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Abstract—In-vivo Wireless Nanosensor Networks (iWNSNs)
consist of nano-sized communicating devices with unprecedented
sensing capabilities that operate inside the human body in
real-time. The current state-of-the-art in nanoelectronics and
nanophotonics points to the Terahertz (THz) band (0.1–10
THz) and the optical frequency bands (infrared, 30-400 THz,
and visible, 400-750 THz) as the promising spectral bands
for nanosensor communications. In this paper, we propose
and analyze a biocompatible modulation technique for iWN-
SNs. A mathematical framework is formulated to optimize the
parameters of an adaptive Time Spread On-Off Keying (OOK)
pulse-based modulation. This optimization considers both the
physics of the intra-body optical channel and the light-matter
interactions, along with the resulting photo-thermal effects in
biological tissues. The outcomes of the analytical optimization
model are validated through extensive numerical simulations.
The results highlight a trade-off between link efficiency and the
biocompatibility of the transmitted signals. Numerical analysis
shows that the proposed biocompatible modulation technique can

easily achieve a Bit Error Rate (BER) of 10
−2 before coding,

within the bio-safety measures, indicating a reliable intra-body
channel for data transmission. This means that the channel can
effectively convey information, such as health monitoring data or
control signals for medical devices, without significant data loss
or corruption.

Index Terms—Intra-body wireless communications, biocom-
patible modulation, in-vivo wireless nanosensor networks,
terahertz and optical communications, Internet of Nano Things
(IoNT).

I. INTRODUCTION

N
ANOTECHNOLOGY is facilitating the creation of inno-

vative nanosensors capable of detecting various events at

the nanoscale with remarkable precision. Recently, there have

been proposals for nano-sensing and nano-actuating systems

designed for in-vivo applications, operating within the human

body in real-time. These emerging systems hold the potential

to revolutionize disease diagnosis and treatment by offering

faster and more accurate results compared to traditional tech-

nologies [1], [2], [3]. Moreover, they open the door to novel

brain-computer interfaces with unprecedented applications in
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the fields of biology and medicine [4]. Presently, researchers

have successfully utilized surface plasmon resonance (SPR)

sensors to analyze circulating biomarkers in body fluids,

contributing to the diagnosis of severe diseases, including

various cardiovascular and neuronal conditions [5], [6]. By

immobilizing biomarker-specific capture molecules on the

sensor surface, binding events between these molecules and

circulating biomarkers in the sample can be detected. The

resulting change in refractive index near the sensor surface

leads to a measurable shift in the SPR signal, enabling

quantitative analysis of biomarker concentrations. SPR sensors

can also determine biomarker binding kinetics and allow for

multiplexing, facilitating simultaneous detection of multiple

biomarkers. This capability is invaluable in clinical diagnostics

and biomedical research for monitoring disease progression,

treatment efficacy, and biomarker dynamics in response to

stimuli. More recently, these sensors have been employed

to directly detect different types of cancer from blood sam-

ples [7], [8].

Through communication capabilities, nanosensors will

autonomously transmit their sensing information to a central

repository, be directed from a command center, or collaborate

in joint actions as necessary. The resulting in-vivo Wireless

Nanosensor Networks (iWNSNs) form the foundation of

transformative smart healthcare systems. In contrast to existing

nano-biosensing systems, which rely on external measuring

equipments and require the intervention of a doctor, iWNSNs

are anticipated to facilitate the seamless transmission of

information from inside to outside the body, as demonstrated

in Fig. 1.

The state of the art in nano-electronics and nano-photonics

points to the Terahertz (THz) band, ranging from 0.1–10 THz,

and the optical frequency bands (infrared, 30-400 THz, and

visible, 400-750 THz) as the frequency range for communi-

cation among nano-biosensors. Among different technologies,

plasmonic nanolasers with sub-micrometric footprint [9], [10],

plasmonic nano-antennas capable of confining light in nano-

metric structures [11], [12], and single-photon detectors with

unrivaled sensitivity [13], [14], have been suggested to enable

communication among implanted nanosensors.

