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Achieving Very Low Un-Coded BER via A
Novel Reduced-Complexity Fast-Detection for
Diffusion-Based Molecular Communications
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Abstract— Molecular communication (MC) is a nano-bio-inspired
communication paradigm that utilizes chemical signaling to
convey information over gas and fluid mediums. However, MC
reliability is more sensitive to design constraints such as power
utilization, and large computation abilities compared with the
traditional communications systems. Therefore, there is a need for
fast and low-complexity detection schemes to identify the received
bits under many sources of noise that are inherent in these
channels. In this paper, we propose a novel detection scheme for
molecular communication via diffusion (MCvD). Our system
model consists of a single transmitter (Tx), a single receiver (Rx),
and a free diffusion- based propagation environment. Although
our algorithm is designed to perform well for MC systems as a
study case, it can be tailored to any traditional communication
system as well. Furthermore, our new paradigm can be applied to
any modulation system; however, we used a binary ON-OFF
keying modulation scheme to modulate the information as the
most known modulation scheme used for this type of channel. We
have been able to achieve BER as low as 10 at signal-to-noise
(SNR) levels where classic approaches achieved BER levels of the
order of only 10-2. Our approach could be a new path to achieve
Shannon limits since we are starting off with excellent BER even
without any coding. Hence, with error-correcting coding, the
successful detection probability can now reach new highs unseen
before, and an easier and faster approach the Shannon limit.

Index Terms—molecular communication, diffusion, molecular
concentration, entropy, correlation.

1. INTRODUCTION

molecular communication (MC) system is an emerging

communication technology for delivering information to
receptors through entirely different mediums such as an
aqueous or gaseous environment [1]. In MC, nanomachines
(NM) are used to convey information between a transmitter
(Tx) and a receiver (Rx) [2]. Neither radio frequency (RF) nor
optical wireless communication can efficiently propagate inside
mediums where severe obstruction and path loss can occur, as
in fluid, body, and tissue-based environments. Thus, the
biocompatibility of MC allows it to serve as a reliable
communication system in body area networks [3] for various

Manuscript received July 01, 2018; revised July 30, 2018.

Mohammed Alzaidi is with the Stevens Institute of Technology, Hoboken, NJ
07030 USA. Phone:860-771-0661; e-mail: malzaidi@stevens.edu.

Walid K. M. Ahmed is with the Stevens Institute of Technology, Hoboken, NJ
07030 USA. e-mail: walidmail@yahoo.com.

Victor B. Lawrence is with the Stevens Institute of Technology, Hoboken, NJ
07030 USA. e-mail: victor.lawrence@stevens.edu.

ISBN: 978-988-14048-1-7

ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)

applications such as drug delivery [4], tumor monitoring [5],
and point-of-care diagnostic chips [6].

The MC architecture discussed in [7] is fundamentally different
from traditional communication regarding its abilities. Since
MC exists naturally over billions of years, it has a limited
capability of power and computational abilities. Thus, reduced-
complexity fast detection algorithms become a requirement for
the designers of MC systems. In the literature, several detection
schemes have been proposed and investigated in terms of the
diffusion environment and their ways of making detection
decisions. In [8] two different detection schemes are
introduced. The first is amplitude detection, where the Rx
measures the amplitude at a specific time of each symbol
duration and compares it with a predefined threshold. The
second is the energy detection scheme, where the Rx calculates
the energy of the signal and compares it with a predetermined
threshold value. Coherent detection techniques that have been
applied to traditional communication are tailored for
application to MC systems. The maximum-likelihood (ML)
sequence detector and the maximum a posteriori detector are
introduced in [9]. These methods, used commonly in traditional
communication, require a large number of computational
operations. However, such schemes seldom take the time and
power limitations as the main design constraints. We assume
that the Tx and Rx always require a reduced-complexity fast
detection scheme capable of working on the noisy received
signals and reliably detecting the sent bits.

In this paper, we discuss the performance of a novel detection
scheme for MC via diffusion (MCvD) that performs operations
of low computational complexity to detect the received packets.
As will be explained later in this paper, we propose a scheme
that is based on a multi-layered detection approach, which
utilizes entropy-based discrimination followed by small-size (N
bits) low-complexity correlation operations. Our proposed
scheme achieves a significant uncoded bit error rate (BER)
where, at low signal-to-noise-ratio (SNR), it still tolerates the
noise and has a decent BER compared to with Fixed-Threshold
Detection (FTD) scheme [10] and other complex approaches.
The remainder of the paper is structured as follows. Section II
introduces the system model based on the main process of the
MCvD. A novel reduced-complexity fast detection algorithm is
detailed in Section III. Section IV provides the simulation
results, and Section VI concludes the paper.
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Fig. 1. MC system components

II. SYSTEM MODEL

Our MC system model consists of a single Tx, information
molecules, a fluid medium, and a single Rx. The Tx and Rx can
be either a biological cell/organism or a NM manufactured for
this purpose. The Tx is a point source that releases molecules
in the medium. The Rx is a spherical NM that detects those
molecules, as illustrated in Fig. 1. We assume that the Tx and
Rx are located in a stationary environment where both have
become synchronized over time. In this paper, we apply a
binary ON-OFF keying modulation scheme with equally likely
transmitted binary information bits; however, we did not apply
any coding technique to our system model. The Tx encodes
information bits {a,} to molecules’ concentrations pulses,
s(t), which can be considered as a rectangular pulse given as

[11]:

t__W

s(t)=Q z a, .rect — kT, (@Y)]
k=0

w
where T,, is the pulse width at the beginning of each symbol
duration T),.

