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Abstract—Molecular communication (MC) is a bio-inspired
communication paradigm, which lays the foundation for the
Internet of Bio-NanoThings (IoBNT) in the medical field. As
a high energy-efficient information transfer method, MC via
diffusion (MCvD) is envisioned as a promising candidate for
IoBNT but suffers from low date rates due to the long tail of
the channel impulse response (CIR). To this end, the multiple-
input multiple-output (MIMO) technique has been introduced to
MCvD. However, the inter-symbol interference (ISI) and inter-
link interference (ILI) deteriorate the bit error rate (BER)
performance of MIMO MCvD systems. In this paper, molecular
type permutation shift keying in the space domain (MTPSK-
SD) and time-interleaved MTPSK-SD are proposed for MIMO
MCvD systems to improve the BER performance by reducing ILI.
The principle of MTPSK-SD is further generalized to the spatio-
temporal domain, yielding three spatio-temporal modulation
schemes, which can provide desirable BER performance without
requiring any CIR information in the communication scenarios
affected by different levels of ISI and ILI. Two low-complexity
detectors are proposed to obtain different trade-offs between anti-
ILI and anti-ISI performance. Furthermore, a complementary
coding scheme, which can effectively reduce the ILI under
the considered symmetrical system topology, is designed and
applied to all the proposed modulation schemes. Additionally, the
BER upper bound is analyzed. Numerical simulations on BER
corroborate the analysis and show that the proposed schemes
are promising multi-molecule modulation alternatives, which
outperform the existing MIMO MCvD modulation schemes.
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I. INTRODUCTION

The unprecedented outbreak of the severe acute respiratory

syndrome coronavirus, termed as COVID-19 by the World

Health Organization, has posed a severe public health prob-

lem [1]. To combat the COVID-19 pandemic, a more in-depth

understanding of viral transmission and detection methods is

of great necessity. The viral aerosol transmission, which is

regarded as one of the potential transmission routes of the

COVID-19, can be studied as a molecular communication

(MC) problem [2]. Despite the point-to-point MC, the devices

for the viral aerosol detection are envisioned to be part of

the Internet of Things (IoT) [3, 4]. Except for the macro-scale

MC cases above, its micro-scale implementation underpins

the emerging Internet of Bio-NanoThings (IoBNT), which is

anticipated to monitor the health and detect viruses in the body

based on the engineering of biological embedded computing

devices [6]. In light of these applications, MC can achieve

the multi-scale IoT, especially to facilitate the progress of IoT

in the medical and health care fields such as targeted drug

delivery [7] and disease detection [8, 9].

Molecular communication via diffusion (MCvD), which

needs neither external energy supplies nor sophisticated

communication infrastructure, provides a viable transmission

method for MC [10]. However, since the long tail of the

channel impulse response (CIR) causes serious inter-symbol

interference (ISI), the MCvD channel is subject to low data

rates [11]. To solve this problem, the multiple-input multiple-

output (MIMO) technique, which is a well-developed tech-

nique in conventional radio-based communications [12], was

first introduced to MC in [13]. Meng et al. proposed the

spatial diversity and spatial multiplexing strategies to en-

hance the bit error rate (BER) performance and throughput,

respectively [13]. They ignored the ISI and focused on the

effect of inter-link interference (ILI) that is one of the main

challenges for MIMO systems. To analytically consider the

ISI and ILI, the authors in [14] proposed five detection

methods, which require information of emitted molecules or

CIR. For molecular MIMO prototypes, the authors in [15]

built a macro-scale tabletop molecular MIMO testbed, and

implemented the detection methods proposed in [14] on the

prototype. Furthermore, Lee et al. extended the work in [15],

demonstrating an in-vessel molecular MIMO communication

platform, where a flow exists in the tube environment [16].

Unlike most of the prototypes with the airborne channel, an

underwater MIMO-MC testbed was designed in [17], where

the space shift keying (SSK) technique is validated in practice.
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As for channel estimation and equalization, the authors in [18]

proposed maximum-likelihood (ML) and least-squares estima-

tion methods for diffusive MIMO systems and corresponding

equalization methods to mitigate the ISI and ILI. In [19],

a linear equalization framework was designed to reduce the

constellation errors for MIMO systems. For spatial diversity

coding techniques, repetition coding (RC) and Alamouti-

type coding were studied for MIMO-MC in [20], where RC

outperforms Alamouti-type coding, as the ILI for RC has a

constructive effect on the intended signal strength. Wu et al.

studied an asymmetrical molecular MIMO structure, and pro-

posed to use a zero-forcing detection approach to mitigate the

ILI [21]. In [22], enzymes were used to degrade information

molecules so that they would not interfere with subsequen-

t transmissions and neighboring communication links. The

above-mentioned channel estimation and pre-coding methods

can enhance performance of MIMO MCvD systems; however,

they require additional information or substance to assist the

symbol detection.

On the other hand, carefully designed modulation schemes

are also effective in combating ISI and ILI with low energy

costs [23]. To mitigate the ISI impairment in MCvD sys-

tems, the information bits can be encoded on the molecular

types, pulse positions, and type permutations, corresponding

to molecular shift keying [24, 25], pulse position modulation

(PPM) [26], and molecular type permutation shift keying

(MTPSK) [27], respectively. The recently emerging MTPSK

can effectively reduce the effect of ISI by enlarging the

transmission intervals of molecules with the same type [27].

Concerning the transmitter’s limitations on the molecule pro-

duction rate and the finite storage capacity, an adaptive release

duration modulation was proposed in two cases of the absence

and the presence of ISI [28]. Diverse modulation schemes were

designed for MIMO MCvD systems to further combat the ILI

in addition to the ISI. Spatial modulation (SM), which uses the

indices of the antennas of the transmitter to convey additional

information bits, was introduced to MC by Huang et al. in

[29]. They proposed molecular space shift keying (MSSK),

which only activates a single transmitter each time to avoid

the ILI in the current transmitted symbol, and assumed short

lengths of ILI and ISI. However, the ISI and ILI tend to be

long in practical MIMO-MCvD scenarios. The authors in [30]

proposed molecular spatial modulation (MSM) and quadrature

(Q-)MSSK for the system having access to two types of

molecules to combat the ILI and ISI, respectively. However,

MSM and QMSSK may not provide a reliable transmission

when both ISI and ILI are serious.

