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ABSTRACT This paper considers simultaneous drug-delivery (SDD) in molecular communication-based
(MC-based) targeted drug-delivery systems. In a realistic scenario, the drug-carrying nanomachines are
randomly placed close to the infected site. Due to the random propagation delays in the MC channel, the drugs
from multiple drug-carrying nanomachines may, therefore, not arrive simultaneously at the infected site,
leading to low efficacy and resulting in drug-delivery-time errors. To overcome this error and to administer
the drugs simultaneously at the infected site, we use an internal controller nanomachine to control the release
times of the drug-carrying nanomachines, with consideration of the propagation delay, to achieve SDD.
In this regard, we propose two SDD schemes, namely, the direct trigger estimate SDD (DTE-SDD) scheme
and the indirect trigger estimate SDD (iDTE-SDD) scheme. The difference between these schemes is that
in the iDTE-SDD scheme, to estimate the propagation delay, the internal controller nanomachine depends
on the drug-carrying nanomachines, while in the DTE-SDD scheme, it does not. Furthermore, to study
the errors theoretically, we derive the analytical model of delivery-time error, and this is validated with
simulation results. We perform intensive evaluations to understand the system’s behavior under different
channel conditions, such as the number of molecules released and the distance. The simulation results
highlight the proposed scheme’s energy efficiency and robustness to the large propagation delay, reducing
the delivery-time error to improve the accuracy of the SDD.

INDEX TERMS Molecular communication, nanonetworks, nanomedicine, targeted drug delivery.

I. INTRODUCTION

Molecular communication (MC) is a bio-inspired communi-
cation paradigm that facilitates the understanding and model-
ing of communication between the biological nanomachines
in aqueous micro-environments on nano-to-micro scales [1],
[2]. In MC via diffusion (MCvD), information between the
bio-nanomachines (e.g., living cells) is exchanged through
the free diffusion of molecules that propagate randomly via
Brownian motion in fluidic biological micro-environments
(e.g., blood vessels, biological tissues) [3]-[5]. Due to its
biocompatibility and lower energy requirements, MCvD is
ideally suited for biomedical applications, such as targeted
drug delivery (TDD), the monitoring of health conditions,
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lab-on-a-chip systems, inter-cellular communication via
neuro-transmitters, and inter-organ communication [6]—[8].
Among the applications, TDD is one of the most promis-
ing [9], [10]. It is a drug-delivery system that is designed
to perform localized administration of drugs to the target
or infected site; thus, it can prevent the drug from spread-
ing to the surrounding healthy areas of the body [9], [11].
To avert damage to healthy areas, as well as drug degrada-
tion, the drug molecules are encapsulated in the nanoma-
chines [12]. Typically, nanomachines are on a nano-to-micro
meter scale; therefore, they can be deployed directly to the
infected site of the body (local drug-delivery system), or they
can be inserted through the cardiovascular system (systemic
drug-delivery system) [12]-[16]. Once the nanomachines are
in the desired positions, they can release the drugs in response
to internal trigger stimuli (e.g., the environmental pH or the
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temperature) or external trigger stimuli (e.g., ultrasound or
magnetic triggering) [17]-[19]. The TDD system that uses
MC as the communication paradigm will be referred to as
the molecular communication-based targeted drug-delivery
(MC-based TDD) system.

In MC-based TDD, the nanomachine is the basic functional
unit that can perform very simple and specific tasks (e.g.,
basic computing, data storage, actuation, or sensing) due to its
short-range communication, limited energy, and low compu-
tational power [1], [20]. Additionally, nanomachines are lim-
ited in reservoir capacity. Therefore, to maintain the efficacy
(maximum achievable therapeutic response from an adminis-
tered drug) at the infected site, multiple coordinated nanoma-
chines are required to share the burden of releasing the total
amount of the drug. For example, a 10 mol/m? drug molar
concentration, equivalent to 6.022 x 108 molecules/cm3,
has been shown to produce substantial apoptosis for a cir-
cular tumor of radius 2.5 c¢m [21], [22]. Therefore, each
nanomachine can release a small fraction of the drug, and
the drug’s cumulative concentration that would be sufficient
to produce apoptosis is expected at the infected site. It is
possible to administer single or multiple types of drugs using
an MC-based TDD system [9], [23]. The former is called
a single-drug-delivery system, while the latter one is called
a multi-drug-delivery system. In this paper, we focus on a
single-drug-delivery system.

Regardless of the number of the types of drug being admin-
istered, the drug concentration at the infected site needs to be
within a specific therapeutic index (TI) to preserve efficacy.
The TI is the range of drug concentrations at which a drug is
effective [24]. The maximum safe concentration (MSC) and
the least effective concentration (LEC) are the TI’s upper and
lower bound, respectively. The MSC is the utmost concentra-
tion level above which toxic effects of the drugs occur, and
the LEC is the minimum drug concentration level at which
the drug’s efficacy is achieved [25]. Therefore, to efficiently
obtain the cumulative concentrations of drugs to reach the
LEC, the delivery of drug molecules from multiple nanoma-
chines at the infected site must be at the same time, leading to
simultaneous drug delivery (SDD). The challenge is that the
nanomachines are at random distances from the infected site,
which could lead to nonsimultaneous delivery. Consequently,
the drug concentration may not exceed the LEC. Thus, it is
necessary to coordinate the nanomachines’ release times to
ensure a simultaneous drug arrival time while reducing the
complexity of the MC-based TDD system. For the remainder
of this paper, the term release time is used to refer to the
release time of the drugs from the drug-carrying nanoma-
chines and the term delivery time is used to denote the arrival
time of the drugs at the infected site.

