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Wirelessly interconnected nanorobots, i.e., engineered devices of sizes ranging from one
to a few hundred nanometers, are promising revolutionary diagnostic and therapeutic
medical applications that could enhance the treatment of major diseases. Each nanorobot
is usually designed to perform a set of basic tasks such as sensing and actuation. A dense
wireless network of nano-devices, i.e., a nanonetwork, could potentially accomplish new
and more complex functionalities, e.g., in-vivo monitoring or adaptive drug-delivery, thus
enabling revolutionary nanomedicine applications.

Several innovative communication paradigms to enable nanonetworks have been
proposed in the last few years, including electromagnetic communications in the terahertz
band, or molecular and neural communications. In this paper, we propose and discuss an
alternative approach based on establishing intra-body opto-ultrasonic communications
among nanorobots. Opto-ultrasonic communications are based on the optoacoustic
effect, which enables the generation of high-frequency acoustic waves by irradiating the
medium with electromagnetic energy in the optical frequency range. We first discuss
the fundamentals of nanoscale opto-ultrasonic communications in biological tissues by
modeling the generation, propagation and detection of opto-ultrasonic waves, and we
explore important tradeoffs. Then, we discuss potential research challenges for the design
of opto-ultrasonic nanonetworks of implantable devices at the physical, medium access
control, and network layers of the protocol stack.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

interconnection of nanodevices, i.e., a nanonetwork, could
potentially accomplish new and more complex function-

Wirelessly interconnected nanorobots,! i.e., devices of
sizes ranging from one to a few hundred nanometers, are
a promising solution for remote and distributed medi-
cal diagnosis and treatment of major diseases [2]. Each
nanorobot is usually designed to perform a set of ba-
sic tasks such as sensing and actuation. A dense wireless
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alities, e.g., in-vivo monitoring or adaptive drugs delivery,
thus enabling revolutionary nano-medicine applications.
Nano-sensors and nano-actuators distributed in the hu-
man body could enable pervasive and reactive continuous
in-vivo monitoring. Pressure nano-sensors deployed in the
eye can be helpful for high intraocular pressure (IOP) for
early diagnosis and treatment of glaucoma to prevent vi-
sion loss, while monitoring bone-growth in young diabetes
patients could help in preventing and treating osteoporo-
sis. Wirelessly controlled nanorobots may be used to detect
and eliminate malicious agents and cells inside biological
tissues, e.g., viruses and cancer cells, enabling less invasive
and less aggressive treatments [3,4]. Moreover, networked
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nano-devices will be used for organ, nervous track, or tis-
sue replacements, i.e., bio-hybrid implants.

Several innovative communication paradigms have
been proposed during the last few years, including tera-
hertz band communications [5,6], or molecular and neural
communications [7-9]. In this paper, we take a different
approach and investigate and study the use of ultrasonic
waves to enable wireless networking between intra-body
nanorobots.

Ultrasounds are mechanical waves that propagate in an
elastic medium at frequencies above the upper limit for
human hearing, i.e., 20 kHz. Acoustic waves are known to
propagate better than their radio frequency (RF) counter-
part in media composed mainly of water and have been
used successfully for underwater communications [10,11];
and for ultrasonic imaging [12,13]. In [14-16], we showed
that ultrasonic waves have a strong potential to en-
able internetworking among implanted devices in the hu-
man body at communication ranges spanning from few
pwm to several cm; while in [17] the authors, based on
consideration on the physics of ultrasound propagation,
investigate the power requirements for acoustic communi-
cations between nanorobots across various distances and
tissues. However, as of today and to best of our knowledge,
no existing studies have explored the feasibility of ultra-
sonic wave generation and detection at the nanoscale for
communication purposes; moreover, no previous work has
investigated communication and networking principles
necessary to build the foundation of ultrasonic nanonet-
works.

Ultrasounds are typically generated through piezoelec-
tric materials that convert electrical energy into mechani-
cal energy and vice versa [18]; or through the vibration of
a thin plate, i.e., a capacitor, under electrostatic forces [19].
Microelectro-mechanical system (MEMS) technology en-
ables the fabrication of both microscopic piezoelectric
and electrostatic ultrasonic transducers, i.e., piezoelec-
tric micromachined ultrasonic transducers (pMUTSs) [20],
and capacitive micromachined ultrasonic transducers
(cMUTs) [21].

However, microscopic transducers do not satisfy the
size requirements for being embedded into devices with
nanoscopic dimensions, i.e., nanorobots. While, to best
of our knowledge, no reports of nanoelectro-mechanical
system (NEMS) ultrasonic transducers have appeared in
the literature yet, initial successful attempts at developing
nano-ultrasonic transducers based on the optoacoustic
effect [22] have been reported.

The optoacoustic effect is a special case of a broader ef-
fect known as the photoacoustic effect. Photoacoustic ef-
fects in general refer to the generation of acoustic waves
by any type of electromagnetic (EM) radiation, from ra-
dio frequency to X-ray. When the mechanical excitation
is generated by a radio frequency wave, the phenomenon
is referred to as thermoacoustic effect, while it is typically
referred to as optoacoustic effect when the excitation fre-
quency wave is in the optical range. In optoacoustics,
acoustic waves can be generated through various mech-
anisms, including optical breakdown, vaporization, and
thermoelastic generation [23]. In this paper, we consider

the thermoelastic mechanism, where the energy irradiated
by a laser is absorbed by the tissue surface or by an inter-
mediate material causing rapid heating, and thus thermoe-
lastic expansion, which in turn generates ultrasonic waves.
Faster transient heating generates higher frequency com-
ponents. For example, optical pulses a few nanoseconds
long can generate ultrasonic pulses with central frequency
and bandwidth in the order of hundreds of MHz [24].
We refer to ultrasonic waves generated through optical
sources as opto-ultrasonic waves.