In this paper, both the ILI and ISI impacts on the MIMO

MCvD channel are investigated. Furthermore, we propose

four novel modulation schemes to comprehensively cope with

various levels of ISI and ILI, including the harsh commu-

nication scenarios affected by the serious ILI and ISI. BER

performance analysis and numerical simulations demonstrate

that the proposed schemes outperform the existing modulation

schemes for MIMO MCvD systems. The overall contributions

of this paper include:

• We propose an MTPSK in the space domain (MTPSK-

SD) that modulates information on the permutations of

different molecular types emitted by nano-machines with

different indices. A low-complexity detection method

without requiring CIR information is proposed.

• To combat ILI, we apply a time interleaving method

to MTPSK-SD (TI-MTPSK-SD), where different pairs

of transceivers communicate at different time slots. We

find that TI-MTPSK-SD has a desirable benefit to ILI

mitigation at no cost of external hardware or calculation

complexity when compared with MTPSK-SD.

• Combining MTPSK-SD with MTPSK in the time domain

(TD) [27], we propose an MTPSK-SD-TD to combat both

ISI and ILI. Two low-complexity detection methods are

also proposed to provide different trade-offs between ILI-

combating ability and ISI-combating ability.

• We design two spatio-temporal modulation schemes by

combining MTPSK-SD with PPM (MTPSK-SD-PPM)

and MTPSK-TD with SSK (MTPSK-TD-SSK), respec-

tively. Our studies show that MTPSK-TD-SSK mitigates

the detrimental effect of ILI, and presents the optimal

BER performance when ILI is medium but ISI is serious.

By contrast, MTPSK-SD-PPM exploits the constructive

effect of ILI and has the optimal BER performance when

MCvD systems are affected by serious ILI and ISI.

• Considering the property of ILI that an intended link

is likely to suffer from the interference of its adjacent

links, we design a complementary coding scheme to avoid

activating the permutations prone to ILI, and to minimize

the BER caused by the symbol error detection.

The remainder of this paper is organized as follows. In

Section II, the system topology of MIMO MCvD and channel

model affected by ISI and ILI are outlined. The modulation

principles and receiver designs of the four modulation schemes

are proposed in Section III, followed by the design of the

complementary coding rule. In Section IV, we take MTPSK-

SD-TD as an example to derive the BER upper bound.

Section V provides numerical simulation results. Finally, the

conclusion of this paper is drawn in Section VI, where the

future work is also anticipated.

II. SYSTEM MODEL

A. System Topology

Similar to the system topology considered in [30], an

M ×M MIMO systemy for MCvD within a 3-D unbounded

environment is considered in this paper, as shown in Fig. 1.

The system consists of a transmitter block (TX) equipped with

M point-like transmit nano-machines (TNs) on its surface and

a receiver block (RX) attached M passive spherical receive

nano-machines (RNs). When emitting pulses of molecules

towards the receiver, the TX is assumed to be capable of

perfectly controlling the stored molecules of M types and the

emission procedure of the TNs, according to the employed

modulation scheme. The RX is assumed to be able to observe

the number of molecules within each RN and distinguish

different types of molecules, based on which RX detects the

information bits according to the modulation employed. It is

worth noting that the nano-machines on each side form a
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Fig. 1. Model of the 4×4 MIMO MCvD system.

uniform circular array (UCA) of nodes, which are angular-

wise equally separated from the center of their corresponding

nano-machines [30]. Assume that the TX-RX pair has been

synchronized at symbol level based on the synchronization

methods that can be exploited in MIMO systems [31, 32].

To clearly illustrate the topology structure, we exemplify

a 4 × 4 MIMO MCvD system, as shown in Fig. 1. The

RNs are assumed to be perfectly aligned, respectively, to their

corresponding point-like TNs [30]. Under this assumption,

the distances from TNs to their corresponding RNs’ centers

are expressed as d. The shortest distance between the surfaces

of the adjacent RNs is denoted by dRN . The radius of each RN

equals r. Intuitively, the distances between the centers of two

adjacent RNs as well as two adjacent TNs are both dRN +2r.

B. Channel Model

Assume that the emitted molecules propagate in the channel

based on the Brownian motion without flow. According to the

Fick’s second law of diffusion, the possibility hij(t) of an

information molecule, which is emitted by TNj at t = 0 and

observed by RNi at time t, can be expressed as [29]

hij(t) =
1

(4πDt)
3

2

exp

(

−
d2ij
4Dt

)

, (1)

where dij is the distance between TNj and the center of

RNi, and D denotes the diffusion coefficient of information

molecules. Note that in this paper, all information molecules

are assumed to be the isomers having the same D in the same

propagation medium considered [33].

For sequent bit transmissions with a symbol duration Ts,

the possibility of an information molecule observed by RNi

at the discrete instant t = vTs can be calculated by substituting

t = vTs in (1). Due to the heavy tail characteristics of CIR

in MCvD, the channel memory is infinite, which means that

the CIR needs infinite observations to be perfectly modeled.

However, for practice implementation, the CIR can be modeled

by considering L symbol durations. By its nature, L also

denotes the length of ISI.

Consider that information molecules can be detected in the

spherical RNs with the volume of Vr = 4
3πr

3. According to

the uniform concentration assumption [34], the concentration

of information molecules in RNi is assumed to be equal to

that expected at the center of RNi. This assumption is valid,

provided that the communication distance dij is sufficiently

larger than the radii r of RNs and the symbol duration Ts is

longer than or close to d2ij/6D [34]. Consider that TNj emits

Ee molecules of a certain type, all RNs sample the number

of molecules after a time interval of tm = d2/6D from the

emission instant to obtain the expected maximum of received

molecules over the intended link [35]. The number of the m-

th type molecules, which are emitted by TNj at t = vTs and

observed by RNi at time t = vTs+tm, is denoted by Zm,ij(v),
and can be expressed as

Zm,ij(v) = (EeVrhij [0] + ni(v)) sm,j(v), (2)

where Vrhij [0] is the possibility of one molecule emitted

by TNj and observed by RNi at time t = vTs + tm;

ni(v) denotes the counting noise induced by the v-th emitted

pulse of molecules; sm,j(v) = 1 or 0 indicates whether

TNj emits Ee molecules of the m-th type at the v-th in-

stant. Zm,ij(v) can be modeled by a binomial distribution,

i.e., Zm,ij(v) ∼ B
(

Ee, Vrhij [0]
)

[36, 37]. When Ee is a

large number and Vrhij [0] is small, the binomial distribu-

tion can be closely approximated as a Poisson distribution

Zm,ij(v) ∼ P
(

λij,0 = EeVrhij [0]
)

[38], which can be easily

satisfied in common communication scenarios of MCvD.

