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Anti-ISI Demodulation Scheme and Its
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Molecular Communication
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Abstract—In diffusion-based molecular communication (MC), from the transmitter towards the receiver, and passive schemes,
the most common modulation technique is based on the concen-where the transmitter has no direct influence on the path
tration of information molecules. However, the random delay taxen by the emitted molecules. Passive schemes, such as free
of molecules due to the channel with memory causes severe . . . . o
inter-symbol interference (ISI) among consecutive signals. In this d|ffu5|9n, are simpler to implement and mpre easily en_able the
paper, we propose a detection technique for demodulating signals, formation of ad hoc networks between bio-nanomachines.
the increase detection algorithm (IDA), to improve the reliability It is common to find diffusion-based communication in
of concentration-encoded diffusion-based molecular communi- cellular systems, when small molecules need to quickly travel
cation. The proposed IDA detects an increase (i.e., a relative gpyqt gistances [4]. Because of its simplicity and its current

concentration value) in molecule concentration to extract the imolementation in nature. diffusion h | ften been ch n
information instead of detecting an absolute concentration value. piementatio ature, usion has also often been chose

To validate the availability of IDA, we establish a real physical by communication researchers for the design of synthetic
tabletop testbed. And we evaluate the proposed demodulation nanonetworks. There are a number of characteristics that
technique using bit error rate (BER) and demonstrate by the distinguish the diffusive channel from conventional commu-
tabletop molecular communication platform that the proposed nication channels. For example, it features randomly-moving
IDA successfully minimizes and even isolates ISI so that a lower . . . o
BER is achieved than the common demodulation technique. molecules InSteqd Of_ propa_g_atlng electromagnetic ra_d'at'on'
o . So the propagation time critically depends on the distance
Index Terms—Molecular communication, concentration-based potyeen the transmitter and receiver, which leads to severe
encoding, diffusion channel, increase detection algorithm, demod- - . .
ulation technique. ISI due to the I|nggr|qg presence of emltted_molecules. .
There are two significant open problems in current studies
of MC:(1) to determine and characterize the signal strength
I. INTRODUCTION of the molecular propagation channel, and (2) to find efficient
N molecular communication (MC) [1]-[3], capable ofmodulation schemes such that receiver bio-nanomachines can
I communication at the nanoscale, using biological nantlentify the informatipn conveyed by the_chemical molecules
machines, can unlock new areas of engineering. Inspired &y accurate as possible. In this case, “signal strength” can be
how biological cells communicate, MC uses chemical signa®&sily underst'ood as the mplecule concentration or amplitude.
as carriers of information instead of electromagnetic wave¥etworks of bio-nanomachines that communicate through MC
Bio-nanomachines can communicate with each other frg®h¢ €xpected to be biologically friendly and operable in or
nanoscale to microscale environments. Transmitters enco¥# biological systems. Applications of such networks are
information into molecules and transmit the information@nticipated to develop future health monitoring and drug
encoded molecules in the environment. Encoded molecufi@livery systems. _ . _ o
then propagate in various media, such as diffusion channelPemodulation is a basic technique in the signaling sub-
neural channel etc. Receiver bio-nanomachines finally deté¥er in the layered architecture of MC [5]. In conventional
the propagating molecules and extract the information carriegncentration-encoded MC system, receiver bio-nanomachines
by molecules. depend on a fixed threshold to extract the information from Fhe
Propagation methods of molecules include active schemB¥lecule concentration. Namely, if the molecule concentration

which need the energy to direct the information moleculéigtected by the receiver is above the threshold, receiver bio-
nanomachines will demodulate the signal as an information bit
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and other types of noise in concentration-encoded diffusiotime instant and the total number of accumulated molecules in
based MC. Toward this end, this paper proposes the increfse entire symbol duration. In this paper, the concentration of
detection algorithm (IDA) for concentration-encoded MC, ancholecules is explained in terms of the number of molecules
evaluates its performance in terms of BER under differeper unit sensing volume of the receiver.

parameters using a physical tabletop testbed. ExperimentaBome existing literature aims to improve the reliability
results show that the IDA can significantly mitigate the ISI angerformance of the molecular communication system, and
reduce the effect of noise in concentration-encoded moleculhe detection and demodulation method at the receiver is an
communication. important part. In [15], receivers are designed with different

