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ABSTRACT

In vivo Wireless Nanosensor Networks (iWNSNs) consist of nano-sized communicating devices with unprece-
dented sensing and actuation capabilities, which are able to operate inside the human body. iWNSNs are a
disruptive technology that enables the monitoring and control of biological processes at the cellular and sub-
cellular levels. Compared to ex vivo measurements, which are conducted on samples extracted from the human
body, iWNSNs can track (sub) cellular processes when and where they occur. Major progress in the field of na-
noelectronics, nanophotonics and wireless communication is enabling the interconnection of nanosensors. Among
others, plasmonic nanolasers with sub-micrometric footprint, plasmonic nano-antennas able to confine light in
nanometric structures, and single-photon detectors with unrivaled sensitivity, enable the communication among
implanted nanosensors in the near infrared and optical transmission windows. Motivated by these results, in
this paper, an optofluidic channel model is developed to investigate the communication properties and temporal
dynamics between a pair of in vivo nanosensors in the human blood. The developed model builds upon the
authors’ recent work on light propagation modeling through multi-layered single cells and cell assemblies and
takes into account the geometric, electromagnetic and microfluidic properties of red blood cells in the human
circulatory system. The proposed model guides the development of practical communication strategies among
nanosensors, and paves the way through new nano-biosensing strategies able to identify diseases by detecting
the slight changes in the channel impulse response, caused by either the change in shape of the blood cells or
the presence of pathogens.

Keywords: In vivo Wireless Nanosensor Networks; Optofluidic Channel Model; Wireless Communications;
Nano-biosensing; Temporal Dynamics of In Vivo Nanosensors.

1. INTRODUCTION

Major progress in the field of bio-photonics is enabling the control and monitoring of biological processes through
the utilization of light. For instance, by incorporating light-actuated/light-emitting proteins into cells, key bio-
logical processes can be controlled and monitored in real time.1,2 One of the interesting characteristics of the
optical signals is their very small wavelength, which theoretically enables precise temporal and spatial control
and monitoring. Currently, most of the existing studies rely only on traditional optical sources and detectors,
which, due to their size and capabilities, limit the applications of light-mediated bio-interfaces. Nanotechnol-
ogy is providing the engineering community with a new set of tools to create novel nanoscale devices with
unprecedented functionalities. These include, among others, plasmonic nano-lasers with sub-micrometric foot-
print,3 plasmonic nano-antennas able to confine light in nanometric structures,4 or single-photon detectors with
unrivaled sensitivity.5 Plasmonic nano-lasers working in conjunction with nano-antennas can serve as nano-
actuators of light-controlled processes. Similarly, nano-detectors enhanced with plasmonic nano-antennas can
act as nanosensors. As a results of all these improvements, it is not beyond imagination that within a few years
we will see these emerging nanomachines in our daily life with remarkable applications ranging from healthcare
monitoring wearable devices and intra-body microfluidic nanomachines to brain-machine interface implants.6
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By means of communications, these nanomachines will be able to autonomously communicate among them-
selves or with a control/monitoring center to transmit their sensing information, receive the controlling com-
mands, and coordinate joint actions when needed. The resulting iWNSNs enable smart health-monitoring and
drug-delivery systems, among many others. Within several recently proposed wireless technologies that could
enable the communication between nanomachines, the molecular and electromagnetic communications are the
leading ones. The molecular communication path has been thoroughly investigated.7,8 This mechanism is nat-
urally used by biological cells to exchange information and could be enabled by means of synthetic biology;
however, the very low achievable data rates severely limit the efficiency of nanosensor networks.9 From the
electromagnetic perspective, emerging plasmonic nanoantennas have been recently enabled the wireless commu-
nication among nano-devices at very high frequencies, ranging from the Terahertz (THz) band (0.10-10 THz)10 to
the infra-red and visible optical range.4 The propagation of THz-band waves inside the human body is drastically
impacted by the absorption of liquid water molecules and causes internal vibrations into molecules, which results
in heat and could lead to photothermal tissue damage. Alternatively, the majority of existing nano-bio-sensing
technologies rely on the use of light due to the fact that the molecular absorption of liquid water is minimal in
the optical window (between 400 THz and 750 THz).11

