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Molecular Versus Electromagnetic Wave Propagation
Loss in Macro-Scale Environments

Weisi Guo, Christos Mias, Nariman Farsad, and Jiang-Lun Wu

Abstract—Molecular communications (MC) has been studied as
a bio-inspired information carrier for micro-scale and nano-scale
environments. On the macro-scale, it can also be considered as an
alternative to electromagnetic (EM) wave based systems, especially
in environments where there is significant attenuation to EM wave
power. This paper goes beyond the unbounded free space propa-
gation to examine three macro-scale environments: the pipe, the
knife edge, and the mesh channel. Approximate analytical expres-
sions shown in this paper demonstrate that MC has an advantage
over EM wave communications when: 1) the EM frequency is
below the cut-off frequency for the pipe channel, 2) the EM wave-
length is considerably larger than the mesh period, and 3) when
the receiver is in the high diffraction loss region of an obstacle.

Index Terms—Propagation, pathloss, molecular communica-
tions, nano-communications, channel model, link budget.

1. INTRODUCTION
A. Background

OLECULAR communication is a system that utilizes
chemical particles as a carrier for information. The
information can be repetitive signalling from a limited alphabet,
which is common in biological systems; or generic information
from a rich alphabet, which is more common in human interac-
tion. Historically, molecular-based signalling between animals
has been observed since the ancient times, and more explicit
arguments relating signalling success and natural selection was
articulated by Darwin in 1871 [1]. It is only in the last decade or
so that molecular communication from a telecommunications
and information theory perspective has been explored [2]. Pri-
marily, this has been due to the rise in demand from nano-scale
engineering (e.g., communication between swarms of nano-
robots for targeted drug delivery [3]) and also the demand for
industrial sensing in adverse environments [4]. In both of these
cases, the local environment can be adverse to the efficient
propagation of electromagnetic (EM) wave signals.
Over the past decade, a growing body of significant mole-
cular communication research has been devoted to a wide
range of: channel modeling [5] and telecommunication system
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design [6], [7], information theory [8], [9], sensor and circuit
design [10]. A number of metrics are needed to gauge the
performance of an entire new species of communications. To
list some: coverage area, reliability, capacity bound, and band-
width availability. However, MC is a relatively new area, many
fundamental issues are unresolved or at least not agreed upon
in the research community. In this paper, we can only focus
on one fundamental aspect which is propagation comparison
in different scenarios. We hope this paper on propagation loss
comparison can provide the foundation for others to build
towards higher level metrics such as capacity and coverage.

Despite these recent tentative first steps to building a molecu-
lar communication system, it remains unclear what the precise
advantages of conveying information by molecules are. If we
look towards nature, as far as we know, no known animal or
organism uses EM-wave based communications, and yet many
animals such as the platypus and electric eel can generate strong
electric fields to communicate and navigate [11]. On the other
hand, a variety of biological creatures use chemical messaging,
both at the macro-scale across great distances (e.g., Moths can
communicate several km using pheromone signalling over the
air [1]) and at the nano-scale between cells. This tempts us to
ask: what is the advantage of molecular communications over
EM-waves communications?

One fundamental difference we do know is the difference
between random walk propagation and wave propagation. In
this paper, we suspect that random walk propagation may yield
advantages in certain propagation environments. In fact, earlier
work has already shown experimentally that EM-waves can
propagate inefficiently in tunnel/maze environments, whereas
molecular communications retain the shape of the channel re-
sponse irrespective of the maze environment and almost always
deliver the data successfully, albeit a long delay [12]. The
potential applications [2], include the communication between
robots in underground tunnels or the extraction of embedded
sensor data from cavities or machinery. This has led us to give
a more comprehensive theoretical analysis in comparing the
difference between molecular and EM-wave propagation for the
purpose of understanding their relative propagation advantages.

