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On Molecular Flow Velocity Meters
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Abstract—Flow velocity is an important characteristic of
the fluidic mediums. In this paper, we introduce a molec-
ular based flow velocity meter consisting of a molecule
releasing node and a receiver that counts these molecules.
We consider both flow velocity detection and estimation
problems, which are employed in different applications.
For the flow velocity detection, we obtain the maximum
a posteriori (MAP) decision rule. To analyze the perfor-
mance of the proposed flow velocity detector, we obtain the
error probability, its Gaussian approximation and Cher-
noff information (CI) upper bound, and investigate the
optimum and sub-optimum sampling times accordingly.
We show that, for binary hypothesis, the sub-optimum
sampling times using CI upper bound are the same.
Further, the sub-optimum sampling times are close to the
optimum sampling times. For the flow velocity estimation,
we obtain the MAP and minimum mean square error
(MMSE) estimators. We consider the mean square error
(MSE) to investigate the error performance of the flow
velocity estimators and obtain the Bayesian Cramer-Rao
(BCR) and expected Cramer-Rao (ECR) lower bounds.
Further, we obtain the optimum sampling times for each
estimator. It is seen that the optimum sampling times for
each estimator are nearly the same. The proposed flow
velocity meter can be used to design a new modulation
technique in molecular communication (MC), where in-
formation is encoded in the flow velocity of the medium
instead of the concentration, type, or release time of the
molecules. The setup and performance analysis of the pro-
posed flow velocity detector and estimator for molecular
communication system need further investigation]|

I. INTRODUCTION

Measuring medium flow velocity is an important prob-
lem with many applications; in molecular communica-
tion (MC) (for finding the channel state information), in
industry (for abnormality detection), or in health-care
(for measuring the blood flow velocity). The channel
state information (CSI) is needed at the receivers of
MC systems [[1]. The parameters of the channel that
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specify the CSI in flow-assisted diffusion-based systems
include the distance between the transmitter and the
receiver, diffusion coefficient of the molecules, and the
flow velocity of the medium. There are multiple works
that consider distance estimation in MC, including [2]—-
[6]. Joint estimation of the channel parameters is in-
vestigated in [7], and estimation of the channel impulse
response is considered in [1]], [8]. However, to the best
of our knowledge, there is no work that specifically
considers either flow velocity estimation or detection in
MC. Regarding the application in industry, flow meters
are used in oil and gas industry for anomaly detec-
tion [9]. In healthcare, measuring blood flow velocity
is important for monitoring heart function [10]]. The
classic flow meters are mechanical devices which have
certain applications based on the passing fluid, whose
velocity is intended to be measured [11]. One of the
important applications of flow meters is to measure the
flow velocity of the blood. As stated above, blood flow
velocity measurement is important in medical applica-
tions for monitoring heart function in order to diagnose
cardiovascular or other vascular diseases [10]. Some
traditional blood flow velocity measurement methods
are indicator method [12[]-[|14]], finger plethysmography
[15]], and electromagnetic based method [16]. In [12]—
[14]], the blood flow velocity is measured by injecting
indicator molecules and using mass balance equation.
In [17], skin temperature measurement after receiving
acupuncture manipulations is used to measure the blood
flow velocity. In [[15]], the finger blood flow velocity is
measured using finger plethysmography. These methods
have low resolution. Methods with higher resolution,
based on the microfluidic technology, are ultrasonic
doppler method and laser doppler method [10].

In this paper, we use a molecular transmitter-receiver
setup to measure the medium flow velocity. The
molecules, which exist in the medium or released from
a molecular source, can provide significant information,
for instance, to design the molecular flow meter. Since
the medium flow velocity affects the concentration of the
received molecules, the flow velocity can be measured
by monitoring the concentration changes. To this end,
a molecular receiver can be employed to sense the
concentration of the received molecules, and measure



the flow velocity. This resembles a MC structure where
a transmitter releases some molecules and a receiver
senses the concentration of these molecules. MC has
advantages in mediums that are more compatible with
bio or chemical molecules like the human body or envi-
ronmental applications. MC systems have been studied
from different aspects, e.g., system modeling [[18]-[21]]
capacity analysis [22]—[24]], coding and modulation tech-
niques [21], [25]-[27]], inter-symbol interference (ISI)
mitigation techniques [27]-[33]], and channel estimation
(11, [7], [8]. The idea of sensing the concentration of
molecules to measure the flow velocity was also used
in the indicator method, which has been first introduced
in 1824 by Hering to measure the blood flow velocity.
In this method, some indicator molecules are injected
to the blood vessel and sampled from other part of the
vascular system. Then using the mass balance equation,
the mean value of the blood flow velocity is measured.
In other words, the mean flow velocity is measured as
the change in the fluid volume per unit time. When the
change in the concentration of the indicator molecules is
fixed, the mean flow velocity is written as the change in
the indicator quantity per unit time divided by the change
in the concentration of the indicator molecules. Hence,
in this method, the steady state behavior of the system is
considered. Further, the indicator method is just devoted
to blood flow velocity measurement and is studied in
physiology. In this paper, using a MC analysis setup, we
introduce a molecular flow meter, which can measure
the flow velocity in any fluidic medium with laminar
flow, i.e., Raynold number less than 2100 (Re < 2100).
Further, we assume that the movement of the molecules
is affected by both flow velocity and diffusion, and
none of them is fully dominated. Hence, we consider
the advection-diffusion equations to obtain the average
value of the received concentration. Then, we determine
the flow velocity by applying the conventional detection
or estimation methods. As an important application,
this flow velocity meter can be used to design a new
modulation method in MC, i.e., instead of encoding the
information on the properties of the released signal (con-
centration, type, or the release time of the molecules),
we can encode the information on the properties of the
medium specifically on the medium flow velocity, and at
the receiver, we can decode the information by detecting
the medium flow velocity. This modulation method can
have advantages on the prior methods in the sense of
simplicity of the transmitter.

The degrees of freedom in designing the proposed flow
meter include the sensing times of the molecular receiver,
which need to be optimized for better performance of
the flow meter. For performance investigation, different

metrics, such as the time it takes to detect a change in
the velocity, and the error probability of the flow meter
can be considered. The samples taken at the receiver
are statistically dependent in general, and obtaining the
optimum sampling times is a challenging work. Further,
the restrictions in some receivers, like Ligand receivers
which have memories, make the problem more challeng-
ing. We remark that the medium flow velocity that we
want to measure may be a random process, which either
exists in the medium or is intentionally generated for
communication purposes.

We consider both flow velocity detection and estima-
tion problems with different applications and assump-
tions. In some applications, like designing the flow-based
modulation in MC, which is described above, the flow
velocity can belong to a finite set with a cardinality equal
to the number of messages transmitted per channel use,
and we need to design a detector to obtain the flow
velocity, and hereby decode the message. In this case,
we assume M hypotheses for the velocity (M different
functions of time and location) and use hypotheses
testing methods, [34], to detect the function. In some
applications, like finding the channel state information
in MC, the medium flow velocity can take a real value
in general and we need to design an estimator to obtain
its value. In this case, we assume a constant flow velocity
(both in time and location), which is chosen from a
prior probability distribution function (PDF), and apply
estimation methods, [34], to obtain the flow velocity.
In this paper, we mostly focus on the flow velocity
detection, and at the end of the paper, we briefly consider
the flow velocity estimation.

The design of a general flow meter requires knowing
the exact statistics of the medium and the existing
molecules in the medium, i.e., how molecules are gen-
erated and propagated. To study the effect of certain
parameters on the performance of the flow meter, we
need to simplify the reality by adopting a simple model.
Hence, we make a few assumptions and study the effect
of sampling time on the performance of the flow meter.
We assume that the source of molecules is a node that
releases some fixed molecules in some specific time
instances, and the receiver is a transparent receiver, [35],
with a sampling decoder, i.e., we assume that the receiver
has a volume that counts the number of molecules inside
its volume at some time instances. We consider an L-
sample receiver and further assume that the samples at
the receiver are statistically independent, which can be
achieved if the samples are taken with some time apart.
Also, we assume that there is no boundary condition
on the medium, since obtaining the channel impulse
response of the medium with time variant flow is a



challenging work in presence of boundary conditions in
the medium. Our main contributions are as follows:

o We design a molecular flow velocity meter, count-
ing the number of arrived molecules affected by
the flow of the medium. Our setup consists of a
molecule releasing node and a receiver that samples
the number of counted molecules.

o For the molecular flow velocity detecter:

— We obtain the maximum-a-posteriori (MAP) deci-
sion rule and for the one-sample decoder, we obtain
the optimum threshold.

