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Abstract - In multiple access molecular diffusive communications, many nano-machines exchange information and fuse
data through a common Diffusive Molecular Communication (DMC) channel. Hence, there is Multiple-Access Interference
(MAI), which should be sufficiently mitigated so as to achieve reliable communications. In this paper, we propose a novel low-
complexity detection scheme, namely Equal-Gain Combining with Interference Mitigation (EGC-IM), for signal detection in the
Molecular Type Hopping assisted Molecular Shift Keying (MTH-MoSK) DMC systems. By removing a number of entries from
each row of the detection matrix formed during detection, the EGC-IM scheme shows its potential to significantly mitigate
MAI and hence, outperform the conventional EGC scheme. Furthermore, the EGC-IM scheme has lower complexity than the
conventional EGC scheme and therefore, it is beneficial for practical implementation.
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1. INTRODUCTION

Because of the manufacturing and size limitations, in-
dividual nano-machines are only capable of finishing
simple missions. To enhance the capability of nano-
machines, nano-networking built on the basis of individ-
ual nano-machines via information exchange and coop-
eration is required to complete relatively complex tasks.
Molecular Communications (MC) has been recognized
to be a promising solution to implement communica-
tion between nano-devices, and has received a lot of re-
search interest in recent years [1]. In nano-networking,
multiple-access communications constitute an important
technique, which considers information transmission be-
tween multiple transmitter nano-machines and one com-
mon receiver [2, 3, 4, 5, 6].

According to different information particles and the
mechanisms of propagation, various types of multiple-
access techniques have been proposed/introduced to
MC in literature. For instance, in [2, 3], the authors
introduced Molecular Code-Division Multiple-Access
(MCDMA), which assigns different signature codes to
different nano-machines, for supporting them to trans-
mit information simultaneously with a common access
point. At the receiver, the signature codes of different
nano-machines are invoked again to recover the received
information. In [4, 5, 6], the concept of Molecular Time-
Division Multiple-Access (MoTDMA) was proposed to
assist multiple nano-machines to transmit information
to one common receiver. In MoTDMA, different nano-
machines are scheduled to transmit information within
different time slots, and hence implement multiple
access MC. Moreover, Molecular Division Multiple Access
(MDMA) was studied in [7], where a specific type of
molecule or a set of molecular types is employed by each

individual nano-machine to send its information to a
common receiver. Hence, MDMA differentiates different
nano-machines via molecular types.

In [8], we have introduced a multiple-access Diffusion-
based Molecular Communication (DMC) system based on
molecular type hopping and molecular shift-keying mod-
ulation, referred to as the MTH-MoSK DMC system. As
in MDMA systems, a MTH-MoSK DMC system also ex-
ploits multiple types of molecules. However, an MTH-
MoSK DMC system dose not work on the principle of
MDMA systems, in which each transmitter nano-machine
uses one exclusive type of molecule. Instead, in MTH-
MoSK DMC systems, all transmitter nano-machines share
all types of molecules. In more detail, in MTH-MoSK
DMC systems, each transmitter nano-machine is assigned
aunique address code to control the Molecular-Type Hop-
ping (MTH) over, say, L chips (or slots) of one symbol du-
ration, so as to transmit the same symbol L times using
L different types of molecules. This processing allows to
mitigate Inter-Symbol Interference (ISI) and simultane-
ously support multiple nano-machines. At the receiver,
the information received from different nano-machines
is detected by invoking the MTH codes of different nano-
machines for molecular type dehopping and with the aid
of some other processing.

In multiple access DMC systems, all nano-machines share
one DMC channel, resulting in Multiple Access Inter-
ference (MAI), which makes reliable detection challeng-
ing [3, 9]. In literature, various detection schemes have
been proposed and studied in the context of different
multiple-access schemes and channel environments [2,
4, 6, 7]. Specifically, the authors of [2] proposed a chip
detection scheme, which employs an adaptable thresh-
old derived from the number of molecules received within
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the previous chip. In [4], the detection method presented
in [10] was considered for MoTDMA systems. In this
detection scheme, the number of received molecules is
compared with a variable threshold, which is directly set
as the number of molecules of the same type that are
received in the previous transmission period. For the
MTH-MoSK DMC system proposed in [8], two detection
schemes using the principles of majority vote and Equal-
Gain Combining (EGC) were designed and studied. It was
shown that the detection performance of both detection
schemes is severely affected by MAIL