The photoacoustic effect was discovered in 1880 by
A.G. Bell [25], who observed that a pulsed source irradiat-
ing a solid substrate can produce a sound wave. In the last
decade, the photoacoustic effect has found extensive ap-
plication in biomedicine and three-dimensional imaging,
since it combines the high resolution of ultrasonic waves
with the high contrast that characterizes light absorption.
Indeed, optoacousticimaging can be seen as an ultrasound-
mediated EM imaging modality or an ultrasound imaging
modality with EM-enhanced contrast [26].

The joint use of light beams and ultrasonic waves that
characterizes optoacoustics could potentially be the foun-
dation of a new communication paradigm to enable intra-
body networking at the nanoscale. In fact, EM waves in the
optical frequency range do not propagate easily in tissues;
while ultrasonic waves propagate fairly well in media com-
posed mainly of water. At the same time, generating and
detecting ultrasounds through pulsed lasers has several
advantage with respect to traditional ultrasonic transduc-
ers such as piezoelectric and capacitive transducers. In
fact, optoacoustic sources and receivers offer very high
miniaturization, high bandwidth and high sensitivity as
compared to competing solutions [24,22]. Moreover, di-
rect generation of ultrasonic waves in tissues may reduce
energy losses associated with the coupling between the
transducer surface and the tissue itself. Finally, recent ad-
vances in nano-optics have made the design and fabrica-
tion of nanoscopic optical sources, i.e., nanolasers, possible
[27-29]. However, photoacoustic generation of ultra-
sounds also introduces significant challenges that need to
be addressed to enable the design of transmission schemes
and networking protocols for intra-body nanonetworks.

In this paper, we discuss the fundamentals of nanoscale
opto-ultrasonic communications in biological tissues. We
first model the generation, propagation and detection of
opto-ultrasonic waves, and explore relevant design trade-
offs. Then, we discuss potential research challenges for the
design of opto-ultrasonic nanonetworks of implantable de-
vices at the physical (PHY), medium access control (MAC)
and network layers of the protocol stack.

The rest of the paper is organized as follows. In
Section 2, we discuss the potential hazards posed by us-
ing opto-ultrasonic communications in the human body. In
Sections 3-5, we model the opto-ultrasonic wave gen-
eration, propagation, and detection, respectively. In Sec-
tion 6 we discuss the design challenges of opto-ultrasonic
communications in the human body at different levels of
the protocol stack. Finally, in Section 7, we conclude the

paper.
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2. Opto-ultrasonic waves and health concerns

When generating opto-ultrasonic waves, the human
body is exposed to both electromagnetic energy, in the op-
tical frequency range, and to acoustic energy, in the ul-
trasonic frequency range. In this section, we discuss the
potential hazards of using opto-ultrasonic communica-
tions in the human body, and we report reference values
of maximum tolerable energy levels for both optical and
acoustic radiations in biological tissues.

2.1. Optical bioeffects

Opto-ultrasonic waves are generated through various
optoacoustic mechanisms, such as optical breakdown, va-
porization and thermoelastic generation [23]. The effi-
ciency of the generation mechanism is measured in terms
of the optoacoustic generation efficiency n, that is, the
ratio between the acoustic energy generated over the op-
tical energy absorbed. Optical breakdown is the most effi-
cient mechanism, and it occurs when high levels of optical
energy ionize a tissue, thus forming a plasma that gener-
ates a pressure wave while expanding. Optical breakdown
is characterized by a high generation efficiency, e.g., up to
30% in liquid, but requires extremely high laser intensities,
above 10'" W/cm? [30,31]. When the optical energy ab-
sorbed by the tissue is lower than the breakdown thresh-
old, but exceeds the boiling threshold, e.g., 2600 ]/cm? for
water, vaporization occurs, producing an opto-ultrasonic
wave with efficiencies from 0.01% to 1% [32]. Finally, laser
intensities lower than the breakdown and vaporization
thresholds produce the so-called thermoelastic mecha-
nism, where the absorbed energy generates a temperature
gradient that leads to a thermal expansion, and therefore
to the generation of opto-ultrasonic waves. This mecha-
nism presents relatively low generation efficiency, in the
range of 107%-107°[32,33], but it is in general more attrac-
tive because of its non-destructive and low-thermal effect
properties. The thermoelastic effect can be further classi-
fied in two distinct modes, a continuous-wave mode and
pulse-based mode [34]. The former consists of exciting the
tissue with a pulsed light beam with a 50% duty cycle, while
the latter is based on a very low duty cycle but higher inten-
sity peaks. Pulse-based generation creates high-frequency
ultrasonic waves with higher optoacoustic conversion ef-
ficiency, while the low duty cycle can further reduce the
potential overheating caused by consecutive laser excita-
tions. Since nanorobot communications need to be non-
destructive, we focus on thermoelastic generation only, in
particular in the pulse-based mode. Thus, in the rest of this
paper, we assume that optical excitation energies are lower
than the breakdown and vaporization thresholds. More-
over, we assume that the excitation energy is lower than
a safety threshold given by the maximum permissible ex-
posure (MPE) recommendations defined by the American
National Standards Institute (ANSI) [35]. For example, in
terms of irradiance, i.e., the laser intensity expressed in
W/cm?, ANSI recommend a 10~2 W/cm? limit for optical
radiation in the 400-700 nm wavelength range, i.e., visi-
ble range, and 102?*~%7) in the 700-1050 nm wavelength

range, i.e., part of the near infrared range, with A being the
wavelength of the optical radiation in microns. The ANSI
standard also defines formulas to determine the repetitive
excitation MPE for different wavelength ranges, pulse rep-
etition frequencies, and single-pulse durations.