— We consider the performance analysis of the
proposed detector. For this purpose, we derive the
error probability, its Gaussian approximation, and
Chernoff information (CI) upper bound on the error
probability.

— We obtain the optimum and sub-optimum sam-
pling times by minimizing the error probability, its
Gaussian approximation, and the CI upper bound.
For M = 2, it is seen that the sub-optimum
sampling times using CI upper bound are equal. For
M > 2, when the number of samples, L — oo, it
is seen that the sub-optimum sampling times yield
to (V) times with (%) weights.

« For the molecular flow velocity estimator:

— We obtain the MAP estimator and for the one-
sample receiver, we obtain a closed-form estimator.
— We obtain the minimum mean square error
(MMSE) estimator and further simplify the equa-
tions for the linear MMSE (LMMSE) estimator.

— We investigate the mean square error (MSE) of the
above estimators. Further, we obtain the Bayesian
and expected Cramer-Rao lower bounds on the
MSE.

— We obtain the optimum sampling times that
minimize the MSE. When L — oo, it can be seen
that the sampling times for the MAP estimator yield
to two times with two weights.

The structure of the paper is as follows: In Section
we describe the proposed molecular flow velocity
detector/estimator setup. In Section we consider the
flow velocity detector and obtain the MAP decision
rule, and derive its performance. Further, we obtain the
optimum and sub-optimum sampling times. In Section
we consider the flow velocity estimator and obtain
the MAP estimator. Then, we obtain the estimation
error and the optimum sampling times. The numerical
results are given in Section [V] Finally, in Section [VI we
conclude the paper.

Notation: Throughout the paper, vectors are shown
with bold letters and their magnitudes, i.e., norm 2 of
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Fig. 1: The system model of the flow velocity meter

the vectors, are shown with non-bold letters.

II. MOLECULAR FLOW METER

We propose a molecular flow velocity meter to
measure the medium flow velocity in a flow-assisted
diffusion-based system. To do this, we assume that there
is a node at the origin, which releases some constant
number of molecules in some time instances, and there
is a molecular receiver in point 7y, which receives
these molecules and computes the medium flow velocity.
Hence, r¢ is a vector which connects the releasing
node to the receiver. We note the direction of this
connecting line with d and its value with 3. Hence,
rod (see Fig. [I). The releasing node may have
different behaviors. Assume g(r,t) be the concentration
of released molecules at point 7 and in time ¢. In the
following, we mention some of the possibilities of the
releasing node:

i) Burst releasing: a burst of molecules, noted by (, is
released at time instance ¢ = ¢,. For this releasing node
we have g(r,t) = (o(t — t,;)d(r).

ii) Pulse releasing: the molecules with rate ~y are
constantly released starting at ¢ = t,. For this releasing
node we have g(r,t) = vo(r)u(t — ;).

In this paper, we assume the burst releasing node.

Channel model: In the flow-assisted diffusion-based
system, the movement of molecules is affected by both
flow velocity and diffusion. Hence, the concentration of
molecules at point 7 and in time ¢, noted by ¢(r,¢), in a
medium with flow velocity v(r, t) satisfies the following
advection-diffusion equation:

o =

0
el t) + V.(v(r, e(r, 1)) = DV2e(r, 1) + g(r, 1),
(D
where D is the diffusion coefficient of molecules. When
the medium flow is location invariant, i.e., v(r,t) =
v(t) (which means that the flow velocity is the same in
every point of the medium and the change in the flow
velocity of one point propagates to other points quickly),
the advection-diffusion equation in (I), reduces to:
0
&c(r, t) 4+ v(t).Ve(r,t) = DV3c(r,t) + g(r,t). ()
Reception model: We assume that the receiver is
modeled by a sphere in 3-D with volume Vi (radius



rr) and consider a transparent receiver, i.e., the receiver
can perfectly count all molecules that fall into its volume.
nDenoting the mean number of received molecules in the
I-th sample as A;, the number of molecules counted by
the receiver (noted by Y;) follows a Poisson distribution
with parameter Ay, i.e., Y; ~ Poiss(A;) [35]. If the radius
of the receiver is sufficiently small compared to the
distance between the transmitter and the receiver, c(r, t)
can be assumed uniform inside the receiver volume and
A; can be approximated using the concentration of the
received molecules at the origin of the receiver volume as
Ay = Vre(ro, tp) [7]], [36]]. For simplicity of analysis, we
assume that the observations Y7, ..., Y7 are independent.
This assumption can be made if the samples are taken
with some time apart, i.e., the sampling times have
sufficient distance from each other [37].

The impulse response of this system, h(r,t), is
defined as the concentration of molecules at point r
and in time ¢, which is the solution of (2)), for input
g(r,t) = 0(r)d(t — t;). The channel impulse response
when the medium flow velocity is location invariant (i.e.,
v(r,t) = v(t)) is obtained in [38] using Ito’s calculus
for the mean location of molecules, i.e., if m(t) is the
mean locatlon of molecules, using Ito’s calculus we have

ft 7)dr. Hence, for 3-D diffusion,

B 1[t>tr] H’l”—m(t)H2
M D) = b — )2 P api -1

The impulse response of the channel with time variant
flow velocity can be written using the impulse response
of the channel without flow velocity, noted by hq(r,t),
as follows:

h(r,t) = ho(r — /tt’v(T)dT, t), 3)

where
1[t > tr] Xp(— ||TH2 )
(47 D(t —t,))3/2 4D(t —t,)"
Now, using the channel impulse response we obtain
A;. Assuming the burst releasing node, we have ¢(r,t) =
Ch(r,t) and hence, A; = Vre(ro,t;) = (Vrh(ro,t;).
Thus, according to (3]), we obtain

hO(r7 t) = (4)

t
= (Vrho(ro —/ v(T)dT, tp). &)
t

III. FLOW VELOCITY DETECTOR

Consider M hypotheses Hg, Hy,..., Hyr—1 corre-
sponding to the flow velocities vo(7,t), v1(r,t),...,
vy—1(r,t). We let I = {0,...,M — 1} and denote
the mean number of counted molecules at the receiver
in sampling time ?; for the hypothesis H; as \;;,7 €

I,l = 1,...,L. For the location invariant flow veloc-
ity and the transparent recelver from (5), we have
Xii = WrCho(ro — ft vi(7)dr,t;). We assume that
the prior probabilities of the hypotheses are equal, i.e.,
P(H;) = ﬁ,i el

Lemma 1. For a molecular flow velocity detector with
M hypotheses, and L-sample decoder at the receiver,
the optimum MAP decision rule is obtained as

L
=argmax >y In(Ais) = Air, 6)
=1

Proof. Using MAP decision rule with equal prior prob-
abilities for the hypotheses, we have

i = argmax P(y1, v, ..., yr| H;).
iel

For the independent observations, P(y1,y2, ..., yr|H;) =
Hlel P(y;|H;). The conditional probability distribution
of Y, given H; assuming counting noise at the receiver
is Poiss(\;;) for i € I,1 =1, ..., L. Hence,

X ()" exp(=Aiy)
1 = arg max : ' :
i€l =1 yr:

= In(N; ;) — A g- 7
al"gf?g]x;yl n(Aig) — Aig (7)

O]

Corollary 1.1. For binary hypothesis, the optimum de-
cision rule is simply obtained as

L

Hy
> w2 B, ®)
=1 H,

where w; = In( “i) and 8 = Zl 1(Aog — Avy). For
L =1, the optzmum decision rule is a simple threshold

rule as y; 2 T, with the threshold T = f‘“& ;O’\llv)l_
H, n ]

A1,1

Lemma 2. The error probability in detecting the flow
velocity, with M hypotheses and L-sample decoder at
the receiver, is obtained as follows:

L
RO MID VI
Y1,y =0, =1
El L w Wi 191> Bi 5,
jGI, J#i
)]

where w; ;0 = In(324) and Bij = 32121 (Mg = Aja).