The contributions of this paper are listed as the followingignal estimation technologies to eliminate the impact of
First, we propose a novel demodulation technique, the IDASI and noise. [16] designs an optimal detector for the MC
which was first presented in [6]. In [6], some simulatiothannels with enzymes that help reduce the ISI. Further, in
experiments were carried out considering the performance[d¥], a detection technique at receiver is developed based
bit error rate (BER) with the signal to noise ratio (SNR)pn matrix operations or likelihood calculations. Based on the
while a physical tabletop testbed is established to evaluammon demodulation method using a fixed threshold, [18]
the availability of IDA in this paper. However, the power oforoposes a low-complexity detection algorithm named the
noise is difficult to quantify with the inexpensive and simpladaptive threshold detection to resolve the problem caused
platform, so we evaluate the BER performance with oth&y ISI in diffusion-based MC. Similarly, [19] proposes an
important parameters, such as the length of each time slot aséptive threshold variation (ATV) algorithm, which is the
so on. With IDA, the inter-symbol interference (I1Sl), the modatest ISI mitigation method based on an adaptive threshold
common interference in diffusion-based MC, can be avoidedd its BER performance is best at present. However, the
primarily. Second, we establish a real physical tabletop testbgansmitting quantity of molecules (i.e., 500) and the step size
to validate the proposed demodulation algorithm and achieadjusting the threshold (i.e., 1) in ATV algorithm are too small
the performance of IDA using the indicator of BER through o match the real situation. Futhermore, various strategies
series of experiments. Further, the relationships between BERM conventional communications have also been proposed
and other important parameters are presented in this paperimprove communication via diffusion, including channel
To the best of our knowledge, it is the first time to proposeoding in [20], emitting Gaussian pulses in [21], network
a demodulation technique that can significantly mitigate tleding in [22], and a forward error correction coding over
impact of ISI and evaluate its performance through a physiddiC is proposed to achieve better reliability performance in
tabletop testbed in concentration-encoded diffusion-based M23]. However, the feasibility of such strategies is unknown.

This paper is organized as follows. Section Il presents tAde ISI is always present in these MC systems and remains
current research efforts in this field of MC. In Section I, wéo be addressed.
introduce the basic system model of concentration-encodedJnlike the aforementioned ISI mitigation techniques, the
diffusion-based molecular communication. In Section IV, theroposed IDA uses a dynamic characteristic of molecule
IDA is represented, analysed theoretically and discussedcmncentration in diffusion-based molecular communication.
detail. A physical tabletop testbed and the experimental setGjmilarly, [24] investigates the impact of two different re-
are introduced in Section V. In section VI, we validate the ID&eiver reaction mechanisms on the performance of molecular
with the hardware platform and evaluate the BER performancemmunication networks and derive analytical expressions
of the proposed IDA comparing with the traditional demodor the mean and variance of the output signals. Focusing
ulation algorithm. Finally, we conclude this paper in Sectioan improving the reliability of each reception, the research
VILI. in [24] does not consider the effect of ISI. Another similar
work is introduced in [25], where the proposed modulation
algorithm relies on the dynamic properties of oscillating and
propagating patterns in molecule concentration, such as the

There are many articles investigating the communicati@ynamic amplitude and period. While the technique introduced
mechanism of molecular communication (MC) based on difia [25] is a kind of modulation methods, the proposed IDA is a
ferent information carriers or propagation media. Some typicgéémodulation algorithm and is more generic in concentration-
cases are like diffusion-based MC [7], neural communicati@ncoded MC. Furthermore, the IDA proposed in this paper
[8], motor-based MC [9], blood vessel MC [10], and bacteriadetects an increase in molecule concentration to extract the
based MC [11]. information encoded in molecules.

