.
Similarly, it can be shown that, at , the test statistic can be

found as the following.

(15)

Therefore, by using the explanation and the justification pro-
vided in Appendix A, it can be shown that, in (14) and (15), the
effects of on can be neglected and the test statistic
can be simplified as below

(16)

where the quantities are as described earlier. As a result, the
probability of false alarm can be obtained as follows.

Q
(17)

Here Q denotes the right tail probability that can be
expressed as Q [21] and

Q is the inverse of Q . Therefore, the exact expres-
sion of the probability of detection of the optimum ASK
receiver can be found as the following. See equation (18) at the
bottom of the page.

Q Q
(18)
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Signal-dependent means and variances of as shown
in (14) and (15) result in the complicated structure of the de-
tection performance of the optimum receiver as shown in (18).
Even if the chi-square term can be ignored in the expression
of as shown in (16), regardless of whether the impact
of ISI is significant in the system or not, deriving the detection
performance from (18) is very difficult and it may not be fea-
sible to derive a simpler structure of the detection performance
in this case. Hence effort has beenmade to simplify the exact de-
tection performance with reasonable approximations as shown
next.

C. Suboptimum ASK Receiver

To develop suboptimum receiver, two scenarios have been
considered, the first one, Scenario 1, being the most general in
nature has been shown in this subsection, and the second one,
Scenario 2, which can be derived from the first one, is shown in
Appendix B. At each temporal instant, the ratio of mean signal
intensity to its variance can be expressed as

[18] where, as mentioned in Section III
and Appendix B, for a receiver that samples the concentration
intensity at intervals of s, varies in the range

, the higher value of occurring at the shorter commu-
nication ranges. Referring to (2)–(4), the quantity
varies from (when , e.g., at comparatively longer
communication ranges or at long temporal instants) to
(when , e.g., at comparatively shorter communi-
cation ranges or at earlier temporal instants) [18]. In the most
general form, no assumption is imposed on the value of ,
i.e., and so the results obtained in this subsection can
be applied to all communication ranges, including long-range
CEMC. However, at long communication ranges and/or long
temporal instants with , can also be consid-
ered as an additional assumption that offers possible simplifica-
tions in the expression of , as shown in Appendix B.
In general, when , ,

, and from (5) and , this
results in not exactly equal to zero but , and at the
same time, , where denotes
the index of hypothesis shown in the subscript. This in turn
provides a more general case when the mean and the variance of
signal strength at and are not approximately equal, i.e.,

, , and .

Therefore, at , from (14) we get the mean and the variance
of the test statistic as the following.

and

(19)

Similarly, at , from (15), we get the corresponding quanti-
ties as the following.

and

(20)

Following a similar procedure as shown in Section IV-B, by
using (19), the threshold can be obtained as follows.

Q
(21)

Therefore, using (20) and (21), of the suboptimum ASK
receiver can be obtained as below. See equation (22) at the
bottom of the page.
Here, and are the mean strength ratio and the stan-

dard deviation strength ratio of ISI-producing molecules to de-
sired signal molecules respectively at a specific hypothesis. As
shown in (22), depends on , , , , and ,

. Keeping , , , , and fixed,
when increases, the argument of Q in the right side of
(22) decreases and so increases. The effects of increasing
the strength factor is shown in Section IV-E. An increase in
any one or more of , , and decreases the argument
ofQ in (22), hence increases . These three quantities are

Q Q

(22)
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either related to transmission or detection systems and diffu-
sion-based noise, but not related to ISI-producing molecules.
On the other hand, the quantities and indicate the

effects of ISI-producing molecules at the current symbol. Note
that and also depend on the mean signal strength and
the variance of diffusion-noise respectively, as mentioned ear-
lier in (22). Therefore, expressing the effects of ISI at the cur-
rent symbol in terms of signal-dependent quantities can be con-
sidered as a convenient way to illustrate the effects of ISI by
varying the quantities and , . As mentioned
earlier, signal-dependence of diffusion-noise and ISI makes the
CEMC signal detection extremely challenging. Therefore, (22)
provides the system designer with a useful expression to study
the effects of ISI on as well as a means to distinguish the
role of ISI from that of diffusion-based noise in the system. For
instance, in the absence of ISI, plugging and ,

in (22) provides the detection performance without
the effects of ISI.

