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Abstract—Modulation design is a particularly interesting prob-
lem in the context of molecular communication via diffusion
(MCvD), due to the heavy and signal dependent inter-symbol
interference (ISI) imposed on the communication link. To tackle
the modulation design issue in MCvD, a hybrid modulation
family is proposed in this study. The proposed scheme operates by
combining conventional concentration constellations with pulse
position modulation symbols, and is able to encode more bits
into a single joint symbol than traditional concentration or
position-based schemes. Called molecular concentration-position
modulation (MCPM), it is shown through theoretical and nu-
merical results that the proposed scheme yields promising error
performances, especially in the regime with high ISI and low
transmission power. Furthermore, MCPM only utilizes a single
type of molecule, which suggests an easier implementability for
micro- or nano-scale machinery.

Index Terms—molecular communications, Brownian motion,
hybrid modulation, molecular concentration-position modulation.

I. INTRODUCTION

Molecular communication via diffusion (MCvD) is a way of
establishing communication links using the diffusive nature of
molecules [1], mainly for its promising use in nanonetworks
[2]. Achieving MCvD links can be established by encoding
information within different physical properties of molecular
signals, including but not limited to their quantity [3], type
[4], temporal position [5].

After their emission from the transmitter, the emitted
molecules exhibit Brownian motion, which results in their
arrival times at the receiver end to be probabilistic [6]. This
stochastic nature of molecule arrivals causes inter-symbol
interference (ISI) and signal-dependent noise [7]. ISI is a
major issue against achieving high data rate MCvD systems,
as it hinders reliable communication as time intervals between
consecutive emissions become shorter.

Several studies show that if the MCvD system has access
to multiple types of molecules, hybrid concentration-type
modulations, which can alleviate the ISI and noise issues, can
be constructed. These works mainly rely on clever utilization
of the available molecule types to mitigate the effect of ISI
on a concentration-based modulation. Among these studies,
[8] and [9] utilize multiple types of available molecules to
transmit independent parallel streams of concentration shift
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keying (CSK, [3]) symbols, in order to increase the achievable
information rate. In [10], the idea of parallel CSK streams is
further advanced by emitting inhibitory molecules, alongside
the information molecules, to further reduce ISI. A dual-
molecule modulation scheme is proposed in [11], where the
type of molecule used in CSK is changed according to whether
the next bit to be transmitted is a bit-1 or bit-0. Similarly,
the idea of modulating according to the run-lengths within
the information bit string is considered in [12], where one
molecule type carries the bit information while the other
conveys the run-length of the said bit. Mentioned multiple-
type molecule hybrid modulation techniques are shown to
increase communication performance compared to standard
concentration and type modulations. That being said, it is also
worth mentioning that these schemes require the micro- or
nano-scale machinery to be able to synthesize, store, and sense
multiple types of molecules, which necessitates higher device
complexity and may limit their physical implementations.

Encoding information within the temporal release of emis-
sions is considered in several studies in the context of molecu-
lar communications. Among these studies, works such as [13]—
[16] consider molecular timing channels (MTC), with a goal
of discussing fundamental limits of an MTC without confining
the modulation scheme to have a discrete symbol set. Over
one-shot communication systems on MTCs (i.e. without ISI
consideration), [17] considers the well-known pulse-position
modulation (PPM) with a finite set of constellation points,
and derives its optimal detector. Noting the computational
complexity and probable detection delay associated with the
optimal detector, [18] proposes several sub-optimal detectors
for the scheme. The binary version of PPM is introduced to the
field of molecular communications by [5], which demonstrates
the scheme to be outperformed by CSK. Recently, it is found
by [19] that utilizing higher order PPM in MCvD in ISI-heavy
channels improves error performance, courtesy of its sparse
transmission strategy.

In this study, inspired by the hybrid modulation concept and
the findings of [19] that suggest the benefits of using higher
order PPM in MCvD, we propose a hybrid MCvD modulation
scheme that utilizes a single type of molecule. The proposed
scheme combines PPM constellations with conventional CSK
symbols and is called the molecular concentration-position
modulation (MCPM). We find that the selection of concentra-
tion constellations in MCPM poses a trade-off between errors
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Fig. 1. The considered system model.

in detecting concentration or position-based constellations,
suggesting an optimization problem on the emission intensity
difference of the concentration constellations while keeping
the average number of emitted molecules constant. Through
error analysis and computer simulations, we find that with
proper selection of the concentration constellations, the pro-
posed scheme can enhance the error performance of an MCvD
system. Our numerical results show that the proposed scheme
outperforms the existing schemes when the received signal
quality is low (i.e. in the high ISI and low transmission power
regime), which suggests its possible use in harsher MCvD
channels. Overall, we believe the presented approach can act
as a step towards further hybrid modulation design while
still conserving the implementational simplicity of single-type
molecule MCvD systems.