Different researchers have proposed a variety of MC-based
TDD systems. The transmission control protocol (TCP) like
communication protocol was investigated in [15], where a
three-dimensional (3D) communication channel is consid-
ered with static nanomachines, such as the local TDD system.
Their work was developed to control the suitable release

VOLUME 9, 2021

rate between transmitter and receiver nanomachines and to
mitigate drug congestion at the receiver nanomachine. Analo-
gously, to minimize the congestion at the infected site, in [14],
the authors considered the relationship between the release
rate and the number of receptors at the nanomachines. Sim-
ilarly, in [26], an early congestion detection and release rate
control protocol has been proposed in which one nanoma-
chine acts as a controller, and the other one acts as an actua-
tor that releases the drug molecules based on the command
from the controller. A release rate control mechanism has
been proposed in [22] that considers the distances of the
nanomachines from the infected site. However, maintaining
the release rate may not ensure the preservation of SDD
when the nanomachines are at different distances from the
destination. Therefore, suitable release times can ensure SDD
when the nanomachines are at random distances from the
infected site.

To achieve coordination among the drug-carrying nanoma-
chines to realize SDD, synchronization schemes using times-
tamps [27], [28] could be implemented. For example,
the release time can be encoded in the message after the com-
pletion of the synchronization phase. However, if an attempt
were made to expand the coordination scheme in [27], [28]
to achieve SDD, then the schemes in [27], [28] would require
a large signaling overhead, a complex estimator (maximum
likelihood estimation) to estimate the perturbation issues [29]
(e.g., clock skew and clock offset), and an increased energy
cost [27], [28]. Furthermore, the above-mentioned MC-based
TDD systems are not tailored to address the SDD problem for
nanomachines at random distances. For the first time in the
MC-based TDD literature, the author in [23] introduced the
SDD of equidistant nanomachines. Therefore, this paper aims
to investigate the SDD for random distant nanomachines,
where a simultaneous release cannot guarantee an SDD due
to the propagation delay that varies with the distance [30].
This leads to the delivery-time error when the drug molecules
from multiple nanomachines, which are expected to arrive at
the infected site simultaneously, do not arrive simultaneously.
The delivery-time error is the difference between the maxi-
mum and the minimum delivery times. We note that reducing
the delivery-time error may improve the efficacy of the TDD
system. From a communication engineer’s point of view, this
study focuses solely on the communication protocol to reduce
the delivery-time error.

Therefore, considering the nanomachine’s limited capac-
ity, as well as being inspired by the observed benefits
of not using timestamps relating to energy and complex-
ity [29], in this paper, we investigate the communication
protocol for SDD. We consider a 3D diffusive environment
without drift in the channel [28], [29]. Unlike the work
in [23], where the drug-carrying nanomachines were equidis-
tant from the target, in this paper, different distances for
the drug-carrying nanomachines are adopted. To the best
of our knowledge, this is the first investigation of SDD for
random distances. The main contributions of this paper are as
follows:
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Infected Site

FIGURE 1. System model of an MC-based TDD system. C, D, D,, and M denote the control nanomachine, drug-carrying nanomachine 1,

drug-carrying nanomachine 2, and monitoring nanomachine, respectively.

o We define the drug-delivery-time error in MC-based
TDD systems. By considering different propagation
delay estimation approaches, we propose two novel
internal controller-based energy-efficient SDD systems
to reduce the delivery-time error, namely, the direct trig-
ger estimate SDD (DTE-SDD) scheme and the indirect
trigger estimate SDD (iDTE-SDD) scheme.

o« We analyze the impact of the number of released
molecules and the distances of the nanomachines on the
SDD time.

o We also investigate the energy consumption of the pro-
posed schemes by varying the number of drug-carrying
nanomachines.

« Finally, we develop an analytical model for simultane-
ous drug-delivery-time error and validate it using com-
puter simulation. Furthermore, to illustrate the gains of
the proposed schemes in terms of energy expenditure
and error, we compare the proposed schemes with a
timestamp scheme.

The remainder of this paper is organized as follows. Section II
represents the system model. In Section III, description of the
operation of the proposed schemes is provided. Numerical
analysis is presented in Section IV. Finally, we conclude this
paper with proposals for future directions in Section V. Unless
otherwise stated, Table 1 describes the notations used in this

paper.

Il. SYSTEM MODEL

We consider four static transceiver nanomachines in an
unbounded 3D environment in which all the nanomachines
are assumed to be spherical bodies with a radius, r, as shown
in Fig. 1 [14], [22], [31]-[33]. We consider the transmit-
ting nanomachine boundary as a reflecting surface that can
reflect and obstruct the molecules that are attempting to travel
in the opposite direction [34]. We consider the receiving
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TABLE 1. Notations used to explain the proposed schemes.

