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Abstract—Motivated by the numerous healthcare applications
of molecular communication inside blood vessels of the hunma
body, this work considers multiple relay/ cooperative nanma-
chine (CN)-assisted molecular communication between a sme

nanomachine (SN) and a destination nanomachine (DN) where

each nanomachine is mobile in a diffusion-advection flow chranel.
Using the first hitting time model, the impact of the intermedate
CNs on the performance of the aforementioned system with
fully absorbing receivers is comprehensively analyzed tdakg into
account the presence of various degrading factors such astér-
symbol interference, multi-source interference, and couting
errors. For this purpose, the optimal decision rules are deived
for symbol detection at each of the CNs as well as the DN
Further, closed-form expressions are derived for the probahilities
of detection and false alarm at each CN and DN, along with the
overall end-to-end probability of error and channel achiewable
rate for communication between the SN and DN. Simulation
results are presented to corroborate the theoretical resu$ derived
and also, to yield insights into the system performance unde
various mobility conditions.

Index Terms—Cooperative nanomachines, diffusion, fully ab-
sorbing receivers, Likelihood Ratio Test (LRT), mobile mokcular
communication, optimal detection.

l.
N information exchange is done using chemical signals,
garnered significant interest in recent times towards adirg

INTRODUCTION

information exchange in protein structures. 2) Living syst
interface, which targets controlling the behavior of bgtal
systems. As an example, in the work in [5], the redox modality
has been used to connect synthetic biology to electronics fo
bio-device communication. 3) Artificial MC that is aimed
at the design, fabrication and testing of human-made MC
systems, which forms the focus of this work. A salient exampl
of such research is the inexpensive experimental platfbat t
was presented in [6], which can be used to simulate MC in
different environments, such as in cardiovascular systemals
. others. Moreover, a paradigm for chemical communication
between gated nanoparticles was recently demonstrat&q.in [

A. Motivation

Artificial MC has led to the development of novel applica-
tions [8]-[10] such as efficient chrono drug-delivery [11jda
human body monitoring using communicating nano-robots or
nanomachines, which has been used for detection and mon-
itoring of cholesterol or disease precursors in blood Jssse
[12]. To realize an efficient chrono drug-delivery mechemis
a nanomachine in one part of the body can sense an event and
communicate this information to a drug-delivery nanomaehi

ANOSCALE molecular communication (MC), where then another part of the body using molecular signaling via

h@te circulation system with advection flow [11]. However, in
such scenarios, the molecular concentration decays #lyers

challenging problems in biomedical, industrial, and sikve 35 the cube of the distance between the mobile transmitter
lance applications [2], [3]. Currently, MC research can &€ ¢ and mobile receiver nanomachines [13], which severelytdimi

egorized into three major areas: 1) Living system modellinghe performance of such systems. This impediment can be
which is aimed at gaining more insights into MC processegccessfully overcome by relay or cooperative nanomachine
occurring in live biological systems leveraging technigluqCN)-assisted communication, where one or multiple mobile
originating from communications engineering. For example CNs cooperate with a mobile source nanomachine (SN) in

[4], information theoretic concepts were used to quanti® t forwarding information to a mobile destination nanomaehin

The part of this paper considering the presence of a singbperative
nanomachine (CN) has been presented at the 2018 Asilomdert@one on
Signals, Systems, and Computers [1].
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(DN). This paradigm has been shown to significantly enhance
the communication range, thus making it a very promising
technology for such systems [14]. However, the decoding
accuracy at the DN in a multiple CN-assisted MC system relies
considerably on the detection performance of the interatedi
CNs that act as relays. The end-to-end performance carefurth
deteriorate due to other degrading effects such as mobil-
ity, inter-symbol interference (ISI), multi-source irference
(MSI), and counting errors at the intermediate CNs as well as
at the DN [15]. This motivates us to analyze the impact of
the detection performance of the intermediate mobile CNs on
the end-to-end performance of the multiple CN-assisted MC



system, along with the presence of ISI, MSI, and countirggrors. Moreover, the impact of the detection performarfce o
errors, for a diffusion-advection blood flow channel. A deth the intermediate CNs on the end-to-end performance of MC
overview and a comparative survey of related works in tHer the aforementioned system has not been analyzed in any

literature on CN-assisted MC is presented next. of the existing works.
o Therefore, this work comprehensively analyzes the impact
B. Related Work and Contributions of intermediate CNs on the performance of a multiple CN-

In [16], a sense-and-forward (SF) relaying strategy has beassisted mobile MC system with fully absorbing receivers,
proposed for diffusive MC between two synthetic bacteriith the DF relaying protocol employed at each mobile CN.
nodes. The analysis therein has been extended in [17]Ror this purpose, the LRT-based optimal decision rules and
MC with decode-and-forward (DF) relaying where it wasptimal thresholds are determined at each of the mobile CNs
demonstrated that optimal combining of the direct and edayand mobile DN in the presence of ISI, MSI, and counting
outputs led to an improvement in the reliability of communierrors, incorporating also the detection performance et ea
cation. Authors in [18] derived an expression to charaeterithe previous CNs. Closed-form expressions are subseguentl
the average probability of error for a two-hop DF moleculaderived for the probabilities of detection and false alarm
network and subsequently proposed techniques to mitipate to analytically characterize the detection performancéehef
self-interference arising due to the reception and emissio mobile CNs and DN. Finally, the analysis for the end-to-
the same type of molecules at the relay. The analysis rered probability of error and the channel achievable rate is
been further extended to amplify-and-forward (AF) relayin presented for multiple mobile CN-assisted MC between the
based MC with fixed and variable amplification factors imobile SN and DN nodes. It is worth mentioning that the
[19]. The optimal amplification factor at the relay node thakesults in [1] considering the presence of a single coojperat
minimizes the approximate average error probability of theanomachine (CN) can be obtained as a special case of the
network is also derived therein. The authors in [20], [21}esults presented in this paper.
proposed an energy efficient scheme for information moéecul
synthesis employing S|multane_0us molecular mformatpd ac Organization
energy transfer (SMIET) relaying. Performance analysis wa o )
presented in [21] for the resulting bit error probabilitydan 1he organization of the rest of the paper is as follows. The
cost of synthesis. In [22], the performance of a dual-hcpystem model for t_he _mult|ple mobile CN—:_:\SS|sted d|ffu3|v_e
MC system with estimate-and-forward (EF) relaying has be&pPlécular communication between the mobile SN and mobile
analyzed in terms of the resulting molecular throughput afN i presented in Section II. The optimal detection schemes
probability of error considering the effect of residual andt the mobile CNs and mobile DN are given in Section II.
counting noises. The work in [23] analyzed the error rafgomprehensive an_aly§e_s for the probabllmes_of detegtion
performance of a diffusion-based DF dual-hop MC systef@lse alarm at the individual CN, DN, along with the end-
inside a blood vessel of the human body, assuming pu_tg;end probablllty o_f error and achl_evable rate are pr@si?nt
diffusion based MC with static nanomachines, which is nd? Section IV, Section V, and Section VI respectively. Sim-
practically feasible in diffusion-advection blood flow cheels, Ulation results are presented in Section VII, followed bg th
Moreover, the analysis therein formulates an optimizatigipnclusion in Section VIIl.
problem to find the optimal threshold that minimizes the bit
error probability (BEP) at the DN. However, a closed-form [I. SYSTEM MODEL

analytical expression has not been presented for the optimacnsider a multiple CN-assisted MC system inside a blood
threshold. The work in [24] analyzed the bit error rate (BER)egse, j.e., semi-infinite one-dimensiohibw-induced fluid

performance of a dual-hop DF MC system in which thgeqium with constant temperature and viscosity, where the
time-dependent molecular concentrations are influencedéy length of the propagation medium is large in comparison to

noise and ISI resulting from the channel. In the context @& width. Due to blood flow inside the vessel. the SN. all
multi-hop communication, the design and analysis of reseat,e cNs and the DN drift with the flow, with,,, = v, 5 =
cells for Calcium junction channels was investigated in][25, _ wherew,,,, v,, » and vy, denote the velocities of

where signal molecules released by the transmitter areiamglfg SN, k&th CN and DN, respectively, and denotes the
fied by the intermediate repeaters to reach the receiver. Th&t velocity of the medium. The diffusion coefficients dfet
probability of error analysis for a dual hop system preséntg,pile SN, kth mobile CN and the mobile DN are denoted
in [18] was extended to a multi-hop scenario in [26]. Thgy Dyn, Do and Dy, respectively. As described in [40]—

work in [27] analyzed diffusion based multi-hop MC betweefly>] the movement of each nanomachine can be modeled as a
bacteria colonies with several bacteria agents combimragt

as a single node. Further, a multi-hop system that usesrizacte *Many biological channels such as capillaries, blood vesseld active
and virus particles as information carriers was proposet affgnsportation channels can be modeled by a 1-D drift chiaene., [30]-