Then, the concentration of the molecule pulses s(t) diffuses
randomly based on the Brownian motion process until they hit
the Rx. In this channel, the propagation relies on factors such as
the diffusion coefficient, distance, and time between Tx and Rx.
The second Fick’s law of diffusion represents the propagation
environment [12]. The concentration of the molecules at the
location (x,y, z) that diffuse based on the diffusion coefficient
D over a time period t is given by Equation [13]:

o)

4Dt 2

h(t;x,y,2) = ()

The response of the diffusion channel y(t) is the convolution

between the modulated signal s(t) and the impulse response of
the diffusion channel h(t).
The total received concentration signal that is detected by Rx,
which is caused by sending the original transmitted bits
sequence {a;} that distorted through the channel, is donated by
w(t), which can be represented as:

ISBN: 978-988-14048-1-7

ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)

30

25

4_
Al
l!

L
{ { \

5 ‘ \. .‘
\\F\ W

e

Measured Particle Concentration [Molecules/Cubic Micrometers]
ol

o 40 60 80 100 120
Time [ms]

Fig.2. The Tx approach to send bits

(e

w(H) = Y ay(t = jT,) + () 3)
j=0
where n(t) is the counting noise generated by the random
process. It is assumed to be zero-mean adaptive white Gaussian
noise (AWGN) with a variance of 63,1.e., n(t)~ N (0, c2).
To mitigate the inter-symbol-interference (ISI), we use the
same technique introduced in [14]. Therefore, the Tx sends a
number of N-consecutive bits and then becomes silent before
sending other N-consecutive bits to mitigate the ISI, as shown in
Fig.2. In this paper, we call these N-consecutive bits ‘words’.
The received word samples 1y, can be defined as:

T = Yx t Z Yi-m + N “
i=k-m
where y, represents the original received bits, y,_,, is ISI
coming from the previous words, and n;, is the AWGN noise.

III. THE DETECTION SCHEME

When detecting a sequence of N-bits together, the
transmitted bits state is one of the 2N possible states; therefore,
correlating all states to determine which one has the strongest
correlation relationship to the transmitted bits requires power
and more computational operations. Moreover, if N becomes
larger, the number of states will grow by a factorial factor,
which increases the difficulty of adapting this method for the
MC.

Generally speaking, to identify the transmitted bits on the
receiver side, we need to answer two characterization questions
about the received bits: How many digits (i.e., 1s and 0s) are in
the transmitted bits and what is the exact location of the digits
considered in this paper (i.e., 1s) in the transmitted bits? We
consider only 1s as they represent the information pulses
according to the ON-OFF modulation scheme. Our proposed
algorithm answers these two questions by passing the received
word samples r[k] through two layers, with each layer solving
one question. We utilize a statistical discrimination metric,
called the entropy (logarithmic) value, to measure the
information of the received word as follows:
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Table I
Zone's discrimination based on the entropy values.
Number of “bit-1” per word | Number of patterns
Zone 1 One 8
Zone 2 Two 28
Zone 3 Three 56
Zone 4 Four 70
Zone 5 Five 56
Zone 6 Six 28
Zone 7 Seven 8
Zone 8 Eight 1
k
1
Entropymetric = E Z loglolrkl 5)
k=1

where k is the number of samples of the received word.

For the sake of clarity, in this paper, we use the 8-bit case as
the reference case to illustrate how our detection scheme
performs the detection. The number of 8-bit states is equal to
255 states, excluding the state of all 8 zero bits.

To identify the threshold values that we need to detect the
signal, we calculate entropy values for all of the 8-bit states. We
found that they are clustered in eight non-overlapping zones, as
shown in Table 1. Based on these zones; we can identify how
many bit-1 digits occur by assigning two thresholds for each
zone. The minimum and maximum entropy values among the
logarithmic values of the states are considered the lower and
upper thresholds, respectively.

A. Layer One: Entropy Layer

This layer aims to identify how many bit-1 digits are in each
received word r[k]. The entropy value of received word r[k] is
also calculated by (5) and compared with the pre-specified zone
thresholds. When considering the entropy value, two scenarios
can be applied to determine which zone needs to be correlated,
as follows:

e If the entropy value is related to a specific zone, this
zone pattern will be taken to layer two, as indicated in
Fig. la.

e If the entropy value is not related to a particular zone
and falls between two zone intervals due to the noise
distortion, both zones will be combined and taken to
layer two, as indicated in Fig. 1b.
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Fig. 3 scenarios graphical description
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As aresult, the entropy metric reduces the number of patterns
that we need to correlate instead of correlating all states.
Furthermore, for the first scenario, where the received word
entropy value falls between the thresholds of a specific zone,
layer one limits the second layer to work on, at most, 35 out of
256 states, thereby excluding more than 85% of the states. For
the second scenario, where the received word entropy value
falls between the thresholds of two zones, the first layer limits
the second layer to work with at most 70 states, thereby
excluding at most 72% of all states. Therefore, our proposed
algorithm saves more power and time as it performs small
computational operations.