Description

C control nanomachine

D drug-carrying nanomachine
M monitoring nanomachine
Q

N

number of emitted molecules
number of Ds

de_y distance between x and y where x,y € {C, D;,
M}andi e N

Q diffusion coefficient

INI initiation signal

RES response signal

RLY relay signal

EMS estimation signal

ERS estimation response signal

DRR drug-releasing signal

Ta propagation delay between z and y

Tz@z propagation delay between x and y where z de-
notes the signal sending event

Ts common delivery-time

€ delivery-time error

nanomachine boundary as a perfectly absorbing surface; this
implies that whenever a signaling molecule hits the bound-
ary of the receiver, it is absorbed by that receiver and con-
tributes to the signal for only one time [34]-[36]. Hence,
each molecule only makes a single contribution to the sig-
nal [37]. Furthermore, the receiver nanomachine can count
the number of molecules per unit time [34], [38]. To send a
signal, we assume that the transmitter releases a pulse of Q
number of molecules toward the receiver from a point on its
surface near the receiver. Based on the absorbed maximum
molecules concentration (peak concentration) by the receiver,
the receiver detects the signal [39]. Therefore, propagation
delay refers to the time between a signal’s emission from
the transmitter and observation of the signal’s peak at the
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receiver [35]. We also considered a free diffusion fluidic
communication channel with a uniform temperature and vis-
cosity, in which the molecules diffuse freely and propagate
through the Brownian motion [40], [41]. Hence, it is pos-
sible to achieve bidirectional communication [28]. For two
reasons, we considered isomers (such as hexose) as signaling
molecules. First, isomers are molecules that have the same
diffusion coefficient, 2, but have different chemical proper-
ties [42]. Consequently, each isomer denotes a distinct signal
and the propagation delay durations of the isomers repre-
senting different signaling messages are the same. Moreover,
the required number of isomers increases with the increase in
the number of D. Second, isomers are generally regarded as
being safe in humans [42].

Based on the functions, we consider three types of nanoma-
chines: the control nanomachine (C), the drug-carrying
nanomachine (D), and the monitoring nanomachine (M).
The C is the internal trigger-source that can coordinate the
drug release of D. The D refers to a drug carrier that can
release the drug molecules and the signaling molecules when
commanded to by the C and the M, respectively. The M
is designed to assist the C and the D in measuring the
propagation delay. Due to its proximity to the infected site,
the M can be used to detect the number of absorbing drug
molecules at the infected site. The D is located between the
C and the M. Here, we consider two Ds and denote them
as D1 and D;. We note that the propagation delay between
D and the infected site can be approximated by the propa-
gation delay between the D and the M because the M is in
close proximity to the infected site. In medical applications,
such particular topology configurations are reportedly feasi-
ble [43]. d,_y denotes the distances between x and y where
x,y € {C, Dy, Dy, M}. It is assumed that dc_p, <dc_p, and
dy_p, > dy_p,. This assumption is realistic because of the
random positions of the Ds between the C and the M, where
some Ds can be close to the C, while some Ds can be close
to the M. Therefore, we consider both scenarios.

Ill. OPERATION OF THE PROPOSED SCHEMES

Two novel SDD schemes are proposed: DTE-SDD and
iDTE-SDD schemes to trigger the Ds internally to deliver
their drugs to the infected site simultaneously. The C esti-
mates the propagation delay between the D and the M by
directly sending a control signal to the M in the DTE-SDD
scheme. By contrast, the C sends control signals to the D to
estimate the propagation delay between the D and the M in
the iDTE-SDD scheme. Both schemes consist of two phases:
the propagation delay estimation phase and the simultaneous
drug delivery phase. In the propagation delay estimation
phase, the C estimates the propagation delay between the C
and the D. Additionally, the C also estimates the propagation
delay between the M and the D. In the SDD phase, the C
triggers the Ds to release their drugs so that the drugs are
delivered at the infected site at the common time Tyx. The
propagation delay between nanomachines x and y is denoted
by Tx_y, where x,y € {C, D;, M} and where i € N (N is the

VOLUME 9, 2021

number of D). T,_y is the random delay due to the noise pro-
duced by the molecule’s random motion in the environment.
Therefore, Ty_, with noise can be denoted as:

Tx_y:E[Tx_y]"‘Xa (1)

where E[T,_,] is the expectation value of T,_y and is equal to

g—é. X is the corresponding propagation delay noise and the
random variable with a Gaussian distribution denoted by: [27]

X ~N©, o7 ), 2)

where the mean and variance are 0 and O',%U, respectively.

A. DTE-SDD SCHEME

Fig. 2 shows the propagation delay estimation phase and the
SDD phase of the DTE-SDD scheme. Table. 2 contains the
list of events with their descriptions of the DTE-SDD scheme.

TABLE 2. List of events in DTE-SDD scheme.