. . 32]). In particular, they can be modeled as 1-D semi-irdimlhannels, where
analyzed n [28] and [29]' reSpeCtNely' However, none &f t he length dimension is significantly larger than the widtld &eight. Also the

above works and the references therein consider nanongachinlecular channels for communication on bio-chips can peagmated by a
mobility while analyzing the performance of the multiple CN1-D environment, since the microfluidic links connectingieas components

. A . . within the chip are very narrow (e.g., [33]). Finally, it important to note that
assisted MC systemin diffusion-advection blood flow ChdmnQhe 1-D diffusion channel has been frequently applied t@stigate several

with practical/ realistic effects such as MSI, ISI and cangt aspects of molecular communications [23], [32], [34]-[39]



one dimensional Gaussian random walk where the movement qy
of each nanomachine does not disrupt the propagation of the
information molecules. Moreover, due to the mobility with
different diffusion coefficients, the SN, CNs and the DN
may pass each other, resulting in different locations of th&——¢ ¢ g4
nanomachines [42]. o Tt (Yt it (-1t gy jt (k=1)T kT
The communication between the SN and DN occurs inF? 1. Time-slotted diffusive MC between two nanomachineand
multiple hop fashion, where the SN and each of the CNs or - v
relays, i.e.,R1, Rs,--- , Ry, use different types of molecules
for transmission. The molecules transmitted by the SNhd . . T N
: . . . e 2. L obile nanomachines andy with diffusive coefficientsD,,
CN propagate via Brownian motion with diffusion coefﬂmen% andu, — v, — v, is given by [42, Eq. (16)]
D, s, and D, ., , respectively, in the diffusion-advection™¥ Vo =Uy =0, 189 y » BQ-
blood flow channel. As described in [9], hnanomachines such as y /4T Dot D) et (dgy)2
eukaryotic cells can be genetically modified to emit differe Fay(£51) T V(i Dot tDpet) T\ 4ir Doy
types of molecules for transmitting information, thus divap

Molecules received
from other sources

In a diffusion-advection flo&channel, the PDH.,(¢;4), for

0
the intermediate CNs to operate in full duplex mode with + Ay
simultaneous transmission and reception. The commuaitati VAT Dy et(t + iT Diot/ Dy etr)?
takes place over time-slots of duratienas shown in Fig. 1, ( (dgyy )
where thejth slot is defined as the time intervi@l — 1)7, ji7] X €xp | — .
with j € {1,2,---}. At the beginning of theth time-slot, the 4Dpet(t + i Diot/ Dpeet)
SN emits e_ithgrQo m_olecules_ of type} or remains silen_t, for « orf % tD, eff @
the transmission of information symbalsor 0, respectively, i Diot(iT Diot + tDp eff) |’

with probabilitiess and1 — 3. In the subsequent time-slots,
the intermediate DF-based CNs first decode the informatiafere d2, is the initial Euclidean distance between the
symbols using the number of molecules received from ti@nomachines andy at time instant = 0, erf(-) denotes the
previous nanomachine, followed by retransmission to the nestandard error function [48] and the quantiti®g: and D,, ef
nanomachine. The DN finally decodes the information symbate defined asDwt = D, + Dy and Dy et = Dy + Dp o,
using the number of typ&F molecules received from th&¥th  respectively, whereD, , is the diffusion coefficient of the
CN Ry atthe end of th¢;j+V)th time-slot. Further, similar to molecules emitted by the mobile nanomachindt is worth
several existing works [15], [23], [43]-[45] and the refeces noting that the PDF of the first hitting time given in (2)
therein, this work assumes the nanomachines to be synchigsoidentical to the PDF of the first hitting time for mobile
nized in time and the transmitted molecules do not interéere nanomachines andy in pure diffusion channels without flow
collide with each other. Moreover, once these moleculesired40, Eq. (6)]. This is due to the fact that the effective flow
the receiver, they are assumed to be absorbed immediatocity ver = v — v, = 0 since nanomaching is moving
and not propagate further in the medium. Although, sevenlth the flow, i.e.,v, = v. A more detailed derivation for the
works on synchronization between static transmitter (Tix) a PDF of the first hitting time is given in [42].
receiver (RX) exist (e.g., [46]), synchronization for thelnie The number of typ&- molecules received &k, during the
scenario is still not well investigated in the literatur@ fhe jth time-slot[(j — 1)7, j7], corresponding to transmission of
best of our knowledge, only the work in [47] considered the symbolz[j] € {0,1} by the SN, can be expressed as
synchronization scheme with nanomachine mobility which is . _ . . ;
applicable only for a fixed TX and mobile RX. Therefore, Rer[d] = Serld] + Ner [j] + Car [j] + Lar 1], ®)
an interesting future research direction would be to devel@iith the various quantities are described as follows. The
new synchronization schemes for molecular communicatig@antity S, [j] denotes the number of received molecules
systems with mobile TX and mobile RX in pure and flowcorresponding to the transmission in the current §lgt—
induced diffusive channels. 1)7, j7]. This follows the Binomial distribution [32], [49] with
Due to the stochastic nature of the diffusive channel, thgrameter(j]z[j] and ¢, i.e., B(Qo[jlz[j], ¢5"), where
times of arrival of the molecules emitted by a transmittef;” denotes the probability that a transmitted molecule in a
nanomachiner, at a receiver nanomaching are random in

; ; ; i 2Similar to several existing works [23], [32], [34]-[39], % and the
hature, which can span multlple time slots. l’f%(t’ Z) denote references therein, this work also assumes that neitheonmachines nor

the probability density function (PDF) of the first hittinge, molecules have any impact on the flow. This assumption canusigd
i.e., the time required for a molecule to reach the nanonma&chas follows. First, the concentration of the information ewiles is assumed
it TY i i be very low compared to the fluid molecules and hence timstnéssion of

Y. The. probab!htyqjﬁ, ofa m(_)lecme. letted by nanomaChmélr?formation molecules does not affect the flow profile of thedic medium.
x during sloti € {1,2,---,j}, arriving at nanomaching  second, the RX is modeled as a fully absorbing receiver tdegtly absorbs
during time-slotj, is obtained as [43, Eq. (1)] the information molecules, but does not influence the fluidedes, i.e., the

flow profile remains constant. This can be accomplished byimgathe RX

o sufficiently small. Also, TX is assumed to be a point sourdeis|worth

2y G—i+1)7 . mentioning that these TX and RX models with constant adeectielocity

q4;=; = .fzy(t; i)dt. (1) have been frequently considered in 1-D diffusive molecaiammunication

(=T literature, e.g., [23], [32], [34]-[39], [45].