Considering the effect of ISI and ILI, the number of

molecules observed by each RN is determined by the emitted

molecules from all TNs within the recent L+ 1 symbols. As

shown in [39], provided that Ts > r2/D, the observations in

terms of the molecular numbers sampled at different instants

are mutually independent. Since the sum of multiple indepen-

dent Poisson random variables remains Poisson distributed,

the total number of molecules of the m-th type observed

by RNi at the v-th instant can be modeled as Zm,i(v) ∼
P
(

Λm,i(v)
)

, in which

Λm,i(v) = EeVr

v
∑

α=v−L

M
∑

j=1

sm,j(α)hij [v − α] + λenv, (3)

where λenv represents the Poisson parameter of the environ-

ment noise caused by the same type of molecules emitted

from other MC systems, and thus λenv is independent of the

considered TX.

III. MODULATION PRINCIPLE AND RECEIVER DESIGN

In this section, we first introduce MTPSK-SD as a basic

modulation scheme for MIMO MCvD systems. In order to

combat ILI, the TI-MTPSK-SD scheme is then proposed,

which introduces the time-domain interleaving so as to avoid

activating all TNs at the same time. Furthermore, based on

the fact that adjacent links yield the strongest ILI, we design

a complementary coding scheme to increase reliability by

reducing the ILI-caused symbol error detection. Next, by

considering the effect of both ISI and ILI, we propose three

spatio-temporal modulation schemes, namely the MTPSK-SD-

TD, MTPSK-TD-SSK, and MTPSK-SD-PPM, which are de-

signed for implementation in different MC scenarios affected

by various levels of ISI and ILI. Additionally, as the nano-

machines usually cannot undertake cumbersome calculation

tasks, low-complexity detection methods corresponding to

their modulation counterparts are proposed.
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A. (TI-)MTPSK-SD and Complementary Coding Scheme

1) MTPSK-SD: Inspired by the idea that information can

be transmitted by molecular type permutations on different

emission instants [27], we extend the MTPSK to the MIMO-

MC architecture, using the permutation pattern in the spatial

domain for information encoding.

To implement MTPSK-SD, each TN emits only one out of

the M types at every emission instant. The types of molecules

emitted by M TNs are different from each other during the

same symbol duration, and the information bits are encoded

on their permutation. Since there are in total M ! permutation

candidates, b = ⌊log2 M !⌋ information bits can potentially be

transmitted per symbol.

We choose N = 2b out of the M ! permutation candidates

as activation patterns, which compose a space symbol set

Ss = {Ss
1, Ss

2, . . . , Ss
N}. It is worth noting that the selection of

activation patterns from M ! permutation candidates and the

rule of mapping information bits to the selected permutations

have significant effect on the BER performance of MTPSK-

SD, which will be detailed in subsection III-A-3. The activa-

tion pattern of the u-th symbol Ss
u is an M ×M permutation

matrix with only one entry equal to one in each row and

column, and the rest of them are zero. The (m, j)-th entry

of Ss
u, denoted by ssm,j(u), equaling one indicates that TNj

emits Ee molecules of the m-th type at the instant of t = uTs,

where m = 1, · · · ,M and j = 1, · · · ,M .

The RX observes the number of molecules of M types

within each RN to detect the transmitted symbol. Assume

that a Genie-aided ML (GML) detector has the access to the

ideal knowledge of the previous L symbols. The u-th estimated

space symbol X̂
s

u can be detected as

X̂
s

u= arg max
S̃
s

u∈Ss

M
∏

m=1

M
∏

i=j=1

Pr
(

Zm,i(u) = zm,i(u)|s̃
s
m,j(u)

)

= arg max
S̃
s

u∈Ss

M
∑

m=1

M
∑

i=j=1

ln
(

Pr
(

Zm,i(u)=zm,i(u)|s̃
s
m,j(u)

))

,

(4)

where the conditional probability mass function (PMF) of

Zm,i(u) is given by

Pr(Zm,i(u) = zm,i(u)|s
s
m,j(u)) =

[Λm,i(u)]
zm,i(u)e−Λm,i(u)

zm,i(u)
,

(5)

where Λm,i(u) is given by (3). After substituting (5) into (4),

and removing the common terms, the GML detector can be

simplified to

X̂
s

u= arg max
S̃
s

u∈Ss

M
∑

m=1

M
∑

i=j=1

zm,i(u) ln
(

Λm,i

(

u|s̃sm,j (u)
))

. (6)

However, due to the limited computational capacity of

nanomachine transceivers, the GML detection is not realistic.

Motivated by the fact that it is difficult to obtain the infor-

mation of previously emitted symbols and CIR, we consider

a low-complexity ML (LML) detection method, which deter-

mines the transmitted symbol by the number of molecules

obtained in the current symbol. In this case, the Poisson

parameter in (3) can be rewritten as

Λm,i(u) =EeVr

M
∑

j=1

(

ssm,j(u)hij [0]

+

u−1
∑

α=u−L

ssm,j(α)hij [u− α]

)

+ λenv

=

M
∑

j=1

ssm,j(u)λij,0 + Λc + λenv, (7)

where Λc is the average effect from L previously transmitted

symbols. Based on (6) and (7), the LML detector can be

presented as

X̂
s

u

(a)
= arg max

S̃
s

u∈Ss

M
∑

m=1

M
∑

i=j=1

zm,i(u) ln
(

s̃sm,j (u)λij,0+λenv

)

(b)
= arg max

S̃
s

u∈Ss

M
∑

m=1

M
∑

i=j=1

zm,i(u)s̃
s
m,j (u) , (8)

where (a) holds since Λc is a constant term regardless of

activation patterns. The reason behind this result is that each

TN and also each type are always activated once within a

symbol period in MTPSK-SD.1 Equation (b) holds when the

Poisson parameter λenv resulted from the environment noise

is negligible in comparison with λij,0.

After obtaining X̂
s

u, the RX maps X̂
s

u to the corresponding

bit sequence according to the coding rule to be presented in

subsection III-A-3.

2) TI-MTPSK-SD: In MTPSK-SD, different TNs emit dif-

ferent types of molecules at the same time; however, due to

ILI, each RN samples non-zero molecules of M types, which

seriously deteriorates the detection performance. In order to

reduce ILI, especially when the separation distance dRN of

RNs is small in comparison to the radius r of RN, we propose

the TI-MTPSK-SD, whose principle is described below.