2.2. Acoustic bioeffects

The most well-understood acoustic effect in biological
tissues is heating. During ultrasound propagation, a portion
of the energy is absorbed and converted into heat, which
could lead to a temperature increase. A linear relationship
between ultrasound intensity (i.e., power carried by the
wave per unit of surface) and temperature rise has been
demonstrated [36,37]. It was also shown that the relative
protein content of tissues and the propagating frequency
contribute to determining ultrasound absorption, which
can vary from 0.212 Np cm~! MHz™! in skin up to
1.8 Np cm~! MHz™! in bones [38]. Also, exposure time
plays an important role in the heating effect. An increase
in temperature occurs if heat generation due to ultrasound
absorption is greater than heat dissipation through blood
circulation in the tissue, i.e., tissue perfusion. As the
wave intensity increases, the temperature rises and if it
becomes higher than 38.5 °C, adverse biological effects
may occur. Since heating is caused by the intensity of the
wave, impulsive transmissions with a low duty cycle can
potentially reduce this effect by a factor proportional to the
duration of the duty cycle.

Another effect caused by ultrasonic wave propagation
is cavitation, which denotes the behavior of gas bubbles
within an acoustic field. Pressure variations of the ultra-
sound wave cause bubbles in the propagation medium
to contract and expand. For large pressure variations, the
bubble size drastically increases, reaching an expansion
peak when pressure is minimum and then collapsing when
pressure reaches its peak. During this process, the inter-
nal pressure and temperature in the bubble can reach
high values causing serious biological effects and dam-
aging tissues located in close proximity. Cavitation is a
frequency-dependent phenomenon. Since at higher fre-
quencies there are shorter pressure oscillations, the bubble
expansion time is reduced and the cavitation effect tends to
disappear. Impulsive transmissions may also contribute to
reducing cavitation effects, since during the off period bub-
bles tend to return to their original size without imploding.
Destructive cavitation effects have not been reported at in-
tensity values less then 10* pW/pm? [39,17].

Mechanical effects of ultrasounds in tissues also include
structural and functional injuries that can affect biological
cells when exposed to pressure waves. This effects are
proportional to the pressure peak and repetition of the
stress applied, but also depend on the cell type and
the activity of the cells [40]. Experimental results report
damage thresholds in the order of 10° Pa [40,17].

Ultrasounds have been successfully used for thera-
peutic and diagnostic purposes inside the human body
since the 1960s with no detrimental effects. The medical
experience of the last decades has demonstrated that ul-
trasound is fundamentally safe, as long as tissues are
exposed to acoustic intensities below 10° pW/pum? for
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unfocused ultrasounds [41]. A safe value of 10* pW/pum?
is also considered for ultrasounds produced by a focused
transducers whose focal length? is regulated through a lens
to a desired value [41]. The resulting pressure peak limits,
assuming a micron-sized acoustic source, and considering
the quadratic relationship between acoustic intensity and

pressure | = P;eack, with p and c the density and speed

of sound in the tissue [14], are approximately 0.06 - 10°
and 0.17 - 10° Pa for unfocused and focused ultrasound,
respectively. These pressure values are one or two orders
of magnitude lower than the cell damage thresholds dis-
cussed above. In general, such detrimental effects have not
been observed when the acoustic energy imparted to the
tissue, i.e., the product of intensity and exposure time, is
less than 50 J/cm? [41,14]. Therefore, ultrasounds at low
transmission pressure levels, and consequently low trans-
mission power levels, are known to not cause any lethal
bioeffects. Thus, opto-ultrasonic communications can be a
safe and reliable alternative to classical electromagnetic RF
communications.

3. Opto-ultrasonic wave generation

In this section, we model the generation of opto-
ultrasonic waves and characterize the generated signal
both in the time and frequency domain. We show how
the temporal profile of the signal, and hence its frequency
spectrum, depend on (i) the duration of the optical
excitation and (ii) the width of the optical beam. Moreover,
we observe that the amplitude of the generated signal
depends on the intensity of the optical excitation and the
characteristics of the radiated tissue. We also discuss the
issue of optical source selection, and present potential
techniques that can be adopted to increase the conversion
efficiency of thermoelastic ultrasound generation.

3.1. Thermoelastic generation model

As discussed in Section 2, when the intensity of the
laser exciting the tissue is lower than the breakdown and
vaporization thresholds, opto-ultrasonic wave generation
is based on the thermoelastic mechanism.

Assume a stationary and non-viscous soft-tissue with
negligible thermal conductivity. Under these conditions, if
sound speed and density are constant in space, the acoustic
pressure as a function of time t and space vectorr, P(r, t),
in the linear acoustic approximation and in the absence of
absorption, obeys the acoustic wave equation [42],

3%P(r, t AH(r, t

L—CZVZP(I', t) :rL, (1)
a2 at

where ¢ (m/s) is the speed of sound, I' = ﬂc—c: is the

dimensionless Griineisen coefficient, which measures the

conversion efficiency from optical energy to pressure, 8

(K~1) is the thermal volume expansion coefficient, G

2 The distance from the transducer to the point of maximum signal
amplitude.

(J Kg~'K~1)is the specific heat capacity of the medium, and
H(r, t) Jm~3s~1)is the heat energy absorbed by the tissue
per unit time and unit volume. If we assume the source
to be stationary, the heating component can be written as
H(r,t) = E,G(r)T(t), where T(t) (s~!) and G(r) (m~3)
represent the temporal profile and the radial profile of the
heat source, respectively, and are related to the radiating
source, i.e., the beam diameter and the duration of the
pulses. The term E, (]) is the total energy absorbed by the
tissue. The total energy absorbed can be further expressed
as E;, = uqF, where u, is the absorption coefficient
(m~1) and F is the beam local fluence (] m—2). Under very-
short optical pulse excitation, the absorbed heat becomes
H(r,t) = E.G(r)é(t), where §(t) is the Dirac function.
Under this condition, the wave equation becomes:

32P(r, t)

e c?V2P(r, t) =0, (2)

with initial values P(r, 0) = I'E,G(r) and ap('t -9 — 0. Thus
the initial pressure, P(r, 0) is directly proportional to the
absorbed energy density E,G(r).