Concentration-encoded molecular communication (CEMC) Since it's difficult to manufacture nanoscale devices at
[12] uses a single type of molecule to transmit informatiompresent, the first tabletop molecular communication testbed
The transmitter modulates the amplitude of the transmittimg@pable of transmitting a text message across the room us-
rate of molecules, and correspondingly, the receiver decodieg chemical signaling, which was presented in [26], is a
the information symbols by strength-based [13] or samplingery powerful tool to facilitate the theoretical research, and
based [14] detection schemes. Hence the detection schepreside some insights on manufacturing and implementation
in CEMC are also known as threshold-based detection. Taenanoscale. The platform was purposefully designed to be
intensity and the strength of signal respectively mean tigexpensive and simple, so we develop our experimental tool
instantaneous amplitude of concentration of molecules at d@ojlowing this platform, which will be introduced in Section

Il. RELATED WORK
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| d X In our model, we consider a realistic type of macroscopic
[ 4l receiver, such as the receiver in [26], which can probably
. . . ¢ . be disturbed by the accumulation of molecules around itself.
. * * . . . In other words, the molecules reaching the receiver can not
.Tx'. '. ¢ . * . - '_.’ disappear immediately, but continue for a random period of
. T o Free-diffusion time. Therefore, the MC system considered in this paper may
Molecales suffer from ISI following the communication between Tx and
Rx because the diffusion channel has a memory, which means
Modulate | Propagate »| Demodulate that the signal of current slot is affected by all previous slot

signals. In addition to ISI, diffusion noise (thermal noise) and
Fig. 1. The communication process in diffusion-based moleadarmuni- - other noises exist in the system. The ISI and noises degrade
cation system. Tx indicates transmitter; Rx is receiver. the Communication performance, thUS the MC SyStem needs

to be designed so that the impact of ISI and noises can be

V. In [27], theoretical models are modified to create mor&itigated significantly.
realistic channel models based on experimental observations
using a tabletop molecular communication platform, whilg podulation

[28] introduces corrections to the previous theoretical models L L _
of the end-to-end system impulse response based on thdn molecular communication, information is modulated into

observed data from experimentation. [29] proposes an eN@ious properties of molecules which Tx transmits or the
to-end channel model for molecular communication systeff@nner that Tx transmits molecules, which is called the
with metal-oxide sensors, which focuses on the recently d@_odulatlon technique. For instance, information is modulated
veloped tabletop molecular communication platform in paP:‘to the number of mqlecules ('je" goncentratlon), the rate
ticular. Moreover, [30] presents a molecular multiple-inplﬂ_f mo_lecule concentration changing (i.e., frequency), release
multiple-output (MIMO) communication link to deliver two time (i.e., phase), and type or structure of molecules, to form

data streams in a spatial domain, while [31] shows a molecufaS'9na!- Different modulation techniques have been proposed
MIMO communication link with drift and an artificial flow 'OF diffusion-based molecular communication (DMC). In [32],
exists in the environment. the researchers investigate a new energy model to understand

To the best of our knowledge, it is the first time to propos%ow much energy is required to transmit messenger molecules

an anti-ISI demodulation algorithm with low complexity and’ concentration shift keying (CSK) and [33] introduces
evaluate its performance in detail by a tabletop molecular cofy-concentration-based and molecular-type-based modulation
munication platform. Unlike any threshold-based detectidfchnique. which s called molecular shift keying (MoSK). The
schemes, we adopt a completely different approach to det@ﬁearchers aIsc_) compare the achievable rate using a simple
received information in this paper, which uses the relative cofina’y symmetric channel model. However, both CSK and

centration detection (i.e., the difference value of two adjacelffoSK suffer from ISI caused by molecules from previous

absolute values) to improve communicating reliability. And wansmissions. Molecule concentration shift keying (MCSK)
borrows the ideas from CSK and MoSK.

evaluate the performance of the IDA proposed in this papRfoPosed in [34]

by the macroscopic molecular communication platform, whidh [39]: the authors propose three novel modulation tech-
will be developed in Sections V and VI. nigues, i.e., concentration-based, molecular-type-based, and