particular slot reache®; within the same slot. The quantityerrors, whileZ,.[j + n| represents the ISI aR,,; that is
N,.[j] denotes the MSland follows a Gaussian distributiongiven asZ,.,.[j + n] = zg;;;j I,..[i], with I,..[i] distributed
with meany, and variances2 when the number of interfering as’,.,.[i] ~ N'(Q,[j+2n—i]Z[j+2n—i—1]¢!",,, Qu[j+2n—
sources is sufficiently large [50]. The ter@,.[j] denotes the i|Z[j+2n—i—1]¢/",,(1—¢!",)), n+1 <i < j+n—1. Note
counting error pertaining to the molecules received at tNe Ghat I,..[i] denotes the number of stray molecules received
and can be modeled as a Gaussian distributed random variahle to transmission in the previogsg + 2n — i)th slot. The
with zero mean and varianeg|j]. The latter quantity dependsnumber of molecules received at the DN, corresponding to the
on the average number of molecules received at the CN, ar@hsmission by the last CRy using Qx[j + N], during the

is given aso?[j] = E{Rs,[j]} [15], [51]. The quantityZ,.[j] time slot[(j + N — 1)7, (5 + N)7], can be expressed as

is the ISF arising in slotj due to transmissions in the previous

J — 1 slots, which is determined as Ryalj + N] =Sralj + N] + Zralj + N] + Nyalj + N
Toplj] = Lo [1] + Tor[2 + -+ + L[ — 1], (4) + Cralj + NI, (6)

where I, [i] ~ B(Qolj — ilz[j — i],¢"),1 < i < j—1,
denotes the number of stray molecules received from t
transmission of the symbol in the previods — i)th slot. ) , . -
The parameter;” denotes the probabilitylathat 2 molecule Sreli + N1~ N(Qnlj + NJz[j + N - 1]gg,

transmitted in(j — i)th slot reachesk; in the currentjth On[j+ Nzl + N — g5 (1 — g5)).
slot. Also, note that the nois¥...[j], the number of molecules

received in the current sldi,.[j], andZ,, [j] are independent The quantitiesN,q4[j + N] ~ N(uo,02) and Cr4j +
[15]. The Binomial distribution foS,, [j] can be approximated N] ~ A(0,E{R,q4[j + N]}) denote the MSI and counting
by the Gaussian distributiénvith meanu,.[j] = Qolj]z[j]gs”  errors, respectively, at the DN. Similarly, the ISI compone
and variancer?,[j] = Qo[jl[jlgs" (1 — ¢5"). i-e., Ssrlj] ~  Z,alj + N] at the DN isZ,q[j + N] = 77V} Lali], where
N (usr (5], 02.14]) [52] when the number of molecules released, ,[i], N + 1 < i < j + N — 1 is distributed as

by the SN is sufficiently large. Similarly, the binomial dist

bution of I,,.[i],1 < i < j — 1 can be approximated as La[il~N(Qn[j + 2N —iJ2[j + 2N —i — 1])¢"%
Lip[i) ~ N(Qolj — dJ[j — ilg;", Qulj +2N —dJalj + 2N —i — 1]g s (1-q/%y))-

Qolj — ilalj —ilg;" (1 — ¢i"))- _ i y

The optimal decision rules at each of the receiving nanoma-
Further, note that the ternth, [j] and /s, [i],i = 1,2,--- ,j—1  chines, i.e., all the CNs and the DN, are derived in the next
are independent since the molecules transmitted in diftergection followed by a comprehensive analysis of the resyilti
time-slots do not interfere with each other [15], [23]. probabilities of detection and false alarm, probabilityeofor,

Consider now any intermediate CR),; corresponding t0 gnd end-to-end achievable rate.

n=1,2,---,N — 1. The number of molecules received at
R,+1 corresponding to the transmission 8fj +n — 1] €
{0,1} by the previous hop CNR,, emitting Q,[j + n]
molecules, during the time-slgtj + n — 1)7, (j + n)7] can
be expressed as

wgeresrd[j + N] follows the distribution

IIl. DETECTION SCHEMES AT THEDN AND EACH CN

A. Optimal Decision Rule at the First CN
Rpr[j +n] =Spr[j + 0]+ Npo[j + 0] + Cprf + 1]

T [+, ) Using the model in (3), the problem for symbol detection at

R, can be formulated as the binary hypothesis testing problem
whereS,..[j+n] ~ N(Qu[j+n]z[j+n—1]q", Qn[j+n]Z]j+

n—1]q5" (1 —q3")) is the number of typer molecules that are Ho : Rsr[]]
received byR,,,; in the current slo{(j + n — 1)7, (j 4+ n)7] T
which is transmitted byR,, in the same slot. The quantity

Nevlj +n] ~ N(po,03) is the MSI at R,y arising due here the hypotheseH, and #, above correspond to the
to molecules received from the other sources. The_ term nsmission of binary symbols and 1, respectively, by the
Crrlj + ] ~ N(O,E{R,.[j + n]}) denotes the counting g\, during thejth time-slot. The number of moleculé, [;]
received atR;, corresponding to the individual hypotheses,
are distributed as

Zor[j] + Nerlj] + Cor[1] e
Ser[j] +

srli] + L[] + Nsr [5] + Csr[5],

SMulti-source interference (MSI) arises from the transtioiss of other
sources that use the same type of molecules. Also, note himtwork
considers a worst case scenario where each of the CNs and\tlegfi2rience

the interference from other sources existing in the sameumed Ho : Rsr [J] ~ N(Msr O[j]7 gfr o[j])
4Inter-symbol interference (ISI) at the receiving nanoniaeharises due ] U (8)
to Brownian motion, which results in a fraction of the mollesuemitted by Hi: Ry [j] ~ N(Msr,l[]]a Usr,1[]])a

the transmitting nanomachine at the beginning of a giveretot, arriving

randomly in later time-slots. . . . 2 .
SThis approximation is reasonable whey[jlgs” > 5 and Qol5](1 — where the meansﬂ_sr.,O[J]v psra[j] and Va”ancesgsr,q[ﬂa

q3") > 5 [15]. 0Z,.1j] corresponding to hypothesé4,, 7, respectively,



can be obtained starting with the expression in (3) and atee terms independent of the received molecutgs|;j] with

determined as given below the threshold on the right hand side of the test, the LLRT
-1 reduces to
ST | = j — 4 fT‘f' 0 9 . . H1 .
K 70[3] ﬁ;QO[J ila K © (Rsr[] "’O‘sr[]])z 5 Ysr L] (19)
par11J] QO[ 166" + parol7]; (19) \yhere the decision thresholg,,.[j] is as stated in (15) in
o Theorem 1. It can be readily observed from (10) and (12)
730l Z {BQolj —dlgi"(1 = ¢i") + (1 = B) that a,,.[j] > 0 and~,,[j] > 0 are non-negative, WhICh arises
due to the fact thatis, 1 [j] > psrolj] @ando?, ;] > o2 4 [4].
2 . STy STy
x(Qolj —ilgi" } +o5+ psrolil, (11) Hence, considering the square root of the test stat|st|(l€a) (
02171 =Qoljlas" (2 — qST) +02.0lj]- (12) yields the optimal test given in (13) of Theorem 1. [ |
Using the PDFs fomp(R.,[j]|Ho) and p(R,.[j]|H:1) stated
in (8), the following result presents the LRT-based optim&} Optimal Decision Rule at the DN
decision rule atR; for symbol detection. The symbol detection problem at the DN corresponding to

Theorem 1: The LRT-based optimal decision rule &; the transmission byRy in the (j + N)th time-slot can be
corresponding to transmission by the SN, during tietime- formulated as the binary hypothesis testing problem

slot [(j — 1), 7], is obtained as Ho : Roalj + N| =Toalj + N] + Nyalj + N]