Rest of the paper is organized as follows: Section II de-
scribes the system topology and arrival model utilized in the
paper; Section III introduces the proposed hybrid modulation
scheme; Section IV presents the theoretical error analysis of
the proposed scheme; Section V illustrates the error perfor-
mance of the proposed scheme comparatively with existing
modulation schemes; and Section VI concludes the paper.

II. SYSTEM MODEL

In this paper, we consider an MCvD link between a single
point transmitter (TX) and a single synchronized, spherical,
and absorbing receiver (RX) in an unbounded, driftless 3-
D environment. Throughout the paper, 7o denotes the point-
to-center distance between the TX and the spherical RX,
r,- represents the radius of the receiver, and D denotes the
diffusion coefficient of the utilized carrier molecule. Overall,
Fig. 1 illustrates the considered communication system.

For the system model described by Fig. 1, [20] gives a
molecule’s arrival probability density with respect to time,
denoted by fui(t), as

1 ro—r, _

7"0\/ 4Dt 1

Due to its definition, integrating (1) with respect to time yields
a molecule’s probability of being absorbed by the receiver

(rg—rr)?
iDt

fuie(t) = ey

between its release at ¢ = 0 and time ¢. This cumulative
probability is denoted by fuic(t), and is obtained by

Tr To — Tr
i(t) = —erfc , 2)
put) = et ) (
where erfc(-) represents the complementary error function and
2
is calculated as erfc(x) = f et dt.

Considering a time slotted MCvyD system with a slot dura-
tion of ¢, the differences between the consecutive samples of
Jhie(t) at integer multiples of ¢, yield the channel coefficients
of the MCvD system. Denoting the n'” channel coefficient as
hn, the coefficients can be expressed as

- Fhit((n

Due to the heavy right tail of (1), the channel has infinite
memory. However, for practical purposes, a finite channel
memory that captures the significant portion of the right tail
satisfactorily represents the channel [21]. The channel memory
is denoted as L in this paper.

When emitting multiple molecules, the considered system
in this paper is modeled by the LTI-Poisson channel [22].
Denoting R, as the number of molecules that arrive at
the receiver in the 2" slot, the arrival counts are Poisson
distributed as

B = Fhir(nty) —ty), n=1,2,3,... (3)

(3

n=1

z— n+1h > (4)

where MTX denotes the number of emitted molecules in
the beginning of a symbol duration, and P(-) represents the
Poisson distribution.

III. PROPOSED SCHEME

The proposed scheme merges the conventional binary CSK
(BCSK) with PPM constellations to construct a single-type
molecule hybrid modulation scheme. At the transmitter side,
the bit sequence u is arranged in groups of 1 + log, K bits,
where I is the PPM order that is to be employed. The
first log, KC bits determine the position-based constellation,
which is the release sub-interval of the emitted molecules.
After the selection of the temporal position of the molecule
emission, the last bit in the group decides on the BCSK
symbol to also modulate the intensity of the transmitted signal,
resulting in a concentration-position joint symbol. Stemming
from its components, the scheme is called K-ary molecular
concentration-position modulation (X-MCPM), where the pa-
rameter K defines the utilized K-ary PPM.

In order to provide a fair comparison among the error per-
formances of MCvD schemes, different schemes are analyzed
under the same bit rate ( ) and average number of emitted
molecules per bit (M) [19] [23]. While adopting the average
emitted molecules per bit (M) and the communication bit rate
(%) normalizations, C-MCPM is able to emit its symbols
with a symbol duration of tg,,, = (1 + log, K)t; and with
(1+1log, K)M molecules on average. Note that g,,, denotes
the total duration of a single joint MCPM symbol. Recalling
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TABLE I
SLOT DURATIONS AND AVERAGE EMITTED MOLECULES PER SYMBOL FOR SINGLE-TYPE MOLECULE MCVD SCHEMES