B.  Layer Two: Correlation Layer

We already know the quantity of the bit “1” digits from Layer
One. This layer now seeks to recognize the locations of these
bit “1” digits. We assume that the Rx has prior stored non-noisy
concentration waveforms z[k] . Due to space and power
limitations in the MC, we only consider the primary patterns
that represent more than one state and equal the same entropy
value. For example, for zone 1 where there are eight states that
all have only one digit bit “1” and seven digit bits “0”, we only
store their primary pattern as shown in Table II.

We use two stages of correlation for Layer Two. At the first
stage, The Rx calculates the Pearson correlation
coefficient between the received k™ word samples r[k] and the
primary pattern concentration samples z[k] applying the
following formula:

Sy (e — 7 (2 — )

N ot - Do — 70D

where y is the correlation coefficient, 7 is the mean value of
13, and Zzy is the mean value of z;, .

Based on that result, the algorithm will choose the primary
pattern candidate with the maximum correlation coefficient. At
this point, the algorithm reduces the states from 2V to only a
single state. The remaining at the second stage of correlation is
to identify the delay between the received word samples and the
stored samples of the matched pattern. To perform that task, we
calculate the time lag by applying the following cross-

correlation function formula:
n

Ry, = Z rimlz[m — k] )
m=1
where k is the lag value between the received signal r[m] and
the chosen candidate state.

(6)

Table 11
Zone 1 patterns.

All pattern The primary pattern
10000000
01000000
00100000
00010000
00001000 10000000
00000100
00000010
00000001
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IV. PERFORMANCE EVALUATION

This section describes the simulation results used to evaluate
the performance of the proposed algorithm. The simulation
environment was built with Matlab. Estimates of bit error rates
were done thru Monte Carlo simulations. The simulation
parameters are related to a realistic environment [15]. For the
evaluation, the main system parameters are summarized in
Table 3. The distance between Tx and Rx is 3 pm; the diffusion
coefficient is equal to 1 (nm?)/ns, and the number of released
molecules is 1 X 10* molecules.

A.  Bit Error Rate versus Symbol Duration

First, as shown in Fig. 4., we simulated the BER versus
symbol duration to show the most appropriate symbol duration
that gives the lowest BER. We found that symbol duration is an
important factor that plays a role in sizing the distances between
zones. Moreover, if the symbol duration is between 14 msec
and less than 90 msec, the zones overlap and as a consequence
BER will increase. As we mentioned earlier in this paper, we
are interested in using a small symbol duration to increase as
much as possible the data rate. Therefore, we chose to evaluate
a duration between 1 msec and 14 msec. Based on the
simulation results, we found that at 11 msec, the distances
between the zones is the largest, which reduces BER.

B.  Bit Error Rate versus Signal to Noise Ratio

Second, as shown in Fig. 5., we simulated the BER versus
different levels of the SNR for various scenarios

Table 111
Simulation System Parameters
Parameter Symbol | Value Unit
Distance d 3 um
Diffusion coefficient D 1 nm? /ns
Time t 100 msec
Number of released 4
Molecules Q 1 X% 10* | molecules
Symbol duration Ty 11 msec

Uncoded Bit Error Rate vs Symbol Duration Tb
10° T T T T T T

104 —P— SNR=7.5dB |
—O— SNR=8dB

—%— SNR=8.5 dB

—8— SNR=9 dB)

I L L I I 1
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T, (ms)

Fig. 4. BER vs. Symbol duration
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Uncoded Bit Error Rate vs SNR
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Fig. 5. BER vs. SNR

with different bit lengths such as N= 6, 7, 8, and 9. The BER
for the length of bits 6, 7 and 8 is almost the same, where we
see only minimal changes in the discrimination gaps between
the zones. However, with a length of 9 bits, the discrimination
distances become smaller due to the ISI. Our proposed
algorithm shows a significant low uncoded BER compared to
the traditional Fixed-Threshold Detection (FTD) scheme,
which has the worst BER.

C. Throughput analysis

Finally, as mentioned earlier, we assume that the transmitter
sends a group of bits and then waits for a while to give a chance
for the ISI molecules in the channel to degrade. Although we
may waste some time, we use a very short time symbol duration
which raises the ISI in the channel. As seen in Fig. 6, we still
gain a much better throughput than if we send it sequentially.
The best case that gives us the best BER and throughput is to
wait for 209 msec, which within the current literature is still
considered a good choice for MC speed during communication.

Throughput vs SNR
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Fig. 6. Throughput vs. SNR
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