Therefore, in this paper, we introduce a low-complexity
detection scheme which has an MAI mitigation capabil-
ity for MTH-MoSK DMC systems. Specifically, we in-
vestigate and compare two types of low-complexity de-
tection schemes. As the baseline, the first one is the
above-mentioned EGC assisted detection [8], which has
low complexity but experiences MAI. The second one is
also in the principle of EGC but assisted by interference
mitigation processing, which is therefore referred to as
EGC-IM for convenience of description. Our further dis-
course will show that the EGC-IM scheme only imposes
a slight increase of computation on the EGC scheme, but
employs the capability to effectively mitigate MAI. Our
simulation results show that MAI dominates the achiev-
able performance, when Signal-to-Noise Ratio (SNR) is
relatively high. In this case, the EGC-IM scheme can sig-
nificantly outperform the conventional EGC scheme.

The contribution of this paper can be briefly summarized
as follows:

¢ An EGC-IM detection scheme is proposed for MTH-
MoSK DMC systems. The EGC-IM scheme has low
complexity, which is similar to the conventional EGC
scheme. However, the EGC-IM scheme employs the
capability of MAI mitigation.

e The detection performance of an EGC-IM scheme
is investigated and compared with that of the con-
ventional EGC scheme, showing that the EGC-IM
scheme is a high-efficiency detection scheme for
MTH-MoSK DMC to simultaneously support multiple
nano-machines.

The remainder of the paper is presented as follows. Sec-
tion 2 introduces the DMC channel model and the princi-
ple of MTH-MoSK DMC. In Section 3, we present the prin-
ciples of the conventional EGC and the proposed EGC-IM
schemes. Performance results are demonstrated in Sec-
tion 4. Finally, the main conclusions from research are
summarized in Section 5.

2. SYSTEM MODEL

2.1 Transmitted signal

The system diagram for the MTH-MoSK system is shown
in Fig. 1. We assume that the MTH-MoSK DMC system em-
ploys M types of information molecules for implement-
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Fig. 1 - System diagram showing the components of MTH-MoSK DMC
systems.

ingjoint MTH-assisted multiple access and MoSK modula-
tion, where each transmitted symbol conveys log, M bits.
In an MTH-MoSK DMC system, the symbol duration of 7,
seconds is divided into L chips of each lasting 7}, = T, /L
seconds. We assume that the system supports K < M
nano-machines and they have a similar distance d from a
common Access Point (AP), which may be connected with
other communication networks.

As illustrated in Fig. 1, log, M bits of binary in-
formation are mapped to a M-ary symbol X, €
{0,1,...,M — 1} to be transmitted by the kth nano-
machine. Using the unique MTH address code assigned
to the k nano-machine, which is expressed as a;, =
[0 alV, ... a"™V], 6l € [0, M — 1), the symbol X, is
signed to give

0 (1 L1
m, z[mé),m; ... ,mgc )]

=Xy 1axr) Day
=X, ® ag)),Xk @ ag), s Xi @ agf_l)],
k=1,2,.. K (1)

where @ presents the addition operation in the Galois
field GF (M) [11] and 1(;,, is an all-one-element row
vector of length L. Therefore, the elements of m,, take
values in {0,1,...,M — 1}. After the MTH processing,
M-ary MoSK modulation is implemented, as shown in
Fig. 1, and the corresponding types of molecules are suc-
cessively emitted into the DMC environment from ! = 0
tol = L — 1. To explain the principles in more de-
tail, we consider an MTH-MoSK DMC system supporting
K = 2 nano-machines, whose MTH address codes are
a, =[6,2,5,7,3,4] and ay, = [0,1,7, 3,6, 2], respectively.
The symbols transmitted by the two nano-machines are
X, = T7and X, = 2, respectively. Then, after the ad-
dition operations in the Galois field, we obtain m; =
[1,5,2,0,4,3] and m, = [2,3,5, 1,4, 0], which determine
which type of molecule is emitted within a chip of a sym-
bol duration.