molecular-ratio-based, using isomers as messenger molecules
for nano communication networks via diffusion. Through
multiple molecule types or isomers, MoSK, MCSK and other
We consider the diffusion-based MC system illustrated imodulation techniques based on isomers are more resistant
Fig. 1. It is composed of a transmitter (Tx), a receiver (RAp interference than CSK, but they require complex molecu-
and the diffusion channel (i.e., the environment) in whickar mechanisms at both the transmitter and the receiver for
molecules propagate. The distance between Tx and Rx is giveassage synthesis and decoding.
by d. Given that bio-nanomachines are small, limited in com-
We also consider a time-slotted MC system with a fixed timgutational power and made of bio-materials, simple and bi-
slot length of 7" where one bit is transmitted. For simplicity,ologically implementable modulation techniques are needed
Tx and Rx are assumed to be perfectly synchronized, meanfog MC. Concentration shift keying (CSK) is adopted in our
that the time slots of Tx and Rx are aligned. To transmit system model because it is one of the simplest and easiest
binary sequencé]i], Tx emits a certain number of moleculesnodulation techniques to implement on bio-nanomachines.
or not into the environment at the beginning of each time sI&@SK is similar with the amplitude shift keying (ASK) used
Molecules emitted by Tx propagate in the diffusion channel o the classical communication. In this scheme, symbols are
reach Rx within the same time slot where the molecules aacoded in the number of molecules that the transmitter diffuse
emitted or in a different time slot, owing to the probabilistiper time slot, which is called diffusion rate or transmission
nature of the diffusion channel. Rx receives a binary sequermmver. To represenb bits, 2° different molecule diffusion
E[i] by using the demodulation technique presented in Sectimtes are utilized. In other words, different levels of molecule
IV. concentration are used to represent information bits in CSK.

IIl. SYSTEM MODEL
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For example, if the carrier wave is a single point pulse, we As for noise in theory, we can assume that the noise is zero-
use the presence or absence of a carrier wave to indicatenaaan additive white Gaussian noise (AWGN), which has been
information bit “1” or “0”, which is the simplest on-off-keying demonstrated in [28] and expressed as:
(OOK) modulation as follows:

Nry(i) = { ]\é’ :I 2% :(1) (1) where o2 is the variance and indicates the noise strength.

’ However, the noise in the environment is not the only additive
where N, (i) is the number of molecules that Tx emits at thhite Gaussian noise but also other types of noise, such as
beginning of the” slot. To modulate the information bit “1”, the counting noise due to the memory of the propagation
Tx emits M message molecules into the environment, whilghannel, and the noises caused by the chemical reactions of
no molecules are released to modulate the information bit “Oholecules, the imperfection of nano-devices and other factors.
Moreover, the power of these noises is difficult to quantify
in the experiments with the inexpensive and simple platform,
which means that it is hard to calculate the specific value of
The particles or messenger molecules released from the noise power. In this paper, we unify the noises'ag, ise,

transmitter bio-nanomachines spread out through the mediwich contains all the noises at Rx. Therefore, the total signal
by Brownian motion [18], [36]. In the 3-dimensional environat Rx is the sum ofigr, and Signoise:
ment, a molecule emitted by Tx at time= 0 exists at timet
at the position with distance, with the following probability:

Noise ~ Normal(0,0?). (6)

B. Propagation

Sigtotal = SZgRr + Signoise~ (7)

) which is represented by the sensor voltage in following exper-
o(e.1) = 1 exp (_m) _ (2) iments. _ _ _
’ (47 Dt)3/2 4Dt In contrast to the common demodulation techniques using
- . ... . a fixed threshold in molecule concentration, we propose a
g(x’.t) can also be regardeq as thg po§|t|on d|sltr.|but|on %vel demodulation algorithm on the basis of the rate of
a single molecule, wherd is the diffusion coefficient of hange in molecule concentration in this paper. The proposed

ghf? mformaﬂ;p 'moltl()ac'ules. n tthlst paﬁer, we as.?umel thart1t &modulation technique effectively detects an increase in the
MusIon Coetcienti’ Is a consiant, Whose specific vaile olecule concentration which always occurs at the beginning

no direct effect on the result of experimentsTifremains the of each time slot or not. This technique, referred to as IDA,

same. can reduce the influence of diffusion noise in the diffusion
channel and ISI due to the accumulation of molecules in the
C. Demodulation environment. As a result, the proposed IDA can improve the

L . reliability of this molecular communication system. We then
After Tx emitting information molecules, the moleculepresem the detailed IDA in Section IV.