H1 .
T(Ralj)) = Rerli] 2 201, (13) + Cralj + N] (20)
Ho Hi: Reglj + N| =Sralj + N+ Zrqlj + N]
where ~/,_[j] is the optimal decision threshold defined as + Nyalj + N] 4 Cralj + N,
o .
gf\:g,}] ;s Yarli] = s 7] with the quantitiesys,.[j] anda. 7] where?, and?; denote the null and alternative hypotheses
corresponding to the transmission of the decoded symbols
o] _ #1100 li] = msrolilod, 1 ] (14) Z[j + N —1] =0 andZ[j + N — 1] = 1, respectively, by the
° o2l — o2 4lJ] ' Ry in the (j+ N)th time slot. The distributions aR,.4[j + N]
corresponding to the two hypotheses in (20) can be detednine
. 2Usr1[ ] ST‘O[-]] (1_[3) grl[j] N2 as
el =22 =07 o ™ l 5\ el | O Hot Reali+ N~ Nptraoli + N o7aoli + N
; Hy: Realj + N] ~ N(pran[j + N,o rd,l[.]"’N])v
:u'srl[] S’I‘O[] []Usrl[]
+ 5 (15)

where the meap,.4,0[j + N| and variance?, ,[j + N] under

Usr,l [j] - GET,OU] ¢ K
the null hypothesig{, are [41, Appendix A]

Proof: The log likelihood ratio test (LLRT) atR; is

obtained as . GEN-1 | .
PRy lj]|H1) 1-8 praoli+ N1=B > On[i+2N—ilgi%y + 1o, (22)
A(Rs-[5]) = In [7} In {_} (16) N1
(Rorll) =0 | R 1)) 22, ™ |5 ol
On substituting the expressions for the PRFR..[j]|#1) and ozd_ro[j + N] = Z [ﬁQN[j+2N—i]q{‘fN(1 _ qﬁN) +8
p(Rsr[j]|Ho) obtained in (8) in the above equation, followed i=N+1
by simplification, the test statistié (R, [j]) reduces to x (1 — B)(On[j+2N—ilgi4 )2
a2, 0l7] 1 + 02 + praolj + NJ. (23)

N sr,0 .
ARorlg]) =4/ 25 7/ (Berli]), (17) Similarly, the mean.,,1[j + 1] and variancer?, , [5 + 1] cor-

Usr,l [j] 2osr 0[ ]Usr 1 [.7] di h | h h di
where the quantity (R, [j]) above is defined in (18) and Caane]spon ing to the alternative hypothetés are [41, Appendix

be further simplified as shown below

pranlj + N]=On[i+Nlgg® + pra0lj + N1, (24)
o7aali + N =Qnli+Ng5* (2 = g5*) + 0740 + 1. (25)
(18) Using the PDFs obtained in (21), the optimal test at the DN

—R2 [f](c? 2 12 (42 [ is given below.
Hlosalil=o STg[ )40l 12[]] ,M”’l[‘j]asr’O[‘j] Theorem 2: The optimal detector at the DN, for the multiple
+ 2R [j](psraldlo s o[3] = msrolilos, 1 [4]) CN-assisted diffusive mobile molecular communication- sys

=(02,1[7] — 02, 0D (Rer 4] + asr[4])* + 112,002 1 4] tem, corresponding to the transmission®y in the (j +V)th
— 12, 117102 0[] (tar 1 [1102 o [~ aroli)o?, 1 [ evsr ], UME-SloL, is given by

with the quantity a,.[j] as given in (14). Substituting the T(R,q[j + N]) = Ryqlj —|—N] %d[] + N, (26)
above expression fof (R,.[]) in (17) followed by merging o

é(Rsr [j] —Hsr,0 [j])zozr,l [j] _(Rsr [j]_ﬂsr,l [j])20.§r,0[j]



where the optimal decision threshoj¢l,[j + N] is given as, The thresholdy, ,[j + N] is as defined in (27) and th@-
function Q(-) denotes the tail probability of the standard

' B . .
Yrali + NI = Vrali + Nl = aralj + N (27) Normal random variable.
with the quantitya,.q4[j + N] defined as Proof: The probability of detectiodd [j + N] at the DN,

corresponding to the transmission By in the (j+ N )th slot,

ara[j + N] . . can be derived using the test statisfi¢R,.4[j + N]) given in
_ 1 +N]o?y oli+N]—piraoli+N]o?Z, , [i+N] (26) as

0241 li+N]=02, o[i+N]

(28)  PL[j+ N]

The expression fory,4[j + N] is given in (29), where the =PH(T(Rra[j + N]) > /4l + NJ|H1)
quantity 5,4 is defined as oN _1
5 (1-8)(1— []—i—N 1)-B(1— P(N)[]+N—1]) (30) = ; Pr(R,q[j + N] > ’VLd[j + NJ[&)PH(&[Hy), (34)
rd= . =
ﬂP“V)mN—l]—( —B) Py [i+N—1]
Proof: Given in Appendix A. m  Where P(§|#:) is given in (64) and RiR,.q[j + N] > v, 4[5 +

It is worth noticing that the optimal decision threshold 27 NN]|§;) can be obtained using (59) as
of Theorem 2 additionally depends on the detection perfor-
mance ofRy, i.e., probability of detchorP( )[j +N —1]  Pr(Ryq[j + N] > v.4l7 + NJ|&)

and probability of false alarmP}]X) [j+N-— 1] In contrast to 0 Yealit Nl=praoi+N\ §f 1 — 9 9 ... 9N _9
the results obtained above for the DN, the decision rulBat — ) [:ﬁ]"’_[-”N][ e e (35)
in Theorem 1 does not depend on the detection performance | @ ( > {747 if1=1,3,---,2V-1.

of any other CNs as it directly communicates with the SN.

Further, on the similar lines given in Appendix A, one caginally, employing the results in (64) and (35) in (34), the

also readily derive the optimal decision rules for symb@xpression forP2 4[j + N] is obtained as
detection at the intermediate CM&,1,n =1,2,--- , N —1,

corresponding to the transmission By, in (j+n— 1)th time Pa[j + N

slot. . .
_ Z 0 (’Y;d[]'i'N]_,urd,O[]"'N])
IV. DETECTION PERFORMANCEANALYSIS 1202 2N _2 ord,olj + N]
This section characterizes the detection performanceeat th
various nodes in the multiple CN-assisted diffusive mobile le()’” [j+n—1] H (1—P1()”) [j+n—1])
molecular communication system. Result below gives the new! new!
expressions for the resulting probabilities of detectind false /s :
+ N| — +N
alarm at the DN. + 0> @ (%db ] [./j_d]’\}][j ])
Theorem 3: The average probabilities of detectidt and 1=1,3,---,2N -1 Ird1lJ
false alarmPr4 at the DN corresponding to the transmission
by the SN in slots to k, in the multiple CN-assisted diffusion- [1P5 li+n-1 ] (1—P1(7n) [j+n—1]) . (36)
advection flow molecular communication system with mobile new! newl

nanomachines, are given as

1 Considering the® possible stateg, for the N CNs and the
= Z Ppli+N], Pra= Z > Piali+N], (31) corresponding set!, ¥}, the above expression fétd [+ N]
j=1 j=1 reduces to the one stated in (32), where the following result

where the probabilities of detectidPf, [j+ N] and false alarm have been used in the simplification process
PZ,[j + N] at the DN, in the(j + N)th slot are given as
Ppli+ ]\/7] ' Z H P,g )[_]—H”L—l] H (1—P£) )[j+n—1])
—0 <%d[J+N] tord,0[j+N] (1 1]) 1=0,2,-- 2N =2 | new} new!
U[(fz[\]f o [j+N] =1-PyV[j+ N -1, (37)
Iy (%d J ,U/rd]i/v] > 1], (32)
Ord,1 ] + and
Pi,lj+ N
_ ((vrali+N]=pira,oli+N] (V) ) )
¢ ( ordolj + N] (1 PRl N = ]) Z H PRVl +n—1] H (1_PI§’ )[ﬁ—n_l])
o N~y 1[j+N]) - 1=1,3,--- 2N —1 | new! ned!
T : P N-1]. (33
rQ (BT ) PR @) SVl + N - 1] (39)



2Urd1[-]+N] rdO[-]+N]

U?d,l [j+N] ]

'-Yrdj"'N =In 3 rd
b+ [ EINIESY)

n /de,l[j + N]Uzd,o[j + N]

Td,l[] + N]

Pyl 7] Ol AV

_de,o[J‘i‘N] rd,l[j—i_N], (29)

02417 + NJ = a2, 010 + N

For instance, the above results can be readily verified foraad

system withN = 2 CNs as follows

>

IT PS5 t+n-11 I (1_pgn>[j+n_1])}

1=0,2 |new! new}
(1-PS'1) (1=PP1+1) + PR (1-PS[+1))
=1-Pylj+1],
{H Py -1 [ (1—Pé">[j+n—11)}
I=1,3 |new} new!
(1-PR01) P +1) + PO [1PE[j+1]

=P +1].