In this direction and in order to analyze the feasibility of intra-body wireless optical communications, one
of the most important challenges is to understand the propagation properties of light in biological scenarios.
Traditional channel models for light propagation in biological tissues12–14 cannot accurately describe the channel
properties in nanoscale scenarios because of several reasons. First of all, in intra-body NanoScale Optical (NSO)
communications the wavelength range of study is in the order of several hundreds of nanometers; therefore, due
to the relatively large particles -compared to the wavelength-, and short range communication distances, the
macroscopic properties of different particles cannot describe the details of propagation pattern of the light in
nanoscale. Furthermore, the radiated light from a nano-antenna covers a much smaller area than that of the
external macroscopic laser; hence, the wave does not radiate through a large enough number of cells to be dealt
with as an isotropic medium. In view of the aforementioned drawbacks, we have studied the propagation pattern
of the light in human blood by analyzing the impact of single cells rather than a homogeneous material, and
have developed a detailed channel model for intra-body NSO communications.15,16 However, the temporal and
spatial dynamics of the cells and possibly the floating nanomachines play a significant role in the transmission
and detection of the intra-body NSO communication systems and has not been investigated in the literature to
this point.

In this paper, we develop an optofluidic channel model to investigate the communication properties and
temporal dynamics between a pair of in vivo nanosensors in the human blood. In particular, we start with a
system model for the human circulatory system, in which we consider a blood vessel containing moving blood
cells along with nanomachines. Then we develop a novel complete communication model which we build upon
our recent works15,16 on light propagation modeling through multi-layered single cells and cell assemblies by
taking into account the geometric, electromagnetic and microfluidic properties of Red Blood Cells (RBCs) in
the human circulatory system. Thanks to the light focusing property of the RBCs and by utilizing simple and
feasible modulation/demodulation schemes and transmission/detection methods, we show that optical wireless
communication is a promising technique for future iWNSNs. In fact, recently it has been experimentally17 and
theoretically16 shown that RBCs perform as optofluidic micro-lenses inside the human blood. This eases the
propagation of the light inside the human blood by reducing the exponential path loss due to the scattering and
focusing the light in narrower beams through longer distances. The proposed model conducts the development
of practical communication strategies among autonomous in-vivo nano-bio-sensors which can operate inside the
human body in real time. It also enables new nano-biosensing strategies as a way to provide faster, low-cost,
and more accurate disease diagnosis and treatment than traditional technologies. As an specific example, disease
identification can be done by detecting the slight changes in the channel impulse response, caused by (sub)
cellular abnormalities which may appear in terms of either the change in shape of the blood cells or the presence
of pathogens.

The remainder of the paper is organized as follows. In Section 2, we define a system model for optical commu-
nication of the nanomachines inside the human blood vessel by considering the dynamics of the human circulatory
system. Section 3 contains a dynamic channel model besides the analysis of signal transmission/reception for
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3. CHANNEL MODEL AND COMMUNICATION ANALYSIS

3.1 Channel Model

Despite scattering, recent studies15–17 have shown that the RBCs work as the optofluidic lenses and focus the
light at a central area after the cell. It can be shown that the intensity of the wave will be increased over the
focal line after the cell. This focal line extends over the central line of the cell within the range r · f(α).16 f(α)
can be calculated as follows:

f(α) =
α

sin
[

2
(

arcsin(α)− arcsin(
nr,1

nr,2
α)