Specifically, if within the /th chip of the wth symbol du-
ration, the type-¢g molecules is emitted by the kth nano-
machine to transmit information, according to Fick’s
law [12, 13], the concentration of the gth type of infor-
mation molecules sampled at time ¢ > (uL + {) T}, can be
expressed as
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where D is the diffusion coefficient of information
molecules, A is the number of molecules emitted per
molecular pulse and d is the distance between a transmit
nano-machine and the AP.

Due to the free diffusion of molecules, there are possi-
bly three kinds of interference encountered in MTH-MoSK
systems. The first kind originates from the same type
of molecules emitted repetitively, which generates Inter-
Symbol Interference (ISI). The second one is the noise re-
sulted from molecular Brownian motion. Finally, if sev-
eral nano-machines transmit signals depending on the
same type of molecules within one given chip, the signals
transmitted by different nano-machines interfere with
each other. Moreover, because the large delay-spread
of molecular communication channels, the same type of
molecules emitted by different nano-machines in previ-
ous chips may also interfere with the signals transmit-
ted within the current chip. These kinds of interference
caused by multiple nano-machines are all classified as
Multiple-Access Interference (MAI). Hence, in order to
recover the information transmitted by different nano-
machines, the design of an efficient detector in MTH-
MoSK DMC systems is critical.

2.2 Received observations

For simplicity, the receiver at the AP is assumed to be con-
structed by a spherical sensing space with the radius of p,
which is able to ideally measure the concentrations of the
different types of molecules presenting in the space. We
assume that p is small enough with respect to the com-
munication distance, so that near-uniform concentrations
present in the sensing space. In other words, the sens-
ing space is idealized as a point space. Based on these as-
sumptions, the received peak concentration within each
chip is expected to occur at the time {; =  from the
start of each chip [13], which is usually used as the obser-
vation for information detection. Following this conven-
tion, the observation obtained during the /th chip of the
uth symbol duration is given by

roa(u) =r (t =uly +1T), +t;), 1 =0,1,..., L —1;

u=0,1,...;g=0,1,...,M—1 (3)

To be more specific, when taking account the effect from
Brownian motion noise, the ISI from the desired nano-
machine and the MAI generated by other nano-machines,
the received observation r,(u) can be expressed as

K min{l,uL+l}

Toa(u) = Z Z fzf;rliick,q(iTh +14)
=1 i

+nq(uzjs + lTh + td)
K min{l,uL+1}

= Z Z gzzﬂiick,q (@) +ng, (u) (4
k=1 1=0

where [ is the length of IS], é}w makes a logic decision,
which is 1’ when the kth nano-machine uses the gth type
of molecule to transmit its information within the ith chip,
itis'0’ otherwise. ¢, ,(i) is the expected concentration of
the gth type of molecule at ¢ = T}, +¢,, obtained from the
Fick’s law of (2), after A molecules of gth type was emitted
att = 0. Note that, ¢, ,(0) corresponds to the peak con-
centration of the gth type of molecule in the current chip,
while for ¢ > 0, it contributes interference. Finally, n, ; in
(4) is the Brownian motion noise imposed on the /th chip
of the uth symbol duration, but relied on the transmission
of the gth type of molecules. It is shown that n,; can be
approximated as the Gaussian noise with zero mean and
a variance of [14]

K min{l,uL+l}

A= > Y
k=1 1=0

G e () (8)

expressed as 1, (u) ~ N (O, AQ’l(u)). In (5), V repre-
sents the volume of the detection sphere of the receiver.
Explicitly, the variance of noise is éependent on the trans-
mitted signals, where signal power results in higher noise
power.

3. EQUAL-GAIN COMBINING WITH INTER-
FERENCE MITIGATION

The proposed EGC-IM scheme is an enhanced single-user
detection scheme. In comparison with the conventional
EGC scheme, EGC-IM requires a slightly increased com-
putation. However, as the results in Section 4 illustrate,
it has the potential to mitigate the MAI and ISI existing in
our MTH-MoSK system and hence, achieves performance
improvement when compared with the conventional EGC
scheme.