In TI-MTPSK-SD, TX controls M TNs to release molecules

at M different instants within a symbol duration Ts. RNs

synchronize with their corresponding TNs to sample at differ-

ent timings with the maximum concentration. Therefore, com-

pared with MTPSK-SD, the only additional parameter required

by TI-MTPSK-SD is the interleaving offset interval, denoted

by TTI , which can be optimized by aiming at minimizing

the ILI in the intended link. However, the optimum value

may vary according to different system parameters, such as

d and dRN . For simplicity, we set TTI = Ts/M , and assume

that all the later proposed modulation schemes have an equal

emission interval Te = Ts/M within a symbol duration of Ts.

Moreover, at each emission instant, the TN to be activated

is the one that is farthest from the previously activated TN

and non-activated within the current symbol duration. This

activating strategy aims at further increasing the emission

intervals between the adjacent TNs to reduce ILI.

1For the other modulation schemes to be proposed, since each type is only
activated once per symbol period, and each TN and emission instant have an
equal activation possibility, (a) of (8) maintains valid.
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TABLE I
MAPPING TABLE OF COMPLEMENTARY CODING SCHEME FOR M = 4

Permutation
Bit

Sequence
Opposite

Permutation
Bit

Sequence

{1, 2, 3, 4} [0, 0, 0, 0] {3, 4, 1, 2} [1, 1, 1, 1]

{1, 2, 4, 3} [0, 0, 0, 1] {3, 4, 2, 1} [1, 1, 1, 0]

{1, 4, 3, 2} [0, 0, 1, 0] {3, 2, 1, 4} [1, 1, 0, 1]

{1, 4, 2, 3} [0, 0, 1, 1] {3, 2, 4, 1} [1, 1, 0, 0]

{1, 3, 4, 2} [0, 1, 0, 0] {3, 1, 2, 4} [1, 0, 1, 1]

{1, 3, 2, 4} [0, 1, 0, 1] {3, 1, 4, 2} [1, 0, 1, 0]

{2, 4, 3, 1} [0, 1, 1, 0] {4, 2, 1, 3} [1, 0, 0, 1]

{2, 4, 1, 3} [0, 1, 1, 1] {4, 2, 3, 1} [1, 0, 0, 0]

To clearly explain the merit of TI-MTPSK-SD, we compare

the transmit matrix of TI-MTPSK-SD with that of MTPSK-

SD. Let us define HMT [0] as the transmit matrix of MTPSK-

SD for the current symbol, which can be represented as

HMT [0] =



















h1,1 [0] · · · h1,j [0] · · · h1,M [0]
...

...
...

hi,1 [0] · · · hi,j [0] · · · hi,M [0]
...

...
...

hM,1 [0] · · · hM,j [0] · · · hM,M [0]



















, (9)

where each element is non-zero, because all TNs are activated

at the same time. By contrast, for TI-MTPSK-SD, since RNi

will not be influenced by the molecules emitted after the i-th
instant, the transmit matrix HTI [0] of TI-MTPSK-SD can be

arranged as a lower triangular matrix, i.e.,

HTI [0] =

















h1,1[0] 0

h2,1

[

1
M

]

h2,2[0]

...
...

. . .

hM,1

[

M−1
M

]

hM,2

[

M−2
M

]

· · · hM,M [0]

















, (10)

where half of the non-diagonal elements are zero elements,

meaning a significant ILI reduction. The reason behind this is

that TNj does not interfere RNi, provided that j > i [40].

3) Complementary Coding: As shown in (8), the estimated

symbol is impaired by ILI. Therefore, we present a selection

rule of activation patterns and a complementary coding scheme

in the sequel, which can combat this interference. Here the

basic idea is to avoid activating the permutations that are prone

to ILI, and to reduce the BER caused by the symbol error

detection. First, we introduce the selection principle of the

activation patterns based on the fact that ILI is dominated by

adjacent links. This phenomenon means that a permutation

candidate is least likely to be erroneously detected as its

opposite permutation. In the opposite permutation, each type

of molecules is emitted by the the farthest TN from the

activated TN in the original permutation. For example, if

TN1 is activated to transmit molecules of the first type in

the original permutation, RN3 is expected to receive the least

molecules of this type. Therefore, TN3 is arranged to emit

molecules of the first type in the opposite permutation.

For ease of understanding, an example for M = 4 is

presented in Table I. Since 4! > 2⌊log2
4!⌋, 8 out of 24
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Fig. 2. Comparison between MTPSK-SD and TI-MTPSK-SD with com-
plementary coding and lexicographic ordering coding in terms of BER with
parameters chosen as: M = 4, d = 25µm, dRN = 10µm, r = 5µm,
D = 2.2× 10−9m2/s, and c = 10bit/s.

permutations are selectively discarded. These 8 permutations

can be arbitrary four pairs of complementary permutations so

that the reserved permutations constitute opposite permuta-

tions in the mapping table. Then, the complementary coding

scheme is designed based on the following two rules: a) Let

each pair of complementary bit sequences be mapped to the

complementary permutations that have the lowest probability

of detection-error. The complementary bit sequences refer to

the two bit sequences where two corresponding bits have the

opposite values of 0 or 1, as shown by [0, 0, 0, 0] and [1, 1, 1, 1]
in Table I. b) The two bit sequences, which correspond to the

two permutations prone to the transposition error resulted from

adjacent TNs, have the least number of different bits or the

smallest Hamming distance, as shown in the Rows 1 and 2 of

Table I for the permutations of {1, 2, 3, 4} and {1, 2, 4, 3}.

Figure 2 compares the BER performance of MTPSK-SD

and TI-MTPSK-SD employing the proposed complementary

coding with their counterparts employing the lexicographic

ordering coding presented in [41, 42]. For a fair comparison,

the BER is evaluated versus the emitted number of molecules

per bit Eb in a 4×4 MIMO system with d = 25µm,

dRN = 10µm, r = 5µm, D = 2.2 × 10−9m2/s, data rate

c = 10bit/s, and λenv = 0.0001. As shown in Fig. 2, the

gap between the two modulation schemes with complementary

coding and those with lexicographic ordering coding enlarges

as Eb increases, where complementary coding can save up

to 1000 and 2000 molecules per bit for TI-MTPSK-SD and

MTPSK-SD, respectively. It is worth noting that the comple-

mentary coding can be employed in any modulation scheme

that contains the MTPSK-SD part under the symmetrical

MIMO topology, including our spatio-temporal modulation

schemes to be introduced in the next subsection.

B. Spatio-Temporal Modulation Schemes

1) MTPSK-SD-TD: Inspired by the TI-MTPSK-SD, where

different TNs can emit molecules of different types at different
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instants instead of at the same time, we combine MTPSK-SD

with MTPSK-TD [27] to propose a new modulation method,

termed as MTPSK-SD-TD. MTPSK-SD-TD not only inherits

the anti-ISI characteristic of MTPSK-TD, but also remains the

ILI-combating ability inherited from TI-MTPSK-SD.