D. Suboptimum OOK Receiver
In this subsection, we extend the detection of ASK system

to OOK scheme. The derivation of optimum OOK receiver fol-
lows a similar procedure shown in Sections IV-A–IV-C. Note
that, for an OOK system, considering and
in (11)–(15) and following a similar procedure as shown in Sec-
tion IV-C yield the detection performance of the suboptimum
OOK receiver in Scenario 1 as the following. See equation (23)
at the bottom of the page.
The detection performance of the OOK receiver can be ex-

plained in a similar way as shown earlier in terms of , ,
, and .

E. Analytical Results
Since is affected by the signal and ISI-related quantities

as well as diffusion-noise, for various signal strengths, ISI
strengths, and diffusion-noise variances, the achievable
would change accordingly. For instance, when ISI-producing
molecules from one or more of the previous bits become
available at the RN, decreases. In this relation, we consider
two cases, namely, when 1 and 5 previous bits cause ISI at the
current bit. Fig. 5 shows the characteristics of the quantities
related to signal and ISI in terms of their dependence on over
a wide range. In this section, based on Sections IV-A–IV-D we
also show the analytical results of of the optimum receivers
with the effects of diffusion noise and ISI produced by 1 and 5
previous bits, as shown in Fig. 6.

Fig. 5. Quantities related to and expressing signal and ISI statistics when
s. In the legends of Figs. 5 and 6, “1 bit” and “5 bits” denote the

scenarios when ISI-producing molecules from the previous 1 and 5 bits are
considered respectively.

1) Characteristics of Signal- and ISI-Related Quantities: As
shown in Fig. 5, in short-range and medium range CEMC when

, remains almost unchanged, while the quantities
and , , remain almost unchanged up to

. However, when , decreases, and when
, both and , increase. The

quantity represents signal to diffusion noise strength ratio.
The decrease in indicates the severity of diffusion-based noise
when increases. Regardless of mean signal strength and dif-
fusion-noise, the values of and , depend
on the ISI-producing molecules contributed from the previous
symbols. Therefore, in order to see the detection performance,
we consider two cases, where the ISI is produced by the residual
molecules from the previous 1 and 5 bits. In the latter case, the
effect of ISI is much, and so provides degraded performance
as shown in Fig. 6. The increasing trends of and ,

, with the increase of communication range denote the
fact that the effects of ISI are more severe at longer communi-
cation ranges. More importantly, another notable feature is that

, when , which provides
us with the possible justification that a simpler version of sub-
optimum receiver, known as Scenario 2, can be made possible
and is shown in Appendix B. When , it is found
that , , which can be explained as
follows: when , the CIR spreads very much tempo-
rally, and so there occur more temporal samples with
when , and, therefore, when , the effects

Q Q

(23)
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Fig. 6. versus characteristics of the suboptimum receivers: Scenario 1
in (a) and Scenario 2 in (b), in ISI-free and ISI-affected scenarios when

(i.e., s), , and molecules. ISI is pro-
duced by the previous 1 and 5 bits respectively. Note that , , can
be computed at each . (a) Suboptimum receiver (Scenario 1); (b) Suboptimum
receiver (Scenario 2).

of becomes more dominant than that of
.

2) Detection Performance: The detection performances de-
rived in (22), (23), and in Appendix B, are very useful in the
sense that they offer the versatility of using and ,

in studying the role of ISI in the system, e.g., as
shown in Fig. 6 plugging and ,
would provide the detection performance in the ISI-free situa-
tion with the effects of diffusion-noise only and plugging any
other values of and , would produce the de-
tection performance correspondingly. As shown in Fig. 6, in the
absence of ISI, does not affect in OOK receiver, though
it affects the same in ASK receiver, the reason being the fact that
the ASK receiver sends molecules even when it sends bit 0,
causing a non-zero probability of false detection. In the absence
of ISI, the OOK receiver provides superior performance to the
ASK receiver. Here increases as decreases, meaning that,