Modulation Scheme BCSK 2-PPM  4-PPM  8-PPM  2-MCPM 4-MCPM 8-MCPM
Transn_ntted bits | 1 2 3 2 3 4
per unit symbol
Sub-intervals 1 ) 4 3 2 4 3
per symbol
Sub-interval duration (¢) ty %tb %tb gtb %tb =1 %tb %tb
Bit duration ty ty ty ty ty ty ty
BCSK bit-1 BCSK bit-1 BCSK bit-1
Molecules per symbol 2M for bit-1, M oM M 2M X 2 3M X 2« 4M X 2c
(MTX) 0 for bit-0 BCSK bit-0 BCSK bit-0 BCSK bit-0
2M x 2(1 —a) 3M x2(1—a) 4M x2(1—a)
Molecules per bit (on average) M M M M M M M
Number of . .
S el et components of the scheme are employed in a consecutive
manner. The overall MCPM detector that is utilized in this
paper detects the ‘" joint concentration-position symbol,
Sl o1 °ff1 1?{1 11{1 denoted by s;, in two steps:
i 1) The first step is to detect the PPM constellation based on
the largest molecule count among the PPM bin intervals
ogo o01/0 10/0 1110 using an argmax operation on the appropriate sub-
Maiia) @ © intervals. On the i concentration-position joint symbol,
— the maximum count detector can obtain the detected
0 T T T T > r;?;:,:'e PPM constellation, j;, by performing
tsymM '-sg.'rr\"’2 3[8)'“1‘(4 l@ym ~ R (5)
O & > Ji = ar max i
Q‘Q‘\;N Q‘?‘\(\"-« Q‘?‘.i“’ QQ\W FEL=DK+1, ik}
bt bt 0 0
Note that this step is motivated from the assumption that
Fig. 2. Transmission strategy of 4-MCPM. First two bits determine the hy is the largest CP z;.zmel coefficient.

emission time of molecular signal, whilst the third and last bit determines
the emission intensity of the signal.

the notation in (3), the bin (sub-interval) durations of the
utilized position constellations can be denoted as ts, which
leads to tsym, = Kt,.

Noting the aforementioned constraints and assuming
equiprobable bit-0 and bit-1 transmissions, the concentration
difference between the bit-0 and bit-1 of the BCSK con-
stellation in an MCPM scheme is a design problem. When
emitting the molecules with 2c(1+log, )M and 2(1—a)(1+
log, IC) M for bit-1 and bit-0, respectively, the value of « needs
to be optimized within the region (o € [0.5,1]) to ensure
the system emits (1 4 log, )M molecules on average. Note
that if one were to select an « close to 0.5, the concentration
constellations become very close to one another, which makes
them harder to detect at the RX end. On the other hand, an «
value close to 1 would make it difficult for the RX to detect
the PPM symbols, since if the bit that modulates BCSK is
zero, close to zero molecules are emitted to the channel. In
order to demonstrate the proposed scheme, the transmission
strategy of an exemplary MCPM scheme is presented in Fig.
2. In addition, Table I presents the average emitted number of
molecules per symbol and the for different orders of MCPM,
alongside conventional PPM and BCSK.

In order to detect the concentration-position joint symbols
of the MCPM scheme, the detectors on the PPM and BCSK

2) Considering the j;*" sub-interval yields the detected
PPM component of §;, the MCPM detector performs
a fixed threshold detector on the arrival count at the
Ji'" sub-interval to detect the concentration symbol.
Denoting the hypotheses corresponding to §;’s BCSK
component being a bit-1 or a bit-0 as H; and Hy, resp-
sectively, the MCPM detector obtains the concentration

symbol by comparing it to a threshold ~ as

H,
-
Ho

(©)

Note that the presented detector is memoryless, as it only
considers the /C sub-intervals of the joint MCPM symbol it
detects.

IV. ERROR ANALYSIS

Due to the fact that the ISI and arrival variance of an MCvD
system are dependent on past symbols [7], the probability of
error can be expressed as an average of error probabilities
conditioned on each possible MCPM symbol sequence. Here,
we take an approach similar to that of [24] to come up with
the theoretical bit error rate (BER). Considering a joint symbol
memory of L, the error probability is expressed as

1\ Ls
Pe= Z (E) Pelsipysre

VSI«—L5+1:/¢

(M

where sj_r_ 1. denotes a certain MCPM joint symbol se-
quence between (k— Lg+1)!" and k'" transmissions, and |S]|

Authorized licensed use limited to: Access paid by The UC Irvine Libraries. Downloaded on December 16,2023 at 20:01:14 UTC from IEEE Xplore. Restrictions apply.



represents the cardinality of the joint symbol set. Conditioned
on a certain MCPM symbol sequence, P, can be
found by calculating the expression