Similarly, the probability of false alarn®d ,[j + N] at the
DN, in the (j + N)th slot, can be derived as

PEAli+ N]
=Pr(T(Ralj + N1) > 7,45 + N]|Ho)
2N 1

= Y PHRalj+N] > 4,45+ N1I&)PH&[Ho). (39)
=0

Further, substituting the expressions fof&afH,) from (63)
and P(R,q[j+N] > ~.,[j+N]|&) from (35) in (39), the
expression fotP ,[j + N| follows as

Pgalji + N

Z 0 ('Y:«d[j"‘N]—Hrd,o[j‘i‘N])
1=0.2.... 2N _92 UTd,O[j + N]

x [HPSXUM—H II (1—Pé’2[j+n—1])]

new? ned)
LY Q(%AHN]—urd,l[ﬁN])
1=1.3.... 2N _1 GTdyl[j_FN]
< | TTPEL+n-1 TT (1-PEl+n-11) | - @0)
nE‘II? neki/?

Considering the” possible stateg similar to (37) and (38),
one can demonstrate the results below

> [H Pij+n-1] T] (1—P£~’2[j+n—1])}

1=0,2,--- 2N -2 | nc¥? new?

=1-PN[j+N-1], (41)

[T Pl+n—11 IT (1-PEL+n-11)

newvy newy

_P(N) j+N-—

>

1=1,3,- 2N —1

1]. (42)

Substituting these results in equation (40) above vyields th
desired result fo?d ,[j + N] stated in (33). [

A. Probabilities of Detection and False Alarm at CNs
The probabilities of detectioﬂ("+1)[j+n] and false alarm

P("+1)[j +n] at R,,+1, corresponding to the transmission by
R, in the (j + n)th slot, can be described in terms of the test

H
statisticT'(R,[j + n|) = Ryr[j + n] 21 Yrrlj +n] as
Ho

Py 4]
=Pr(T(R,[j +n]) > ,..[7 +n]|H1)
2" —1

=Y PRy, [j+n] > /., [i+n]|&)Pr(& M),
=0

(43)

PG+ n]
=PHT(R,[j + n]) > ~,,.[j + n][Ho)
2" -1

PH(Ryr[j+n] > 7, [i+n]1€&) P& [Ho),
=0

(44)

wherey! .[j+n] is the opt|mal decision threshold &Y, ;. The
above expressions faP ”“)[j—l—n] and P("Jr )[]—i—n] can be
simplified along lines similar to the proof of Theorem 3 to
yield

PV 40
Yorld + 1] = prrold + n]>
Z 72Q ( arrolj + 7

1=0,2,--,2n

HPé")[j—i—n—l] H (1 P [j+n—1]

new} nev}

YyrlJ 4 1] = prra[j + 1]
Z 1Q< Urrlj+n >

+

1=1,3,--,2n—

HPé")[j—i—n—l] H (1 P [j+n—1] ]
nel}

nE\I/ll
_ Yy ld A1 =t 0741 _pm)r.,
=Q ( - ) (1 Py lj+n 1])
”Y;r [j+n] —Hrr,1 [j+n]
e < orr1lj+n]

> PY[j+n—1]. (45)



P(”“)[y +n] where the expressions for the probabiliti€$[j + 1] and

_ Z 0 <’Y7/‘r[j +n) _HM_’OUJFR]) P}‘,i(gj ;31] for the CN N = 1 can be obtained using (32)
1=0,2,-.. .27 —2 orrolj + 1] and (33) as
. d +1] ,UrdO[]'i‘l]

n)r . n Pd + 1= (7rd[] 1-—
[1P&l+n—1 T] (1-Pfl+n-1] )] B+ =Q (B ) (- A
new? n \i/? / 1 7‘ 1
ev; . €. +Q (7rd[j + — M d,1 .7 + ) (51)

Yrrld + 1] = prrali + 1] oraali +1]
+l:1 322n,1Q Orr[j + 1] pd [+ 1]=0 (7411[]'4‘1] Hrdo[]+1]> (1- [ i)
e FAl) - a'rdO[,]"'l]

() itn— () rali 1 = praalj +1
[1Pe+n=11 IT (1-Pdli+n-1]) 0 (%db - ) [_u d,ll[] ])melA[] (52)
newy newy ra[j +1]

S .

rr .]+n — Mrr, +n n)r -

=Q (7 [ > ]0[?+73][j ]) (1—P1(m) [J+n—1]) where the probabilities of detectiqiP)’[j]) and false alarm
o [;-:_n]_ﬂ ] (PIE}}X[ j]) at the intermediate CN are obtained using the test
+ rr RAL Pl[i+n—1]. (46) in (13) as
Q (T P gyl @) in (03
V5 Ysr[7] _Nsr,l[j]
V. BIT-ERRORPROBABILITY ANALYSIS Pylil =@ <—Usr T ; (53)
The end-to-end probability of bit-error for the multiple EN PO = (2 [7] — tsr0l3] (54)
assisted MC process between the SN and DN is given by the FAl = osrolj] '

result below.
Theorem 4: The average probability of errafP.) at the Further, note that the above expressions (53) and (54) san al

DN corresponding to transmission by the SN in slote & be used along with (32), (33) , (45), (46) in (31) to analyze
is given as the end-to-end error performance of the systems Witk 2
CNs.

P.= kZ{ ~ PBli+ NJ) B +PEali + N(1-8)}. (47)

VI. ACHIEVABLE RATE ANALYSIS
where denotes the prior probability of the hypothe&is and _ _
the expressions for the probabiliti&[j + N] and Pi[j+N]  Let the discrete random variableX[j] and Y[j + N]