concentrationC'(z, t) at locationz and at timet changes in
reference to time and space as follows: IV. | NCREASEDETECTION ALGORITHM
Clo,t) = t (7)3 exp (_552) dr. ?) In_this sgction, we first illustrate hovy the IDA V\_/(_)rks in
0 (47D7) /2 4Dt detail and its advantages compared with the traditional de-
) o ) ) ] modulation techniques based on a fixed threshold of molecule
where Q(t) is the emission rater is the time variable of ¢oncentration. Finally, we discuss the complexity of the IDA.
integration, andD is the diffusion constant of the molecule |, traditional demodulation techniques, Rx depends on
emitted by Tx. In this papery is given inum, Q(¢) is in 5 fixed threshold of molecule concentration to extract the
the number of molecules/second, ands in seconds. Here, ihtormation encoded in molecules. Namely, Rx compares the
C(x,t) is given in the number of moIe_cuIesfﬂ, indicating  getected molecule concentration against the fixed threshold.
the “signal intensity” observed at locatian The signal will be demodulated as a bit “1” if the molecule
The molecule concentration that Rx observes, namely, CPpncentration obtained by Rx is above the threshold; other-
t) with = = d, is considered the intensity of the signal that Riise, it will be received as a bit “0”. In this paper, we set the

receives. If Tx emitsM molecules at time = 0, the signal fixed threshold as the half of maximum molecule concentration
intensity at Rx, due to th@/ molecules, denoted &5(t), is 4t Rx (i.e.,C_max/2).

represented as follows: The common demodulation techniques based on a fixed

M d2 concentration threshold is error-prone in diffusion-based MC.

33 P | 7 - (4) In diffusion-based MC, molecules emitted by Tx accumulate
(47 Dt)3/ 4Dt : :

in the environment due to the slow and random natures of

Let Vi be the signal detection space of Rx. In the absenBgownian motion. This increases the chance of ISI and leads to

of noise, we calculate the signal that Rx receives in a tinflégh BER in demodulation. One can reduce the BER resulting

o(t) =

slot ; as, from ISI by increasing the time slot length, which however
_ (+1T decreases the information rate. This is the motivation for de-
StgRy = /T C(t) * Vg dt. ®) signing the IDA. The IDA aims to improve BER performance
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' oy TABLE |
FS "T\ I INCREASEDETECTIONALGORITHM
A . |
5 Cmax Ee “'. ]: \ g ] Algorithm 1 Increase Detection Algorithm
= Tl R ' i i ' . N 1: Initialize (Set N sample=10, Threcounter=8, counter=0);
T alaf ! & ; ': i - | 2: During i*" slot (i=1,2,3,...) :
¥ [ Bt liiy ERE T e ™ 3. Get the sample data Sisample()(j=1:N_sample+1),
1 i . :'{ : ' T: i and the maximum value Signax(s)
A L o : | 4: if Sig_max(i) < C_max/2
] 'y i g ! : ' 5: receive as a bit “0™;
of 1 Pl P i 1 6:  else
= el el — : 7 During k" sample (k=1,2,3,...,Nsample):
o - 4 6 8r, 10 12 1 10 8: Calculate Dif (§ = Sig_ sample(&1) - Sig sample(?;
f el & T o: if Dif (k) > 0
) ) ) ) 10: counter (i) ++;
Fig. 2. The sampling process of the IDA in theofyit_rz = “1100” 11: end if
12: end if

. ] . . 13: if counter (¢)> Thre_counter
by detecting an increase in molecule concentration. In the IDA14:  receive as a bit “1”

if Sigiota; during the sampling time of each time slot has al5: else

noticeable rise, then the signal is demodulated as a bit “1716:  receive as a bit “0”

Otherwise, the signal is demodulated as a bit “0”. As shown :_endif

in Fig. 2, we start to sample some molecule concentration

values during an interval of from the beginning of each ) )

time slot 7', which also means that we can eliminate thgreasurements, such as the TX'RX distance thf time slot
influence coming from the latter part of the curve presentifgn9th (1), the number of samplings (Xample), and the
the molecule concentration changing. Then we calculate thieshold of the counter (T'hreounter). During the sampling
difference value of two adjacent samples to detect the incre498e: If the maximum value 0fSigiora IS smaller than

in the molecule concentration for several times, which cdnmas/2: the signal is demodulated as a bit “0". Otherwise,
avoid the impact of slight fluctuations in the curve. It indicate\%e Ca'C%J'aFe the d|ﬁereqce value of two adjacenF sam.ples at
a rise if the difference value is bigger than 0. Otherwise,ti € t?eg'””'”g of each time slot, whose resultZif(1) in i
means a descent or no change. Considering the effect of noflg, figure 2 as an example. If the result of the subtraction

we calculate multiple difference values during the interval gperation 1S greater thad, it mdu;ates that the molecule
7 to identify the concentration variation trend. concentration at the next moment is greater than the molecule