Fig. 7. Effects of on versus characteristics when (i.e.,
s), 2, 4, and 8, (not marked in the legend) and
(marked in the legend) without the presence of ISI.

when decreases, an improved signal to noise strength ratio
provides better detection capabilities in both ISI-free and ISI-af-
fected situations. Fig. 6(a) shows the detection performance of
both ASK and OOK systems in three cases, namely, ISI-free
and ISI from previous 1 bit and 5 bits when and

. As shown in Fig. 6(a), increased level of ISI produces a
decrease in .
3) Role of the Strength Factor: The role that strength factor

plays in the detection performance can be shown by varying ei-
ther or both of and . However, as shown in Fig. 7, in the
absence of ISI the detection performance of the ASK receiver
can be made even better than the OOK receiver if is increased,
e.g., from to or 8 at the TN when the remaining
quantities are kept unchanged. On the other hand, increasing
and/or can help increase the even in presence of ISI;
however, the results being straightforward and similar, the data
for the ISI-affected scenario are not shown in this paper. In ad-
dition, note that in Fig. 5 to Fig. 7, the quantities showing the
results have been computed when varies from as short as 400
nm up to as long as and s. For a different
data rate (i.e., a different ), the quantities would change
correspondingly, and so would the .
4) Asymptotic Performance: For the ASK system, the

asymptotic behavior of the exact detection performance of
the optimum receiver as shown in (18) is difficult to be found
analytically, mainly due to its complicated structure. However,
when , and , and as a result, since

and , it can be shown from (11)
that and , and therefore,
in the limit , , i.e., , where
denotes the limit operator. In addition, when , since

both and are non-zero, this yields and
, .

On the other hand, as shown in Fig. 5, when , be-
cause of the diffusion process and the extremely large tem-
poral spreading of the CIR, and become very large
and show asymptotic behavior when : and

, and as a result, after plugging the expressions of
and from (11) into and performing

algebraic simplifications, it can be shown that
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. In addition, when ,
both and tend to zero, and so and

, .
As a result, both the asymptotic cases, when and

, allow us to show that the optimum receiver shown in
(18) actually turns into a suboptimum receiver as shown in (22).
Therefore, this also allows us to show the asymptotic detection
performance of the suboptimum receiver shown in (22) to ex-
plain the same of the optimum receiver shown in (18). Applying
these limiting conditions into (22) and (B.3) and simplifying the
algebraic expressions, the asymptotic detection performance for
the ASK system in Scenario 1 and Scenario 2 can be obtained
as shown in (24).

Q Q (Sc. 1:ASK)

Q Q (Sc. 2:ASK)

(Sc. 1: ASK)
(Sc. 2: ASK). (24)

By applying a similar approach, the asymptotic performance
of the OOK system can also be found. However, the approach
being very straightforward, we have not shown that in this
paper.
Note that, as shown in (24), when , the asymptotic de-

tection performance is affected much by and for the range
of values of as shown in Fig. 5, this yields . On the
other hand, when , in the case of suboptimum receiver,
both in Scenario 1 and Scenario 2, see (22) and (B.3) respec-
tively, since and , i.e., and

, , after algebraic simplifications, be-
comes independent of and equals the chosen value of .
Such asymptotic results of can be verified as shown in Fig. 6
when and .
As shown in (11), (17), (21), and (B.1), the mean and the

variance of ISI-producing molecules originating from one or
more of the previous bits, as estimated by the RN, can vary
based on receiver memory and cause the detection threshold
setting vary accordingly [45]. Therefore, in Figs. 6 and 7 we
particularly focus on the versus characteristics for two
settings, where at each the signal to diffusion noise strength
ratio can be computed. And for equiprobable bits transmitted
by the TN, when and values are found from (22), (23),
(B.3) and (B.4), BER can also be expressed as the following.

(25)

For a given , BER decreases as increases and vice
versa. Therefore, keeping unchanged a detector that maxi-
mizes would be highly desired. Themost noteworthy feature
of the detection performances of the optimum ASK and OOK
receivers and their suboptimum versions in CEMC as shown in
(18), (22), (23), (B.3), and (B.4) is that detection performances
are affected by signal values themselves, unlike many tradi-
tional AWGN-affected communication signals, e.g., see [21].
Note that the variances of the diffusion noise in both and

hypotheses are functions of the signal values themselves re-
spectively [see (4)].