are determined in (32) and (33). represent the transmitted and received symbol in jtfe
Proof: The average probability of errd?, for slots1 to and (j + N)th slots, respectively. The mutual information
k can be expressed as I(X[j], Y[j+N]) betweenX[j] andY [+ N] for the multiple
i CN-assisted link can be expressed as
_1 P
P 2 P+ ) 48)  1(X[i) YT+ )
ars N =Pr(y[j + N] = Olz[j] = 0)Pr(z[j] = 0)
yvherePe [j + N] denotes the probability of error at the DN Pr(y[j + N] = 0|z[5] = 0)
in slot j + N, corresponding to the transmission by the SN in x logy . — - -
: hgtos) . >, Priylj+ N| = 0lz[j])Pr(z[5])
slot j. The quantityP%[j + N] can be derived as [41], [53] 2[j1€70,1}
PAj 4 N] +Prylj + N] = Ola[j] = 1Pr(alj] = 1)
=Pr(decideo, H, true) + Pr(decideH,, Ho true) x log, Pr(yl +,N] = 0jz[j] - 1) .
_ irs 4o > Prlylj + N] = 0lz[j])Pr(z[j])
=(1 = Pplj + N])Pr(H1) + Pp4lj + NIPr(Ho) z[j]€{0,1}
=(1 = PBlj + N])B+ Pl + N|(1 - B). (49) + Pr(y[j + N] = 1|z[j] = 0)Pr(z[5] = 0)
Substituting the above expression f8f[j + N] in (48) yields % 10g, Pr(ylj +’N] = 1]z[j] = 0) .
the desired result foP, as stated in (47). n }ZO X Priy[j + N] = 1[[j])Pr(z[j])
Remark: The average probability of errof() for a single CN- w,me{ - , ,
assisted dual-hop system considered in [1] can now be yeadil +Pr(ylj + N] = 1|_°T[t7] = 1)PT(CCL]] =1
obtained by substituting’ = 1 in the above result as « log Priy[j + N] = 1[z[j] = 1) (55)
’ o P+ N = Lz [j))Pr(x[j])’
1 z[7]€{0,1
P=r Z{ (1= PRl +1]) B+ Phali +1](1 - B},
g=1 where P(z[j] = 1) = 3, Prz[j] = 0) = 1 — 8, and

(50) Pr(y[j + N] € {0,1}|x[j] € {0,1}) can be expressed in terms



TABLE | 1

Analytical

SIMULATION PARAMETERS Bosil o Pl PUG060 Sim) o " A S
Parameter [ Value | o o8 O PYG=024,PYfI=074 (Sim) 2 : : g
Diffusion coefficientD,, [40] 5x 1010 m?/s c ol Vv PU=0.12, PYjj=0.84 (Sim) 4
Drift velocity v [54], [55] 1x 103 m/s 2 A PUjj=16-2, PUY=097 (Sim)
T FAU™ 1 Tp U g
Slot durationr [3] 10 ms R i i ' 8
Number of molecules emitted for symbol L 30, 60, 100 5 D Prfite-4, Py 1109997 (Sim)
MSI noise meanu, and variances2 [1] 10 O 951 + PUp=te-5,PYfI=0.99997 (Sim) | 5./ e I
Prior probability 3 0.5 S a4l 7 J
2
= oab oo 8
g
[
. . S 0l : EREEIE 2.0 J
of (PAj + N]) and (PE[j + N)) as 3
o 0if q
. . dr -
Pr(y[j + N] = 0[z[j] = 0) = 1 — Pplj + NJ, 0 - et R R R
. . a N pdrs 10" 10° 107 10" 10°
Priylj + N] = 1]z[j] = 0) = P[j + N, Probability of False Alarm (P _)
Priy[j + N] = 0la[j] = 1) = 1 = Pp[j + N], @
. . dr -
Pr(ylj + N] = 1]z[j] = 1) = Pp[j + NI.

The channel achievable ratg[k] of the CN-assisted diffu-
sive channel with mobile nanomachines, kagpproachesc 045

1]
~ D
[43], is now obtained by maximizing the mutual information Y. ;
I(X[5],Y[j + N]) over the slotsl < j < k with respectto T
the input distribution parametet as 2 oz
k E 0 Analyucal
. o - u] u]ossp J[i]=0.60 (Sim.)
Clk] = max s ]HN ZI Y[j+N]) bits/slot (56) > . o ligraas sPirorstsm)
le % v ( PUI=0.12, PfI=0.84 (Sim)
The factorHN arises in the above expression due to the fac ‘é’ 02 A ‘ PUl=te-2, PU[I=0.97 (Sim.)
thatk + N time-slots are required to communicatéits from o i > P < Upi=te-4, PUfI=0.9997 (sim) ||
the SN to the DN in the multiple CN-assisted system. + < PUpI=1e-5, PU[I=0.99997 (Sim)
o 20 40 60 80 1(;0 léO 140 léO 1;30 200
VIl. SIMULATION RESULTS MSI NoiseVariance(oi)

This section presents simulation results to demonstrate th )
impact of intermediate CNs on the end-to-end performance of
the multiple CN-assisted diffusive mobile molecular syste Fig. 2. Multiple CN-assisted diffusive mobile molecularsgm with N = 2
under various moblllty conditions. For simulation purpszseCNS where (a) demonstrates the detection performance &Nheith 1, =
10 and (b) demonstrates the error rate performance at the Dduwer
the various parameters are set as mentioned in Table | unlg‘§$no|se variancer2 with i, = 10.
otherwise stated. The results are computed for a total of
k = 10 slots using Monte-Carlo simulations considerir@y
iterations with Qy[j] = Qo for z[j] = 1, Q,[j + n] = @, mentioned in Figs. 2a and 2b. Further, the CRis R;, and
for z[j +n — 1] = 1,n = 1,2 and the diffusion coefficients the DN are assumed to be mobile with.,, ; = 1070 m?/s,
of the molecules emitted by the SN and each of the CNs, i.@,,,, = 0.5 x 107'2 m?/s, Dg, = 0.5 x 10712 m?/s,
Dy sn = Dprnx = Dy, Vk are taken same to gain importantespectively, withv,,, 1 = vy,.2 = va, = v = 1073 m/s. Fig.
insights into the system performance. However, the arslygia plots the probability of detectiof’p) versus probability
presented in the paper considers different diffusion cdefits of false alarm(Pr4) for a range of thresholds from to
for different types of molecules. Further, the MSI and the00 whereas Fig. 2b shows the error rate performance versus
counting error at each receiving nanomachine are modeli$| noise variancegc?) with optimal thresholds derived in
as Gaussian random variables with parameters defined in &gction Ill. First, it can be observed from Figs. 2a and 2b tha
whereas the each of the termig[i] that contribute to the ISI the analytical values derived in (31) and (47) coincide with
follow a Binomial distribution with parameters defined in.(4 those obtained from simulations, thus validating the aiely
results. Further, both the detection and error performmate
Fig. 2 demonstrates the performance at the DN considerithg DN significantly improve with the improvement in perfor-
different detection performances &, where R;, R2, and mance of the intermediate CR;. However, the performance
the DN are considered at initial distancésm, 2pum, and at the DN saturates on further improvement in performance
3um, respectively, from the SN at time instant = 0. of R;. This is due to the fact that the end-to-end performance
For simulations, the received symbols corresponding to tbéthe multiple CN-assisted system is dominated by the weak
transmission by the mobile SN are decodedRatwith the R; — R, and R,—DN links, which severely suffer from both
probabilities of detectionPg)[j] and false aIarmP}lj[j] ISl and MSI. It can also be observed in Fig. 2b that an increase
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8 o2 g, oo A D=v_ = =V =0,v=1le-4mis (Sim)]
o o ] 1o 2 =
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Fig. 4. Detection performance of the multiple CN-assistéftisive molecular
system considering both fixed and mobile scenarios Wth= Q2 = 60
molecules at the CNs.
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considering both fixed and mobile scenarios, wh&ie Rs,

and the DN are considered at initial distand¢esn, 54m, and

10um, respectively, from the SN at time instaht= 0. It

can be observed that the system with mobile nhanomachines

\ performs identically in a fluidic medium with and without

drift. This is owing to the fact that the arrival probab#is
ey in (1) are equivalent under both the scenarios. Further, one
+ Particle Based Simulation||  €@n also observe that the system with fixed nanomachines i.e.

0.1 A D:O.5e—12m2/s(Sim.) § Drn,l = Drn,2 = an =D = 0 and Urn,1 = Urpn2 =

- ; ‘ ‘ ‘ ‘ |8 D=05e-gms (Sim) van = v = 0 under diffusion-advection flow channel with

o e o ow mw  m  w w s a0 drift velocity v € {1 x 107%,5 x 107*} m/s outperforms

MSI Noise Variance (Gi) the scenario with mobile nanomachines. However, as the drif
velocity (v) reduces tol x 10~* m/s, the system with static
() nanomachines achieves low values of probability of dedgacti

Fig. 3. Multiple CN-assisted diffusive mobile molecularseym with v = 2 in comparison to the one for the mobile scenario.