Event |Description Time of Record
event time

@ |C broadcasts IN 1 ® Yes

D receives INI and sends T® No
REStoC

© |Creceives RES of D T Yes

©® |M receives INI and sends Tp No
REStoCand D

® |Creceives RES of M TE Yes

® |D receives RES of M and| T(F) No
sends RLY to C'

© |Creceives RLY of D T Yes

® |Csends DRRto D T® No

(@O | D receives DRR and releases o No
the drugs

@) Infected site receives the drugs Ts No

1) THE PROPAGATION DELAY ESTIMATION PHASE

C begins the propagation delay estimation by broadcast-
ing the initiation signal INI using Q number of signaling
molecules to the D and the M. This event is marked by @&
and the time is denoted by T@®). Therefore, the arrival time of
INI at D; can be written as

Te.p =1@® + T@Di, 3)
where the event denotes the arrival of INI at the
D. In 15 p, the superscript notation denotes the signal-
sending-time event. On receiving the INI, D; immediately
sends back the response signal, RES;, which will arrive at
To.n, = Te.0 + TDI,. The C records T@®) and T),p;-
Then, the C can estimate the Tc p, using the round-trip
time as
T =T
M. 4)
The numerator corresponds to the round-trip time between
the C and the D, which is divided by 2 as both nanomachines
are static with a fixed distance and also because the forward

Tcp; =
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@_® Ty ‘
R SN V
INI RLY; DRR;
) \\\ (?) -
. . DRM,; :
: | A
5 - - [
. : : ©)
<7‘[® 4><7 . : :
: i ' 2 p—> @y W
-
Initiation DRR Drug-releasing
Response DRM; Drug molecules by D;
Relay T Common drug delivery time

FIGURE 2. Operation of the proposed DTE-SDD scheme.

and backward signal directions are assumed to be identical.
Similarly, the arrival time of /NI at the M (marked as (D)) is

T =Tpm + Tg\)_M. &)
Analogously, the M immediately sends back the RESy
toward the C upon receiving the INI. Then RES), arrives
(marked as ®) at Tg) = T@)+ T¢ y;- Similar to (4), the esti-
mated T¢ _y is obtained by -

Te - T®

tew=-"2"0 ©)

The RES)y is also received by D; at T(f), p; and it immediately
sends a relay signal, RLY;, to C (marked by (F)), which arrives
at T@),p; (marked by @). Therefore, the round-trip time
between the C and the M through D; is given by:

RTTC_Di_M = T@,Di — T@. (7)

Using Tc p;, Tc m, and RTTc p, m, the C estimates
TM_D; as:

T _p; =RTTc p, M — Tc_p; — Tc_m- (8

2) SIMULTANEOUS DRUG-DELIVERY PHASE

To deliver the drugs simultaneously at Ty, the C determines
the time instant 7@),p; at which the C sends a drug-releasing
signal, DRR;, to D; ( marked as (@) to trigger D; to release the
drug. We note that 7'y, is known to the C. Then,

T@.p; =Tz —Tv_p;, — Tc_p;- )

96662

When the D is triggered by the C, it releases the drug
molecules (marked by (1)). Therefore, the drug releasing time
of D; is:

Thy.p: =T@.p; + T@Di. (10)

The released drug molecules should arrive at the infected site
at Tx. However, due to the varying channel conditions and
the randomness of molecular movement, the drug molecules
may arrive at the infected site in a nonsimultaneous manner.
Therefore, the actual drug delivery time of D; (marked by (@))
denoted by

¢y = T + 200 (11)

is different from T'x.

3) ANALYSIS OF DRUG-DELIVERY ERROR

The drug-delivery-time error is defined as the time differ-
ence between the maximum and the minimum delivery times
among all the Ds where the total number of D is N. Let i+
and i~ denote the index for D with the maximum and the
minimum drug-delivery times, respectively. We can express
it as:

A
argmax ¢p, £ {p, .

VieN
and
argmin {p, L. (12)
VieN '
Then the drug-delivery-time error, €, can be written as:
&= CDI+ - é‘Di_ . (13)
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Applying values from (10) and (11) in (13), we can
write (13) as:

&= T@*Dﬁr + rCC@_D,-Jr + T19_D,-+ - T@*Dﬁ
_TCC@_D,., — TAC/?_DI.J (14)
Using (9), we rearrange (14) as:

e=Ty — %M,D,v+ — ;EC,D,'+ + TC,D,-+ + TM,Di+

Ty +up, ticn, —Ton T - (15)
Then, using (8) we can obtain:
¢ = —RTTc p. m+Tcpy +Tecm—Tcpy + TgF?Di+
+ TACP_ py +RTTc p m—Tcp- —Tcm+Tcn,-
- TQDi_ - TACR D,
= —RTTc py m + T§0i+ + ng”DJ)ﬁ +RTTc p_ M
- T?%D[, ~™™_D.
= _TJ%D_D,-+ - T?% + TgH?D,-+ + TA(P_D,-+
+ T%D_Dﬁ +T¢p_ —TCp. ~ TACP_Dﬁ , (16)
where TC®D+ and TE@D are independent and identically

distributed (1 i.d.) random variables with a Gaussian d1str1—
bution having a mean and a variance of KC_ D and 0C7Di+’