Comparing Fig. 6(a) with Fig. 6(b), the suboptimum receiver
in Scenario 2 can effectively follow the similar curves for the
same in Scenario 1. This implies, in Scenario 1, when

, , and , it turns
into the threshold-based receiver as shown in Scenario 2 in Ap-
pendix B [see (B.1)–(B.3)].

V. SIMULATION RESULTS ON BIT ERROR RATE

A. Simulation Setup
The purpose of simulation experiments used here is to test

the functionality of the strength-based optimum receiver model
thus developed at various system settings with sequences of ran-
domly transmitted bits. Based on (11), the optimum and the sub-
optimum receivers for CEMC system have been implemented
in software platform and tested using simulation experiments.
We explain the optimum receiver in terms of three main fac-
tors, namely, communication range and transmission data
rate , and receiver memory size (M). The receivers thus de-
veloped have been evaluated by using Monte Carlo simula-
tions with at least 10 000 and up to 100 000 randomly gener-
ated bits at each setting of the experiment and BER results are
obtained [46]. Information molecules having a diffusion con-
stant of s, i.e., s, in water medium has
been assumed [47]. An observation time up to 10 000 000 sim-
ulated seconds ( simulated hours) is considered. Here

is assumed to remain unchanged over the entire observation
time [10]. Communication ranges from 400 nm up to
[10] covering short, medium, and long-range CEMC in water
medium are considered with transmission data rates of 0.01 bits
per second (bps) up to 0.1 bps [48]. In the ASK scheme, TN
emits 5000 and 10 000 molecules when it wants to send bits
0 or 1 respectively, while in the OOK scheme, it sends 0 and
5000 molecules to send bits 0 and 1 respectively. These are fea-
sible numbers of molecules to be released from a vesicle to gen-
erate a spike (impulse) [40], [42]. Each transmitted bit is tested
by using 30 different randomly generated CIR realizations such
that the probability that the sample mean of the CIR at the RN at
time instant differs from the true mean by less than one stan-
dard deviation is 0.96 [49]. Based on (1)–(7), the output con-
centration intensity signal is computed numerically by taking
time domain convolution of the input transmission rate and the
energy-normalized [18], [44] randomly generated CIR of the
CEMC channel. A sampling-based receiver [18] has been con-
sidered here that samples the output concentration signal, i.e.,
senses the occupancy of its receptors, uniformly at intervals of 1
second (s) [10]. Based on the concept of an ideal moleculemon-
itor [38], [39], [42], we consider the concentration of molecules,
i.e., the number of molecules available per unit sensing volume
of the RN.

B. Receiver Configurations
Based on RN's ability to estimate the ISI-producing

molecules present at the current symbol, we consider three
different receiver configurations at the RN as shown below.
First, in the simplest receiver configuration, the RN is so

simple in its structure that it is not at all able to determine
and in the current symbol. Therefore, refer-

ring to (7), it assumes that on average one ISI-producing mole-
cule (with unity variance) is present at the current symbol, i.e.,

, .
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Due to the inherent nature of the diffusion process itself, in
the ideal case, the molecules can arrive at the RN even after
infinite time. In addition, in CEMC, the presence of a large
number of molecules in the system makes it very likely that one
or more molecules from the previous symbols can be present
at the RN. Therefore, we investigate into the simplest receiver
configuration where the RN assumes that a minimum level of
ISI is present in the system where is a normal-distributed
random variable with unity mean and unity variance. Note that
(4) shows the variance of concentration intensity affected by dif-
fusion-noise.
In this configuration, the receiver is the simplest in terms