Proof. The proof is provided in Appendix 0



Corollary 2.1. For binary hypothesis, the error proba-
bility is simplified as:

1 - L (Xo,0)¥" exp(—Ao,)
Pe=g1— > (] i
2 !
y17"'7yL:07 =1
Z[L 1wlyl>ﬁ

ﬁ A )Y eXp )\1,1))}

) (10)
=1
where w; and (3 are defined in Corollary Further,

the Gaussian approximation on the error probability is
obtained as

B — Zlel wiAo,
\/ ZZL:1 w12)‘0,l
B — Zlel wl/\1,z )]

L
\/ 21:1 wl2/\1,l

where Q(x) = 5- f exp(——)du For L = 1, the error
probability reduces to

PezPe,G:%[l—Q( )

+Q( (1)

L7]

P=3zl-3

y1=0

(X0,1)¥" exp(—=Xo,1) —
yi!

(A1) eXp(—Am)]

(12)
for M1 > A1, where T is defined in Corollary
Further, the Gaussian approximation on the error
probability for L = 1 is obtained as

1 T o1 T—XMa
Po= 2|1+ Q( ) —Q( =), (13)
2 [ Vo1 VA1 )
Proof. The proof is provided in Appendix O

In the following, we obtain the Chernoff information
(CI) upper bound on the error probability for the MAP
detecter [39]], [40]. Chernoff uses the inequality

min(a,b) < '~ Vs €[0,1], (14)

to upper bound the error probability of the MAP detector.

Lemma 3. The CI upper bound on the error probability
with M hypotheses and L-sample decoder is obtained
as follows:

M—-1
max  min
t1,02€1, 84,4, €[0,1]

11 ’Lz
15)
= D i g8 F A (1= 5i,) —
)\fll ‘2)\1 S” "2]. The optimum value of s;, ;, is the solu-
tion of the following equation:

P, < Poci = e Pualona),

where D, ;, (Szl,iz)

L

Z [Nt = Xigt — Niyal

=1

iyl
Nia 1

iyl
Nia

)%z In( )] =o0.

(16)

)

Proof. The proof is provided in Appendix O

There is no closed form solution for the optimum
value of s;, ;, in (T6)). In Corrollary 3.1, we use Holder’s
inequality, [41], to simplify the bound and obtain a
closed form solution for the sub-optimum value of s;, ;,.

Corollary 3.1. Using Holder’s inequality on the CI
upper bound, the error probability is upper bounded as
follows:

M—-1

P, < P,pcr = max min e Kl
11,92€1, 8;, 5, €[0,1]
il#iz
A7)
where K (si,5.) = (it Nyg)sinia + (100 ) (1 -
Sil,ig) — (lel )\ihl)silviz (Zl:l )\i%l)l_shﬂé_ The opti-
mum value of s;, ;, is obtained as
Zl 1 111 _ _ Zle >‘i1«l
* n (ZIL 1>‘12 ! 1) hlln(ZzL:l Aizvl) 18
i1,l2 - 1 (EZL—I )\il.l) . ( )
n(sse
1=1 )‘i2,l
Proof. The proof is provided in Appendix [D} O

Corollary 3.2. For binary hypothesis, the CI upper
bound in (15) reduces to

1
P,<P,6=- D(s)),
< Pou=3 Sg(%nl)eXp( (s))
where D(s) = Zl Aogs + A (1 —s) — )‘(s),l)‘%js]‘
The optimum value of s is the solution of the following
equation:

19)

& A Aoy
0,1 0
D [Por = A= Aou(52) In(T5)] = 0. (20)
A1, AL
=1
For L =1, the CI upper bound is simplified as
P, < Pe,u = %6_(/\0’15*"")‘1@(1_3*)_)‘8,*1/\1._15*)’ 1)
where
ln(% —1)—In ln(i"*l)
S* — 1,1 )\ 1,1 . (22)
ln()\?‘i)

Optimum and Sub-optimum sampling times: The
optimum sampling times, which minimize the error
probability, are

1,25, ..., t P, (23)

7] =arg min
byt
where P, is given in (9). Since the above optimization
problem is hard to solve in general case, the optimum
sampling times should be obtained numerically. We use
the Gaussian approximation and CI upper bound on the
error probability and obtain the sub-optimum sampling



times as the solutions of the following optimization
problems:

[t1,G,t2,Gs .- tL,G] = arg mint P.g, (24)
1,025..50L
[ticr tocry - trcr) = arg. min Pocr = (25)
t1,t2,..5tL
arg max min maxDj, 4, (Si, i),
ti,ta,..,tr 7,1,7,261 Siq io ’
12
where P.g is defined in (11) and P.cy, D;, 4, are

defined in (I5). In Lemma [ using the extension of
Caratheodory’s theorem [42]], we obtain the sub-optimum
sampling times using CI upper bound, when L — oo, in
Lemma [5] we obtain the sub-optimum sampling times
for binary hypothesis using Gaussian approximation of
the error probability, and in Lemma|6, we obtain the sub-
optimum sampling times for binary hypothesis using CI
upper bound.

Lemma 4. The sub-optimum sampling times using CI
upper bound when L — oo are (]g) times, t;,l =
1,..., (]\24), with weight wy, i.e., Lw; sampling times are
equal to t;, where tis and wis are obtained from the
following optimization problem:
(%)
max  max min InaXZwlf“h (t1, Siin)s
wly-"yw(]QVI) t17~~7t(1\/1) 11,02€1, Siq g

i170o =1
(26)
where {il,iz(tlasz‘l,i2) = Niy1Siyin T Nyt (1 = 8iy4,) —
Siq,ig —Siq,ig
Ail,l A7;2,l

Proof. To obtain the optimum sampling times using CI
upper bound in (15), we must solve
max min max D;, 4,(Si, i),

t1,..,tL 11,1261 Siq,ig

’Ll #1/2

L
Zl:l[)‘il,ls’ih’iz+)‘i2,l(1_8i1,i2)_
. Ai; is a function of the sampling time

Zlel fir s (t1, Siy 4y ). For each

27

where Dh,@g(sil,ze) =
)\511 12)\ 511 ’2}

7417

t. Hence, D, i (Siyin) =

sampling time ¢, [ = 1,...,L, a; = (foyl(tl,sm),...,
fv—im(t, spy—1,m))  is a point in R(%).
The average of these points is %Zle a =

(£ 20021 foalte s0.0), -
When L — oo, we have infinite points and the average
point is in the convex hull of a set in R(%), Using the
extension of Caratheodory’s theorem for connected sets,
[42], every point in the convex hull of a set 7" in R"
can be expressed as a convex combination of at most n
points of 7. Here, n = (]\24 ), and we denote these (]\24 )
points by b; = (fo1(t},50,1), s

-ty sv—1,a)),
l=1,.., (]\24) Hence, %Ele a; = 21:21) w;b;. Thus,

for a fixed s;, 4, and 1,72 € I,i; # 142, we have

E S Fura (o).

M
L ’
LS L foa(tnsig) = S wifi it s ). and

hence,

lim max min g fivin(tyy Siydy) =
tLZ1,Z2€I L 1,22 ) 172)

L—oo t1,...
11 F 0o
max max min wyf;, 4, (tl, Si1is)- (28)
w17...7w(1\2/1) t/17 7t(JVI) 1171;61
11F 12

Now, we are required to show the following expression:

lim max min maux—Zfzh22 (t1,8i,,4,) = (29a)

L—ooti,....tr Zl,ZQEI Siyig

’Ll 7522
(%)
max min max Z Wy fiy s (8, Siy i)

’
i1,i2€1, Siqy iy
(Al) 11751,2

max
wl,...,w(%) t,la it

(29b)

Let s ;, be the optimum value of s;, ;, for the optimiza-
tion problem in (294). Then,

lim max min max— g firin 1y Siy iy)

L—00 t1,..,tL 41,i0€1, Siq,ig
21#7,2
> lim max min E fivin(try s
~ L—oot,... tLT;l,T;QG] L piz 11’12)
ip
(a)
= max max min wy fi, i, (1, 6 57 i)
w17"'7w(M) tl,.“,t M 7/177/261
2 (%) 4 Fia