O]

respectively. Similarly, M D,y and il _p,, A€ i.i.d. random
. . . 2
variables with a mean UM D,y and a variance of i1 D,y -

T p._ and TE@D._ are also i.i.d. random variables with a
—. ! . . - ! . .
Gaussian distribution having a mean and a variance of uc_p,_

®©

2 . . .
and oC p, > respectively. Similarly, M D, and T p, are

i.i.d. with a mean of uy _p,_ and a variance of O'AZ,I p_-Asa
result of the Gaussian distribution’s summation p_rolperty, &
is also a Gaussian distributed random variable with a mean
of ue and a variance of 082, where . and 082 can be obtained
as: [44], [45]

Me = —UM_D;y — MC_Dy + MC_Dy + UM_Dy
+um_p,_ +HC_Dm — UM_D,m — IC_D,-
=0, (17)

and
o, = Uzzw_Di+ + Gg_Di+ + Gg_Dl.+ + 0112/1_0,.+
+ 0/12/1701._ + GéfDi_ + ‘7/\2/1701._ + Ungi_
=2(of b, + 0% b, +0hp, +0lp ) (8)
Therefore, due to u, = 0,
E[e?] = o, (19)
which is the root mean squared error (RMSE).
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TABLE 3. List of events in iDTE-SDD scheme.

Event |Description Time of Record
event time
® C' broadcasts IN 1 1® Yes
® D receives I NI and sends T® Yes
RES and INI to C and
M, respectively
© C receives RE'S of D T Yes
() M receives I N1 and sends Tp No
RESto D
® D receives RE'S of M G) Yes
® C'sends EST to D UG) Yes
(©) D receives EST of C To No
® D sends ETRto C T® No
O) C receives ETR Tm Yes
©) C'sends DRR to D 6 No
® D receives DRR and re- T® No
leases the drugs
O Infected site receives the Ts No
drugs

B. iDTE-SDD SCHEME

In the following subsection, we will describe the propagation
delay estimation phase and the SDD phase of the iDTE-SDD
scheme. Table 3 describes the events used in the iDTE-SDD
scheme.

1) THE PROPAGATION DELAY ESTIMATION PHASE
Fig. 3 shows that the C starts the propagation delay estimation
procedure by transmitting /NI at T(@) using Q number of
signaling molecules to D. This event is markedcléy ®. INI
arrives at D; (marked by ®)) at T. D, = T®+ o

After receiving INI, D; immediately sends back RES;,
which will reach at T(g), p, (marked as ©), such that Tg) p, =

T, D; + TDI_. The C records T©, p; and T@. Then, it esti-
mates the propagation delay between the C and D; as:

Ton ~T®

2
®
Tcp;, T TC b,
= b b 20
3 (20)

Additionally, after sending RES;, D; immediately sends an
INI; to M to estimate the propagation delay to the infected
site. For simplicity, we do not consider the sending time dif-
ference between INI; and RES;. INI; arrives at T@ p, (marked

Tc p;, =

by ©). Therefore, T@),p, = T@®).0; + T "Dy After receiving
INI;, the M immediately sends back RESM, which arrives at
D; at Tg),p; (marked as ©). Hence, T®),p, = T©),0; + Ty p,-
The D records T(g),p; and Tg),p,. Finally, the D estimates
the round-trip time between the D and the M ; this is used to
estimate the Ty p, as:

~ T@»Di - T. Dl
T™_D; = )
©
~ Wp; T T b, 2
—
96663
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Propagation delay estimation phase

¢e--Simultaneous drug delivery phase--O:

® ® @® o Q Ty
¢ 7 . EI >t
N /. / N,
: ; N
. /7 V2
: a : a *
: INI RES; . EST ETR; DRR,
. 7 . ’ .
. 7 . / M
. /7 / \
- I' . I‘ \.
X 7 : 7 ‘.\
. / N ’ 5
D; - L ,® : © ® X >t
: ‘\_ : S . ®
: \_\' /'/ . \
. X \ : ; )
: . \ X , .
: o INL RESy DRM;
: Lo /! N :
. X \. N /‘ . N
. : N 7 .
: : ‘.:\ /./ \ :
M . - L B i i ] — t
T p—>e— TD,-—» @ « T(PD'” -« T@,D,—»? — TQDL- %471%_[;[.4»
HT%_DL';F THD—> EST Estimation

FIGURE 3. Operation of the proposed iDTE-SDD scheme.

The C again sends an estimation signal, EST, to D to
estimate the propagation delay between the D and the
M at time T(f) (marked as ®), which arrives at Tg),p, =

Te + T?D’_ (marked by @). On receiving the EST,
the D sends back an estimation response signal, ETR;, after
time Ty _p; at T@,p; (marked by @). Therefore, T@),p,=
Tg.n; + Ty _p;- ETR; arrives at T(m,p; (marked by (D).

Thereby, T@,D,: T@,D,— + 'tC@_D’_. Finally, C estimates
the Ty _p,. as

™ _pic = T.0, — TE — 2Tc b,

=8 + 2y +18, — 2%, @)

where Ty_p,. is the propagation delay between the M and
the D;, which is estimated by the C.