of functional complexity required to detect the information
symbols. This version of the receiver can be considered useful
in view of the extremely limited tasks and capabilities of a
nanomachine [5] such that the RN may not have the ability to
compute the ISI-producing molecules at all. With the simplest
receiver configuration, the RN does not have to estimate the ISI
correctly on per symbol basis, nor maintain a memory of the
previous symbols, which allows implementing the RN with the
simplest receiver circuitry. Therefore, the RN can avoid com-
plicated procedures to estimate ISI correctly, but acknowledges
the effects of diffusion-noise by assuming that there is one
ISI-producing molecule present with unity variance. The sim-
plest receiver configuration might be useful when estimating
ISI correctly at the RN through complicated signal processing
techniques might not be necessary, depending on the commu-
nication range of operation, e.g., in short-range CEMC when
attenuation and temporal spreading of concentration signal is
found minimum at the RN [10], or when determining the ISI
correctly might not be possible due to the limited capability of
the RN itself.
Second, a reduced complexity (RC) receiver configuration

computes the mean and the variance of ISI-producingmolecules
by using a number of previously transmitted symbols that is
less than the total number of all previous symbols. To make an
in-depth investigation, we assume 9 different settings of the RN
based on the complexity of the RN, i.e., how many of the pre-
vious symbols would be processed by the RN in order to deter-
mine and at the current symbol. For instance,
at the symbol, the full complexity (FC) receiver discussed in
the next paragraph and the RC receiver discussed here compute

and by using all of and
previously transmitted bits respectively. When ,
the RC receiver turns into the FC receiver. Therefore, in terms of
complexity in the RN circuitry, the RC receiver is comparatively
simpler than the FC receiver. In the numerical experiments, the
RN can determine and at the current symbol
by processing the previous , 2, 5, 10, 20, 40, 60, 80, and
99 symbols.
Finally, an FC receiver determines and

from all the previously transmitted bits and, as a result, the
RN requires the most complex circuitry in this configuration to
implement the detection functionality.

C. BER Performance

Despite its simple structure, the simplest receiver configura-
tion has been found to detect the CEMC bits quite effectively.
Fig. 8 shows the BER performance of the optimum and the

suboptimum versions of ASK and OOK receivers at various
communication ranges and data rates. As shown in Fig. 8, the
suboptimum version of the receiver performs almost equally
well as the optimum receiver. In other words, this means the
approximation shown in Section IV-C can be considered as
acceptable and thus provides with almost the same performance
as the optimum receiver, even though the derivation of the
exact detection performance shown in (18) seems quite difficult
analytically.
As shown in Fig. 8(a), for data rates of 0.01 bps and 0.05 bps,

the optimum ASK simplest receiver can detect all the bits cor-
rectly up to and respectively, and
beyond this range the BER increases as increases, meaning
that the higher transmission data rate suffers from higher BER at
longer communication ranges. At higher data rates, symbol du-
ration becomes shorter and the effect of ISI becomes dominant
and hence an increased BER. Since the simplest receiver is not
able to estimate the ISI accurately, this increases the BER. For
example, when the transmission data rate increases to 0.1 bps,
being closer to the TN does not help the RN to recover from the
higher BER, and the performance degrades significantly causing
approximately 22% of the bits to be detected erroneously when

. On the other hand, the suboptimum ASK receiver
has been implemented by plugging in (11) and thereby
after implementing the resulting suboptimum receiver in soft-
ware, the simulation results of the BER have been shown in
Fig. 8(a). Results show that the suboptimum receiver is able to
provide the BER performance almost the same as that of the op-
timum receiver. Finally, the comparison between the optimum
and the suboptimumRC receivers with 1 and 5 bit memories has
also been shown in Fig. 8(a). BER results show that the subop-
timum RC receiver can perform reasonably well as the optimum
receiver. In addition, the RC receiver provides less BER than the
simplest receiver, which is because the RC receiver can estimate
the ISI molecules with a better accuracy, while the simplest re-
ceiver cannot estimate that at all.
On the other hand, Fig. 8(b) shows the performances of the

optimum and the suboptimum versions of the simplest and the
RC receivers based onOOKmodulationwhen . As
shown in Fig. 8(b), the simplest OOK receiver performs worse
than the simplest ASK receiver shown in Fig. 8(a). This is be-
cause, in OOK, since the TN sends no molecules at all when it
transmits bit 0, the simplest OOK receiver produces bit errors in
the detection process, which can be explained from the values of
the coefficients , , and in (11) for OOK and ASK
systems when and . This in turn
suggests that the optimum OOK receiver based on the simplest
receiver configuration should not be a good choice for CEMC,
which necessitates an investigation into the optimum RC and
FC receivers with a finite memory size, as shown in Fig. 9. In
addition, Fig. 8(b) also shows that the suboptimum version of
the OOK receiver provides reasonably consistent BER results
like the optimum OOK receiver, which again suggests that the
approximation of the optimum receiver to its suboptimum ver-
sion is reasonably acceptable.
Finally, Fig. 8(c) shows the comparison between the optimum