According to (3), within one symbol duration, we can ob-
tain in total M x L observations, consisting of the signals
transmitted by K nano-machines during the current sym-
bol duration, the interference from previous symbol du-
rations and background noise. Let us collect the M x L
observations obtained during the uth symbol duration to
form an observation matrix R,,, whose M rows represent
M molecular types and L columns denote the L chips of
the uth symbol duration. Furthermore, the (g,[)th ele-
ment of R, is given by 7, (u).

The principle of the conventional EGC can be found in
many references [15]. With the aid of Fig. 2, the principle
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Fig. 2 - Schematic block diagram showing the EGC-IM assisted detec-
tion.

of EGC-IM can be described as follows. Let us assume that
there are K = 2 nano-machines and their MTH addresses
area, = [4,3,7,6,2,5] and ay = [2,4,6,3,1,7], respec-
tively; The symbols sent by these two nano-machines are
X,(u) = 5and X,(u) = 3. Then, the observation ma-
trix R,, has the form shown in Fig. 2, where the square
and circle elements are respectively activated by the irst
and second nano-machines. From previous description
we can know that these marked elements consist of sig-
nal, interference and noise, while the other empty ele-
ments contain only noise and interference.
Having obtained the observation matrix R,,, next, we can
invoke the MTH address code a,, of the desired nano-
machine & (to be detected) to de-hop the observation ma-
trix R, generating the detection matrix D, , for nano-
machine k. To be more speciic, the de-hopping operation
shifts the (¢, [)th elementr ,(u) in R, to the new location
(¢ © ay(l),1) in D, ,, which can be described as
déz)eak(l),l)(u) =r,(u), ¢=0,1,...., M —1;
1=0,1,....,.L—-1; k=1,2,... . K (6)

Speciicall y for the example shown in Fig. 2, after applying
the MTH address a; = (4,3,7,6,2,5) of the irst nano-
machine to de-hop R,, the detection matrix D, , is ob-
tained, as shown in Fig. 2. Explicitly, all the elements acti-
vated by the irst nano-machine are shifted to the 5th row,
whose index explains that the M-ary symbol transmitted
by the irst nano-machine is X; () = 5. By contrast, the
elements activated by the second nano-machine scatter
randomly in different rows.

It can be reasoned that the elements activated by the
interfering nano-machines should be expected to have
higher energy than the elements containing only inter-
ference plus noise. Hence, in the EGC-IM assisted detec-
tion, we may make use of this property to mitigate MAI.
Speciicall y, to detect a nano-machine’s information, we
irst identify the J (J < L) largest elements in each row
of Dy, and substitute them with zeros. Following the
above analysis, this operation will most probably remove
the elements activated by the interfering nano-machines,
or the elements experiencing high interference due to ISI
and MAL This can be understood with the aid of the exam-
ple shown in Fig. 2. For principle, we assume that there is

no ISI and one maximum element of each row is removed.
Then, we can know that all the interfering elements in
rows 0, 1, 2, 4 and 6 will be removed. At the same time, the
maximum of Row 5 is removed, which will reduce the out-
put of inal combining, as shown below. However, Row 5
still has 5 elements containing the desired signal and the
symbol of nano-machine 1 can be detected free from in-
terference.

Let the detection matrix of nano-machine & after the IM
operations be expressed as Dj , with its elements as
Jg(’;}l)(u). Then, based on D;w, EGC is implemented to
form M decision variables as

L—
k k
DE] >(u) = ZZ:J((Q,)[)(”)? q :Ov 17 aM_ 17

i

k=1,2,... K (7)
for each of u = 0,1,.... The last step of the EGC-IM as-
sisted detection is to select the largest of the M deci-
sion variables {ng)<u)7 D(1k>(u), s DE\Z)A(W} provided
by (7), whose index for g represents the detected M-ary
symbol transmitted by the desired nano-machine k. This
is expressed as

Xk(u) = argmax{DEP(u)}, k=1,2,....K (8)
q

k (k k k
where D (u) € {D(u), D\ (u), ..., DI, (w)}.
Note that, as mentioned above, the erasure operation can

mitigate MAI/ISI, while also reduce the output value of the
desired decision variable, yielding a trade-off between the
value of J and the achievable performance. Hence, for a
given Signal-to-Noise (SNR), a given number K of nano-
machines and a given number L of chips per symbol dura-
tion, there exists an optimum value for J, which results in
the best performance, as to be demonstrated in Section 4.