[Sk—Lg+1:k

S| 4
_Z HVekaVn) (
Felorravn = 2 log, (1 1)

where dp(-) is the Hamming distance operator between its
argument binary vectors, P($, = n) represents the probability
of detecting the MCPM symbol 7, and v, and v,, represent
the bit strings associated with s;, and the n*" joint MCPM
symbols, respectively. Note that (8) computes the average
Hamming distance between the n*" binary sequence and the
sequence that corresponds to si, over the probability mass
function of the detection of all possible MCPM symbols.
Denoting P (8, = n|sk_r.+1:%) as P(n), characterizing P(n)
is the last required part to complete the derivation. P(n) can
be piecewise expressed as

=nlsp—r,41:k), (8)

Py  { PR > max(By ). Ry >2) o, flogy S]] = 1.
P(Ry, > max(R s B, <) v, [logy |S]] = 0,
9)

depending on the last bit of n, which selects the concen-
tration constellation and is denoted by w,[log, |S|]. Here,
br € {b1,...,bx} is the decimal representation of the first
log,, IC bits of v,, (i.e. the decimal representation of the position
constellation). Note that due to its definition, R, represents
the arrival count corresponding to the slot R;_1yx4s,, which
is the b" sub-interval/bin of the i MCPM symbol. R;k
denotes the arrival counts in each PPM bin other than by of
the i'" MCPM symbol. Note that R}, and Rbk’ are condi-
tional random variables (RVs), conditioned on the evaluated
Sk—L.+1:k sequence.

Without loss of generality, we select b, = b1 to exemplify
the further steps of the derivation. First, we define a new RV,
Y = max(Ry,, ..., Ry ), to denote the maximum of all ar-
rivals other than Ry, conditioned on the evaluated s;_r,_41..
Using the Gaussian approximation on the Poisson arrival
counts [25], Ry,,..., Ry, are modeled as independent and
non-identically distributed Gaussian RVs. Thus, the cumulative
distribution function (CDF) of Y, denoted by Fy (y), can be
expressed as

Fy(y) :P(max(RbQ, v Re) < y)

(10)

where Q(-) is the well-known @Q-function. Note that since
arrival counts are assumed to be Poisson distributed RVs in
(4), the Gaussian approximation considers both the mean and
variance to be Z \ MIZ by, for the 2t time slot.

At this point, we denote the probability density function
(PDF) of Y as fy (y) for further use. To proceed, the derivation

of (9) needs to be separately analyzed for v, [log, |S|] = 0 and
v [logy [S]] = 1.
1) For v,[log,(|S])] = 0, P(n) can be found by
P(’fl) Rb;c)val S 7)
Rb}c) < Rbl < ’Y)

=P(Rp, > max(Ry,,...,
=P(max(Ryp,, - ..,
=P(Y < Rp, <7)

- /joo [/j I, (T)dr} fy (y)dy
N /joo Um Iy (y>dy] fry, (r)dr

=[;mvm%mm

where fg, (r) is the Gaussian PDF with mean pg, and
variance o7, .

2) For the second case where v, [log,(|S])] = 1, P(n) =
P(Ry, > max(Ry,,...,Rp.), Ry, > ) can be evalu-
ated over two cases of Y, on whether or not it is greater
than . Mathematically,

P(n)

(1D

=P(Rp, > max(Rp,, ...
=P(Ry, > Y, Ry, > 1)

:P(Rln > Y7Y >’y) +P(Rb1 >’Y>Y S’Y)
(12)

’szc)val > 7)

The evaluation of P(Rp, > Y,Y > ~) is similar to that
of (11), and is found by

P(Ry, >Y,Y >7)=P(yv<Y <Ry,)
-/ [ ﬂ%mwpww@
Y Yy

_/:o {/J fy(y)dy] fr,, (r)dr

_ / B () - By ()] f, (r)dr

(13)

The evaluation of P(R,, > v,Y < ) can be obtained
as

P(Ry, > 7,Y <) /’{/ hhﬂmpw)

=[mhwwl Fr, ()

= [ ), ar
; (14)
Lastly, summing (13) and (14) yields the resultant ex-
pression
P(n) =P(Rp, > max(Ryp,,...,Rp.), Rp, > )

:/mmum%mw (1)
Yy

Note that after the evaluation of Egs. (9)-(15) for all |S| of the
MCPM symbols, the probability mass function of P(5; = n)
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Fig. 3. BER 2)/s. M curves. t, = 0.2 and 0.3s, 79 = 10pm, 7 = 5um,
D= 79.4%, and L = 12.

is obtained. The rest of the derivation follows by plugging
P(3; =n) into (8), and concludes by plugging (8) into (7).