and the suboptimum receivers, as well as these and the theo-
retical BER performances at when ISI is con-
sidered to be produced from the previous 1 and 5 bits. At ex-
tended communication ranges beyond , more specifi-
cally when , the temporal spreading
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Fig. 8. BER Performance of the optimum and suboptimum versions of the
simplest and the reduced-complexity (RC) receivers with (a) ASK modulation
and (b) OOK modulation at various communication ranges and data rates, and
(c) BER performance at extended communication ranges beyond .
(a) ASK modulation. (b) OOK modulation with . (c) ASK
modulation.

becomes so large that theoretical and simulation results coin-
cide at , i.e., a random guess. This can be explained
from the analytical results as follows: when , from (24)

, and as a result from (25), . When
approximately, the theoretical BER performance

depends on the allowed of the detector. For example, when

Fig. 9. Performance of the optimumRC receiver in terms of at various
receiver memory sizes and transmission data rates.

and , as shown from Figs. 6(a) and
6(b), , and from (25), , which can be
verified in Fig. 8(c).
Regarding the simulation results on BER, for the optimum

RC receivers with and , is found
when and respectively, which is con-
sistent with the theoretical results as shown in Fig. 8(c). How-
ever, when , the performances of the
optimum and the suboptimum receivers compared to the corre-
sponding theoretical results are mainly controlled by the RN's
memory size. For instance, when , an increase in M
to yields the BER as denoted by the green asterisk ,
and yields . Similarly, when , if
M increases, BER decreases, as denoted by the diamond marks

in Fig. 8(c) for , 40, and 60, where for ,
is achieved. Therefore, for ,

the simulation results on BER tend to match with the theoret-
ical BER results if M increases. This is because when M in-
creases, the RC receiver can estimate the ISI quantities
and reasonably accurately such that when the estimated
values of and are plugged into (11) in imple-
menting the optimum receiver in software, the RC receiver pro-
vides less BER. Therefore, a larger receiver memory yields a
close match between the simulation and the theoretical results
for .
In addition, as shown in Fig. 8(c), the sharp increase in the

theoretical BER when can be explained
as follows: as shown in Fig. 5, when ,
for the ASK system the quantities , , decrease
sharply, and on the other hand the quantities , and ,

, increase sharply. When this happens, as shown in
Section IV-C, a decrease in , , decreases the

and at the same time an increased level of ISI-producing
molecules dominates and hence causes a decrease in , which
finally yields when . Note that the asymp-
totic performance of when is shown in (24).
As shown in Fig. 9, with the RC receiver, more reliable

CEMC can be achieved for the OOK system at the cost of larger
memory size at the RN. For example, when a bit sequence
of length 100 is transmitted, would indicate the FC
receiver configuration when all the previous bits would be
considered while determining the ISI statistics at the current
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symbol. As a result, this yields zero BER. The effect of memory
size of the receiver on the performance of optimum RC receiver
has been shown in Fig. 9 in terms of the quantity that
indicates the communication range up to which zero BER can
be obtained for given memory size and transmission data rate.
Thus, Fig. 9 shows how the performance of an RC receiver can
be obtained by using a larger memory size when compared to
the simplest receiver.
It is observed that with smaller memory size , ASK

system provides better BER performance than theOOK scheme,
while the opposite is true when . The crossover point
in memory size is important because it shows that, at a given
transmission data rate, the performances of the ASK and the
OOK schemes change. In OOK system, at , some of
the bits get detected erroneously when both the current bit and
all the M previous bits are 0s, thereby the optimum receiver
finds and . When this happens,
given and in the case of OOK, in order
to avoid divide-by zero problem in (11), the optimum receiver
thus implemented switches from the RC receiver to the sim-
plest receiver and hence results in an increased probability of
erroneous detection of the current bit. Such a degraded perfor-
mance in OOK can be overcome by increasing M, because it
makes it more unlikely for all the M previous bits to be 0s at the
same time.
Finally, the FC receiver can detect all the transmitted bits cor-