In Figure 2,7 is the time interval from the start of eaChconcentration at the previous moment, and the counter is
time slot to the peak of molecule concentration. In order { .creased by one. Then, we continue to calculate the next
implement the IDA, we need first to calculate the value |ffere.nce value of FWO adjacent samples. At the end of the
7. Let the partial derivative o€ (¢) of time ¢ equal to zero, sampling process, if the value of the counter exceeds the
which is given by (4). We can get the maximum valuet) threshold of countef hre_counter, it indicates a significant

during a time slot at time, when the molecule concentration! € during the sampling time. Then the signal is demodulated
reaches its peak value, which is given by (9) as a bit “1”; otherwise, the signal is demodulated as a bit “0”.

From The IDA is very simple and has low complexity. During

aC(t) a single slot, each instruction of IDA is executed only once;
ot 0, ®) theDAINa single time slot is with a constant complexity of
we have order, i.e., with the complexity of O(1). Considering that it is
) necessary to implement the IDA for multiple time slots, the
P da : 9) complexity is added with time slot dimensionality, expressed
6D by,
Om,ax = C(to) = L:We*% . (10)
(3md?) T(n) = O(n). (12)

Note that, as shown in (10;,,... is determined byl andM.  The IDA can effectively reduce the BER, and significantly
In this paper, we use as the time period of sampling in eachmitigate the influence of diffusion noise in the diffusion
time slot: channel and ISI due to the accumulation of molecules around
=ty = —. (11) RXx, especially for receiving “0” after a long sequence of “1”.
6D In Fig.2, during the time betwee®, and T, + 7, although
Namely, 7 is determined byD and d, which is the time the absolute value of molecule concentration is very high, the
required for the molecule concentration to increase from tidescent is still able to be detected, which leads to the result
initial value to its peak value ofig;otqi- demodulated as a bit “0”. Compared with other demodulation
The IDA is shown in Table |, where some parameter@gorithms, the most significant advantage of the IDA is its
need to be pre-determined by using different techniques fmoperty of eliminating the impact of I1SI and versatility. Also,
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TABLE I
EXPERIMENT PARAMETERS

Parameter Symbol Value Unit
Time slot length T 1-10 S
Tx-Rx distance d 60-140 cm
Number of samples N_sample 10 /
Threshold of counter Thre_counter 8 /
Fixed threshold C_maz/2 0.6-1.2 Y,
Number of sent bits N_bits 1-10000 /

Fig. 3. The tabletop testbed with the MQ-3 metal-oxide sensomilecular
communication.

—d=60cm
—d=80cm
d=100cm
d=120cm
——d=140cm]| |

1.6

141

the IDA uses computationally simple operations, although i
biological feasibility remains to be examined.

=
N
T

Sensor Voltage (v)
N

V. EXPERIMENTAL SETUP

o
®

In this section, we first introduce the tabletop testbed us
for the experiments in this paper. Then, some fundamen
experiments are performed on this platform to get some ba
parameters, such as the transceiver distahaeed the length oz : - - . - - -
of each time slofl". Time (s)

.The first tgbletOp r_nOIGCUIar Commumcatlon platform d"_aF-i . 4. The system response for different distant¢&om Tx to Rx.d varies
signed to be inexpensive and simple is presented in [26], wh 60 cm to 140 cm.
is a powerful tool to facilitate the theoretical research. In this
paper, the macroscale tabletop testbed used for experiments,
which is similar to the first hardware platform except for thguppositional line connecting the center of spray and sensor),
propagation channel without flow assisting, is shown in Fig. 8hile the experimental results are not affected by this factor. In
The transmitter is composed of a spray for releasing alcotibis paper, we use the parameter values in Table 2 to conduct
molecules, an Arduino Uno microprocessor for controlling thexperiments. The length of each time slovaries from 2 to 10
on-off of the spray by a custom electrical switch board, andsa And we set the transceiver distantas 60 to 140 cm. The
computer to upload the controlling codes to the microprocgadmber of sampledV_sample in each time slot is set to 10
sor. When an input is given to the computer, the informatidar simplicity, while the threshold of countérhre_counter
is converted into a binary sequence, which can be transmitied80 percent ofN_sample. Furthermore, we set the fixed
by controlling the spray precisely with OOK. threshold used in traditional demodulation algorithm as the