M
(%)
. 7
=,,Max = max min max > wifiv s (b, 5iia):
[AAS] geeny 1,02 ) P12

() fotfon T, =1

(30)

where (a) follows from (28). If s;*; is the optimum

value of s;, ;, for the optimization problem in (29b),

(z)

l
max ~ max min maxg Wi firin (t1 Siv i)
Wy WMy Ly t1,02 €1, Siyig
2 (2) i1 #12 =1
()
> max , min § wlfllﬂz tl7 11,12)
Wi 7w(M) t17 St i1,i2€l,
( ) 117’5@2 I=1
o .. 1
= lim max min E fivia(t1,8575,)
L—00 t1,enty iy,inel, L ’
i14s =1

= lim max min max— E firsia (s Siy iy )s

L—00 t1,.05tL 11,02€1, Siy,io
11712
(31
where (b) follows from (28). Hence, using (30) and (31)),
we obtain (29). O



Remark 1. From the above lemma, for binary hypoth-
esis, i.e, M = 2, it can be easily seen that the sub-
optimum sampling times when L — oo are the same
(ti,c1 = ... = trc1) and equal to the sampling time when
L = 1. This result is also true for the limited values of
L, which is shown in Lemma @

Lemma 5. For binary hypothesis, the sub-optimum val-
ues of the sampling times ty,ta,...,tr, using Gaussian
approximation are the solutions of:

1 =G gog 911 1
—e 0 gog— g1 — (T — T )Aou(l+ =
O.O [g ) g ) ()\OJ )\1,l) ) ( 0_8)
1 1 =—wn?
—wigo, (1 + % 2)} ¢ T [gog — 914

90,1 1 1
(L9, a - 14+ )] =
()\o,z )\11) (1 + 1) wig( +20%)] 0,
(32)
for 1 = L, where p; = Zlel wiNig, 0 =

L 2 d .
\ 2o Wi AL 9ig = dTl)‘i:l’ i = 0,1, and B and w,

are defined in Corollary |1} For the location invariant
flow velocity and the transparent receiver, we have g; | =

_3 (vi(ts),ro— [t vi(T)dr) | |lro— [ vi(r)dr|]?
Al [2(t17t,) + 2D(t,—t,) 4D (t,—t,)? }
i =0, 1.
Proof. The proof is provided in Appendix [E] O

Lemma 6. The sub-optimum values of the sampling
times for binary hypothesis and L sample receiver using
CI upper bound are the same and equal to the sampling
time of L = 1, noted by, t1, which is the solution of:

90,15+ 9g1,1(1 — 8) — sgo, 1(%)1_S

Ao1ys
A Lo RDT=00 )
ln(%—l) In In( 01)
s = : X —,
(33
where g; 1 is defined in Lemma
Proof. The proof is provided in Appendix O

IV. FLOW VELOCITY ESTIMATOR

Here, we obtain the estimation of the flow velocity
for the L-sample receiver with independent observations

'Note that the problem of finding the optimum sampling times of
the flow velocity detector can also be seen as either active hypothesis
testing or channel discrimination problems, on which there are exten-
sive literatures. In active hypothesis testing, the decision maker has
control on the actions and the goal is to find the appropriate actions.
In channel discrimination problem (with an extensive literature on
quantum channels), there are a number of channels which we want
to discriminate between and the inputs of the channels are chosen
to have minimum error probability. The actions in active hypothesis
testing and the inputs in channel discrimination problem are translated
to sampling times in our model. For M = 2, in [43], [44], it is also
shown that the actions that minimize CI upper bound are equal.

Y1, ---, Y, in time instances 1, ..., .. We denote the mean
number of the received molecules in sampling time ¢;
for the flow velocity v as Aj(v),l = 1,..., L. For the
transparent receiver, \;(v) = VrCho(ro —v.(t; — ), ;).
We obtain the MAP and MMSE estimators for a ran-
domly chosen constant flow velocity, i.e., v(r,t) =
v = (VUg,vy,v;). We assume that v,, v,, and v, are
independent with prior probability distribution functions
(PDF) as ps(vg), py(vy), and p.(v;), respectively. To
investigate the error performance of the estimators, we
consider the minimum mean square error (MSE) of the
estimators and obtain the Bayesian Cramer-Rao (BCR)
lower bound on the MSE of the estimators.

Lemma 7. For a molecular flow velocity estimator to
estimate randomly chosen constant flow velocity, the
MAP estimator is obtained as

L
= argmax > (A (v)) = N (©)] + I(pay,:(v)),
=1

where px,y,z(v) = px(vx)py(vy)pz(vz)- Hence, if
Pa.y,2(V) and \(v) are differentiable with respect to v,
Vg, Uy, and v, are the solutions of the following set of
equations:

ZAf 20O, = o) +

For the transparent receiver, we have 9 S
o=t N (), i € {x,y, 2).

Proof. The proof is straightforward similar to the proof
of MAP detector in Lemma [Il O

dp;(v;)

do: =0.

Corollary 7.1. For one-sample receiver and the location
invariant flow velocity in the direction of the connecting
line between the releasing node and the transparent

receiver, i.e, v = vd, where d = :—;’, with uniform
priori PDF for v in the range S, = [Umin,Umax), the
MAP estimator of v is obtained as
v,  ify1 > M(nid),v1 € Sy,
V2, ifO <y < )\1(U1d),v2 S Sv,
D= U3, l'fO <y < )\1(1}1d),’l)3 S Sv, (35)
Uminy lfAl N Bla
\ Umax; lf AN B,
where vi = tlrftr, Vg = T0+\/_4D(tl_t£l)(,12yl_ln (Al(vldm,
vy — ro—\/—4D(t1—t;l)9;1ryl—ln (Al(vld)))’ A = {n
)\1(1)1 §é Sv} U {0 < 1y < )\1(U1d) V9

CRA™IV

@
Sy, U3 ¢ § } U {y1 = O} Ay = {yl > /\1(’[)1d) U1
Spb U{0 < y1 < A(vid),v2 ¢ Syp,v3 ¢ Su}



{yl - O}; Bl - {Rest,u(vmin> Z Rest,u(vmax)}; and
B2 — {Rest,u(vmin) < Rest’u(vmux}’ in which Rest,u(/v) —
y1 In(A1(vd)) — A1 (vd). Note that when the estimator
gives two values, one of them is chosen randomly as the
estimated value.

Proof. The proof is provided in Appendix 0

Corollary 7.2. If the sampling times are equal, we have
A1(v) = ... = A (v). Hence, from (34), we should find

the solutions of

1 oN(v
ov;

:0’
l’U

1 dpi (1}1)
Z Y — LA (v i) du;

(36)
fori € {x,y, 2}, to obtain the estimated values of v, vy,
and v,. For the transparent receiver and the flow velocity
in the direction of the releasing node and the receiver
with uniform prior pdf for its magnitude, we should find
the solution of (ro—v.(t1 —t,)).(+ Sy —M(vd)) =
0. Hence, the procedure to obtain the estimated value of
v is similar to the one-sample receiver which is obtained
ln Comllary [7.1] with the difference that we should use
I Zl 1 Y1 instead of y; in the equations, i.e., we should
take the average of the samples and replace it as the
observation value in the one-sample receiver.

Lemma 8. The MMSE estimator to estimate randomly
chosen constant flow velocity with finite mean and vari-
ance is obtained as

J vi exp(Reg(v))dv,dvydog
| exp(Rest(v))dv.dvydv,
(37
for i € {x,y,z}, where Roy(v) = Elel[yl In(N\(v)) —

ANi(v)] +1In(pay,2(v)). The linear MMSE (LMMSE) es-
timator is obtained as:

0; = Elvilyr, ..., yr] =

L
. Cov(Y7, v;) .
T = T xr_ N - EBEY; ) i)y s Yy )
v Var(}/l) (yl [ l]) + [U] ? 6 {:B y Z}
(38)
where for | =1,...,L and i € {x,y, z},
BV = [ peye(0)N(0)dvadudie, 39

E[Y?] = /pmvy,z(v))\l(v)(l + N (v))dv,dvydu,,
Cov(Y;,v;) = /p%y,z(v)(vi — E[v;]) N (v)dv,dvydu,.