To implement MTPSK-SD-TD, we assume that the u-th

symbol can potentially transmit b information bits, which can

be divided into two parts for different purposes: The first part,

termed as space bits and consisting of b1 bits, determines the

order of the M types to be employed by M individual TNs; the

second part, named time bits and comprised of b2 bits, selects

M different emission instants for M different molecular types.

Note that the M emission instants have equal time intervals

within a symbol duration Ts. The order set of types forms two

full permutations on individual TNs and different emission

instants respectively, such that b1 = b2 = ⌊log2 M !⌋.

We choose N = 2b1 out of the M ! permutations of types

employed by individual TNs to form a space symbol set Ss,

which has the same items as S in MTPSK-SD. The (m, j)-th
entry of Ss

u, denoted by ssm,j(u), equaling one indicates

that TNj emits molecules of the m-th type within the u-th

symbol. Then the time symbol set St =
{

St
1, St

2, · · · , St
N

}

is determined by selecting N out of the M ! permutations of

types activated at different instants. The (m, v)-th entry of St
u,

denoted by stm,v(u), equaling one means that the molecules

of the m-th type are emitted at the v-th instant within the u-th

symbol, where v = 1, · · · ,M .

At the receiver end, MTPSK-SD-TD can achieve the opti-

mal detection performance via the ML detection that decodes

the space and time symbols jointly. Considering that RX has

no access to CIR information or the previously transmitted

symbols, the optimal ML detection based on (8) can be

formulated as
〈

X̂
s

u, X̂
t

u

〉

=arg max
S̃
s

u∈Ss,S̃
t

u∈St

M
∑

v=1

M
∑

m=1

M
∑

i=j=1

zm,i(v)s̃
s
m,j (u) s̃

t
m,v (u) , (11)

where zm,i(v) denotes the molecular number of the m-th type

sampled by RNi at the v-th instant within the u-th symbol,

whose notation u is omitted for brevity; X̂
s

u and X̂
t

u are the

estimated space symbol and time symbol, respectively.

However, (11) indicates that the optimal detector has a

search complexity of O(N2), which may be a heavy task

for nanomachines with the constraints on size and computing

capability, especially for a large N . Therefore, we propose

two low-complexity detection methods for the MTPSK-SD-

TD employed in MIMO MCvD systems, namely the time-

based and space-based LML detectors.

The time-based LML detector first detects the time symbol

by summing up the number of received molecules over all RNs

according to different types, and then determines the space

symbol based on the estimated emission instants. Due to the

nature of UCA that the molecules received by each RN un-

dergo the channel with symmetric coefficients, the maximum

ratio combining (MRC) is equivalent to equal gain combining

(EGC) for the considered system topology [30]. Therefore,

we choose EGC as the combining method in this paper

to avoid additional overhead when computing the weighting

coefficients of MRC. The total number of the molecules of

the m-th type received by all RNs at the v-th instant can be

expressed as

zm,v =
M
∑

i=1

zm,i (v) . (12)

Based on (12), the RX detects the time symbol by performing

X̂
t

u = arg max
S̃
t

u∈St

M
∑

v=1

M
∑

m=1

zm,v s̃
t
m,v

(u) . (13)

According to the estimated time symbol of X̂
t

u, the number

of received molecules of each type that corresponds to the

estimated emission instants is chosen from all the numbers

of molecules observed within the u-th symbol, which can be

represented as

zm,i = zm,i(v), for (m, v) ∈ X̂
t

u. (14)

By using (14), the space symbol can be detected as

X̂
s

u = arg max
S̃
s

u∈Ss

M
∑

m=1

M
∑

i=j=1

zm,is̃
s
m,j

(u) . (15)

The space-based LML detector estimates the space symbol

before detecting the time symbol. For molecules of each type,

every RN sums up the M individual samples within the current

symbol. To be precise, the sum of numbers of the m-th type

molecules received by RNi at all instants can be formulated as

zm,i =

M
∑

v=1

zm,i (v) , (16)

where we assume that samples at different instants are added

with equaling weights to restrict the computational complexity

of the detector and facilitate its implementation for MC. The

space symbol is detected by substituting (16) into (15). The

estimated space symbol can determine the activated TNj and

its corresponding molecular type. Based on X̂
s

u, we select the

number of received molecules of the m-th type transmitted

by the estimated TN from all the {zm,i(v)} sampled in the

current symbol as follows

zm,v = zm,i(v), for (m, j) ∈ X̂
s

u, i = j. (17)

Then, according to (17) the time symbol can be obtained in

the same way as (13).

Note that the difference between the above two low-

complexity detectors is not just the detection order. The array

gain, which is detailed in [20], achieved by the EGC in

the time-based LML detector is more than the gain brought

by the combining method in the space-based LML detector.

However, this superiority of the time-based LML detector will

be exhausted when ISI is serious but ILI is minor, which means

that there exists a trade-off between ISI-combating ability and

ILI-combating ability for the proposed detectors.

Figure 3 shows this trade-off by comparing the BERs of

MTPSK-SD-TD with respectively the time-based LML detec-

tor and the space-based LML detector in ILI-dominant and
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Fig. 3. Comparison between MTPSK-SD-TD with time-based LML detector
and space-based LML detector in terms of BER with parameters chosen as:
dRN = 5µm, c = 10bit/s; dRN = 15µm, c = 40bit/s.

ISI-dominant scenarios, where dRN = 5µm, c = 10bit/s and

dRN = 15µm, c = 40bit/s (other parameters are chosen the

same as those in Fig. 2). The simulation results demonstrate

that the time-based LML detector outperforms the space-based

LML detector when ILI is dominant, but underperforms the

space-based counterpart when the effect of ISI predominates.

2) MTPSK-TD-SSK: The proposed MTPSK-SD-TD can

mitigate the impacts of ISI and ILI at the same time. Consider

the case that the transceiver can communicate at a high data

rate, when there is enough space to separate TNs and RNs

on TX and RX, respectively. In this case, the effect of ISI is

more serious than that of ILI, and hence a modulation method

that can efficiently combat ISI is desirable. To this objective,

MTPSK-TD-SSK is proposed, as described below.

MTPSK-TD-SSK is designed based on the SSK employed

in the space domain [29] and the MTPSK-TD [27]. The

information bits are separated into space bits and time bits

comprised of b1 and b2 bits, respectively. The space bits choose

a TN to activate for each molecular type. It is worth noting

that the activated TNs can be the same for different molecular

types, which means that the process of selecting the TN from

M TN candidates is performed by M types of molecules.