)] , (2)

where α is the ratio of dr to r, where dr is the distance between the incident optical ray and the central axis of
the sphere, and r is the radius of the sphere. nr,1 and nr,2 are the real part of the refractive index of the medium
and the cell respectively. For a wave that is polarized along the x axis and the direction of the propagation is
along z axis, it can be shown that the aggregated field coming from the secondary (focusing) rays with parameter
α is given by:16
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Here ~E0 is the incoming ray coming form the antenna, âx is the unit vector in the direction of x axis, and Lfr,p

and Lfr,s represent the total path loss (including the absorption, scattering, and the boundary losses), that every
p- and s-polarized secondary (focusing) ray faces in its path to the focal point. Following the same approach the
received field coming through the main ray over the focal line (central line of the cell) can be also given as:16
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where Lmr is the path loss that the main ray faces in its path to a point on the focal line. Note that ~E0 is
initially considered to be polarized along the x axis and hence propagating through z direction. From equations
(3) and (4), it can be seen that the polarization of the received field on the focal line is also along the x axis, and
hence propagating through z. This interesting phenomenon only happens when the focusing rays aggregate at
a focal point, which causes the intensity of the field to be amplified over the focal line. By utilizing the electric
field intensity equations (3) and (4), the channel impulse response on the focal line can be written as:16
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where ω is the angular frequency of the electromagnetic wave, and τmr and τfr are the delays that the main and
the secondary (focusing) rays experience in their path to the focal point, respectively. γ(r) is the cell-size gain
factor which is a function of the radius of the cell. The larger the cell, the bigger the surface of the cell that is
being exposed to the incoming light, and hence the more energy will be focused at the focal line. In (5), d is the
total distance between the light source and the point on the focal line.

Note that, the model that has been explained here, describes the propagation pattern that is caused by
the effect of a single cell. This model is utilized as the building block to simulate a more complicated channel
model including numerous cells of different types in multiple layers to obtain a more realistic model of the light
propagation in a human blood vessel by considering the movements of the cells.

3.2 Random Positioning and Movements of the Cells

The heart is the driver of the circulatory system by pumping blood through rhythmic contraction and relaxation.
The rate of blood flow out of the heart (often expressed in L/min) is known as the cardiac output. Blood being
pumped out of the heart first enters the aorta, the largest artery of the body. It then proceeds to divide into
smaller and smaller arteries, then into arterioles, and eventually capillaries. In a healthy circulatory system, the
volume of blood returning to the heart each minute is approximately equal to the volume that is pumped out
each minute (the cardiac output). Because of this, the velocity of blood flow across each level of the circulatory
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system is primarily determined by the total cross-sectional area of that level. This is mathematically expressed
by the following equation:

vblood = Q/A, (6)

where vblood is the velocity of the blood in cm/s, Q is the blood flow in ml/s, and A is the cross sectional area
in cm2. This value is inversely related to the total cross-sectional area of the blood vessel and also differs per
cross-section.The blood flow velocity is the fastest in the middle of the vessel and slowest at the vessel wall. In
most cases the mean velocity is used.18 The fastest speed is in the aorta which around 40 cm/s, and the slowest
capillaries which is close to 0.03 cm/s.21,22

The velocity of the blood vblood can be considered as the speed of the RBCs. However, this speed is only
useful for the scenario in which the nanomachines are fixed and not moving. In the case that the nanomachines
are also moving at the same speed of the RBCs, a a much slower relative speed for the cell movements should
be considered. As explained earlier in Section 2.2, we consider that the cells are moving following the Brownian
motion phenomenon. To simulate the movements of the RBCs in a blood vessel, first we randomly place a
number of cells with predefined radii inside a section of a vessel which contains two nanomachines. Then, by
following a random motion algorithm, in each step we find the new position of each of the cells through the
Weiner process.

3.3 Modulation Technique

We consider a simplex communication between the nanomachines by using a simple Amplitude Shift Keying
(ASK) modulation called On-Off Keying (OOK). This communication and modulation scheme is a promising
technique to be used for in vivo optical communications for several reasons. First of all, due to the processing
and power limitations of nanomachines, complicated modulations are not feasible. Secondly, the amount of infor-
mation and the bandwidth that is needed for communications between the nanomachines is very small, also the
environmental optical noise in the human blood vessel is minimum; therefore the nanomachies can communicate
through simple small messages that does not require complex coding and modulation schemes. Finally, due to
the complicated changes in the polarization of the light as well as the dispersion and scattering phenomena,
the detection of the high order modulation and coding schemes are not feasible in such tiny nanomachines with
limited processing capabilities.