B. Contribution and Organisation

This paper aims to emphasise the potential of molecular
propagation in the field of macro-scale wireless communica-
tions. Simple approximate closed form expressions for EM
wave propagation are used to show the demarkation between ef-
ficient EM wave transmission and efficient molecule transmis-
sion. While, recently, a comprehensive research survey [13] has
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qualitatively described molecular and EM communication in
nano-networks, to the best of our knowledge, there has been no
quantitative comparison between their loss in different macro-
scale channels other than free-space. Thus, the contribution in
this paper is to set out the demarcation between efficient EM
wave propagation and molecular diffusion, in terms of geomet-
ric parameters, EM wave frequency and diffusion parameters.
The rationale for considering the pipe, knife-edge, aperture,
and mesh geometric scenarios are because approximations of
the channels can be found in the natural (e.g. caves) and built
(cages, apertures in metallic structures) environments [14]. The
comparison of EM and molecular propagation in liquid chan-
nels where electromagnetic waves normally suffer significant
absorption will be considered in future. We believe this is a
step towards the future development of tandem EM wave and
molecular systems and the future planning of the deployment
of molecular communication systems.

In terms of methodology and difficulty, accurate EM and MC
pathloss equations are difficult to obtain. Experimentally, the
authors have compared EM and MC pathloss in pipe network
environments [12]. As for theoretical work propagation in non-
free-space environments (i.e., with obstacles), there is limited
work. As far as we are aware, the first monograph where first-
passage processes are derived is found in [15]. The challenge of
reflections and absorptions at the boundary conditions makes
the propagation equations difficult to derive. To the best of
our knowledge, for molecular diffusion, the most advanced
progress in deterministic geometric obstacles is made in deriv-
ing only the first passage time distribution of random walk over
a planar wedge [16], [17].

The paper is organised as follows. In Section II, approximate
analytical expressions for the free space propagation of EM
waves and diffusion of molecules are revisited for complete-
ness. Sections ITI-V consider propagation channels: (i) the pipe,
(i1) the knife-edge, and (iii) the mesh channel.

II. REVIEW OF FREE-SPACE ENVIRONMENT

We first review the unbounded free-space environment. This
will serve two purposes: to introduce fundamental free-space
(FS) equations for later use, and to benchmark performance
comparisons between EM and MC. We consider EM waves
in the radio- and micro-wave frequency range.! We define
gain as the ratio between the received and the transmitted
power for EM signals or received and the transmitted energy
for molecular signals. EM wave propagation is considered in
the frequency-domain, for which simple approximate formulae
exist describing signal power attenuation or gain for the three
channels under considered.

A. Power Attenuation Definition

The power attenuation or gain (expressed in dB) is tradition-
ally employed in EM communication and serves as a metric

IThe EM equations in this paper can be applied at high frequencies, for
example, the knife-edge model was experimentally shown to be applicable at
300 GHz (millimetres) [18]. The MC equations are applicable across all the
distances from nano- to kilometres

of the successful operation of a communication system. The
receiver sensitivity determines the acceptable level of power at-
tenuation. We employed the energy metric in MC which is asso-
ciated with time-domain pulse transmission [19] and for which
simple approximate formulae are derived in this work. These
formulae are derived based on time integration. The longer the
integration time the larger the received energy. Although the
use of different metrics in different domains prevents direct
comparison between EM and molecular signal transmission,
the use of simple power/energy expressions, such as the one
used in this work, provides insight into signal level attenuation
and will allow one to approximately determine the presence or
not of a communication link once receiver sensitivity values are
known. Hence, the emphasis of this paper is on presenting plots
of EM power attenuation or MC energy level with respect to
transmitter/receiver distance and across obstacles.

1) EM Pathloss: Assuming the EM waves radiate from a
point source, the power gain (Ap) at distance d is:

drrdf\ 2
AFS,EM,P(d’f)=<%C) , (D

where f is the frequency and c is the speed of light in a vacuum.
The time of arrival of the wave is T = d/c.