Proof. The proof is provided in Appendix O

Corollary 8.1. For v = wvd, with uniform prior PDF
for v in range Sy, = [Umin, Umax), the MMSE estimator is
obtained as

o Js, vexp (/21 [y In(N(vd)) — Ai(vd)])dv
Js, exp (Zle[yl In(\(vd)) — Ai(vd)])dv
(40)
and the LMMSE estimator is obtained as
L
~ COV(YZ, U) U4
= ———(y; — ElY; — 41
v £ Var(yvl) (yl [ l]) + 9 ( )
where for [ =1,..., L,
1
ElY] = / Ai(vd)dv, 42)
v-Js,
1
BIY?) = | Aed)(1L+ A(od))do
1
Cov(¥ion) = - [ (0= )N(edide,
v_ S,
where vy = Upin + Upmax and V— = Upay — Upin-

Corollary 8.2. If the sampling times are equal, the
LMMSE estimator of v;, i € {z,y,z}, is obtained as

L COV(Uz‘Yl) 1 L A
v = LW(Z ;yl —EM]) +E[ui].  43)

In the following, we investigate the error performance
of the estimators. The estimation error is € = v — D,
where ¢; is a random variable (v;s are random variables
with prior PDF p;(v;) and ¥; is a function of Poisson ran-
dom variables Y7, .., Y7 ). To investigate the performance
of the estimators, we consider the MSE of the estimation,
i.e., E[¢?] (where € = ||€||2), which is hard to compute
in general case. In Section we obtain the MSE of
the considered estimators numerically. In the following,
we obtain the Bayesian and expected Cramer-Rao lower
bounds on the MSE. The Bayesian Cramer-Rao (BCR)
lower bound on the MSE is defined as [45]]

»(In(P(v,9))],
(44)

Ele?] > Tr{J5'}, Jp = —Euy[V3

where Y = (Y1,...,Yr). Jp can be divided into two
matrixes Jp and Jp:
Jg =Jp + Jp, JDZEU[JF(U)],
Jp = —E,[V2,(n(P(v))] 45)
where
Jr(v) = —Ey o[V, (In(P(Y|v))] (46)

is Fisher’s information matrix. The following conditions
must hold for the BCR lower bound:



o DY) gng EBEEYD for i j € {x,y, 2},

are absolutely integrable with respect to v and Y.

o limy, 100 b(v)P(v) = 0, for ¢ € {z,y, 2z}, where
b(v) is called the bias function defined as
b(v) = Ey|y[?] — v. 47

The BCR lower bound is obtained in the following
lemma.

Lemma 9. The BCR lower bound on the MSE to estimate
randomly chosen constant flow velocity is obtained as

E[e?] > Tr{(Jp + Jp) '}, (48)
L 1 9XN(v) ON(v
{JD}i,j = ZZIEU[/\I(’U). alqi ) 8lv(j )]7

L d? In(p; (v;) .
- Ey [ ), i=

0, i J

for i,j € {x,y, z}, where the following conditions must

hold:

2
. % and w are absolutely inte-
% ? J

grable with respect to v and Y.
o limy, 400 b(V)Pry,-(v) = 0, where pg,.(v) is
defined in Lemma [7) and b(v) is defined in @T7).

Proof. The proof is provided in Appendix O

Although the BCR lower bound is valid for both
biased and unbiased estimators, due to the conditions
which must hold for the BCR lower bound, this lower
bound is not valid when prior distribution is bounded
(e.g., uniform distribution). Another lower bound on the
MSE is the expected Cramer-Rao (ECR) lower bound,
defined as [46]

E[€?] > By[Tr{(1 + b (v))J5" (0)(1+ b (v))" +[[b(v)||*}],
(50

where, Jr(v) and b(v) are defined in (46). The following

condition must hold for the ECR lower bound:

. 78111(1;?/'”)) and 7821%(1%?;‘1’)), for 4,5 € {z,y,z},

are abéolutely integrable.
Since there is no condition on the distribution of v, the
ECR lower bound is valid for all distributions over v
including the bounded distributions. However, the bias
function b should be obtained for each estimator, which
might be challenging. In [46], b is optimized to obtain
a general lower bound on all estimators. For v = vd,
and bounded distributions for v, i.e, v € [Umin, Vmax], the
optimal bias function b(v) is the solution of the following
differential equation [46]:
Te (@) =5 (0) + (14 b (o) (L) ITrL))
v dv

(51)
within the range v € [Umin, Umax], With boundary con-
dition b (Umin) = b (vmax) = —1. The ECR lower

bound on the MSE is obtained in the following lemma
for the transparent receiver and v = vd with uniform
distribution for v € [Umin, Vmax]-

Lemma 10. For L = 1 and v = vd, with uniform prior
PDF for v in range Sy, = [Umin, Umax|, the ECR lower
bound is obtained as

1 (1+0(v) 2000 do
= /s[ Jr(v) HE]d

v
where Jp(v) = 15z (ro — v.(t; — t,))*M(vd), v is
defined in Corrollary [8.1] and the optimal bias function
b(v) is the solution of the following ordinary differential
equation:

E[€?] (52)

o / ro —v.(t; — t,)
Tr(0)b(v) =" (v) = (140 () (F— 5

2(tl — tr)
- T N miny Ymax ) 53
7“0—1}.(tl—75r)>7 v € (Omin: Onar), (33)

with condition b (Vmin) = b (Upmax) = —1.
Proof. The proof is straightforward from (30), (3I). O

Optimum and sub-optimum sampling times: Te
obtain the optimum sampling times, we minimize the
MSE, for tq,...,t1, i.e.,

[t1,t5...t5] = arg min E[¢?]. (54)

Litzsenst
However, the distribution of € is hard to compute in
general case. In Section[V] we obtain the estimation error
and the optimum sampling times numerically. In Lemma
when L — oo, we obtain the optimum sampling
times for an MAP estimator of the magnitude of the
flow velocity which is in the direction of the connecting
line between the releasing node and the receiver with
uniform distribution.

Lemma 11. The optimum sampling times for an MAP
estimator of v = vd, with uniform distribution for v,
when L — oo are at most two distinct times t1 and to
with weights w1 and wo, respectively, i.e., L, sampling
times are equal to t1 and Lws sampling times are equal
to to. The two sampling times and their weights can be
obtained from (54) numerically.

Proof. When L — oo, if the magnitude of the flow
velocity is v,, the average value of the observations
% Zle y; approaches to \; (v,d). Hence, if the samples
are taken at the same time, from (36)), © is the solution of
1 S F L y1—Ai(vd) = 0, we obtain v, and v, + (tfi"tr) as
the maximizers of Reg(vd), which means that we may
have ambiguity on the estimated flow velocity. This is
because of the fact that the function \;(vd) is not a one

by one function of v. Since logarithm of the function




TABLE I: Simulation and numerical analysis parameters

Parameter | Value

D 10~% m?/s
¢ 10000

) 100 pm
R 1.5 x 107°
t; 0

Ai(vd) is a Quadratic function, using two values of
Ai(vd), for two different sampling times, we can obtain
v, i.e., if we have A\;(vd) = a1 and A2(vd) = ag, we can
obtain v uniquely. Note that the flow velocity is chosen
randomly and for each flow velocity, every two different
sampling times leads to a unique estimation. Hence, we
conclude that when L — oo, if we have two different
times, the estimation error approaches to zero. O

V. SIMULATION AND NUMERICAL RESULTS

In this section, we provide some simulation and
numerical results to evaluate the performance of the
proposed flow velocity detector and estimator. For the
evaluation, we use the parameters given in table [l In
part A, we consider the flow velocity detector, and in
part B, we consider the flow velocity estimator. In both
parts, we assume that the flow velocity is in the direction
of the connecting line between the releasing node and the
receiver.