The above equation gives us a solution for an ideal
instantaneous radiation. The solution for a finite, hence
real, pulse can be found by calculating the convolution
between the ideal solution and the temporal laser pulse
profile [43]. Specifically, let us assume a spherical Gaussian
radial and temporal profile for the source

1 1,12

G(r) el me_i(ﬁ) 5 (3)

T(t) = 3 (5) (4)

2Tt

where R is the radius of the sphere, and 7 is the character-
istic width of the temporal profile.> Under this assumption,
the radial profile G(r) depends only on the radial compo-
nent of the vectorr, i.e., the Euclidean norm, which we de-
note as r. Under far-field condition (r > R), we obtain the
following pressure field generated [44]
2
BE, t—1 —%([Tet) ’ (5)

P(rit) =——rsr—
.0 2Q2m)32Cr T}

®andr, = /12 + 1/ According to this

model, 7., i.e., the effective characteristic width of the op-
toacoustic temporal profile, depends on both the duration
of the optical pulse and on the width of the optical beam. As
a consequence, sources with different radial profiles gener-
ate optoacoustic waves of different frequency for the same
incident light pulse. For example, a larger diameter beam
produces a lower frequency wave for the same temporal
profile with respect to a smaller diameter beam. The oppo-
site is also true. We also observe that the amplitude of the
generated pulse depends linearly on the thermal expan-
sion coefficient 8 and on the energy absorbed E,, i.e., from

wheret =L, 1, =
C

3 Half the pulse duration between the 1/e-points of the temporal
amplitude distribution.

Please cite this article in press as: G.E. Santagati, T. Melodia, Opto-ultrasonic communications for wireless intra-body nanonetworks, Nano
Communication Networks (2014), http://dx.doi.org/10.1016/j.nancom.2014.03.001




G.E. Santagati, T. Melodia / Nano Communication Networks I (111H) IIE-E11 5

Normalized Pulse

Normalized Spectrum

1000 T 1500

Frequency [MHz]
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Fig. 2. Central frequency and —3 dB bandwidth of the generated opto-acoustic signal as a function of 7; for three different values of the sphere radius R.

the absorption coefficient w, of the tissue at that specific
optical wavelength and the radiated laser energy F.

Based on these observations, to operate at desired
frequency and acoustic intensity ranges, i.e., spectrum
central frequency, bandwidth, and signal amplitude, the
optical excitation source must be tuned accordingly.

Opto-ultrasonic frequency spectrum. We now quanti-
tatively show how the opto-ultrasonic signal frequency
spectrum depends on the optical pulse duration and the
optical beam width. By Fourier-transforming (5), we obtain
the amplitude spectrum of the generated signal [44]

E,  _ 2
IPr.f)] = %fe 2, (6)
P

Figure 1 shows the normalized temporal profile and the
normalized spectrum of the generated opto-ultrasonic
pulse when varying the optical pulse duration, i.e., for
different characteristic widths of the temporal profile ;.
It is assumed that the radiating surface of the nanolaser is
spherical with radius R of 500 nm. The generated optical
beam is therefore also characterized by a radius R. We
observe that shorter optical pulses have higher central
frequency and a larger bandwidth. For example, with a
5 ns-long optical pulse, we obtain an opto-ultrasonic signal
with central frequency of 150 MHz and about 170 MHz
of —3 dB bandwidth. In Fig. 2, the central frequency and
the —3 dB bandwidth of the generated opto-acoustic signal
is plotted as a function of 7, for three different values of
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the sphere radius R. We observe that, according to the
sphere radius, when 1, < t,, both the central frequency
and the —3 dB bandwidth are strongly dependent on the
sphere radius, but less dependent on the optical pulse
duration. Instead, when the pulse duration becomes such
that 7; > 1,, the opto-ultrasonic signal spectrum becomes
independent of the beam radius and it only depends on the
optical pulse duration. Therefore, for a given beam radius
R, which depends on the nanorobot dimensions and the
size of the optical source, there is a maximum frequency
limit that cannot be overcome even by further reducing the
optical pulse duration. For example, for a 500 nm-radius
optical beam, the maximum achievable central frequency
is about 500 MHz.

Based on the discussion above, we can conclude that the
selection of the operating frequency is constrained by both
the dimension of the optical source, i.e., the optical beam
width, and the duration of the excitation pulse. Therefore,
if we fix the size of the nanorobot, hence the size of the
optical source, the opto-acoustic transmitter can tune the
operating frequency by varying the duration of the optical
excitation, up to the maximum frequency limit determined
by the optical beam width.

3.2. Optical sources

The optical beam generated by a laser provides the
medium with the energy, hence, the heat, required to
trigger the thermoelastic effect that generates the opto-
acoustic wave. Therefore, selecting the right optical source
is crucial while designing an opto-ultrasonic commu-
nication system. Current optoacoustic applications, e.g.,
photoacoustic tomography (PAT), make use of externally
located macroscopic lasers that irradiate the target tissue
that needs to be scanned. Pulse lasers are commonly used,
e.g., g-switched or mode-locked, that operate at optical
wavelengths in the visible range 400-700 nm or in the
near-infrared range 700-1400 nm [26]. The laser wave-
length is selected to maximize the energy absorbed by the
target tissue, and therefore, to increase the opto-ultrasonic
generation efficiency.

To make opto-ultrasonic nanocommunications feasible,
optical source dimensions need to be scaled in such a
way as to meet the nanoscopic integration requirements.
The miniaturization of lasers has been limited by the fact
that the size of the optical resonator has to be greater
than approximately half the optical beam wavelength
in the laser medium, i.e., the diffraction limit. However,
recent advances in nano-optics have made the design
and fabrication of optical devices with subwavelength
dimensions possible [27-29].

3.3. Optoacoustic amplification

The thermoelastic generation mechanism is in general
characterized by relatively low generation efficiency. How-
ever, the thermoelastic efficiency can be improved by us-
ing materials with high thermal expansion coefficients and
high optical absorption that can be interposed between the
light source and the tissue, thus enhancing the efficiency of
optoacoustic conversion. We refer to generation through

intermediate materials as indirect optoacoustic generation,
as opposed to the direct generation in tissues. The higher
efficiency of indirect generation can be leveraged to pro-
duce higher-intensity opto-ultrasonic pulses, and there-
fore consider the intermediate material as an amplification
stage in opto-ultrasonic transmitters.