2) MC Pathloss: For molecules that diffuse from a point
source in free-space, a more appropriate measure of loss can be
derived first from the hitting probability density function (pdf)
[20], [21]:

1 d?
d,D,tp)= ——— -, 2
PFs,MC 0) @nDiy? eXp< 4Dt) )

where D is the diffusivity (governs the rate of diffusion) and the
exponent p varies with the number of dimensions, such that:
1-dimensional space (p = 1/2), 2-dimensional space (p = 1),
and 3-dimensional space (p = 3/2). The aforementioned equa-
tion can be derived from first principle when considering the
position distribution of a particle restricted to random motion
of a unit steps [20]. As shown recently in [19], the molecular
energy gain (Ag) in 3-dimensional space can be found by
integrating Eq. (2) over the reception time 7"

T
Arsnics(d D) = lim / prsacdi = GxDd) . (3)
T—+o00 0

The maximum hitting probability (pulse amplitude) is detected
at T = d?/6D and the corresponding value is [3/(27we)]3/2d 3.

It is worth noting that further work have considered varia-
tions of Eq. (2) by including a receiver that absorbs molecules
[5], [22] and also for disruptive laminar flow against the direc-
tion of communications [23]. More complex simulation work
that involves the interaction of attraction and repulsion forces is
presented recently in [24].

B. Comparison

Comparing EM wave and MC propagation, one should note
that: (i) the gain of EM wave power is inverse-square pro-
portional to the frequency f and distance d. The gain of the
molecular energy is inversely proportional to the the diffusivity
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Fig. 1. Top: Free-space gain of EM signal power and MC signal energy versus
different distances d for different EM frequencies f and different molecular
diffusivity D. Bottom: Time delay 7 versus distance d for different EM
frequencies f and different molecular diffusivity D. The results are analytical.

D and distance d; and (ii) the time of arrival of EM waves is
not dependent on the carrier frequency f, and increases linearly
with distance d. The time of arrival of molecules is dependent
on the diffusivity D and increases quadratically with distance d.
For free-space propagation, from a communications perspec-
tive, one can surmise the following. As shown in Fig. 1, EM
wave signals offer small delay (t ~ 1 ns) communications with
a power gain that is inverse-square proportional with the fre-
quency and distance o< (fd) 2. Molecular signals offer long de-
lay (t ~ 1 s) communications with an energy gain that is inverse
proportional to the the diffusivity? and distance o< (Dd)~

These initial results have shown that in free-space, molecular
communication (MC) energy attenuates at a lower rate than EM
wave signals. However, moving away from the idealized free-
space models, the explicit boundaries that divide reliable MC
from reliable EM wave based communications remains unclear,
especially in environments that can significantly attenuate EM
waves. This paper will set out the demarcation in terms of the
propagation environment, as well as key wave and diffusion
parameters.

III. METALLIC PIPE CHANNEL

Metallic pipes can be found in a variety of civil and industrial
environments and have varying applications such as water
supply and ventilation. It will be of interest to consider the

2The diffusivity values are chosen in this paper to allow for visual compari-
son on how gain varies with per unit distance for EM and MC systems.

< a >

Fig. 2. Illustration of pipe’s rectangular cross section with width a, height b,
and a variable length.

molecular and EM wave propagation characteristics when the
need arises to communicate information within a long metallic
pipe [4], [14]. We only consider a single pipe, as opposed
to a branching network, of rectangular cross-section. As an
example, let us consider a pipe with a rectangular cross-section
of width a, height b, and length d, as shown in Fig. 2. The
material inside the pipe is assumed to be free space.

A. EM Wave Propagation

1) Loss-Less Walls: From the EM wave propagation point
of view, the dimensions of the cross-section of the pipe dictate
the propagation of its transverse electric (TE,,,) and transverse
magnetic (TM,,,) modes, i.e., the cut-off frequency f. of each
mode below which no EM wave power propagates in the
waveguide. In our example, the mode with the lowest cutoff
frequency is the TEjp mode and hence EM wave signals with
frequencies less than the cut-off frequency of this mode, given
by [25]:

1

fc,Pipe (@) = W s “4)

cannot carry any power along the pipe. In Eq. (4), €9 and po
are the permittivity and permeability constants of free-space. In
contrast, signals of higher frequencies can carry power which,
for wave-guides with perfectly electrically conducting walls,
can be considered to propagate un-attenuated.