2) SIMULTANEOUS DRUG-DELIVERY PHASE

After obtaining Ty_p,. and Tc_p;, the C determines the time
instants T@, p; at which it sends DRR; ( marked by @)) to
D; to trigger the D; to release their drugs which can be
obtained as:

TQ.pi = Ts — T _pic — T _b;- (23)

The DRR; arrives at T(g) p; (marked by ®), and the actual
drug-delivery time (marked by (D) can be obtained as:

ip;, = T@,Di + TC@_Di + TAC,?DI_. (24)
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ETR Estimation Response
Ty Common drug delivery time

3) ANALYSIS OF DRUG-DELIVERY ERROR
Using the same definition of D> D and ¢ as
DTE-SDD,

&= §Di+ - gDr

@) ®
= T@,Di+ + Lo + ™D,y T@,DF
- TQDI., - TAC?_ D (25)

Again, applying values from (23), we obtain in (25)
e = (Ts —Tcpy — ™MDy .) + TQD# + TAQ?_Di+
—(Ts—%c_p,- —%m p,- ) —TE‘D_ D _TAC?_DF' (26)

Applying (22) in (26), we set (26) as:

&= _TS?DI.+ - %M_D,-+ - TC‘@_Dfr + 2%C—Di+ - %C—D#
+ TQD,» Lt TAC?_DI. Lt T?Di, +tm p_ + T@Di,
- Z’fc_Dl_, + ’fc_Dl_, - TC@_Dif - TAC?_DI., . 27
From (20) and (21), we get in (27):
©)
. ® ™™ M D, ®
€= "Tcpy — ( - B _) ~TC by
1 ® 1 ©) ®
5T+ T 5TC D +7T¢ py T M D
©)
@ TM—Dt + TM—DI’ @
+Tc .t ( ) ) + T¢ b,
1 1
O 3~ —Tp ()
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FIGURE 4. lllustrations of four cases.

In the same w% as in the DTE-SDD system, all the propa-
gation delays, 1,7, for different events z, are i.i.d. random
variables with a Gaussian distribution mean of u,_y and a
variance of axz "y Therefore, the mean and variance of & can
be written as

MM_D;y + M _D+
2

pe = —pc_n, — ( ) — 1C_Dyy

1 1
+suc_p4y + sHC Dy +MUC_Dy + UM D4

2 2
MM_D;— + MUM_D,—
+ucp,- + ( 3 )+ 1e p-
1 1
FHCD- = SHC D~ HC D~ M _D;-

= —2uc py +210C Dy — UM Dy T M D
—2uc_p,- +2uc_p,- — UM_D + AM_D,-
=0, (29)

and

) )
o o
s M Dy TOM Dy )
of = 0¢ p, +(—— > —=)+0¢ b,

+ 102 + 162 + 08 + o3
2 C_D+ 2 C_Di+ C_Di+ M_D,;+
2 2
2 UM—Di— + GM—Di— 2
tocp_ t+ (f) +ocp_

+ Eaé,D,-— T EaéfDi— + Gé—Di— + UA%LDF
7 3
o (o0c_p, +ocp._)+ > (om_py +om ). (30)

Due to u, = 0, the RMSE is

VE[£?2]

of + 13

= 0;. &1y

VOLUME 9, 2021

IV. NUMERICAL ANALYSIS

The proposed DTE-SDD and iDTE-SDD systems are
numerically analyzed in this section. We built a network
simulator using the well-recognized MolecUlar Communi-
catloN (MUCIN) simulator [46]. In MUCIN, we performed
6 x 103 simulation replications to generate the dataset for
the propagation delays of a signal. We obtained the prop-
agation delay variance using MATLAB’s built-in function.
We considered the sampling step time Atz = 0.001 s. The
nanomachines’ radius » was set to 10 pm [47], the number
of D was set to 2, and the diffusion coefficient 2 was set
to 597.25 pm2 /s [42]. Additionally, we considered different
distance values of the nanomachines to evaluate the proposed
schemes’ performances, as shown in Fig. 4. The evaluation
metrics were the RMSE of ¢, the cumulative distribution
function (CDF) of ¢, the drug-delivery time of the Ds, and
the energy consumption.

We chose the two-way message exchange-based coor-
dination scheme as a comparison scheme to show that
the drug-delivery time could be coordinated without times-
tamps and also to analyze whether minimizing the pertur-
bation problem (which is the target of [27]) could reduce
the delivery-time errors. In [27], a transmitter nanomachine
sends a signal toward the receiver nanomachine to achieve
coordination with the receiver nanomachine. The receiver
nanomachine sends back its timestamp to the transmit-
ter nanomachine after receiving the signal. The transmitter
nanomachine uses the timestamp information to measure
the perturbations and coordinates with the receiver nanoma-
chine. They exchange R rounds of timestamped signals to
improve the estimation accuracy. For fairness of comparison,
we added a timestamp signal in [27] to inform the receiver
when the drugs would be released. We noted that to make
comparisons with our system model, the C and the D were,
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respectively, the transmitter and receiver nanomachine. Addi-
tionally, in [27], the M is used to obtain the number of
absorbed drug molecules.