In order to demonstrate the accuracy of the error analysis,
Fig. 3 is presented. The results of Fig. 3 suggest that the
obtained expression follows the Monte Carlo simulated BER
closely, which is expected since the presented approach aims to
yield the exact BER, rather than providing a bound. However,
slight discrepancies between simulated and analytical curves
are indeed present, which are mainly due to the approximation
error of the Poisson arrival counts with Gaussian RVs.

V. NUMERICAL RESULTS
A. Error Probability vs. Number of Emitted Molecules

In this section, the error performance of the proposed
MCPM scheme is presented comparative to its concentration-
(BCSK) and position-based (PPM) components, through com-
puter simulations. Please note that considering the presented
scheme can be implemented with only a single type of
molecule, comparisons with schemes such as the molecule
shift keying [3] or the hybrid schemes presented in [8]-[12]
are omitted in order to have fairness in device complexity,
emphasizing that these schemes require more complex nano-
scale machinery that can synthesize and sense multiple types
of molecules.

When comparing the evaluated schemes, BCSK is demod-
ulated using a fixed threshold detector similar to the one
utilized in (6), and the PPM symbols are demodulated using
the maximum count detector similar to (5). All « values of the
MCPM schemes are numerically optimized using exhaustive
search between 0.5 and 1 with 0.01 incremental steps. The
concentration symbol detectors of both MCPM and CSK are
implemented using their optimal v threshold values. Figs.
4 and 5 present the BER vs. M curves corresponding to
BCSK, different orders of MCPM, and PPM schemes for two
different bit durations. Please note that for the MCvD with
parameters as considered in these figures, a bit duration of
tp, = 0.2s corresponds to a relatively high ISI scenario, whilst
ty, = 0.3s corresponds to a friendlier channel due to its lower
IST imposition.

20 30 40 50 60 70 80 90 100 110 120 130
M (molecules per bit)

Fig. 4. 2BER vs. M curves. t, = 0.2s, ro = 10pum, r, = 5um, D =
79457 and L = 12.
10°

BER

20 30 40 50 60 70 80 90 100 110 120 130
M (molecules per bit)

Fig. 5. 2BER vs. M curves. t, = 0.3s, ro = 10pum, r, = 5um, D =
79.4%, and L = 12.

The results of Figs. 4 and 5 suggest that one or more
MCPM schemes outperform BCSK and PPM schemes for
the evaluated scenarios. This performance enhancement can
be attributed to: i) the increased and tunable (through the
selection of «) degree of freedom the MCPM provides over
its components, ii) the fact that it can emit its symbols with a
larger symbol duration and average number of molecules while
still satisfying the bit rate and transmission power constraints
shown in Table I. It can be observed that among the MCPM
schemes, 4-MCPM is found to yield the lowest BER results
for the evaluated scenarios.

B. Error Probability vs. Bit Rate

Noting from the results of Figs. 4 and 5 that the amount
of ISI that is faced by the MCvD schemes directly affect
their communication performance, BER vs. t; curves of the
evaluated schemes are demonstrated in Fig. 6. In order to
generate the figure, a total time fi, that is arbitrarily large
and sufficiently captures the right tail of (1) is considered,
and each ISI window length L is calculated according to the
considered ¢; value. This procedure is done to impose all data
points to a similar total ISI. Note that if one were to choose
a fixed L value, the considered total ISI at ¢, = 0.1s would
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be considerably lower than ¢, = 0.6s, and would model the
system for ¢, = 0.1s over-optimistically.

The results of Fig. 6 show that at the higher data rate regime,
MCPM schemes (specifically 4-MCPM) outperform the other
evaluated schemes. However, it should be noted that the PPM
schemes provide better slopes as t; increases, which can also
be verified from the results of Fig. 5. Overall, the aggregate
inference from Figs. 4-6 is that MCPM provides a promising
scheme to an MCvD system that utilizes a single type of
molecule, especially when: 1) the number of emitted molecules
are small, ii) the ISI the system faces is high. Together, this
regime can be considered to correspond to the low signal-to-
interference and noise ratio (SINR) regime [26].

VI. CONCLUSION

In this paper, a single-type molecule hybrid modulation
scheme for molecular communication via diffusion systems
has been presented. Through analytical and numerical results,
it has been shown that especially in the low SINR regime, the
presented modulation family is capable of yielding promising
results, while still using conventional and memoryless detec-
tors at the receiver end. The consideration of memory-aided
and more sophisticated receivers, theoretical cost functions
that can be used to optimize the tunable parameter «, and
robustness to mis-synchronization issues are considered as
future works.
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