The signaling chemical used for transmission of informatiofalf of maximum molecule concentratiafi_maax /2, which
in this paper is isopropyl alcohol. When the spray releastssrepresented by the voltage of sensor at Rx and varies from
these molecules, they propagate through the medium (i.e., &@ to 1.2 v. And the number of sent bits at Tx varies from 1
based on diffusion and reach the receiver finally. to 10000 in different experiments. However, these values may

The receiver consists of an alcohol sensor and a micropft be optimal, which will be improved especially in future
cessor which reads the sensor data. Since isopropyl alcowerks.
is used as the carrier of information, MQ-3 semiconducting Fig. 4 compares the system response for different separation
metal oxide gas sensor, which can measure the concentratiggiances from 60 to 140 cm. As expected, the amplitude of
of different types of alcohol, is used for detecting moleculhe peak decreases and the delay before the peak increases as
concentration around the receiver. The microprocessor at the separation distanekincreases. From the system response,
receiver reads the sensor data by an analog to digital converieis evident that there is a significant decline from the peak
The data then are sent to the computer through a serial psritage when the transceiver distance exceeds 120 cm. And the
which runs the proposed IDA and traditional demodulatiopensor’s resume time, i.e., the time it takes for the sensor to be
algorithm. The results of these demodulation algorithms awsed reliably again after a change in concentration, becomes
displayed on the screen finally. much longer asd increases. On the other hand, the time

First, we present a series of impulse response of the overxtieded for the sensor to reach the peak from initial voltage
system at different distances to choose the optimal valug ofvill decrease as the parametémecreases, according to (9).
relatively. To make sure there is a noticeable rise respondifhperefore, we set the value of distanédrom Tx to Rx as
to the impulse in each time slot, then a sequence of “1” 8 cm in the following experiments.
sent continuously by Tx to get an apposite valueZofin Fig. 5 shows how the molecule concentration changes
addition, these experiments have been conducted in differgnth time at the Rx when Tx sends a sequence of
directions by adjusting the angle from the central axis (i.e., t£11111111100...". The time slot lengtli is 2, 5 or 10

0.6

0.4 b4

1536-1241 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TNB.2018.2797689, IEEE
Transactions on NanoBioscience

IEEE TRANSACTIONS ON NANOBIOSCIENCE 7

2.4 T T T T T 10°
—T=2s || . ———-- *------ L4
—T=5s *

T=10s| —-®= DA

10t E

H.a _N
(2] ] N N
g
=
S
BER
5
1
1
\
1
1
|
4
1
1
|
1
1
N
Y
AY
AN
S |
| 4
K =
\ B
\ =3
\ s
\ S
\ 28
‘ b

Sensor Voltage (v)
N
IS

N
kN
T

0.8 4 P
‘ v
0.6 b 4
-] o
0.4 L L L L L 10'3 L L L L L
0 20 40 60 80 100 120 60 70 80 90 100 110 120 130 140
Time (s) d(cm)

Fig. 5. Sensor voltages at Rx when Tx sends a sequence of “1111100...” Fig. 7. BER under different with IDA or the traditional demodulation

for variousT'. d = 80 cm. schemeIl =5 s.
10° T T 10° 3 T T T
* - -0 -_
i- -#-d=60cm ll & - -e i,
'l\ “%-,_ d=80cm N ~-_.~\
~ T~e_ -®-d =100 cm AN RN
101k ~ S o B 101 E N [ 4
~ < ~o LS N
~ L A N
n ~ N N
\ S o ‘\ \\
o \ any
% 102F \ ”.\ B g 102F \\ L4
N
\\ N \
\ S \
N \
3 N N \
100 F \ N 10° F E
. . N
‘\ -=- |DA
u -~ Traditional
10 . L L 104
1 15 2 25 3 3.5 4 4.5 5 5.5 6 1 2 3 4 5 6 7 8
T(s) T(s)
Fig. 6. BER under different” with differentd. Fig. 8. BER under differenf” with IDA or the traditional demodulation

schemed = 80 cm.