A potential solution to amplify the signal consists of us-
ing a thin film metal or polymer-based absorber as inter-
mediate material [45]. When irradiated by a laser, the thin
film absorbs heat, and therefore it expands and radiates
an acoustic wave into the surrounding medium. Because of
the high optical absorption, the thin film generates higher-
intensity opto-ultrasonic waves compared to direct gener-
ation. When thin films are used, the optical absorption is
determined by the composition of the intermediate ma-
terial. As a consequence, the opto-ultrasonic efficiency is
virtually independent of the composition of the surround-
ing medium, and therefore independent of the location of
the opto-ultrasonic source in the body. As an alternative,
nanoscopic metal structures, e.g., gold nanoparticles, can
be used as photoabsorbers. Nanoparticles exhibit special
resonance effects at specific excitation wavelengths, which
enable strong light absorptions [46]. By absorbing opti-
cal energy, nanoparticles generate heat that is transferred
to the surrounding medium, which will then produce the
opto-ultrasonic wave due to the thermoelastic effect. As
for direct generation, the surrounding medium generates
the opto-ultrasonic wave, while the nanoparticles behave
as local heat sources. Because of the higher heat produced,
the thermoelastic response of the tissue is greater than
normal direct generation, which does not involve external
photoabsorbers. Moreover, generation in the tissue avoids
energy coupling problems that may occur with the thin-
film-mediated generation.

4. Opto-ultrasonic wave propagation in tissues

In this section, we discuss some fundamental aspects
of opto-ultrasonic propagation in tissues at the nanoscale
level. First, we discuss opto-ultrasonic signal propagation
in tissues in terms of attenuation, propagation delay and
multipath effect. Based on this, we discuss criteria for
selection of the optimal operating frequency.

4.1. Propagation effects

Attenuation. Two main mechanisms contribute to ultra-
sound attenuation in tissues, i.e., absorption and scatter-
ing. An initial pressure Py decays at a distance r according
to [47]

P(r) = Ppe™", (7)

where o (in (Np cm™1)) is an amplitude attenuation coef-
ficient that captures all the effects that cause dissipation of
energy from the ultrasonic wave. Parameter o depends on
the carrier frequency through o = af®, where f represents
the carrier frequency (in MHz) and a (in (Np cm~' MHz 7))
and b are attenuation parameters characterizing the tis-
sue [14]. In biological tissues, and for frequencies in the
range of few MHz, b is approximately equal to 1. When the
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frequency range is higher than 10 MHz, b has values close
to 2, as in pure water. Therefore, the attenuation coefficient
increases quadratically with frequency [17].

By multiplying (6) by the frequency-dependent sound
absorption in (7), we obtain

IP(r. )l = Pl fe 2D 4, (8)
' 2C,r

If we assume to operate at frequencies greater than
10 MHz, hence b = 2, we can Fourier-invert (8) and obtain
the opto-ultrasonic pressure field P(r, t) in the presence of
absorption. As a result, P(r, t) is still described by (5), with
the exception that the effective time constant is now

Uy = Ji T 9)
e a 1 272 .

However, for short-range communication, i.e., ra < ., the
absorption effect, therefore the exponential attenuation in
(7), is relatively small when compared with the pressure
decrease caused by spreading of the acoustic wave. Under
these conditions, the initial pressure Py decreases in an
inversely proportional way with respect to the distance r
from the source [44].

Propagation delay. The propagation speed of acoustic
waves in biological tissues is approximately 1500 m/s,
with a small variation of less than 10% in most soft tissues,
as compared to 2 x 108 m/s [48] for RF waves. However,
for the relatively short communication ranges considered,
i.e,, in the order of a few hundreds of wm, the propagation
delay is in the order of tens of nanoseconds. Moreover,
since the internal body temperature is subject to small
variations, i.e., a few °C, the temperature dependence of
the speed of sound can be usually neglected for ultrasonic
propagation in biological tissues.

Reflections and scattering. The human body is composed
of different organs and tissues with different sizes, den-
sities and sound speeds. Therefore, it can be modeled as
an environment with pervasive presence of reflectors and
scatterers. The direction and magnitude of the reflected
wave depend on the orientation of the boundary surface
and on the acoustic impedance of the tissues, Z mea-
sured in Rayl (kg s~! m~2) [14]. Scattered reflections oc-
cur when an acoustic wave encounters an object that is
relatively small with respect to its wavelength or a tissue
with an irregular surface. Consequently, the received sig-
nal is obtained as the sum of numerous attenuated, pos-
sibly distorted, and delayed versions of the transmitted
signal.

In a nanoscopic scenario, the ultrasonic wavelength in
biological tissues is of the order of a few um at a fre-
quency of a few hundreds of MHz. Therefore, it is equal
to or larger than the size of any potential scatterer in the
tissue, e.g., cell nuclei and organelles. As a consequence,
the signal may be strongly affected by multipath due to
scattering effect. Biological cells can potentially behave as
scatterers according to their nucleus-to-cell-volume ratio,
i.e., the ratio between the nucleus cell volume and the total
cell volume. For example, cells with low nucleus-to-cell-
volume ratio behave as a simple fluid cytoplasm sphere,

thus producing limited scattering effect. Conversely, when
the nucleus-to-cell-volume ratio is high, the scattering
effect of the nucleus becomes significant, and it can-
not be neglected anymore. Furthermore, intracellular or-
ganelles and protein molecules, although several orders
of magnitude smaller than the ultrasonic wavelength, can
behave as Rayleigh scatterers, thus affecting the signal
propagation.