Cé\ls, where (a) demonstrates the detection performance &hwith p, = Fig. 5 shows the achievable rate performance of the CN-

o2 = 10 and (b) demonstrates the error rate performance at the Ddiser . . . . . .

MSI noise variancgo?2) with s, — 10. assisted diffusion-advection mobile MC system under vexio
scenarios, where the maximum mutual information is aclieve
for equiprobable information symbols, i.e3 = 0.5. As

in o2 results in a higher probability of error at the DN. depicted in Fig. 5, the achievable rate of MC decreases

Fig. 3 shows the end-to-end performance of the system fignificantly as the variange?) of the MSI increases. Further,

a varying number of molecules at each CN under varioesie can also observe that the achievable rate of the CN-

mobility conditions, whereQ; = Q> = Q € {30,60}, assisted system depends substantially on the detectiforper

Dypo = Dgn = D € {0.5x 10712,0.5 x 1078} m?/s, and mance of the intermediate CIR;. As the detection perfor-

other parameters are considereda§) = 0.97, P{') = 0.01, mance(P}’[j], Pi1[j]) at Ry increases from(0.85,0.1) to

Dy = 10719 m?/s, andv,, 1 = vpn2 = van = v = 1073 (0.99,0.01), a significant achievable rate gain can be achieved

m/s. One can observe that an increase in the numberaflow as well as high MSI for botiV = 1 and N = 2 CN-

moleculesQ emitted by the CNs for transmission of symbobased systems. However, similar to detection performahce a

1 results in a higher probability of detection at the DN for &he DN, the channel achievable rate decreases as the diffusi

fixed value of probability of false alarm and lower probaiili coefficientDg, increases due to higher mobility of the DN.

of error for a fixed value o2, However, the performance Fig. 6 demonstrates the impact of number of CN¥)

deteriorates as the diffusion coefficieht increases due to on the end-to-end probability of error under two different

higher mobility of theR, and DN. This is due to the fact thatconditions: (a) the initial distance between the SN and DN is
the probability of a molecule reaching the receiver nanomagzm; (b) the initial distance between the SN and DNy Gg:m.
chine within the current slot decreases while the ISI fromNote, for comparison it is assumed that (i) the initial dis@
previous slots increases as diffusion coefficiéhtincreases between the SN and DN is fixed for each of the scenarios,
due to higher mobility. i.e., N =1,2,...,10 (ii) the initial distances between each of
Fig. 4 shows that the detection performance at the Dike nanomachines are equal at time instant0, and (iii) the
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Fig. 6. Impact of number of CN§N) on the end-to-end probability of
07 . : : . : error under two different scenarios: (a) the initial disgrbetween the SN
— el and DN is3pm with P[4 = 0.97, PL)[4] = 0.01, D, = 2.2 x 10~1°
O Dy =08e-12ms (Sm)l|  m/s, Dypp g = 10719 m?/S, Dypy = Dgp = 0.5x 10710 m2 /5,0y, =
v D, =010 (Sm)| Van = 1.5x107°m/sV¥n, Q = 100 molecules for symbol, 1o = o7 =5,
7 = 30ms, k = 5 slots; (b) the initial distance between the SN and DN
is 30um with PSV[j] = 0.97, PX)[j] = 0.01, D, = 5 x 10710 m/s
Drpni = 10719 m2/s, Dypnpn = Dgp, = 0.5 x 1078 m2/s, vy =
van = 1073m/s Vn, @ = 60 molecules for symboll, po = o2 = 5,
T =10ms, k = 5 slots.

0.6

051

D D, =05e-8ms (Sim)

VIIl. CONCLUSION

This work comprehensively analyzed the impact of in-
termediate nanomachines on the performance of multiple
CN-assisted diffusive mobile MC for a diffusion-advection
5w w  w  w = w1 w» w o flow channel, considering non-idealities such as ISI, MSI,

Achievable rate (C[K]), bits/slot

MSI Noise Variance(oi) and counting errors. Closed-form analytical expressioagew
derived for the optimal test statistics and optimal decisio
(b) thresholds at the intermediate CNs and DN, together with the

i . , o resulting probability of detection, probability of falséaem
Fig. 5. Achievable rate versus MSI varian@e?) considering the presence of I h d d babili f | dditi
(a) N =1 CN, whereR; and the DN are considered at initial distandesn as V_Ve as the end-to-end probability of error. _n a It!thE )
and2um, respectively, from the SN at = 0 with Q; = 60, D,.,,1=10"0 achievable rate of the system was also determined. Sironlati
2 — — oy — -3 _ _ . . . . .
m®/S, vrn,1 = vap = v =10"" m/s andu, = 10 (b) N = 2 CNs, where ragy|ts were presented to yield several interesting insiigto
R1, R2 and the DN are considered at initial distandesn, 2um and3um, . e .
respectively, from the SN at — 0 with Q; — 60, Dyn1—10-10 m2/s the system performance under various mobility conditions.
Dyp,1=0.5 x 10712 m?/s, vppn,1 = vrn,2 = van, = v = 1073 m/s and  Finally, future research directions include the optimimatof
Ho = 10. the number of transmitted molecules in each time-slot for

multiple CN-assisted diffusive mobile MC.

diffusion coefficients, i.e.Dp sn, = Dp o = Dp, Vk are the

same for different types of molecules emitted by SN and CNs. APPENDIXA

From Fig. 6a, one can observe for the scenario when thelinitia PROOF OFTHEOREM 2

distance between the SN and DN is not significant, the systerLet £;(n) denote the state aR,, with £(n) = 1 whenR,,
probability of error increases as the number of CN¢) decodes the source information symbolasdg;(n) = 0 oth-
increases. This is due to the noise accumulation in the @ecodrwise. Lets; = [£,(1),&(2), - ,&(N)],0 <1< 2N —1 de-
and-forward relaying protocol employed at each intermtedianote the set o2V binary state vectors corresponding to all the
nanomachine. On the other hand, for the scenario when fhassible combinations of states of the CRNs, Ry, --- , Ry
initial distance between the SN and DN is significantly larg€or instance, the special cases &f = [0,0,---,0,0] and

as shown in Fig. 6b, the end-to-end performance of the systém _, = [1,1,---,1,1] represent the state vectors corre-
improves asV increases. Interestingly, after a certain numbeponding to scenarios when all the CNs decode the source
of CNs, i.e, N = 7 in our case, the performance startsymbol as) and1, respectively. Further, let the séf defined
deteriorating due to the retransmission of erroneouslpded as¥? = {n|¢(n) =1,n =1,2,---, N}, include all the CNs
symbols at each intermediate CN. Further, based on thésat decode the symbol dscorresponding to the overall state
results, one can also obtain the optimal number of CNs, i.€,given the null hypothesig{,. Similarly, ¥] defines a set

1 and7 for the scenarios (a) and (b) respectively. that includes all the CNs, which decode the symbal given



the alternative hypothesis,. Employing the Neyman-Pearsonquantity 3,4 is defined as