A. Flow velocity detector

Here, we assume binary and multiple hypotheses for
the flow velocity. We assume that the hypotheses in the
flow velocity detector are location and time invariant,
ie., vi(r,t) =vd,i €l

1) Binary hypothesis (M = 2): The error probability
and its Gaussian approximation for binary hypothesis
with one-sample decoder, derived in (I2) and (13),
respectively, and the CI upper bound, derived in (21I)),
are depicted in Fig. [2a] versus the sampling time ¢;
for vg = 0,v1 = 4 X 10~* m/s. The sampling times,
which minimize the error probability, and its Gaussian
approximation and CI upper bound are ¢7 = 0.1090 s,
t16 = 0.1097 s, and ¢ c; = 0.1083 s, respectively. It is
seen that optimum and sub-optimum sampling times are
nearly the same. We assume vy = 0 and depict the error
probability, its Gaussian approximation, and CI upper
bound for L = 1,2, 3 in Fig. versus vy for their related
optimum and sub-optimum sampling times. As expected,
the error probability, the Gaussian approximation and the
CI upper bound decrease as v; increases. Further, it is
seen that the Gaussian approximation is nearly the same
as the exact error probability. But, it makes distance as
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the error probability reduces. The CI upper bound and
the error probability has a nearly constant gap in all
values of v;. The error probabilities and their Gaussian
approximation and CI upper bound for L = 2,3 have
the same behavior as L = 1 with the difference that
they decrease as L increases.

The sub-optimum sampling times, using CI upper bound
and Gaussian approximation, given in Lemmas [6] and [3]
along with the optimum sampling time using the exact
error probability, are depicted versus v; in Fig. It
is seen that the sub-optimum sampling times are nearly
the same, and decrease as v; increases and the optimum
sampling time, which minimizes the error probability,
fluctuates around the sub-optimum value (the fluctuation
is small and because of the discrete nature of the Poisson
distribution). In Fig. [2d] the sampling times are depicted
versus v; for a two-sample decoder. As mentioned in
the previous section, the analytic results show that for
L sample decoder, the sampling times which minimize
the CI upper bound are the same, which is verified by
simulations i.e., tic1 = ... = trcr. It is seen using
simulations that the L sampling times which minimize
the error probability and its Gaussian approximation are
also equal, i.e., t] = ... = t7 and t1g = ... = t1 g
for our simulation parameters. Further, it can be seen by
comparing Fig.[2c|and Fig. [2d|that the optimum sampling
times for L = 1,2 are approximately equal.

2) Multiple hypotheses (M > 2): Here, we assume
M = 3 hypotheses. The error probability, Gaussian
approximation and CI upper bound versus the sampling
time ¢; for vg = 0, v; = 4x10~* m/s, and vy = 8x10~*
m/s are depicted Fig. [3a] The sampling times that min-
imize the error probability, its Gaussian approximation
and CI upper bound are obtained as t] = 0.09484 s,
t1g = 0.09468 s, and t; 1 = 0.1008 s, respectively.
It is seen that the CI upper bound has a gap with the
error probability in all values despite the binary case due
to using union bound in multiple hypotheses case. The
optimum value and the sub-optimum values of the sam-
pling times are nearly equal. However, the sub-optimum
value using CI upper bound has made a small gap from
the optimum value compared to binary case, which may
be due to the union bound. The error probability, the
Gaussian approximation and the CI upper bound versus
vy for the sampling times which minimize them are
provided in Fig. 3b] for L = 1,2. It is seen that as
expected, the error probability, Gaussian approximation,
and CI upper bound decrease as L increases.

The sampling times which minimize the error probabil-
ity, the Gaussian approximation, and the CI upper bound
are depicted in Fig. versus vy (we assumed vy =
0,v2 = 2v; and changed v;1). As seen in this figure, the
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—-=-Opt. 1,1, using error probability (L = 2)
Sub-opt. £y, t, using Gauss. approximation (L = 2)
Sub-opt. t1,t5 using CI upper bound (L =2)

(a) Error performance versus
t; for L = 1.

(b) Error performance ver-

sus v for L = 1,2,3
with related optimum sam-
pling times.

s 2 25 3 a5 4
(m/s) 10

(c) Sampling times versus v
for L =1.

(d) Sampling times versus v
for L = 2.

Fig. 2: Error performance and sampling times for a flow velocity detector with M = 2.

(second)

Sampling time

002 004 006 008 01 012 014 T s 2 25 3 35
t (second) v (m/s) 104

(a) Error performance versus
t; for L = 1.

(b) Error performance ver-
sus v; for L = 1,23
with related optimum sam-
pling times.

(c) Sampling times versus v;
for L = 1.

(d) Sampling times versus v;
for L = 2.

Fig. 3: Error performance and sampling times for a flow velocity detector with M = 3.

optimum value of the sampling time fluctuates around
the sub-optimum value using Gaussian approximation.
But the sub-optimum value using CI upper bound has
a distance from these values, which decreases as v;
increases. For L = 2, we depict the two sampling times
t1 and ty versus v; in Fig. @ It is seen that similar to the
binary case, the sampling times ¢; and ¢ which minimize
the error probability, the Gaussian approximation, and
the CI upper bound are equal, i.e., t] = t3, t1.6 = t2.G,
and ?1 c1 = ?2 c1. Further, the optimum and sub-optimum
sampling times are nearly the same as the values of the
optimum and sub-optimum sampling times in one sample
decoder.

For a large value of L (e.g., L = 50), we obtain the
sub-optimum sampling times which minimize the CI
upper bound using the optimization problem in (25)). We
assume vy = 0, v; = 10~% m/s, and vy = 2 x 10~* m/s.
Using (23), we obtain the L = 50 sampling times as
t1 = ... = ts0 ~ 0.1488s. This is also confirmed by the
results of Lemma [ (which can be obtained from (26)
equal to 1 Chemoff = 2,Chernoff = ©3,Chernoff = 0.1488s).
Note that Lemma ] anticipates that the sub-optimum
sampling times are at most (M ) different times. This

2
is somehow counter-intuitive since we obtain a single

distinct sampling time, while we expect to obtain three
different sampling times. For some other simulation
parameters, the same result, i.e., a single sampling
time, is observed. Another approach to find the three
sampling times that Lemma [4] anticipates is to obtain
the optimum times that discriminate between { Hy, H; },
{H:, Hs}, and {Hy, H2} by using one-sample decoder
and minimizing the CI upper bound. For {Hy, H;}, we
get t; = 0.1488s, for {Hy, Ha}, we get to = 0.1231s,
and for {Hy, Ha}, we get t3 = 0.1330s. Then, we use
these sampling times in the optimization problem in
Lemma [4] and obtain the three weights as w} = 1, w; =
0, w3 = 0, which matches the results obtained from 23)
and Lemma 4

B. Flow velocity estimator

Here, we assume that the magnitude of v has uniform
distribution in the range [Umin, Umax]- The MSE of esti-
mation, E[¢?], normalized to E[v]?, versus the sampling
time is depicted in Fig. {al for the MAP, MMSE, and
LMMSE estimators along with the ECR lower bound
given in Lemma We assume Upin = 0, Umax = 1073
m/s. As expected the MMSE estimator has the least
MSE. However, the LMMSE does not always have better



malized MSE (£2))

0

(a) Normalized MSE versus

(b) Optimum sampling times
ty. VErsus Upmax.-

Fig. 4: Normalized MSE and optimum sampling times
for a flow velocity estimator with L = 1.

performance than MAP, which is because of the force of
linearity to the estimated value in LMMSE. Further, it is
seen that the performance of the MAP estimator is near
the MMSE estimator and the ECR lower bound around
the optimum sampling time. Using this figure, the sam-
pling times which minimize E[e?] for the MAP, MMSE,
and LMMSE estimators are obtained as ¢1 map = 0.0733
S, tl,MMSE = 0.0725 S, and tl,LMMSE = 0.0922 S,
respectively. It is seen that the optimum sampling times
of the MAP and MMSE are nearly the same. However,
the optimum sampling time of the LMMSE has a small
gap from these values. We assume v, = 0 and depict
the optimum sampling times which minimize the MSE
of the MAP, MMSE, and LMMSE estimators versus vpyax
in Fig. {b] It is seen that the optimum sampling times
reduce as vy, 1NCreases.