4.2. Operating frequency

Several key aspects need to be considered to determine
an optimal operating frequency for intra-body opto-
ultrasonic communications. Specifically, (i) the attenuation
coefficient increases with frequency, quadratically when
the frequency exceeds 10 MHz; (ii) the beam spread of
the generated ultrasonic waves is inversely proportional
to the ratio of the diameter of the radiating element and
the wavelength [14]; (iii) the ultrasonic power efficiency,
defined as the fraction of excitation power that produces
acoustic radiation (and is not dissipated against viscous
forces), increases with frequency [17]; finally, (iv) the
maximum achievable frequency of the optoacoustic source
is limited by its size, as discussed in Section 3. Therefore,
one needs to operate at frequencies corresponding to
the desired compromise between beam directivity and
ultrasonic power efficiency, and that are at the same time
compatible with the source dimension and the maximum
tolerable attenuation.

In [14], we observed that, given the limited attenuation
effect due to absorption in short-range communications,
the operating frequency may be as high as 1 GHz.
In [17], the authors observed that for a 500 nm-radius
nanorobot the transmission efficiency, i.e., the fraction of
emitted power that reaches a distance of 100 iwm, which
depends on both the attenuation and the ultrasonic power
efficiency, has a maximum around 150 MHz. Finally, as
reported in Section 3, the maximum achievable central
frequency for a 500 nm-radium opto-ultrasonic source is
approximately 500 MHz. Therefore, in accordance with our
previous results in [14], we expect that opto-ultrasonic
nanorobots communicating over short-range distances,
i.e., less than a mm, will be able to optimally operate, with
respect to maximum tolerated attenuation, transmission
directivity, and transmission efficiency, at frequencies in
the order of a few hundreds of MHz.

5. Opto-ultrasonic wave detection

In this section, we discuss optical detection of ultrasonic
waves. This primarily consists of using light beams for de-
tecting acoustic fields propagating in tissues. Specifically,
we model an opto-ultrasonic detector based on an optical
resonator, and we characterize this in terms of detection
sensitivity and bandwidth. Results show that, differently
from piezoelectric transducers, the receiver sensitivity is
independent of the size of the active area of the detector.
Moreover, the sensitivity and bandwidth mainly depend
on the design of the optical resonator, i.e., the optical cavity
length and the reflectivity of the resonator mirrors.
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Fig. 3. Structure of an optical resonator.

5.1. Optical-ultrasonic detector

Optical detection of ultrasounds is based on measuring
the variations induced by the acoustic field on a target
optical field. Specifically, a laser source interrogates a
reflecting surface coupled with the acoustic medium, and
when the ultrasonic waves cause a displacement in the
surface, this is translated in a phase shift of the laser
beam. In other words, the acoustic wave reaching the
surface phase-modulates the optical beam proportionally
to the surface displacement. The modulated signal is then
reflected, thus carrying back to the source the acoustic
displacement information that can then be demodulated.

A similar and more efficient solution can be obtained
by using an optical resonator as an ultrasound transducers,
[22,49]. An optical resonator consists of an arrangement
of mirrors that creates a standing wave cavity resonator
for light waves [50], as in Fig. 3. With optical resonators,
the interaction between the optical and acoustic fields
takes place in a resonant cavity, and as a result, the laser
beam is amplitude-modulated. In fact, the incident beam
goes through several reflections in the resonant cavity,
producing every time a reflected signal, i.e., the signal
emitted in the direction opposite to the incident beam
direction, whose intensity depends on the optical path
length within the resonator. The displacement produced
by the incident acoustic wave changes the cavity length,
and hence modulates the intensity of the reflected signal.
The design of opto-ultrasonic transceivers based on optical
resonator principles has been proposed in [49], which
includes both optoacoustic transmitter and detector.
Moreover, plasmonic nanocavities that leverage surface
plasmons to scale photonic devices beyond the diffraction
limit of light have been thoroughly studied [51].

An optical resonator can be modeled as a Fabry-Pérot
interferometer, also known as an etalon [52]. Given an
incident light intensity Iy (W m~2), the reflected beam
intensity is the complementary of the transmitted beam
intensity, i.e., Iz + It = Iy, and can be expressed as

1
e =lo (1 - W) (10)

where @ (rad) is the round trip phase shift and is expressed
as P = ‘“’C—”L”, where L (m) is the length of the resonator
cavity, n is the index of refraction of the etalon material,

¢ (m/s) is the speed of light, and v (Hz) is the optical

frequency. The coefficient K is given by K = where

R is the reflectivity of the resonator mirrors.

Receiver sensitivity. Using a first order approximation,
for a small change in length §L, i.e.,, a small level of
ultrasonic pressure reaching the receiver surface, the
reflected light intensity variation is given by [49]

Slp = %SL _ 4mnK sin(¢p/2) cos(¢p/2) 5L

aL A1+ K sin?(¢/2))?
Assuming near-resonance conditions, and calculating the
phase shift that maximizes the reflected intensity in (11),
i.e., the phase shift that results in maximum slope for the
optical resonance [49], we obtain:

51_1971\/? nslL (12)
R0 Vs \a )

By defining the cavity finesse, ¥ as

4R
(1-R)?’

(11)

7= %ﬁ (13)
(12) can be rewritten as
9 FnéL
SIg = lhp——= . (14)
! °2J§< 2 )

We observe that higher finesse results in higher ultrasonic
detection sensitivity.

The receiver acoustic sensitivity S;, i.e., the minimum
pressure detectable by the receiver, can be obtained by
considering the detectable displacement 5L that produces a
unitary signal-to-noise ratio, i.e., the minimum detectable
displacement 8Ly, [49]. Assuming that the optical shot
noise of the photodetector is the only noise source
affecting the detection functionalities, the expression for
the detection SNR can be written as

_ Sk
Rowse  2aBlo’
where S (A/W) is the optical detector sensitivity, g (C) is
the electron charge, and B (Hz) is the detection bandwidth
of the photodetector. For a small change in length 4L,
i.e., a low level of ultrasonic pressure reaching the receiver

surface, we can substitute the first order approximation in
(14) into (15), and obtain

27SIy [ FnsL\>
4B A '

12
SNR = SIG

(15)

SNR =

(16)
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Fig. 4. Normalized frequency response of an etalon-based opto-ultrasonic detector.