Thus, in total b1 = M log2 M space bits can be conveyed

per symbol. The time bits determine the permutation order of

the M types transmitted at M different emission instants of a

symbol, which can hence deliver b2 = ⌊log2 M !⌋ time bits per

symbol. It is noteworthy that the numbers of molecule types,

TNs and RNs, and emission instants within the symbol are

restricted to be the same throughout the paper to facilitate the

comparison of different modulation schemes.

Since the TNs activated by different molecular types are

independent, the space symbol can be determined one by

one according to molecular types. Let us take the m-th type

for demonstration to formulate the space symbol set denoted

as ssm =
{

ssm,1, · · · , ssm,j , · · · , ssm,M

}

. In the space symbol

vector ssm,j , only the j-th term ssm,j equals one, while others

equal zero, which represents that the m-th type of molecules

are transmitted by TNj . The principle to transmit the time

symbol is the same as that in the proposed MTPSK-TD-SD.

Similar to the time-based LML detector of MTPSK-SD-

TD, the detector of MTPSK-TD-SSK can first detect the time

symbol X̂
t

u based on the EGC method in (12) and the detection

criterion in (13). Then, according to the output X̂
t

u, the number

of molecules of each type observed at the corresponding

instant is chosen based on (14). The space symbols conveyed

by the M types are detected one by one, where the detection

rule for the m-th type can be expressed as

x̂
s
m = arg max

s̃sm,j∈ssm,i=j
zm,is̃

s
m,j

. (18)

The detector can partially restore b1 bits based on x̂
s
m imme-

diately, without waiting for the others. In order to facilitate

performance analysis, we use the M estimated {x̂
s
m} to form

a matrix X̂
s

u, the m-th row of which is x̂
s
m.

3) MTPSK-SD-PPM: The above MTPSK-TD-SSK is de-

signed to mitigate ISI in the Molecular MIMO systems with

a relatively large dRN . This scheme may not work well in

the scenario where TNs and/or RNs are not separated with

sufficient distance, due to the limited spaces of transmitter

and/or receiver. For this sake, we propose MTPSK-SD-PPM

to simultaneously combat ILI while reducing ISI.

Combining MTPSK-SD with PPM [26], MTPSK-SD-PPM

encodes information bits by first executing the permutation in

the space domain, so that each of the M TNs activates one type

of molecules. This process conveys b1 = ⌊log2 M !⌋ space bits.

Then for each of the M TNs, one of the M time instants of

a symbol is selected to transmit the correspondingly activated

type of molecules. As there are M TNs, in total b2 = M log2 M
time bits can be delivered.

It can be shown that the space symbol set Ss in MTPSK-

SD-PPM is the same as that in MTPSK-SD-TD. Since the

activated instants of different molecular types are independent,

the emission instants for different types can be the same, which

is different from the design criterion of the time symbol in

MTPSK-SD-TD. Due to the independence of the activated

time instants among M molecular types, we focus on the

m-th type for analysis to form, which has a symbol set

stm =
{

stm,1, · · · , stm,v, · · · , stm,M

}

, where only the v-th entry

stm,v in stm,v equals one, indicating that the m-th type of

molecules is transmitted only at the v-th instant.

At the receiver end, the time symbol is detected first. After

obtaining {zm,v}, the transmitted time symbol for the m-th

type can be estimated with the aid of the EGC method by

performing

x̂
t
m = arg max

s̃tm,v∈stm

zm,v s̃
t
m,v

. (19)

The M detected
{

x̂
t
m

}

are then combined to form the matrix

X̂
t

u, whose m-th row is x̂
t
m. Then based on the estimated X̂

t

u

and (14), we choose the numbers of molecules of different

types sampled at the corresponding instants to obtain zm,i.

The space symbol X̂
s

u can be detected by substituting zm,i

into the detection method given in (15).
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IV. PERFORMANCE ANALYSIS

In this section, we derive the BER upper bound of the

MTPSK-SD-TD, when assuming the time-based LML detec-

tor, which detects the time symbol before the space symbol.

The analysis for the MTPSK-SD, TI-MTPSK-SD, MTPSK-

TD-SSK, and MTPSK-SD-PPM can be performed similarly,

and thus is omitted for brevity.

Let us first consider the time symbol Xt
u and define

Pr
(

St
k → St

l

)

as the unconditional pairwise error probability

(PEP) of transmitting St
k and deciding on St

l , where l 6= k.

According to the union bounding technique, the BER of time

symbol can be upper bounded by

P t
b ≤

1

N

N
∑

k=1

N
∑

l=1

Pr
(

St
k → St

l

) e
(

St
k → St

l

)

b2
, (20)

where e
(

St
k → St

l

)

denotes the number of error bits corre-

sponding to the pairwise error event.

Since the detection of current time symbol Xt
u is affected by

the previously transmitted L symbols, denoted by
〈

Xt
u,Xs

u

〉L
,

the unconditional PEP can be expressed as

Pr
(

St
k→St

l

)

=
1

N2L

∑

〈Xt
u,X

s
u〉

L∈〈St,Ss〉L

Pr
(

St
k → St

l |
〈

Xt
u,Xs

u

〉L
)

. (21)

The details on the derivation of Pr

(

St
k → St

l |
〈

X̂
t

u, X̂
s

u

〉L
)

are given in the sequel. Similar to (a) of (8), the detection

criterion of X̂
t

u shown in (13) can be rewritten as

X̂
t

u =arg max
S̃
t

u∈St

M
∑

v=1

M
∑

m=1

zm,v ln
(

s̃tm,v (u) Λ0+Mλenv

)

, (22)

where Λ0 =
∑M

i=1 λij,0. The subscript j can be omitted, since

the sum of channel coefficients for each TN is equal to each

other. According to (22), the transmitted St
k is erroneously

detected as St
l , when

∑

(m,v)∈Ωk∪Ωl

zm,v ln
(

stm,v (k) Λ0 +Mλenv

)

≤
∑

(m,v)∈Ωk∪Ωl

zm,v ln
(

stm,v (l) Λ0 +Mλenv

)

, (23)

where Ωk =
{

(m, v)|∀m, ∀v, stm,v(k) = 1
}

. Consequently,

the terms (m, v) ∈ Ωk ∪ Ωl represent that they are activated in

St
k or St

l . After subtracting the terms (m, v) ∈ Ωk ∩ Ωl from

both sides of (23) and then re-arranging them, (23) can be

simplified to

∑

(m,v)∈Ωk−Ωl

zm,v ln

(

Λ0 +Mλenv

Mλenv

)

−
∑

(m,v)∈Ωl−Ωk

zm,v ln

(

Λ0 +Mλenv

Mλenv

)

≤ 0, (24)

where the terms (m, v) ∈ Ωk − Ωl represent that they are

activated in Sk but inactivated in Sl.