2) Lossy Walls: In real life however pipes are made of finite
conductivity metals and hence the transmitted signal power is
absorbed. The power gain is given by [25]:

f 1+2h fLPlpC)
[nfe
Apipe EM,P(a, b, d,f) =exp | —2d szo

/ f C, Plpe

(5)

where o is the conductivity.

In Fig. 3 the power loss of the EM wave signal is plotted
against the propagation distance for two frequencies. The gain
improves as the frequency of operation increases above the cut-
off frequency fc pipe. The conductivity of the copper pipeis o =
5.7 x 107 S/m. The dimensions of the pipe’s rectangular cross-
section are assumed to be a = 5 cm and b = 3 cm.
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Fig. 3. Pipe channel gain of signal power and energy; as a function the pipe
cross-section dimensions (¢ =5 cm, b = 3 cm), distance d and: frequency f
for EM waves, and diffusivity D for molecules. The results are analytical.

B. MC Propagation

For molecular propagation, the pipe environment can be
modelled as semi-infinite 1-dimensional channel. Given that
the pipe cross section is consistent and small compared to the
length of the pipe channel, the effect of the boundary conditions
have been shown experimentally to be negligible, and the gain
only depends on the distance and the temperature dependent
diffusivity [12]. The energy gain can be found using a numerical
integration method for single sided 1-dimensional diffusion
over a reception period of T

T
ApipeMc.E(d, D) = TlirfmZ/ pEs.mc(d, D, t, p = 0.5) dt
- 0
(6)

The gain for molecular diffusion in this case decays in a log-
linear (exponential) relationship with distance o exp(—d) for a
sufficiently large reception time.? The time T to peak is given
as T = d*/2D.

In Fig. 3, we present the copper pipe channel gain as a
function of the distance d and frequency f for EM waves, and
diffusivity D for molecules. The results show that both the EM
wave power and MC energy decay log-linearly (exponentially)
with distance. In the lossy copper pipe scenario, the energy loss
per unit length is lower for the MC than the power loss per
unit length for EM waves for the particular set of parameters
chosen.

IV. KNIFE EDGE/APERTURE CHANNELS

The knife edge channel is used as a simple approximate
model for calculating EM wave propagation over hills and
buildings. Knife-edge type objects are often found at the macro-
scale in urban and rural environments. As illustrated in Fig. 4,
we consider a point source transmitter (Tx) and a point receiver
(Rx) obstructed by a thin, absorbing screen having a height of
H, and an aperture (slit) of width &, which is larger than the EM
wavelength.

3Strictly speaking, the reception time 7 cannot approach infinity as the
integral does not converge.

s h=H+8

Transitional
Zone

Diffusion Path \

d, d,

Fig. 4. Illustration of knife edge or aperture scenario with a transmitter (Tx)
and receiver (Rx) on the same horizontal reference line, obstructed by a thin
and non-penetrable and non-absorbing object with height H. A gap (transition
zone) exists H < § < +o0.

A. EM Wave Propagation

The following approximate diffraction coefcient formula for
the aperture (diffraction by long slit), in terms of the cosine and
sine Fresnel integrals, is readily obtained based on the knife
edge derivation presented in [26]:

@ (vH+s) — P(vH)
1—j
where ®(v) = C(v) — jS(v), and where C(v) and jS(v) are

cosine and sine Fresnel integrals and vgy is the diffraction
parameter, such that for a height H:

2(dy + d>)
vy~ H | ————.
Mdydy

The knife-edge diffraction coefficient is obtained in the limit of
8 — 400 and since ®(oc0) = %, it follows that [27]:

D:

, (N

®)

1 .
D= 3 [1-a+pewm], ©)
which is valid provided the following conditions hold [27]:
(i) (d1, d2 > H); and (ii) (d1, d2 > A).
The power gain between a point source transmitter and a
receiver is given by:

Axknife.eM.P(H, d, f) = Ars.emp|DI?, (10

where Ars gm, p is the 3-dimensional free-space gain that we
defined in (1) and |D|? is the knife-edge diffraction loss. In the
simulations, the knife-edge diffraction loss is calculated using
the Lee approximation [26].