In OOK, the presence of a carrier for a specific duration represents a binary one, while its absence for
the same duration represents a binary zero. Some more sophisticated schemes vary these durations to convey
additional information or prevent errors to happen. In our case we consider a raised cosine pulse with the
following definition:
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, (7)

where E0 is the electric filed intensity at the antenna, ∆t is the duration of the pulse, and β is the roll-off factor
of the raised cosine pulse. A train of pulses spread in time with redundant bits as the error control technique is
considered for the communication between the nanomachines.

4. SIMULATION AND NUMERICAL RESULTS

The electromagnetic wave propagation simulations has been done by using COMSOL Multiphysics. A random
motion generator algorithm is utilized to update the location of the cells and the simulations has been done
independently for each step since the speed of changes in the channel characteristics considered to be much
slower than the duration of the transmitted pulses.

Figure 3 shows the light propagation through a number of randomly positioned RBCs in blood plasma for
two different antenna sources, (a) a point dipole antenna, and (b) a port antenna which mimics the propagation
of a plane wave. The point dipole antenna is the more realistic case for the short communication distances of
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the detector is preferred.

Figure 5 shows the path loss in a distance from the antenna for two different detectors (a) integrator photon
counter (b) maximum field intensity detector. The results are shown for three different sizes of the detector,
namely, 0.36µm, 0.9 µm and 1.8 µm for the length of the receiver antenna. As it can be seen in Figure 5 (a)
for the integrator detector, the bigger the area of the antenna the lower the path loss. However, for the peak
detector the size of the receiver antenna does not play a significant role until long distances in which the chance
of detecting the focused field is higher if we use bigger antennas. It is worth noting that since we are showing
the path loss only for one random position of the cells in these figures, there are some fluctuations in the path
loss due to the focusing property of the cells along the path. However, by averaging over a large enough number
of simulations with random positions, these curve will become smoother. Furthermore, Figure 5 shows that the
path loss decrease 10 dB in average when we have the RBCs in between the communicating nanomachines. This
interesting phenomenon happens due the focusing capability of the RBCs that act as micro-fluidic optical lenses.
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Figure 5. Path loss in dB versus distance from the antenna with (a) integrator detector; (b) maximum detector.

5. CONCLUSIONS

In this paper, we have developed an optofluidic channel model and studied the communication properties and
temporal dynamics between a pair of in vivo nanomachines in the human blood vessel. The developed model has
been built upon light propagation modeling through multi-layered single cells and cell assemblies and we have
taken into account the geometric, electromagnetic and microfluidic properties of red blood cells in the human
circulatory system.

We have shown that the speed of the cell movements and the size of the antenna are the key factors for in
vivo optical communications. Two different scenarios has been taken into account, in which the nanomachines
are either floating with the cells inside the vessel or are fixed as implants closed the blood vessel wall. For slow
movements of the cells a peak detector with a rather small antenna works well for short range communications.
However, for larger distances or fast movements of the cells, an integrator photon counter performs better in
terms of path loss. The results also shows that an average of 10 dB gain is obtained when there are multiple cells
in between the communicating nanomachines.

The proposed model will not only guide the development of practical communication strategies among
nanosensors, but also enables new nano-biosensing strategies able to identify diseases by detecting the slight
changes in the channel impulse response, caused by either the change in shape of the blood cells or the presence
of pathogens. Compared to ex vivo measurements, which are conducted on samples extracted from the human
body, iWNSNs promise to engender significant contributions to our understanding of (sub) cellular processes
under normal and diseased conditions when and where they occur.
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