VI. CONCLUDING REMARKS AND FUTURE WORKS

In this paper, we designed a molecular flow velocity
meter which consists of a molecule releasing node and
a molecular receiver to detect the medium flow velocity.
We first assumed M hypotheses for the medium flow
velocity and a L-sample decoder at the receiver and
obtained the optimum maximum-a-posteriori (MAP). We
derived the error probability, its Gaussian approximation,
and CI upper bound to analyze the performance of the
detector. Further, we obtained the optimum and sub-
optimum sampling times using the error probability, its
Gaussian approximation, and CI upper bound. When
L — oo, we obtained an interesting result using the
CI upper bound which shows that for M hypotheses,
the sub-optimum sampling times yields to (1\24 ) sampling
times tl,tz,...,t(gz) with (1\2/1) weights W1, W, -y Wary,
i.e., Lw; sampling times are equal to ¢;. For the simula-
tion parameters, it is seen that these sampling times are
the sampling times which minimize the CI upper bound
for discriminating each two hypotheses. This results in
a much simpler optimization problem to obtain the sub-
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optimum sampling times. Then, we assumed randomly
chosen constant flow velocity in the medium and ob-
tained the MAP and MMSE estimators for the L-sample
receiver. We considered the mean square error (MSE)
of the estimators and obtained the Bayesian Cramer-Rao
(BCR) and expected Cramer-Rao (ECR) lower bounds
on the MSE. We obtained the sampling times which
minimize the MSE numerically. We showed that when
L — oo, for the MAP estimator, two different sampling
times are enough for estimation, i.e., Lw; sampling times
are t; and Lwy sampling times are tp. The molecular
flow velocity meter can have applications in health care
to monitor the function of the heart. It can also be used
to design a new modulation scheme in MC, in which
information is encoded in the medium flow velocity, i.e.,
similar to the classic communications that medium-based
communication is introduced, we can introduce flow-
based communication in MC. This makes the transmitter
much simpler which is an important challenge in MC.
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APPENDIX A
PROOF OF LEMMA

Let R; = HILZI(A“)%‘ exp(—A; ;). Using the optimum
decision rule given in (6), the error probability can be
obtained as

M—-1

1
[1 — P{mjeLj?ﬁZ’Ri > Rj‘HZ‘}]
0

P = —
M

7=



i

[
l

<=
i\

o]
Y1,y =0,
R;>R;, jel, j#i

: >
M
[ Yi,.-YL= 0
R,>R;, j€el, ];é'L

P(yi,...,yr|H;)

T

—1- (55)

HP yilH;).

I
o

The condltlon R; > R;j reduces to w j, lyl > (3,7, where

Wi 4,1 = ln( i) and f3; ; = Zl 1 (i, Aj1) (similar to
()), and hence P. simplifies to

1Mfl 00
Pezl—M; >

L
[1P = wlH).
=1

Y1,--,Yr =0,
ZlL 1 Wi i1 Y1>Bi g
jel, j#i

Now, by substituting the Poisson distribution for P(Y; =
y1|H;), we obtain (9).

APPENDIX B
PROOF OF COROLLARY 2.1]

For binary hypothesis, (9) is simplified as

1 > /\0 1 yl exp )\0 l)
nellY
Y1,y =0,
Zz 1 Wo,1 lyl>5o 1
o
(A0)¥ eXp (= A1y
DS H DINE)
Yi,-. 7yL—O
Zl 1 W1,0,91>B1,0
For this case, we have wg 1; = —wi9; = wr, and By 1 =
—B1,0 = B. Hence,
1 . L Doy) yleXp —Xo,1)
Po=351- > H

Yi,-. 7yL—O =1
Zl 1wzyz>5

[e.e]

Y
+ Z H )\1l eXP )\1 l))]’ (57)

Yi,--YL= O =1
Zl,lwzyl>ﬂ

which reduces to (10). For the Gaussian approximation,
we have

| M- L
=3 > [1=P{_ wy > B|Ho}
1=0 =1

+ P{Z wyy; > B|H1H (58)
=1

Since Y;s are independent Gaussian variables, ¥ =

S™F  wY; is a Gaussian variable with mean E[Y] =

S wiAiy and variance Var(Y) = SOr, wi)y, for

H;. Hence, reduces to (T1).
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APPENDIX C
PROOF OF LEMMA [3]
The error probability of the MAP detector with M
hypotheses in (53] can also be written as
M-1

1
i > P{Ujerjzili < Rj|Hi}.

P, = (59

Now, we upper bound the error probability as follows:

M—-1M-1

% EZP{R < R;|Hi}

=0 5=0,
J#i
M—-1M-1 [e'S)

Z H{P(y1,...,yr|Hy)

(60)

< P(yl, ---ayL’Hj)}P(yla . yL|Hz)

1 M—-1 o]
= Z Z min{P(y1,---,yL|Hi1)a
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11712
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11712
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= S T PwlHs,) =Py Hiy ) o0
il,ig;o, =1 yl:(]
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(75 ) o, expl-Dia(s0,0)

7,1 ;élQ

where Dll,ZQ (811,i2) = le-;l[)\ilylsilﬂé+)\7;27l(1_8i17i2)_
)\S” 12)\ S” 2], (a) is due to the union bound, (b) is
due to eq (14), (c) is due to assuming independent
observations at the receiver, (d) is due to Poisson distri-
bution for observations, i.e., P(y;|H;) = ()")yl?)’w,
i eI | e {l1,.,L}, and (e) is due to substituting
the maximum term for each term of the summation.
Since the bound holds for all values of s;, ;, € (0,1),
it also holds for the optimum values of s; ;,, which
is obtained by minimizing exp ( — Dj, i, (si, 4,)), i.e.,
maximizing D;, ;,(si, s,) With respect to s;, ;,. Hence,
we obtain the upper bound as (I5)). The optimum s;, ;,
is obtained by minimizing exp ( — Dj, 4,(8i,,i,)), i.e.,
maximizing D;, ;,(si, i,), With respect to s;, ;,. Hence



*

s; i, is the solution of

can be simplified as (T6).

7.172‘1,1‘2(81'1,1'2) = 0, which

21,72

APPENDIX D
PROOF OF COROLLARY [3.1]

From holder’s inequality, for any positive vectors

x = (71,%2,..,7n) and y = (y1,¥2, - yn) and
for any p,q, satisfying p > 1 and l —|— = =1,

we have (300, 27)» (327 1%) > Z?Slxzyz Us-
ALY =

ing this inequality for * = ()\571,112

111 ’:

1—8iy ig 1—-8i1 iy _ 1
()\i%l s A L ), p = 57 - ,and g = = Ve
have:
L L L
Siq,ig 1_5'i1,i2 . Siy,i . 1—5;, i
E AN < (E Aiy )™ 2(§ Aiyg) Tz,

=1

Hence, we bound Dj, ;,(si, i,) in as follows:

Z /\127

L
Xip) 2 (Y Ny ) T (61)

1 =1

Let Kh,lz (Si1,i2) = (Zlel )\ihl)sihlé + (Zlel )\i27l)(1 -
ivia) = (121 Ain )12 (32124 Aig 1) %2 Then, (T3)
reduces to (I7). Now using this bound, the optimum
value of s;, ;, is obtained by maximizing K;, ;,(si, i,)
as the solution of the following equation:

=1 =1
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which reduces to
L L
N D .
Sy in ln(@)-ﬁ-lnln(zéfl ,l) (Zl 1 i1 1).
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Hence, s ; is obtained as (18).

APPENDIX E
PROOF OF LEMMA [3]

From (24)), we should solve the optimization problem
maxy,,  +, Peg, where P.g is given in (TI). Hence, the
sub-optimum values of ¢1,...,t; are the solutions of

0P, 0P, _ _ L
VP.g = [8th""’ (.%LG] = 0. Let y; = Zl:l wl)\u
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and o; = /31, w?A;; in ([I). Hence, from 81)“'“

we obtain:
—(B—pg)? iﬁ _ 4 _(d ,8 N
=55 (dtl dt; 10)00 (dtl o0)( 1o)
e 2% ( 5 )

99

=0,

(63)

d%m)al - (d%al)(ﬁ — ) .
: ) =0,

—(B— 111)2 (dci B —
20 i
H ( =

— €

Let g;; = —)\” Hence, from definition of 5 and w; in

Corollary , we have i 5 = go,; — 91,1, and

d goi 911 .

at = O T g i=01 (64
dtl Hi ()\071 )\17l) 7,1 + '(Ulng 7 ( )
d wy 1y 900 91, .