B. MC Propagation

As considered in the EM case, we model an absorbing screen
having a height of H, and an aperture (slit) of width §, which
is larger than the dimension of the molecules. There is not
many existing literature tackling this problem. For molecular
diffusion through the slit in the obstacle, we consider the
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random walk between two fixed points: one is on the left side of
the obstacle with distance d; to the obstacle, and the other is on
the right side of the obstacle with distance d» to the obstacle. We
have then p7, (d1, h, D, 1) the transitional pdf for the left random
walk from the point (—dj, 0) to the point (0, ), and like wise
p1,(d2, h, D, t) the transitional pdf for the right random walk
from the point (0, &) to the point (d>, 0). The transitional pdfs
are half-planar hitting pdfs:
o[-

where d = d; for the transmitter side 77 and d = d» for the
receiver side T5.

Interpreting the transitional pdfs as wave frequencies, the
efficient frequency from source to destination is the convolution
of the two involved frequencies p7, and pr,. That is the hitting
pdf for the random traveling, which is described as a pinned
Brownian motion with the two fixed points (—dj, 0) and (d3, 0).
This is the convolution pr, * pr, for the valid range h > H:

1
pr(d,h,D,t) = ——ex (11

2m Dt

d* + h?
4Dt )’

+00
PKnifeMc(d1, d2,t, H) = / pr1 * pr2dh
h=H
ex _ di+d]
P\~ 2+ -2
= dzdh
- @xDn?  J,_ 4Dt

2 + d2

€xp (_ 4Dt ) H 2
= 42 Dr erfc ( m) .
For verification of the hitting pdf, we use a proprietary 2-D
molecule Monte-Carlo simulator [28]. From Fig. 5, we can see
that the peak responses largely agree, but the tail end of the MC
knife-edge pdf is over optimistic in comparison with the Monte-
Carlo simulation results. In both cases, the simulated results are
reasonably accurate compared to the theoretical expressions,
especially the peak arrival value and time. For the simulations,
25 million particles are assumed to be released and the hit-
ting probability (not normalized) is recorded over a period of
100 seconds. A snap-shot of the Monte-Carlo simulation for a
knife-edge channel is shown in Fig. 6.

If we examine the hitting pdf in Eq. (12), it essentially has
two elements:

1) the 2-dimensional Planar Hitting pdf which inverse
exponentially scales as a function of the shortest distance
through the obstacle (d; and d»);

2) the Complementary Error Gain Function which decays
from 1 to 0 as a function of increasing obstacle size H.

12)

A more general version of this problem is the hitting probability
through an aperture, which can be found in the Appendix B in
Eq. (18). The full proof of the double Gaussian integral can be
found in Appendices A and B. The condition for when aperture
is equivalent to knife edge is:

<H +6 )2
erf

~/ 8Dt
which occurs when either: (i) the obstacle is tall (e.g., a moun-
tain), or (ii) the aperture is large.
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Fig. 5. Top: Hitting pdf as a function of different receiver distances dp with a
fixed diffusivity D, obstacle height H = 4 m and transmitter location d; = 0 m.
Bottom: Hitting pdf as a function of different aperture sizes § and obstacle
heights H =4 m, with a fixed diffusivity D, and transmitter and receiver
locations di = dp = 3 m. The results are both analytical and from Monte-Carlo
simulations.

Molecule Path

Obstacle

Receiver

l

Fig. 6. A snap-shot of the Monte-Carlo simulation for a knife-edge channel.

1 Transmitter

et

We now consider two special cases of the aperture channel
of Fig. 4:

1) Scenario A (Variable Receiver Distance): the transmitter
is fixed at di = 0 and the receiver distance d; varies. The
height of the obstacle H = 4 m is fixed.