s respectively. The molecule concentration increases with ) )

oscillation because Tx always emit/ molecules at the Fig. 6 shows the relationship betweeBER and T' at
beginning of each time slot to transmit a sequence of «1different transceiver distancé, which varies from 60 to 80

We note that the absolute value of molecule concentration®f- The performance oBER becomes better as the time
the Rx continues to increase, but the IDA would allow Rx t§lot T" increases, which weakens the effect of sensor’s resume
receive the sequence correctly. This is expected because tfiEhg- We can also see that larger the distarids, worse the

is always a rising edge at the beginning of each time slot, aftf*/t performance is. These results are expected and can also
Rx can demodulate the signal as long as it performs sampli§ derived from Fig. 6, because an increasédirectly results

in the interval where the molecule concentration rises. With @ decrease in the number of molecules that arrive at Rx.
the IDA, ISI could be avoided as long as the rising edge canFig. 7 compares the BER performance of IDA and that of

be detected at the beginning of each time slot. In this pap#l€e traditional demodulation technique which depends on a
the time slot lengtH is set as 5 s. fixed concentration threshold (i.e., “Traditional” in the figure)

as the transceiver distance varies from 60 to 140 cm. In
traditional demodulation technique, Rx compares the molecule
concentration against the fixed molecule concentration thresh-
In this section, we evaluate the performance of the IDAld. The signal will be demodulated as a bit “1” if the
proposed in this paper by the macroscopic molecular comnmmuelecule concentration obtained by Rx is above the threshold;
nication system using the set parameters previously. Then titberwise, it will be received as a bit “0”". The performance
IDA is compared with the common demodulation techniquef BER becomes worse as the Tx-Rx distanténcreases.
which is based on a fixed threshold in molecule concentratiohs for the traditional demodulation algorithm depending on
And Tx transmits the information bit “0” or “1” randomly. a fixed threshold, BER stabilizes at 0.5 according to the
Actually, we expect to the compare the performance wigxperiments, which is much worse than the performance with
the latest ISI mitigation method, the ATV algorithm proposetDA. The reason might be that the time it takes for the sensor
in [19], while the ATV algorithm can’'t be implemented onat Rx to resume to the initial state is very long, which is much
this tabletop platform due to the differences in the usegteater than 5 s in the scenario while Tx transmits “0” or “1”
mathematical models. Finally, we transfer the test phrasgndomly.
“HELLOQO” from the transmitter to the receiver. Fig. 8 shows the relationship betwedhE R and T' with

V1. PERFORMANCEEVALUATION
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the common demodulation technique depending on a fixed
threshold in molecule concentration, the results of experiments
show that the proposed IDA is capable of decreasing the BER
in noisy molecular communication channels. Experimental
results also indicate that the IDA can improve the reliability
and the data rate for concentration-encoded diffusion-based

Sensor Voltage (v)

(1]

Fig. 9. Received signal when a 25-bit test sequence “00101 10000 01002]
01001 00011” is transmittedl = 80 cm, T =5 s.
3]

IDA or the traditional demodulation scheme. Different from 4]
Fig. 7, the BER decreases as the length of time slbt
increases in Fig. 8. This is because the impact of ISI gradually]
decreases a%' increases, even that the impact of ISI will
diminish when the time slot is large enough. These results
demonstrate that BER using IDA is always much smallefs]
than the case with the traditional demodulation method. IDA
can significantly mitigate the impact of 1Sl in diffusion-based
molecular communication and increase the information rate by]
shortening the length of each time slot.

Fig. 9 plots the sensor voltage reading during transmisg
sion session when a 25-bit test sequence “0010110000-
010010100100011" is transmitted at the distance of 80 cm
away. Solid black lines in vertical are used to distinguist{gl
each time slot, while the black digits corresponding to each
time slot are the results demodulated by Rx with IDA. ThE0l
dashed red line in horizontal presents the fixed threshold of
traditional demodulation method. If the voltage is greater than
the threshold, the signal is detected as a bit “1”; otherwisel1f]
is demodulated as a bit “0”. However, some bits that should
be “0” may be demodulated to “1” using this scheme becauge)
of the effect of ISI, which are represented by the red numbers
in this figure. In this paper, we use the International Telegraph
Alphabet No. 2 (ITA2.0) standard to convert the text message;

molecular communication.
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