When designing communication algorithms for iWNSNs,

two fundamental aspects must be considered. First and

foremost, the intra-body channel significantly influences the

propagation of optical signals. From the nanosensor per-

spective, the body consists of various elements such as

cells, organelles, proteins, and molecules, each with distinct

geometry, arrangement, and electromagnetic (EM) properties.
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Fig. 1. System model (a) communication channel between a subcutaneously implanted biophotonic nano-chip and floating passive nanoparticles in the
circulatory system (b) communication channel between active nanomachines floating inside a blood vessel.

Despite the challenges in predicting the propagation of optical

signals within biological tissues, recent theoretical [15], [16]

and experimental [17], [18] studies have demonstrated that

some cells behave as optical lenses, enhancing the propaga-

tion distance of optical signals in biological environments.

Alternatively, the use of the THz band, which exhibits compar-

atively lower penetration loss in intra-body communications,

has recently attracted interest among researchers [19], [20].

While employing the THz band has the potential to increase

communication distance, i.e., decrease path loss, it also poses

a risk of causing tissue damage if the transmission power

exceeds tolerable radiation thresholds. This raises the second

primary concern in developing intra-body communication

models.

In general, the radiation and propagation of EM waves

inside the human body can induce photo-thermal effects on

biological tissues, potentially leading to undesirable damage.

EM waves initiate internal vibrations in molecules. As these

molecules are confined within a liquid or solid structure and

cannot freely move, the vibrational energy transforms into

friction, generating heat. Although this process underlies some

healing mechanisms involving resonant nanoparticles [21],

it becomes undesired when the goal is reliable information

transmission among nanosensors or to off-body devices.

Despite the expectation of relatively low information volumes

in iWNSNs, efficient communication is essential to prevent

unnecessary energy radiation. Consequently, new communica-

tion techniques must be developed to avert potential harm to

biological tissues based on the photosensitivity of the target

tissues.

When comparing THz and optical signals, recent studies

have indicated that optical signals exhibit a less harmful photo-

thermal impact on biological tissues [22], [23]. However,

due to higher propagation losses compared to THz radi-

ation [19], more power is required to achieve a similar

communication distance with optical waves, potentially lead-

ing to increased heat generation. Therefore, to ensure the

biocompatibility of intra-body EM communications, it is

imperative to first comprehend the trade-offs and then control

fundamental light-matter interactions from the cellular to the

tissue level. Throughout this paper, the term light-matter

interaction is used for both visible optical waves and THz band

radiations.

In this study, we introduce a biocompatible modulation tech-

nique for iWNSNs. Specifically, we develop a mathematical

framework to optimize the parameters of an adaptive Time

Spread On-Off Keying (TS-OOK) pulse-based modulation.

The optimization takes into account the physics of the intra-

body channel and interactions in biological tissues, considering

the resulting photo-thermal effects. To achieve this, we formu-

late and solve an optimization problem aimed at minimizing

the impact of EM waves while meeting the minimum Quality

of Service (QoS) requirements of the intra-body communi-

cation channel. We employ the Bit Error Rate (BER) as the

QoS measure to assess the overall performance and reliability

of communication within the iWNSN. Furthermore, we val-

idate the proposed modulation technique and the analytical

optimization model through extensive numerical simulations

in an optical communication scenario.

The results presented in this paper highlight a trade-off

between link efficiency and the biocompatibility of transmitted

signals, where we identify optimal modulation parameters.

It’s noteworthy that, in this study, we advocate for optical

intra-body communications and focus our numerical analysis

accordingly. Nevertheless, the proposed framework can be

generally applied for nanoscale intra-body communications at

other frequencies. For instance, in the case of THz frequencies,

the system can be adjusted by considering multiple RBCs

as well as integrating the corresponding parameters into the

proposed model.