2) Scenario B (Variable Aperture): both the transmitter and
the receiver are placed in fixed locations, and the aperture
has a variable size such that 0 < § < 400, where § —
+o00 is the knife edge example.
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Fig. 7. Knife-edge channel gain of EM signal power and MC energy as a
function of receiver distance dy, for different EM frequencies f, and molecular
diffusivity D. The results are analytical and the MC results are off-set to be on
the same scale as EM results.

In Fig. 5, the corresponding hitting pdfs for Scenarios A and B
are shown. In Fig. 5 (top), which is Scenario A, a fixed obstacle
of height H = 4 m and transmitter position of d; = 0 m at the
base of the obstacle was considered. The receiver was placed
at variable distances (d> = 0 to 8 m). The resulting hitting pdfs
show that as the receiver moves further from the obstacle, a
greater delay (t) to peak is expected, as well as a smoother
hitting pdf. Generally speaking, receivers not in high diffraction
loss positions perform worse than those in high diffraction
loss for MC, because the shortest path from transmitter to
receiver is longer. In Fig. 5 (bottom), which is Scenario B, an
aperture is considered. The lower boundary of the aperture has
height H = 4 m and a aperture sizes of § =5 m and infinity
are considered. The transmitter and receiver are both placed
at a distance of 3 m away from the obstacle. The resulting
hitting pdfs show that as the aperture size increased, it gradually
becomes the knife edge model. As mentioned previously, the
simulation results from a Monte-Carlo simulator to validate the
theoretical model.

We now compare MC energy with EM power gain. For the
knife-edge example, the resulting received MC energy can be
found as: Agnife,mc,E(d1, d2, H) = limr_, { o0 fOT DKnife,Mc(d1,
da, t, H)dt. The gain for molecular diffusion in this case decays
in a log-linear relationship with distance for a sufficiently
large value of T. In Fig. 7, we present the knife edge channel
gain as a function the receiver distance d, for different EM wave
frequencies and molecular diffusivity D. The results show that
the EM knife edge gain reduces as the distance d; increases;
and for sufficiently large distance d», the EM loss per unit
length is log-linear. For MC, the gain always reduces log-
linearly with distance.

V. MESH CHANNEL

Wire meshes find many applications, most of which are not
designed with EM wave propagation in mind, such as fences
and cages. As an example, we consider a (bonded) orthogonal
square unit cell mesh, shown in Fig. 8, consisting of thin wires
of radius r and period R.

—_— ||

2r

Fig. 8. Illustration of mesh with cylindrical wires of radius r and separation
period R.

A. EM Wave Propagation

Meshes can attenuate the power of an incident EM signal
through absorption, reflection and cross-polarisation. For a
sufficiently small period compared with the wavelength, one
can obtain simple expressions for the plane wave transmission
coefficient through the mesh for both parallel and perpendicular
polarisation [29]. The transmission coefficient depends on the
angle of incidence, the incident wave polarisation, the geo-
metric parameters of the mesh, and the frequency. For this
electrically small period case, cross-polarisation can be ne-
glected. Furthermore, the transmission coefficient expressions
for the two polarisations merge into a single one if one assumes
normal incidence, as it is assumed here for simplicity. Also for
simplicity, it it assumed that mesh absorption can be neglected.
Hence, for point source transmitter and receiver, the gain may
be approximated as (this problem may be considered as a one
wall Keenan-Motley model [30]):

_n
n—27Zg

where n = \/uo/€0, Zg = — jfuoRIn(1 — exp(—27r/R)), and
Ars Em, p(v = 1) is the free-space gain without the mesh.

AMesh,EM,P(, R, f) = Ars Em,p |1 — , (14)

B. MC Propagation

For molecular propagation, the mesh environment can be
modeled as 3-dimensional propagation model. The effect of the
mesh wires is assumed to be negligible for a sufficiently large
R/r ratio. The energy gain is the same as that of free-space:

Antesnic,£(d. D) ~ Apsicp(d: Dy p = 3/2) = ——. (15)
47 Dt

The gain for molecular diffusion in this case decays in an

inverse relationship with distance (o< d~!) for a sufficiently

large value of T — oo.