Since the sum of multiple independent Poisson random

variables is still subject to the Poisson distribution, zm,v ∼
P
(

Λm,v

)

, where Λm,v =
∑M

i=1 Λm,i(v). Furthermore, when

Λm,v ≫ 20, the Poisson distribution can be approximated to a

Gaussian distribution [43], i.e., zm,v ∼ N
(

Λm,v,Λm,v

)

. Since

the random variables in (24) are independent, the left-hand

side of (24) can be expressed by a new Gaussian distributed

random variable Y t. When given the ISI symbols
〈

Xt
u,Xs

u

〉L
,

the mean and variance of Y t are given by (25) shown at the

top of the next page. According to (25), the conditional PEP

can be expressed as

Pr
(

St
k → St

l |
〈

Xt
u,Xs

u

〉L
)

= Q

(

µY t

σY t

)

, (26)

where Q (x) = (2π)
−1/2 ∫∞

x
e−t2/2dt.

The BER performance of X̂
s

u depends on the detection

results of X̂
t

u, and the symbol error rate can be calculated by

P t
s ≈

1

N

N
∑

k=1

N
∑

l=1,l 6=k

Pr
(

St
k → St

l

)

. (27)

Based on (27) and the union bounding technique, the BER

of space symbol can be upper bounded by (28), shown at

the top of the next page. The term 1
2P

t
s means that when

the time symbol St
k is detected incorrectly, the BER of the

space symbol equals 0.5. Since Pr
(

Ss
k → Ss

l |
〈

Xt
u,Xs

u

〉L)

can

be calculated in a similar way as Pr
(

St
k → St

l |
〈

Xt
u,Xs

u

〉L)

, we

omit its derivation and just give the mean and variance of Y s in

(29), shown at the top of the next page, where λ0 = EeVrhii[0]
and Λm,i = Λm,i(v), for (m, v) ∈ St

k. Based on (20) and

(28), the total BER of MTPSK-SD-TD is given by

Pb =
b1P

s
b + b2P

t
b

b
. (30)

V. NUMERICAL RESULTS

In this section, first, the theoretical and simulation results for

the BERs of MTPSK-SD, TI-MTPSK-SD, MTPSK-SD-TD,

MTPSK-TD-SSK, and MTPSK-SD-PPM for MIMO MCvD

systems are presented. Then we resort to a simulated study

to show the envisioned BER benefits of our proposed mod-

ulation schemes in the scenarios impaired by various levels

of ISI and ILI. MTPSK-SD and TI-MTPSK-SD employ the

LML detector, while MTPSK-SD-TD, MTPSK-TD-SSK, and

MTPSK-SD-PPM use the time-based LML detector. All of

the proposed schemes adopt the complementary coding. We

choose QMSSK, MSM, RC-MIMO as benchmarks, where

both QMSSK and MSM employ the maximum count detec-

tor [30]; and RC-MIMO uses the threshold detector with the

CIR information [20]. For a fair comparison, all schemes em-

ploy the same number of molecular types, emitted molecules

per bit, data rate, numbers of TNs and RNs, and symmetrical

system topology. The specific system parameters are listed in

Table II. The considered ISI length L is restricted to

L = argmin
v−α

{hii[v − α]/hii[0] ≤ 1%} . (31)

Figure 4 shows the BER upper bounds with simulation results

for MTPSK-SD, TI-MTPSK-SD, MTPSK-SD-TD, MTPSK-

TD-SSK, and MTPSK-SD-PPM, when dRN = 5µm and

c = 10bit/s are considered. It is observed that the theoretical
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µY t =
∑

(m,v)∈Ωk−Ωl

Λm,v ln

(

Λ0 +Mλenv

Mλenv

)

−
∑

(m,v)∈Ωl−Ωk

Λm,v ln

(

Λ0 +Mλenv

Mλenv

)

,

σ2
Y t =

∑

(m,v)∈Ωk−Ωl

Λm,vln
2

(

Λ0 +Mλenv

Mλenv

)

+
∑

(m,v)∈Ωl−Ωk

Λm,vln
2

(

Λ0 +Mλenv

Mλenv

)

. (25)

P s
b ≤

1

N

N
∑

k=1

N
∑

l=1

(

(

1− P t
s

)

Pr (Ss
k → Ss

l )
e (Ss

k → Ss
l )

b1

)

+
1

2
P t
s

=
1− P t

s

N2L+1

N
∑

k=1

N
∑

l=1

∑

〈Xt
u,X

s
u〉

L∈〈St,Ss〉L

(

Pr
(

Ss
k → Ss

l |
〈

Xt
u,Xs

u

〉L
) e (Ss

k → Ss
l )

b1

)

+
1

2
P t
s . (28)

µY s =
∑

(m,i)∈Ωk−Ωl

Λm,i ln

(

λ0 + λenv

λenv

)

−
∑

(m,i)∈Ωl−Ωk

Λm,i ln

(

λ0 + λenv

λenv

)

,

σ2
Y s =

∑

(m,i)∈Ωk−Ωl

Λm,iln
2

(

λ0 + λenv

λenv

)

+
∑

(m,i)∈Ωl−Ωk

Λm,iln
2

(

λ0 + λenv

λenv

)

. (29)

TABLE II
SYSTEM PARAMETERS

Parameter Variable Value

Types of molecules M 4
Radius of RN r 5 µm

Distance of paired link d 25 µm

Diffusion coefficient D 2.2× 10−9 m2/s

Emitted molecules per bit Eb [1000, 10000]
Number of TNs and RNs M 4
Data rate c [5, 40] bit/s

Separation distance of RNs dRN [1, 10] µm

Mean of environment noise λenv 0.0001

Length of ISI L [2, 28]

BERs agree well with their simulated counterparts, especially

when the BER is lower than 10−2. The relatively large gap

between analytical and simulated BERs of MTPSK-SD can

be understood by two facts: The union-bounding technique

repeatedly counts the symbol error probability, whose im-

pairment will be aggravated in the lower BER region; since

MTPSK-SD cannot ensure that different TNs emit molecules

at different instants, its detection performance is prone to

ILI, especially when the separation distance of RNs is only

5µm, equal to the radii of RNs. Compared with MTPSK-SD,

TI-MTPSK-SD significantly enhances the BER performance

in the whole Eb region, which demonstrates its desirable

capability of ILI mitigation at no cost of external computation

or hardware complexity.