From (16), the minimum detectable displacement &Ly,
can be obtained by setting the SNR equal to 1 as

8Lmin: 4qB i . (17)
27SIy \ Fn

Finally, by considering the Young’s modulus of the etalon
Y (Pa), which establishes the relationship between the
etalon deformation and the corresponding pressure, we
can express the receiver acoustic sensitivity as

L a8 [ A\ Y
SS=Y— = =) - (18)
L 27SI, \Fn ) L

We observe that the sensitivity of the receiver increases
with higher finesse or with longer cavity. Moreover, from
(13), we observe that the finesse depends only on the
mirror reflectivity, and not on the cavity length. Therefore,
the receiver sensitivity can be adjusted by independently
tuning either the finesse or the cavity length. However,
the cavity length is limited by the nanorobot dimensions.
Another advantage is that the sensitivity does not depend
on the dimension of the active area, defined by the
diameter of the probing optical beam. Therefore, very
small aperture and wideband ultrasound receivers still
have high sensitivity, thus overcoming the limitations
of piezoelectric transducers, whose sensitivity decreases
with the element size [53].

Receiver bandwidth. The receiver bandwidth is deter-
mined by the frequency response of the optical cavity,
which is obtained by considering the mean distribution of
stress across the length of the resonator cavity caused by
an incident acoustic wave [54,55],

N e
[C(H)| o — o
f ‘1 - Ra,]Ra,ze"gﬂ‘

, (19)

where L (m) is the length of the resonator cavity, and c is
the speed of sound in the etalon material. R, ; and R, rep-
resent the acoustic reflection coefficient due to the acoustic
impedance mismatch between the external medium, e.g., a
biological tissue and the etalon material, and between
the etalon material and the backing material, respectively.

The acoustic reflection coefficient depends on the acoustic
impedances of the two materials in the interface, Z; and 75,
as R, = 2 I_Z Figure 4 shows the normalized frequency
response of the etalon-based opto-ultrasonic detector for
three different cavity lengths, assuming the external tissue
to be skeletal muscle (Z;;sce = 1.65 MRayl) [14], the back-
ing material to be glass (Zy4s = 14.7 MRayl), and the cav-
ity material to be SU-8 photoresist (Zsy_g = 2.9 MRayl),
a polymer commonly used in the microelectronics indus-
try [54]. The speed of sound c in the SU-8 is 2500 m/s. We
observe that, by reducing the cavity length, the frequency
response of the opto-ultrasonic detector shifts towards
higher frequencies, thus offering significantly larger band-
width. For example, by reducing the cavity length of the
detector from 2 pm to 500 nm, the —3 dB bandwidth in-
creases from approximately 400 MHz to more than 1 GHz.

Based on this, we observe that both detector sensitivity
and detection bandwidth depend on the cavity length. The
sensitivity increases by increasing the cavity length. On
the contrary, the bandwidth increases by decreasing the
cavity length. As a result, one cannot change the detection
bandwidth without affecting the detector sensitivity.
However, since the detector sensitivity also depends on
the cavity finesse, that does not depend on the cavity
length, one can tune the finesse and the length cavity
independently to achieve the desired detection bandwidth
and detector sensitivity.

6. Research challenges

In this section, we discuss future research challenges
for the design of opto-ultrasonic intra-body nanonetworks
at the physical (PHY), medium access control (MAC) and
network layers of the protocol stack.

6.1. Physical layer

Ad-hoc physical layer solutions have be designed to
optimally address the specific challenges posed by the
use of opto-ultrasonic waves to interconnect nanorobots
implanted in the human body:

Multipath effect. As discussed in Section 4, due to the in-
homogeneities of the human body, the signal propagating

Please cite this article in press as: G.E. Santagati, T. Melodia, Opto-ultrasonic communications for wireless intra-body nanonetworks, Nano
Communication Networks (2014), http://dx.doi.org/10.1016/j.nancom.2014.03.001




10 G.E. Santagati, T. Melodia / Nano Communication Networks I (1111) IIE-111

in tissues is affected by multipath effect, thus making re-
ceiver design a challenging issue. A desirable transmission
scheme has to be designed to be multipath resilient, and in
such away as to facilitate the receiver decoding operations.

Limited resources. The low processing power and limited
energy budget of nanorobots impose severe limitations in
the design of a transmission scheme for opto-ultrasonic
communications. Only very-low-complexity and low-
power operations will be supported by future nanorobots.
Therefore, both transmission and detection need to be
characterized by limited signal processing complexity.

Health concerns. As discussed in Section 2, optical and
acoustic energy imparted in tissues can cause undesired
biological effects, e.g., heating and cavitation. Therefore,
transmission schemes have to be designed in such a way as
to avoid potential hazards for human health, and to avoid
any irreversible damage of tissues.

Impulsive-only signals. As discussed in Section 3, optical
energy radiation in tissues produces very-short tempera-
ture variations, hence very-short ultrasonic pulses. Based
on this, it is clear that opto-ultrasonic communications
must rely on an impulsive transmission scheme.

Interestingly enough, through very-short information-
bearing carrierless ultrasonic pulses, one can jointly sat-
isfy all the requirements discussed above. In fact, (i) the
fine delay-resolution properties of very-short pulse trans-
missions can mitigate the multipath effect. When
multipath replicas of pulses are received with a differen-
tial delay at least equal to the pulse width, they do not
overlap in time with the original pulse. Moreover, (ii) the
low duty cycle of pulsed transmissions reduces the im-
pact of thermal and mechanical effects due to optical and
acoustic energy absorption, which can be detrimental for
human health. Furthermore, (iii) by tuning the transmis-
sion duty cycle one can find the right compromise between
data rate and energy consumption based on the resources
available to the nanorobots. Finally, (iv) carrierless impul-
sive transmissions, which do not require any frequency re-
covery technique, significantly simplify transceiver design,
also lowering the nanorobots signal processing complexity
and thus their energy consumption.