rectly over a wide communication range from 400 nm up to
when the transmission data rate varies from 0.01 bps

up to 0.1 bps. Completely error-free communication using the
FC receiver can be attributed to the fact that RN now determines
the ISI statistics using all of the previously transmitted bits.
Note that the RC and the FC receivers assume that the RN can

detect the previousM bits correctly and, based on that, computes
the ISI statistics at the current symbol and then applies them
to the detection signal processing unit of the optimum and the
suboptimum receivers. Such a scenario is important because it
provides the most achievable detection performances of the op-
timum and the suboptimum receivers when M varies. In more
realistic scenarios, when one or more of the previously trans-
mitted bits are detected incorrectly, it would impact the ISI sta-
tistics computed by the RN and so the BER performance of the
system. However, we have not considered this in this paper.
Apart from this, since the receiver is based upon statistically

independent, uncorrelated samples of the concentration signal
intensity, the effect of sampling time on the BER performance
of the optimum receiver is worth investigating. Figs. 10(a) and
10(b) show the BER performances achieved by the optimum
simplest receiver and the optimum RC receiver with re-
spectively. Due to the very nature of the diffusion process itself,
the CIR peaks at the RN at some time and decays gradually over
time. When increases, the RN samples the concentration in-
tensity at longer temporal intervals. Since the CIR at a given
and time is normalized to the total energy, i.e., the total number
of molecules received during the entire observation time [18],
[44], when increases, the relative amplitudes of the normal-
ized CIR at temporal sampling instants increase in magnitude.
This spreads the CIR and hence the RN senses more ISI. As a
result, when s, this produces higher BER to both ASK
and OOK systems than that when s. In this paper, to en-
sure statistically independent, uncorrelated concentration sam-

Fig. 10. Effects of sampling time on BER with the optimum simplest receiver
in (a) and the optimum RC receiver with in (b) when .

ples, we have considered s at the RN [38], [39]. When
remains unchanged, the performance of the optimum RC re-

ceiver with is better than the optimum simplest receiver
because the RC receiver can make a better estimate of the ISI
in the system. Note that sampling intervals of has been
considered all through the paper except for Fig. 10 belowwhere,
in addition to s, s, 5 s, 10 s, 20 s, and 50 s have
also been investigated.

VI. CONCLUSION
In this paper, we have presented detailed theoretical formula-

tions and architectures of the strength-based optimum receivers
based on spike transmission of molecules. Expressions of detec-
tion probability of the suboptimum receivers have been derived
analytically and explained in detail. The optimum and subop-
timum versions of ASK and OOK receivers have also been im-
plemented in software and their BER performances, based on
three receiver configurations (the simplest, RC, and FC), have
been evaluated through simulation experiments.
Although the current focus of the paper is mainly on spike

(or impulse)-based modulation in binary CEMC, the receiver
model developed in this paper can be applied to detect multi-
level (M-ary) and pulse amplitude modulated (PAM) CEMC
signaling by properly modifying the signal processing blocks
of the optimum receiver. Although it is already known that bio-
nanomachines, e.g., biological cells, can sense the concentra-
tion of molecules continually at their receptors [38] and biolog-
ical cells can be engineered in order to do required tasks [7],
the actual implementation of the strength-based detector at the
cell level still requires a considerable amount of interdiscipli-
nary research at the crossroads of molecular and synthetic bi-
ology, information theory, and communication engineering. In
this paper, since our principal objective was to develop a funda-
mental structure of the optimum detector, given extremely lim-
ited functional complexity and computational burden of natural
bio-nanomachines, [5], [8] we have not focused on addressing
the challenges of a further computationally efficient detector
circuitry at the RN with either higher number of samples per
symbol or non-uniform (variable) sampling intervals, which we
consider as future directions of this research. We strongly be-
lieve that the strength-based detection models presented in this
paper should be useful in the study of the design of CEMC sys-
tems in greater details.
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APPENDIX A
PROPERTIES OF MEAN AND VARIANCE OF TEST STATISTIC
At both and respectively, ,

and and .
Explanation With Biological Relevance: When s,

using (5), since , it can be shown that ,
, and . Hence, considering

the above inequalities in (14) and (15), the following can be
found for ASK and OOK systems respectively. See equation at
the bottom of the page.
For instance, in (14), will be minimum when