Figure 5 compares the BER simulation curves of TI-

MTPSK-SD, MTPSK-SD-TD, MTPSK-TD-SSK, MTPSK-

SD-PPM, RC-MIMO, QMSSK, and MSM, when Eb = 10000,

dRN = 5µm and various data rates c are considered. The

chosen parameter dRN = 5µm and increasing data rate c
represent the communication scenarios affected by serious

ILI and slight to severe ISI. As shown in Fig. 5, the BER

curves of all schemes increase with the increase of c, which
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Fig. 4. BER upper bounds for MTPSK-SD, TI-MTPSK-SD, MTPSK-SD-
PPM, MTPSK-TD-SSK, and MTPSK-SD-TD with parameters chosen as:
dRN = 5µm and c = 10bit/s.

demonstrates that ISI always has adverse effect on the con-

sidered MIMO MCvD systems. To be precise, MTPSK-SD-

PPM maintains the optimal performance within the considered

data rate region. The reason behind this is twofold: Before

detecting the time symbol, the employed EGC method en-

hances the strength of the intended signal through combining

the molecules sampled by other RNs; since the number of

transmitted bits per symbol of MTPSK-SD-PPM is the largest

among those of compared modulation schemes, MTPSK-SD-

PPM has the longest symbol duration that mitigates the effect

of ISI. MSM shows a similar but underperformed performance

to MTPSK-SD-PPM. This is because MSM can reduce ILI by

helping channel clean itself from other types of molecules, but

employing the M types to encode only log2M bits renders it
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Fig. 5. BER comparison between TI-MTPSK-SD, MTPSK-SD-PPM,
MTPSK-TD-SSK, MTPSK-SD-TD, QMSSK, MSM, and RC-MIMO for
Eb = 10000, dRN = 5µm, and different data rates c.

to suffer from severer ISI.

Furthermore, we observe that TI-MTPSK-SD performs the

best when c < 8 bit/s. This can be understood since the

detrimental effect of ILI is effectively suppressed by emitting

molecules of different types at different instants. However, as

shown in the region c > 8 bit/s, its performance is deteriorated

rapidly as the data rate increases. The reason behind this is that

the emitting and sampling instants of transceivers are inter-

leaved to mitigate the ILI; however, since the emission interval

of the same molecular type is also potentially decreased during

the continuous symbol transmission, the impairment of ISI is

aggravated. Compared to TI-MTPSK-SD, RC-MIMO presents

a similar but underperformed performance. This is because RC

exploits the constructive effect of ILI, but reduces the data rate

per symbol so that RC-MIMO is more prone to ISI. Finally,

we observe that the BER curves of MTPSK-SD-TD, MTPSK-

TD-SSK are relatively stable, which demonstrates that both

of them can combat the increasing ISI. Moreover, MTPSK-

SD-TD and MTPSK-TD-SSK outperform QMSSK, since both

MTPSK-SD-TD and MTPSK-TD-SSK emit molecules at dif-

ferent instants to partly mitigate the effect of ILI.

In MCvD MIMO systems, ILI can be mitigated by increas-

ing the separation distances. Therefore, to show the effect of

increasing ILI and serious ISI, Fig. 6 illustrates the BER com-

parison results for TI-MTPSK-SD, MTPSK-SD-TD, MTPSK-

TD-SSK, MTPSK-SD-PPM, RC-MIMO, QMSSK, and MSM,

where Eb = 10000, c = 40bit/s and different separation

distances dRN are assumed. From Fig. 6, we observe that the

BERs of MTPSK-SD-PPM and MTPSK-SD-TD decrease first

and then rise with the increase of dRN . The reason behind this

is that, in MTPSK-SD-PPM and MTPSK-SD-TD schemes, ILI

has detrimental effect on space bits, but it has constructive

effect on time bits due to the EGC gain. Furthermore, the

optimal performance point of MTPSK-SD-PPM appears at

dRN = 4µm earlier than dRN = 7µm of MTPSK-SD-TD.

This is because the proportion of time bits in total informa-
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Fig. 6. BER comparison between TI-MTPSK-SD, MTPSK-SD-PPM,
MTPSK-TD-SSK, MTPSK-SD-TD, QMSSK, MSM, and RC-MIMO for
Eb = 10000, c = 40bit/s and different separation distances dRN .

tion bits of MTPSK-SD-PPM is larger than the proportion

of MTPSK-SD-TD. The performance of MTPSK-TD-SSK

overtakes that of MTPSK-SD-PPM and MTPSK-SD-TD when

dRN > 7µm. This can be understood since a larger dRN

means a shrinking array gain of EGC for MTPSK-SD-PPM

and MTPSK-SD-TD and a weaker impairment caused by ILI

for space bit that is the dominant part for MTPSK-TD-SSK.

Therefore, MTPSK-TD-SSK is more suitable in ILI-limited

scenarios. Finally, we observe poor BER performance of TI-

MTPSK-SD, QMSSK, MSM, and RC-MIMO under different

values of dRN , since they cannot combat the serious ISI.

Comparing Figs. 5 and 6, we observe that in communication

scenarios affected by different levels of ISI and ILI, any

of the four proposed extended modulation schemes can be

the optimal one potentially in terms of BER performance.

Therefore, when the system parameters are available and

stable, we can choose the most suitable modulation scheme;

otherwise, MTPSK-SD-TD can be implemented due to its

stable BER performance.

VI. CONCLUSION

In this paper, we have proposed a molecular type permuta-

tion modulation scheme in the space domain, called MTPSK-

SD, for MIMO MCvD systems, and extended it to a time inter-

leaving version, named TI-MTPSK-SD, which can reduce ILI

effectively at no cost of computation complexity. A comple-

mentary coding scheme for the symmetrical system topology

has been proved to be a feasible solution for ILI mitigation.

Three spatio-temporal modulation schemes, which target to

different levels of ISI and ILI, have also been proposed to

attain a desirable BER performance under different data rates

and separation distances of receive nanomachines. When ISI or

ILI is the dominant interference, the time-based LML detector

and space-based LML detector have been proposed to combat

ISI or ILI, respectively. BER performance analysis and simu-

lation results have been conducted, showing that the proposed
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modulation schemes with the low-complexity detector and the

complementary coding rule outperform QMSSK, MSM, and

RC-MIMO under various levels of ISI and ILI.

Finally, since our main objective is to construct a compre-

hensive spatio-temporal MTPSK system, potential issues, such

as generalizing the number of molecular types and offsetting

the misalignments between centers of transceivers, will be

considered in our future work.
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