4. PERFORMANCE RESULT

In this section, the error performance of the MTH-MoSK
DMC systems with EGC-IM is demonstrated and com-
pared with that of the MTH-MoSK DMC systems with the
conventional EGC. In following igur es, SNR is the ratio be-
tween the power of one pulse of molecules released for
transmitting one bit information and noise power, given by

C§<o)
Chio)/V

where ¢, is the peak concentration and V' is the volume
of the receiver detection space.

From (9) we can know that SNR is linearly proportional to
the number of molecules A emitted per pulse, as ¢, is a
linear function of A, as shown in (2). However, using SNR
instead of directly the number of molecules A has the ad-
vantage that it can take the volume of detection space (or
the capability of receiver) into account. This is because

SNR =

= Vcb(o) (9)
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in practical communication systems (DMC or other digi-
tal communication systems), itis the SNR that determines
the achievable performance. No matter how high is the
transmit power (i.e., the number of molecules emitted per
pulse in DMC), the communication systems’ performance
will be poor, if the SNR generated by the receiver is low.
To set the parameters in our simulations, when given an
SNR and a volume V of detection space, ¢, ,) is calculated
by (9). Then, when given a transmission distance r;, be-
tween nano-machines and AP, the number of molecules
A, emitted to transmit one bit can be obtained with the
aid of (2). Since an MTH-MoSK DMC system employs the
M -ary MoSK to transmit log, M bits per symbol, a nano-
machine can emit in total A, = log, M x A, molecules
for transmission of one symbol. However, as one sym-
bol is transmitted by L pulses in L chips, the number of
molecules A, emitted per chipis A, = A,/L.
Additionally, there are some parameters fixed in our sim-
ulations, these include the similar distance of d = 250nm
from each nano-transmitter to AP, D = 2.2 x 1079 m?/s
and V = %wp?’ with p = 20 nm. Moreover, we set the
bit duration as 7, = 6 x 107° s, giving the symbol du-
ration of T, = log, M x (6 x 107°) (s). Hence, when
there are L chips per symbol, the chip duration is given
by T}, = T,/L = log, M x (6 x 10°)/L (s). Finally, the
length I of ISI is set as the value of

Cp /s
I £ arg, {h(z) < 0.1%} (10)

Ch(o)

which means that the interference 30d B below the signal
power is ignored.

ParametersD=2.2x 10°’m?/s,p=20nm,T, =6x 10" °sM=16,=8,3=K-1
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10
SNR(dB)

15 20

Fig. 3 - Comparison of BER versus SNR performance of the MTH-MoSK
DMC systems with EGC-IM and with conventional EGC, when different
numbers of nano-machines are supported.

First, in Fig. 3, we demonstrate and compare the BER ver-
sus SNR performance of the MTH-MoSK DMC systems em-
ploying the proposed EGC-IM and the conventional EGC,
respectively, when K = 1,2,4,6 or 8 nano-machines
are supported. When EGC-IM is employed, we assume

J = K — 1 elements are removed from each row of the
detection matrix D, . According to the results shown in
Fig. 3, we have the following observations. First, the BER
performance of the MTH-MoSK DMC systems employing
either detection schemes degrades with the increase of
the number of nano-machines, as the result of MAIL. When
K > 2,the EGC-IM scheme outperforms the conventional
EGC scheme, provided that SNR is sufficiently high. This
observation becomes clearer when K is larger and SNR is
higher. However, if SNR is low, the EGC-IM may be outper-
formed by the conventional EGC scheme. The reason be-
hind this is that when SNR is low, system performance is
dominated by background noise. In this case, combining
more samples encourages smooth noise and hence im-
proves BER performance. By contrast, when SNR is rel-
atively high, system performance is dominated by MAI.
Hence, the proposed EGC-IM scheme with the capability
of MAI mitigation outperforms the conventional EGC de-
tection.