(NP) criterion [53], the optimal LRT.(R,-4[j + N]) at the DN > [(1 — B)PK(&|Ho) — BPIE|H1)]
is given as 3 1=0,2,--- 2N -2
rd = Pr(&|H1) — (1 — B)Pr(&|H
L(Ryalj + N)) = LBl E VD) 2 L0 gy g ) (L BIPHG )
P(T(Rralj + N])[Ho) 2y B _ (=) (-PI[i+N-1))-Ba-PF[i+N-1]) (66)
where p(T(Ryalj + N))[H1), p(T(Rralj + N1)[Ho) denote BPLV[j+N=1] = (1 = 8P [+N—1]

the likelihoods corresponding to the hypothe$tsandHo, The detailed derivations for the test in (65) afig above are
respectively. The test(R,q[j+V]) above is further simplified given in Appendix B. The expression fgi(R,4[j + N]) in
in (58) employing the PDEp(R,q[j + N]|&;) of the received (65) can be further simplified as shown in (67) by rearranging
moleculesR,4[j + N] at the DN corresponding to the statehe terms. Substituting this resulting expressionffoR,.q[;j +
vector §;, which can be derived using the result obtained iv]) in (65) followed by merging the terms independent of the
(21) as received molecule®,;[j + N| with the threshold term in the
right hand side of the equation yields the simplified test
p(Rralj+N]&) ,
. ; ; > ;
B {N(urd,o[j—i—N], 02, olj+N]) if 1=0,2, -, 2N ~2 (59) (Rralj + N] + aralj + NJ) 2 Yralj +NJ,  (68)
N(praali+N], o0, [7+N]) if 1=1,3, - 27 1. wherea,.q[j + N| and~,4[j + N] are as defined in (28) and
) _ _ (29), respectively. Finally, since.q[j + N] > 0 and a,4[j +
Further, the quantity R¢[#,),i<{0,1} in (58) represents nj > ( the above expression can be simplified by taking the

the conditional probability that the network is in stade square root of both sides to yield the optimal test in (26).
corresponding to hypothesig;. Since the source and each of

the CNs employ different types of molecules for transmissio
the probability P¢;|#;) of the system being in statge under
hypothesist; follows as

APPENDIXB
DERIVATION OF EXPRESSION(65)

Substituting the expressions given below fofR,4[j +

N NJ|&) andp(Rralj + N]|&) in (58)
Pr(&|[H:) = nl;[l Pr(&(n)| M), (60) p(Realj + NJI&)
1
where the probabilities Pf;(n)|Ho) and P(&;(n)|#H1) of the V2T I[J&J:[i[jJrN]fﬂTd LGEN])? N
CN being in statet;(n) under#, and #;, respectively, can  J<&XP <_ 207, 5+ N ),121, o, 271 69
be determined as - 1 (69)
‘/QTrdeyo[j-ﬁ—N]
(n)y ; i 0 _ (Brali+Nl=pra,oli+ND?Y ;_ N_
P +TL—1, |fTL€\IJ XeXp o2 - ,Z—O,"',2 27
eI = {1iA1[oj<n>[ '+3L_1] if n e G ( 20,0l +N] )
FAU ’ b and cross multiplying with the thresholh[;—ﬂ, the resulting
Py [j+n—1], if ne vy expression can be simplified as shown in (70)-(72). Subse-

Pr(&i(n)[H1) = { (62)

guently, taking the logarithm of both sides of (72), the ttsg
expression can be further simplified to yield the expression

The sets®? and ¥} above comprise of all the CNs thatdiven in (65), wherej,, is defined as

1-— Pgl)[j—l-n—l], if ne vl

decode the symbol a8 corresponding to the network state > [(1=B)Pr(&|Ho)—BPr(&[H1)]
& given hypothese®{, and #,, respectively. The quantities Bry= 1=0,2,-,2NV -2 (73)
Pl()") [j+n-1] and P}’X [j+n—1] are the probabilities of de- " > [BPH(&|H1)—(1=B)Pr(& [ Ho)] |

tection and false alarm, respectively, &f,. Employing the 1=1,3,-+,2N -1
expressions derived in (60) above, the probabilities of thehe probabilities Rig;|Ho), Pr(&|H1), corresponding to the
system being in the stat§ under the hypothese®, and system being in statg§ under?#, and #;, respectively, are

1 can be obtained as determined as
n)s n)s Pr&|Ho)= [P [j+n—1 1-P™ [j+n—1])
Pr&[Ho)= [[PEAL+n—1] T] (1-Pfl+n-11), (63) (&[*Ho) ng i li+n ]ng( l+n—1])
new? new? l i
n)r . n)r . Pr Hq)= P +n—1 1-P +n—1]).
Prig )= [1P5 +n—1] T (1-P5 l+n-1]) - (64) (&) nl;[ﬂD [+n ]ng( 5 j+n—1])
nE‘Ill1 neki/ll l l

Substituting the above expressions fof&fH;) in (73), the
Further, substituting the Gaussian PDFs foR,.;[j+N]|§) expression fop,.q can be further simplified for different values
determined in (59), in the test in (58), the resulting expi@s of N as follows. To illustrate this with an example fof = 2
can be further simplified to the form shown in (65), where thENs, the expression fat,; can be evaluated considering the



S p(Roali + NIJ&)PHE[H)
L(Rpalj + N]) =12

ToN_]

l;) P(Rralj + NI|&)PH(& | Ho)
> p(Reali+ NIEPH&GIH) + >0 p(Rrali + NJI&)PHE[H)

1=0,2,- 2N —2 1=1,3, 2N —1

T Y R T NEPEHD TS s NEPEH) OO

£ (Rrali+N])

(Rralj+N]—pra,oli+N])202q 1 i+ N—(Rrali + N]—pra[i+N]) 202 o[i+N]

Ha 0'2 [j+N]
> 202, 0li+N]o2y 1 [j+N]In || 22— 5,41 65
'*fo Urd,O[] ]Urd,l[j ] U?d}o[j +N]ﬁ d ( )

f(er[j + N])
=R},[j+N) (0241 [i+N] — 024 0li+N)) + 2Rrali+N](pra,1 [+ Norg oli+N] — praoli+Nolq 1 [i+N])
+ (W2aoli+Notg 1[4+ N] = pZg 1 [+ N)ozg oli+N])
prd 1 [j+ N0 oli+N]—praoli+No?y 1 [i+N]
U?d,l[j"‘N]_U?d,o[j"'N]
(ra[7+N1o2g oli+Nl=piraoli+N]oz,  [+N])?

- : : +(pra1[j+Nlo2, oli + Nl—praoli+N]o?, [i+N]). (67
de_,l[] +N] — deyo[] + N] (,LL d-,l[.] ]Grd,O[j ] H d-,O[.] ]Grd,l[j ]) ( )

2

=(0241[j+N]=0240li+N]) | Reali+N]+

1> Piain) <_ (Rrald + N = praalj + N])2>
1=02. 2¥ 2 /207 ,[j + N] 207,17 + N
Pr(&i|Hy) (Realj + N — praolj + N1>2>
+ —— - :
1—1,3,-Z;2N—1 \/ 202,017 + N] o ( 207,010 + N]
M Pr(&|Ho) (Rralj + N] = piraalj + N))*
> (1— I L1 i P - T,
o (1=F) 1_072;2N2 \/202,1i + N P ( 207,117 + N )

oy el <_(er[j+N]—Hrd,o[j+N])2>], (70)

. 2 i
I=1,3. 2N —1 /2024 o[7 + N] 207,017 + N]

four possible states, i.e¢y = [0,0],& = [0,1],& = [1,0] On the similar lines, the expression féy, considering the"
andés = [1,1] asfBrq = g—j, where Ny and D, are given in possible states due to the presencé&Vo€Ns can be similarly
(74) and (75) respectively. The expressions in (74) and (7&btained as

can be further simplified to yield the final expression fy (N - (N -

as (1-6) (1-Pj+N-1]) =8 (1-PLV[j+N 1))

(1-8) (1-PEL+1)) -8 (1-PP[+1)) B8PSV [i+N-1] - (1 - AP [i+N-1]

Brd —
76 (80)
BPY[j+1] — (1 - B)PE)[j+1] (7o)

ﬂrd =

For N = 3, the expression foB,; considering the eight
possible states can be obtainedas = g—g, whereNs; andDs REFERENCES
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