In Fig. 9 (top), we present the mesh gain as a function of
the mesh period R for different frequencies. From the results,
we can see that as the mesh period increases with respect to
the EM wavelength, the gain increases. For a mesh period of
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Fig. 9. Top: Mesh gain of EM signal power as a function of the mesh duration
R for different EM frequencies f. Bottom: Mesh gain of EM signal power
and MC energy as a function of the propagation distance (d) for different
EM frequencies f and MC diffusivity D. A mesh with period R = 0.03 m is
positioned at a distance of 10 m from the source.

R = 0.03 m and wire radius » = 0.25 mm, Fig. 9 (top) shows
that the gain difference between the 0.5 GHz and 1 GHz signals
is 5 dB. In Fig. 9 (bottom), we place the mesh 10 m away
from the point transmitter source. Then we also assume a
point receiver source. We observe a similar trend to the EM
free-space results shown previously in Fig. 1, except that the
signal suffers an additional loss at the mesh’s location. For
comparison, we also plotted the 3-dimensional FS MC results.
This demonstrates the advantage of MC, suffering negligible
loss due to the mesh.

VI. CONCLUSION AND FUTURE WORK

Comparison between the molecular and electromagnetic
wave propagation loss in macro-scale channels was extended,
for the first time, beyond free-space to consider a pipe channel,
a knife edge channel and a mesh channel. In doing the compari-
son, simple approximate analytical formulations were used that
provide insight into the behaviour of the signals. The aim was
to identify scenarios and parameters for which the molecular
signal energy propagation loss was lower than the power loss
of the propagated electromagnetic signals.

For the copper pipe, the channel attenuation as a function of
the pipe length, electromagnetic wave frequency and molecular
diffusivity was considered. It was shown that for a lossy pipe
both the electromagnetic power and the molecular communi-
cation energy decay log-linearly with distance. However, the
attenuation per unit length was lower for the molecular than
for the electromagnetic wave propagation. For the knife-edge
channel, the attenuation as a function of the receiver distance

from the obstacle was presented for different electromagnetic
wave frequency and the molecular diffusivity. The results
showed that electromagnetic wave attenuation increased as the
receiver distance from the obstacle was decreased. However, no
such behaviour was observed for the molecular signal whose
attenuation was always increasing log-linearly with distance.
Finally, for the thin wire mesh channel, it was shown that
the attenuation of the electromagnetic signal increases, for a
given wavelength, as the period of the mesh decreases. For the
molecular signal however one anticipates that the effect of the
mesh will not be as significant.

Based on the results of this work, one expects that molecular
communication may have an advantage over electromagnetic
communication in more complex environments where multiple
obstacles are present. It is also unclear how ultra-high frequency
EM communications will compare to MC in liquid environ-
ments of different viscosities. How the discoveries made in
this paper along with the aforementioned factors and different
noise models ultimately contribute to the information theoretic
capacity is not known. These unexplored areas will be the
subject of future work.

APPENDIX

A. Convolution of Two Transition Probability Densities
From Eq. (12), we have for an aperture channel (Ap.):

H+$

pap.mc(di, dz, t, H) = / pri1 *pr2 dh. (16)

h=H

The convolution with respect to 4 is:

h
PT1 * P12 = / pri@prith—z)dz
0

d+d3
A /hex 24+0=97,
= @z ), P 4Di ‘
d?+d? 72
~/ 27 Dt exp <_—140z2 — m) I
= erf (17
(27 D1)? («/ 8Dt>

B. Hitting PDFs for Aperture and Knife Edge Scenario

Combining Eq. (12) with Eq. (17), we can consider a
transition zone of size H to H + §:

d%+d§ W2
Hts €XP\ —~apr — D7 i
= erf dh
Phap.MC /H (27 D1)/2 («/—m)

(18)

di+d}
XP\ T H+68\>
= f -_
axDr | (4/_80)
For 6 — 400, the knife edge hitting pdf is:

&+d3
EXP\ —~apr

47 Dt

()

PKnife, MC =

H 2
rf . 19
C(«/SDt) (19)
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