A. RMSE ANALYSIS
In the computer simulation, the RMSE of ¢ is obtained by:

P2
RMSE — ‘/M, (32)

where &(k) is the delivery-time error of the k™ replication, and
P is the number of simulation replications where P = 6 x 103.

Fig. 5 shows the RMSE of the ¢ versus distances for
different cases. We observe that the RMSE in the iDTE-SDD
scheme is comparatively lower than that in the DTE-SDD
scheme. This is because in the DTE-SDD scheme the C
communicates directly with the M, and the dc_py is the largest
distance among the other signal distances. As expected in
MC, the receiver at a larger distance obtains fewer molecules,
increasing the noise in the receiver-measured concentration.
Consequently, this noise affects the propagation delay vari-
ance, making the RMSE larger. We also observe that the
proposed schemes exhibit a smaller RMSE than in [27]. The
common point is that the RMSE increases when the distance
increases. Furthermore, the results of the proposed schemes’
simulation results match their analytical results, validating
the correctness of their analytical model.

0.06 . .
QO DTE-SDD Simulation
DTE-SDD Analytical
005r | A iDTE-SDD Simulation

iDTE-SDD Analytical
[27]

Case-2 Case-3

0
Case-1 Case-4

FIGURE 5. RMSE versus d where Q = 5, 000 molecules.

Fig. 6 shows the RMSE versus Q while considering the dis-
tances at Case-2. As expected, it can be seen that the RMSE
decreases with the increasing Q. When Q increases, the noise
in the received-molecules concentration at the receiver
reduces because the receiver receives more molecules, reduc-
ing the propagation delay variances that make the RMSE
lower. We can also observe that all the schemes show the same
trends for all Q, where the iDTE-SDD and the DTE-SDD
schemes exhibit a smaller RMSE than in [27]. Therefore,
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0.035 T T
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1n]
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A
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0.005F .
0 | I
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Q

FIGURE 6. RMSE versus Q for Case-2 where Q =
[5, 000 7, 000 9, 000 11, 000].
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0.7F
[T 0.6
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0.3 = |DTE-SDD-Case-1 |
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0.1 [27]-Case-4 b
ok .

0.05 0.06 0.07

FIGURE 7. CDF of |¢| where Q = 5, 000 molecules for Case-1 and Case-4.
Here, |.| stands for the absolute operator.

the lower RMSE in the proposed schemes could be beneficial
in achieving a highly precise SDD.

B. CDF ANALYSIS

Fig. 7 illustrates the CDF of the absolute value of ¢ for
Case-1 and Case-4 when Q = 5, 000. We note that Case-4
represents the largest distance between the nanomachines,
while Case-1 represents the smallest. The proposed schemes’
CDFs show a lower || for both cases than in [27]. We observe
that approximately 80% of the |e| values (marked by the
circles) are 0.0115 s (marked by the purple ‘x’), 0.0153 s
(marked by the green ‘x’), and 0.0212 s (marked by the red
‘x”) for iDTE-SDD, the DTE-SDD, and comparison scheme,
respectively for Case-1. These values are almost 0.0428 s
(marked by the cyan ‘x’), 0.0475 s (marked by the black ‘x’),
and 0.0535 s (marked by the blue ‘x’) in the iDTE-SDD,
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FIGURE 8. CDF of |¢| for Case-2 where Q = [5, 000 11, 000] molecules.

the DTE-SDD, and [27], respectively for Case-4. From the
analysis of the 80% error, it can be seen that the comparison
scheme has a large |¢| because the accuracy of the pertur-
bations’ calculation seems to be affected by the propagation
delay and its variations. Therefore, estimation alone of the
perturbations may be less successful for coordination among
the nanomachines than previously thought. The efficiency of
such a mechanism of [27] would necessitate prior knowledge
of the propagation delay statistical standard deviation, adding
to the computational complexity.

In Fig. 8, we illustrate the CDF of |¢]| for different values
of Q for Case-2. Almost 80% of the |¢| values (marked by the
circles in the figure) are 0.0195 s (marked by purple the ‘x’),
0.0225 s (marked by the green ‘x’), and 0.0275 s (marked
by the red ‘x’) in the iDTE-SDD scheme, the DTE-SDD
scheme, and [25], respectively for Q = 5, 000. In comparison,
these values are 0.0155 s (marked by the cyan ‘x’), 0.0185 s
(marked by the black ‘x’), and 0.0195 s (marked by blue
the ‘x”) for iDTE-SDD, DTE-SDD, and comparison scheme,
respectively for Q@ = 11, 000. Therefore, based on the |g|
values, the proposed schemes exhibit less error and converge
to 1 earlier than the comparison scheme, implying that the
proposed schemes can better simultaneously deliver drugs
at the infected site with minimal |¢| than the comparison
scheme. We can also see that as Q increases, the convergence
to 1 increases rapidly because the larger number of emitted
molecules can reduce noise and accordingly reduce the prop-
agation delay variances.