6.2. MAC layer

A MAC protocol for opto-ultrasonic communications
has to be designed to jointly take into account the chal-
lenges posed by the ultrasonic intra-body channel, e.g.,
multipath and propagation delay among others, the lim-
ited capabilities of nanorobots, e.g., processing power
and energy constraints, and the peculiarities of opto-
ultrasonically generated signals, which are impulsive in
nature and characterized by a very wide bandwidth. The
desired solution is a low-complexity MAC protocol that al-
lows users to fairly co-exist in the shared medium, and to
maximize the network throughput while minimizing the
protocol overhead, computational load and energy con-
sumption.

MAC protocols designed for classical wireless sensor
networks cannot directly be used for several reasons:

Frequency division. A frequency division approach
requires each user to transmit a relatively narrowband

signal in an allocated frequency band. First, narrowband
signals are strongly affected by multipath effect, which can
be significant in the ultrasonic intra-body communication
channel, as discussed in Section 4. Second, the receiver
design complexity increases due to the need for high-
performing filters, modulators and demodulators required
for frequency band selection. Besides, opto-ultrasonic
generation produces ultra wideband and impulsive signals
that do not easily meet the requirements of a frequency
division scheme.

Time division. A time division approach may be ineffi-
cient due to the low propagation speed of sound in tis-
sues, which would require long time guards to prevent
collisions between adjacent time slots. However, in short-
range communications, i.e., in the order of few hundreds of
pm, the propagation delay is relatively low, as discussed in
Section 4. Therefore, for highly localized clusters of nodes
the inefficiencies introduced by long time guards can be
negligible. Nevertheless, achieving local synchronization
and slot allocation in a distributed, asynchronous, and pos-
sibly mobile environment can be challenging because of
the limited resources and capabilities of nanorobots.

Carrier sensing. Carrier sensing techniques become in-
efficient when long propagation delays are considered. Be-
sides, traditional carrier sensing is not meant to be used
in carrierless systems such as an impulsive opto-ultrasonic
system, because of the relatively low power spectral den-
sity. However, when propagation delays are acceptable,
i.e., for short-range communications, alternative pulse-
sense techniques can be leveraged to prevent collisions in
the channel, and by introducing RTS/CTS mechanisms the
hidden node problem can be mitigated. Clearly, using such
contention-based techniques can potentially introduce la-
tency and overhead, thus lowering the throughput and in-
creasing the energy consumption.

Time hopping. Time-hopping has been designed specifi-
cally for impulse-based transmission schemes, e.g.,
Impulse Radio Ultra Wide Band (IR-UWB) [56]. By al-
lowing transmissions that follow a pseudo-random time-
schedule, this technique spreads pulses, or bursts of pulses,
in time, in such a way as to provide a reasonable degree
of robustness to collisions. However, generation and dis-
tribution of orthogonal time-hopping sequences can be
challenging given the low processing power of nanorobots.
Moreover, burst transmissions should be avoided to reduce
potential undesirable bioeffects, as discussed in Section 2.

In [15], we presented Ultrasonic WideBand (UsWB),
a low-complexity impulse-based PHY and MAC inte-
grated protocol, where pulses are individually transmit-
ted (i.e., not in bursts), following an adaptive time-hopping
schedule with a superimposed pseudo-orthogonal spread-
ing code. Similarly, in [57], the authors presented a low-
complexity PHY-aware MAC solution, specifically designed
for impulsive electromagnetic communications in the ter-
ahertz band, that considers single pulses spread in time,
with no need of a pseudo-random time-hopping schedule.

6.3. Network layer

In a scenario of clustered nanonetworks deployed in
several areas of the human body, the network layer will
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be in charge of determining the optimal route to cre-
ate a connection between these clusters of nanorobots,
and/or to connect these with gateway devices, e.g., under-
skin microchips, that collect information and create a link
between the intra-body nanonetworks and external macro-
scopic networks, i.e., the Internet. Again, important con-
straints in the design of networking protocols come from
the characteristics of opto-ultrasonic intra-body com-
munications among nanorobots. In fact, (i) propagation
delays become significant, thus not negligible, when dis-
tances are in the range of centimeters, which can nega-
tively affect the network operations; (ii) energy constraints
due to health concerns and to the scarce nanorobots en-
ergy budget impose strict limitations in terms of protocol
overhead; (iii) the limited processing power of nanorobots
requires the design of low-complexity algorithms for
implementing non-centralized routing protocols; finally,
(iv) the heterogeneity of information, i.e., health status,
reactive medication instructions, monitoring images and
videos, may require special Quality of Service handling
functionalities.

Given the challenges above, existing proactive and
reactive routing protocols do not seem to be suitable for
ultrasonic nanonetworks, because of their large protocol
overhead and high latency in the establishment of path,
which may be exacerbated by the low propagation speed
of sound in tissues. On the other hand, multi-hop,
multipath and position-based protocols, which use node
position information to create multiple routes between
source and destination, could represent a reliable and
promising solution for intra-body networking. In fact, the
geography of the body is fixed and well known, thus
making localization easier than in classical extra-body
networking environments. Moreover, by leveraging opto-
ultrasonic impulsive transmissions, nodes can achieve
accurate position estimation.

7. Conclusions

We discussed some fundamental aspects of nanoscale
opto-ultrasonic communications in biological tissues and
outlined the design challenges of opto-ultrasonic network-
ing in the human body at different levels of the proto-
col stack. We first discussed the potential hazards posed
by using opto-ultrasonic communications in the human
body. Then, we modeled the generation, propagation and
detection of opto-ultrasonic waves, and explored impor-
tant tradeoffs such as the choice of an optimal transmission
frequency and dependence of the bandwidth on the opti-
cal source size and duration. Finally, we discussed research
challenges for the design of opto-ultrasonic nanonetworks
of implantable devices at the physical (PHY), medium ac-
cess control (MAC) and network layers of the protocol
stack.
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