- 7. — 2 P ’ )\ i , _ 0’ 1
diy 7 20,5 Aoy )\“> il + wlgz,l] i

Hence, we obtain the set of equations in (32)). For the
location invariant flow Velomty and transparent receiver,
Ain = VRCho(ro — ft v;(7)dr,t). Using @), we have

t
9il = VRCEhO(TO —/ vi(T)dT, 1)
l t
d 1 llrg—fil i (n)drl|?
. e 4D(t; —tr)
: dtl[(47rD(tl—t))
. -3 (vi(tr), 7o — [ vi(r)dr)
~ 20 — ) 2D(t; — t,)
t
N |lro — [, wi(r)dr|?
Dt -2 |

M)

(65)

APPENDIX F
PROOF OF LEMMA [6]

To obtain the sub-optimum sampling times using (17),
we should solve
L

(66)

max max
tl,...,tL S

[)\0713 + )\1,1(1 — S) —
=1
Let f(t,8) = Xogs + Ara(l—8) = A§ l/\bs. Hence, the
optimum values of ¢1,...,tr, and s are the solutions of

1—
RSk

Vi [l ) = [P St Sy %) =
0. From (t”s) = 0,l = 1,...,L, we conclude that
t1 = ... = tL Hence, from ZL afats“) = 0, we
obtain 9f(ts) _ 0 Thus, s and ¢; are the solutions of

[af aill’ ) gf tl’ = 0. This means that the sub-optimum

values of tl, .. t 1 are equal to the values when L = 1.
Now, we obtain the set of equations for the sub-optimum

sampling time when L =1, i.e., ¢;. % = 0, results

) (324 —1)~Inn(321) 0f(tr,9) )

in s = : = i(fi) 2 and B = 0, yields to
)\1 1 /\O 1

) )5‘ :0,

90,15+ g1,1(1 — 5) — 5901 ( h
1,1

T = (= sl

where g;; is defined in Lemma E}



APPENDIX G
PROOF OF CORROLARY [Z.1]

For v = vd, and uniform distribution for v, the MAP
estimation of v is

0 = arg maxy; In(Ai(vd)) — A1(vd). (67)
VES,
In the following, let Regu(v) = y1 In(A\1(vd)) — A1 (vd).

Hence, we should find the solutions of R ,(v) =
dvRestu(v) = 0 which maximize Rey,(v) and fall in
S,. For the transparent receiver, we have R, ,(v) =
75(ro — v.(t1 — t)).(y1 — A1 (vd)) = 0. If there is no
maximizer in this range, we should consider vy, Umax-
Hence, the candidates of the maximizer are the values
of v which satisfiy the equations 79 — v.(t; — ¢;) = 0
and Ai(vd) = y;. From ro — v. (t1 —t) = 0, we
obtain v; = ;" (vd), i
A1(vd) is a posmve function with maximum /\1(v1d)

MD(CtiRt))é. For the second equation, we have three
e 1 2

Case 1) y1 = A1 (v1d): In this case, the only solution
of the equation \;(vid) = y; is equal to vy.

Case 2) y;1 > Ai(vid): In this case, the second
equation \;(vd) = y; does not have any solutions for
v since y; is greater than the maximum value of \;(vd).

Case 3) y1 < A1(vid): In this case, the equation

Ai(vd) = y1 has two solutions as vy = r°+‘ﬁ and vz =

”;;[ where A = —4D(t; — t;)(Iny; — ln (Al(vld))).
In Case 1, we have R ,(v) 75(ro — v.(t1 —

t:)).(A1(v1d) — A1 (vd)). Since v; is the maximizer of
A1(v1d), Ai(v1d) — A1 (vd) is positive for all v # v;.
Hence, for v < w1, Ry,(v) > 0 and for v > vy,
R..(v) <0, and thus, vy is the maximizer. Now, using
the second derivative of Ry y(v), we show that in Case
2, vy is the only maximizer of Regu(v) and in Case 3,
v 1s the minimizer and v and v are the maximizers of
Regu(v), and if both values fall in S,, the estimator gives
one of the values v2 and vs randomly as the estimated
value of v.

The second derivative of Regu(v) can be obtained as

Regu(v) = CZ;Rest,u(v) = —%(tl —t)(y1 — A1 (vd))
- @(To —v.(ty — t;))* M1 (vd). (68)

For v = vy, we have ro — v.(t; — t;) = 0 and hence,
Reqa(v) = =(ty = t) (1 — M (vd)).  (69)

Now in Case 2, we have Ry, (v
is the maximizer. In Case 3, we have R, (v
hence, vy is the minimizer.

1) < 0, and hence, v,
1) >0, and
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For ve and w3 in Case 3, we have y; = A\i(vd), and
hence,

1"

Rest,u (1)) = 4D2

Since (rg — v.(t; — t;))? > 0 and A\ (v) is a positive
function, Ry, (v)]y=v, s, < 0 and hence, v, and v; are
the maximizers.

(ro — v.(t1 — t))* M (vd).  (70)

APPENDIX H
PROOF OF LEMMA [8]

For the MMSE estimator, when the mean and variance

of v;,i € {z,y, z} is finite, we have 0; = E[v;|y1, ..., yr]
[45]]. For v, we have
P(ylw"?ylz‘vz)pr(vz)
P(vgly, ... = 71
(vz|y1,--yL) Pyt uL) (71)

~ palve) oy o Pu(©)P= (V)P (Y1, oo YL Ve, vy, vz )dvzduy,
fpm(vm)py(vy)pz (v2)P(y1, ...

y YL |Uz7 Vy, Uz)dvzdvydvm '
For the independent observations, we have
P(vzly1,-.yr) = (72)

P (Vz) fvyﬂ)z Py (Uy)pz (UZ)HIL:1P(yl Ve, Vy, Uz)dvzdvy
fpw (Ux)py(vy)pz (vz)HlelP(yl |Ux7 Uy, 'Uz)dvzdvyde .

Therefore,

Uy = E(vg|yr,..yL) = (73)
fvx VzPa (Ve) fvy,vz Py (Uy)pz (UZ)Hlelp(yl |U)dvzdvyd'u$
fpx(vm)py(vy)pz(vz)ﬂlef’(yl|v)dvzdvydvm

Let pgy.2(v) = pur(ve)py(vy)p2(vs). Since the condi-
tional probability distribution of Y;,l = 1,..., L given v
is Poiss()\;(v)), we obtain the equation (37).

For the LMMSE, the estimator of v can be obtained

as v = yA + b, where A = C;%,Cyv, Y
(y1,92,..-,yr), b = p — AA, in which
p = E[v] = (E[vg], E[vy], E[v.]), (74)
A = (EM], E[Ya], ..., E[YZ]),
Var(Y7) Cov(Y1,Ys) Cov(Y1,Yr,
Cov(Ys, Y7) Var(Y3) Cov(Ys, Y
Cyy = : : : ’
COV(YL, Yl) COV(YL, }/2) VariYL)
Cov(Y1,v;) Cov(Yi,v,) Cov(Yi,v,)
Cov(Yz,v;) Cov(Ya,v,) Cov(Yi,v,)
CYv = . . .
COV(Y[M V) COV(YL, Uy) COV(YL, Vy)

Now, since the observations are assumed to be indepen-
dent, we have Cov(Y;,,Y;,) = 0, for [; # l5. Hence it is
straightforward to obtain (38).
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We obtain the matrixes Jp and Jp in the BCR lower
bound given in (44)), @5). The (i, j)-th entry of Jp can
be obtained as

62
Jptii = —BEy|———
{ P}ZJ ’U[aviavj
62

n(pe.y,-(v))] (75)

= *Ev[m(ln(m(vx)) + In(py(vy)) + n(p-(v2)))]-

Hence, it is straightforward to obtain (@9). The (3, j)-th
entry of the matrix Jp(v) is obtained as

Zln
2

L
== Byl () = Ae). (76)
=1 !

{Jr(v)}ij = (Yiv)))]

-E
Y‘U a 8

which can be simplified to

3 9 (v
R ;Eyh; |:(avz [)\giv) ‘ alv(j )D(yl -
1 ox(v) O\ (v)
)\l (’U) ' avﬂ 87%

Now, since Ey;|,[Y;] = A1(vd) and the second term is
not related to y, we have

{Ir(v)}i; =

Ai(v))

+

)(— )| (77)

L
o 1 6>\l(v) (9)\1(’1))
{Jr()}ij = ; o) G B (78)
Hence, the (i, j)-th entry of the matrix Jp = E,[Jr(v)]

is obtained as (48).
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