C. DRUG-DELIVERY TIME ANALYSIS

Fig. 9 shows the time required to initialize the SDD for
each system. The SDD initialization time is the time taken
for a system to prepare for drug-delivery, during which the
controller performs the estimation of delays or perturba-
tions. We observe that the SDD initialization time is shorter
in the DTE-SDD scheme than in the iDTE-SDD scheme.
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FIGURE 9. SDD initialization time for Case-2 where Q = 5, 000 molecules.

This is because the iDTE-SDD scheme takes longer to esti-
mate the propagation delay than the DTE-SDD scheme.
By contrast, the SDD initialization time is higher in [27] than
in the proposed schemes. This is because [27] takes longer to
exchange the R rounds of the timestamped signal. Therefore,
the proposed schemes can simultaneously deliver the drug to
the infected site more simply and faster than the comparison
scheme.

D. ENERGY COST ANALYSIS

We derived the energy cost from the energy model given
in [48], [49]. We refer the reader to [48], [49] for more
details. Reference [23] reproduces the energy cost model
((16) in [23]). Therefore, the total energy cost can be
defined by:

Ecost = K x n X Ep;, (33)

where K, n, and E,; are the number of bits in each signal,
the number of signal exchanges among the nanomachines,
and the energy consumption required to synthesize, transport,
and release Q number of molecules, respectively. The values
of nis 2 + 3N), 2 + 5N), and (R(N + 1) + 1) are for
the DTE-SDD, the iDTE-SDD, and the comparison scheme,
respectively, where, N and R are the number of Ds and the
number of rounds for exchanging the signals, respectively.
The value of R = 30 in the comparison scheme [27], while,
R = 1 in the proposed schemes. All the variables values
in (33) are the same as those in [48], [49].

Fig.10 shows the E.qg versus the N where N = [2, 4, 6, 8].
As expected, the Eos increases when N increases. This is
because when N increases, the number of n also increases.
However, due to a large number of n in the comparison
scheme, its E¢qs increases drastically. The Ecqg is lower in
the proposed schemes. This is because of the much lower
number of n required by the proposed schemes. The E.g in
the DTE-SDD scheme is lower than that in the iDTE-SDD
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FIGURE 11. Energy cost versus the number of drug doses where N = 2.

scheme due to the lower number of n in the DTE-SDD
scheme. We found that, on average, the DTE-SDD and
iDTE-SDD scheme’s Eos Were approximately 95% and 94%
lower than that of the comparison scheme, respectively. Simi-
larly, the DTE-SDD scheme exhibited an approximately 33%
less E¢ogt than the iDTE-SDD scheme. Therefore, among the
three schemes, the DTE-SDD scheme was found to be the
most energy-efficient.

Fig.11 shows the Eq versus the number of drug doses.
Here, in each dose, each D released 5, 000 drug molecules.
We assumed that all the systems had the same energy budget,
which was 14 PJ. We observed that the number of drug doses
was fewer in the comparison scheme than in the proposed
schemes. This was because the comparison scheme required
more signaling exchanges in the SDD initialization time,
resulting in a higher E¢qs. Therefore, the comparison scheme
could achieve 11 drug doses. After 11 doses, the comparison
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scheme had spent the entire energy budget; therefore, it could
not deliver any more drugs to the infected site. By contrast,
we found that the numbers of the DTE-SDD and iDTE-SDD
schemes’ doses could be as high as 329 and 328, respectively.
However, to avoid compression of the x-axes, the number of
drug doses is shown to 100. Therefore, the proposed schemes
could increase the number of drug doses by approximately 30
times. The iDTE-SDD scheme required higher energy than
the DTE-SDD scheme due to the longer SDD initialization
time. Additionally, for each drug dose, the E s were the
same for the proposed schemes, while the Eq5¢ Was higher
in the comparison scheme, making the proposed schemes
more energy-efficient, leading to an increased number of drug
doses.

V. CONCLUSION

This paper presented two internally controlled MC-based
SDD schemes to reduce the delivery-time error at the infected
site for the MC-based TDD system. Based on the propagation
delay estimation approach, we proposed: the direct trigger
estimate SDD (DTE-SDD) scheme and the indirect trigger
estimate SDD (iDTE-SDD) scheme. We derived the ana-
lytical error model for simultaneous delivery-time error for
both schemes. Simulation results reveal that the DTE-SDD
scheme is less complicated and more energy-efficient than the
iDTE-SDD scheme, while the iDTE-SDD scheme exhibits a
lower delivery-time error in terms of distances and released
molecules. Additionally, the proposed schemes outperform
a timestamp-based coordination scheme in minimizing the
delivery-time error.

Our future work will consider the efficacy of the drug at
the infected site by analyzing the effect of the delivery-time
error on the maintenance of the TI (LEC or MSC) at the
infected site. Additionally, it will involve the reduction of
the toxicity of the drugs in healthy cells. The main challenge
will be to control the drug-carrying nanomachines that are
far away from the infected site. The drug molecules may,
therefore, in these cases, diffuse away from the infected
area and be absorbed by the healthy cells. Hence, our future
goal is to develop an internal controller nanomachine-based
energy-efficient and minimally complex TDD system to con-
trol the drug release type of drug-carrying nanomachines
based on their distance from the infected site.
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