, , and , and so
. In a CEMC system, a TN,

e.g., a biological nanomachine, can send a large number of
molecules contained in a vesicle [47] to transmit different
information symbols. A typical vesicle can contain as many as
several thousands of molecules in it [40], [42]. Therefore, when
the strength of symbol is found based on (5), with as
large as the number of molecules inside a vesicle, it yields that
the quantities , and are all reasonably large
numbers, , and hence . Please note
that the values of the quantities , , and are
directly linked with the biological fact of vesicles containing
thousands of molecules. An artificial and/or engineered vesicle
that would contain the required large number of molecules in it
can also be built [7]. Since has mean 1 and variance 2, the
means and the variances of the test statistics above have been
compared with 1 and 2 respectively.
On the other hand, when s, since is still

valid, as shown in (5), the relationships between and
and and depend on the factor
and its relationship with .When s, ,
and yields , , and

. In addition, it can be understood that when is small,
and , whereas at large ,
and , . Hence, for

instance, when is small and large respectively, considering the
above inequalities when s, using (5), (14) and (15), and
applying algebraic simplifications, it can be shown that

Fig. 11. Variation of as a function of time for different when
(top) and (bottom) respectively.

where , , , and
are constants related to mean and variance of when is
small and large respectively. The explanation and the justifica-
tion above offers an opportunity to simplify the test statistic as
shown in Section IV-B.

APPENDIX B
SUBOPTIMUM RECEIVERS (SCENARIO 2): APPROXIMATIONS TO

AT LONG RANGES AND/OR LONG TEMPORAL INSTANTS
When transmission data rates are in the range from

to 0.1 bps as shown in Section V, in general, the
symbol intervals can be much larger than the r.m.s. delay
spread [50] of the channel. Hence, such cases may arise
when long ranges or long temporal instants may cause .
As a result, the value of can be considered as an indica-
tive factor to possible detection scenarios. For instance, when

, it may refer to long-range CEMC with reduced com-
plexity in the design of RN possible. When , from (4),
at any time instant the intensity of molecular concentration can
be expressed as . Since in most realistic scenarios,
when sampling intervals vary between 1 s and 50 s, as shown in
Fig. 11, , as , and symbol dura-
tion can be considered long enough, e.g., , which
results in at long temporal instants, this would overes-
timate the variance of signal intensity at the temporal samples
in the earlier part of the symbol interval, where in reality the
variance of signal intensity is smaller than its mean. However,
as , the variance of signal intensity approaches its mean.
Considering yields , , and

, which as a result provides that

.
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Q Q (B.2)

(since and ). The importance of
is that it determines the severity of ISI in the system. The quan-
tity is important in the sense that MC system designers have
the option to consider approximations in the system based on

.
As a result, applying in (13), we find that the sub-

optimum detector in this case becomes a threshold detector [20]
as follows.

(B.1)

As reported in one of our previous works in [20], the detection
performance of a threshold detector in CEMC can be expressed
as (B.2) at the top of the page, that can be used to express the
detection performance in terms of the ISI-related quantities as
the following.

Q Q
(B.3)

where , , and
.

However, note that in this scenario
. Note that (B.3) differs from (22) in that it does not have

terms because in the suboptimum threshold detector [20]
the RN simply compares the strength of the symbol with the
threshold without further processing it to derive the test statistic
of the optimum receiver or the suboptimum version of the re-
ceiver in Scenario 1, see Equation (11), and hence the mean of
ISI gets eliminated in the detection performance [20].
In OOK, since and , in a scenario just

above, following a similar approach yields the detection perfor-
mance as shown below

Q Q
(B.4)

where and .
Here, the signal strength to noise strength ratio can be given

as .
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