Parameters.D=22x 10°m?/s,p=20nm,T =6x10°sM=16,K=4,J=1

10t
102
0 I R e A -
N . g
m ..............
103 g,
= EGC-IM (L=4) | e
-=EGC-IM (L=6) g
+EGC-IM (L=8)
164k [*-EGC (L=4)
-a-EGC (L=6)
-%-EGC (L=8)
10—5 1 1 1 1 1 1 1 1 1

0 2 4 6 8 10 12 14 16 18 20
SNR(dB)

Fig. 4 - BER versus SNR performance of the MTH-MoSK DMC systems
with the conventional EGC and the proposed EGC-IM schemes, when one
symbol is transmitted using L = 4, 6 or 8 chips.

Second, we investigate the effect of L on the performance
of the considered detection schemes in Fig. 4. Given K =
4 nano-machines supported and J = 1 entry per row re-
moved from the detection matrix, the proposed EGC-IM
always outperforms the conventional EGC within the con-
sidered SNR region for all the L values. Furthermore, the
results show that for both the EGC-IM and EGC, the BER
performance improves, as the value of L increases. This
is the result that MAI decreases as L increases.

Fig. 5 demonstrates the impact of the number of molecu-
lar types on the BER performance of the MTH-MoSK DMC
systems supporting K = 4 nano-machines. As shown in
the figure, when an EGC-IM scheme is employed, J = 1
entry is removed from each row of the detection matrix.
The results in Fig. 5 demonstrate that as more types of
molecules are employed, the BER performance of MTH-
MoSK DMC systems improves, in addition to the increased
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Fig. 5 - BER versus SNR performance of the MTH-MoSK DMC systems
with the conventional EGC and proposed EGC-IM, when the number of
molecular types is M = 8, 16 or 32.

data rate®. The reason behind this is that for a given value
of K, MAI reduces as M increases. This is because the
MAI entries are more sparsely distributed in the detec-
tion matrix, as implied in Fig. 2, when M becomes larger.
Again, as shown by Fig. 5, the EGC-IM detection scheme
outperforms the conventional EGC scheme and further-
more, the performance gain at a given SNR increases with
the increase of M.

Parameters.D=22x 10°°m?/s,p=20nm,T =6x10 °sM=16,L =8K=5
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102k
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Fig. 6 - BER versus SNR performance of the MTH-MoSK DMC systems
with the EGC-IM, when different number of elements per row are re-
moved from the detection matrix.

Finally, Fig. 6 demonstrates the effect of the number of el-
ements removed from each of the rows in the detection
matrix Dy, on the BER performance of the MTH-MoSK
DMC systems with the proposed EGC-IM. In the consid-
ered MTH-MoSK DMC systems, we assume that there are
K = 5 nano-machines supported. Note that, when J = 0,
the EGC-IM is reduced to the conventional EGC. The re-

IWhen M = 8, 16 and 32, the data rates are 3, 4, and 5 bits per symbol,
respectively.

sults of Fig. 6 show that the BER drops, as the value of J
increases, provided that the SNR is sufficiently high. This
observation implies that MAI can be efficiently mitigated
by deleting an appropriate number of entries from the de-
tection matrix. However, at the low SNR region, the EGC-
IM with more elements removed from each row of the de-
tection matrix might not result in BER performance im-
provement. In other words, for a given SNR and a given
value of K, there is an optimum value of J to attain the
best possible error performance.

5. CONCLUSIONS

In this paper a novel EGC-IM detection scheme has been
proposed for MTH-MoSK DMC systems. We have in-
vestigated the BER achievable by the EGC-IM and com-
pared it with that of the conventional EGC-aided detec-
tion scheme. The results show that in the MTH-MoSK
DMC systems supporting multiple nano-machines, the
EGC-IM scheme is capable of achieving much better BER
performance than the conventional EGC scheme within
the practical SNR region resulting in a BER below 1072,
Therefore, the proposed EGC-IM scheme is efficient for
MAI mitigation. Furthermore, the proposed EGC-IM has
low complexity. In comparison with the conventional
EGC scheme, the extra operations required by the EGC-IM
scheme are only identifying some of the largest elements
in each row and deleting them. In addition, for given val-
ues of M, L, K and SNR, there is an optimum number of
deleted elements from each row to achieve the best BER
performance. Our future research will consider the effect
of the different distances from distributed nano-machines
as well as the design of the extended IM schemes that are
efficient for operation in this communication scenario.
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