The remainder of the paper is organized as follows. In

Section II, a complete system architecture and a channel

model for intra-body wireless communication are presented.

In Section III, the impact of EM wave propagation on heat
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generation in biological tissues is studied, and a biocom-

patible modulation technique for intra-body communications

is proposed. In Section IV, we formulate and solve an

optimization problem with the objective of minimizing the

temperature increase in biological tissues while maintaining

the minimum QoS requirements by using the proposed modu-

lation technique. Section V contains a numerical study of the

results. Finally, we conclude the paper in Section VI.

II. SYSTEM ARCHITECTURE AND COMMUNICATION

CHANNEL MODEL

A. Naonophotonic Smart Band and Nanomachines

The communication channel between two nanosensors in

an iWNSN is considered. Fig. 1 illustrates two possible

scenarios for intra-body communication. In scenario (a), a

nanophotonic smart wristband communicates with subcuta-

neously implanted or floating nanoparticles in blood vessels.

The nanophotonic smart band contains an array of optical

nano-sources and detectors for the distributed excitation and

measurement of light transmitted through the skin layers and

eventually reflected back from the implant/nanoparticles. Since

the implants/nanoparticles are passive devices, this architecture

allows for moving all the active components of the system

outside the human body and serves as a nano-to-macro

interface between bio-events and the user.

In a more futuristic scenario, as illustrated in Fig. 1(b), we

contemplate injectable/implantable nanomachines capable of

performing simple tasks such as biosensing, basic computa-

tion, or even local actuation inside the human body. Fig. 2

portrays a nanomachine encapsulated with a biocompatible

material and comprising active and passive electronic ele-

ments. Notably, it features a nano-transceiver, nanolaser, and

nano-antenna, enabling communication with other nanoma-

chines and the wearable smart band through EM signals.

Additionally, the nanomachines incorporate energy harvesting

circuitry that replenishes the energy stored in a tiny nano-

battery. Through this energy harvesting mechanism, circulating

nanomachines can overcome their energy bottleneck and

potentially have an infinite lifetime, given the joint design of

energy harvesting and consumption processes [24], [25], [26],

[27].

In Fig. 2, the energy stored in the nano-battery can be

calculated as [24]

Ecap
(

ncycle
)

=
1

2
Ccap

(

Vcap

(

ncycle
))2

, (1)

where the ncycle is the number of compress-release cycles of

the piezoelectric nanowire array which generates the current

used to charge the nanocapacitor. Ccap is the total capacitance

of the nanocapacitor and Vcap is the total stored voltage in

the capacitor (or equivalently in the battery) which can be

computed as [24]

Vcap

(

ncycle
)

= Vs

(

1− e

(

−
ncycle tcycle

RsCcap

)

)

. (2)

Here, tcycle is the cycle length, Vs and Rs are the

Thevenin’s equivalent voltage and resistor of the piezoelectric

Fig. 2. Structure of a nanomachine with energy harvester circuitry.

nanogenerator (including the rectifying circuit). As it can be

seen from (2), the maximum storable voltage in the capacitor

is Vs ; therefore, the maximum available energy that can be

stored in the nanomachine is given as

Emax = max
{

Ecap
(

ncycle
)}

=
1

2
CcapV

2
s . (3)

It can be observed from (1) and (2) that the energy

harvesting is a time consuming process and the availability

of the energy at any given point of time depends on the

communication speed and the energy consumption rate [25].

However, in our work, we assume that the nanomachine has

enough time before each transmission to store the maximum

possible energy. Further details regarding this point will be

given in Section III-D.

B. EM Wave Propagation Inside the Human Body

From the nanomachine’s perspective in an iWNSN, biologi-

cal tissues are a collection of different types of elements, such

as cells, organelles, and molecules, each with different EM

properties. In both scenarios depicted in Fig. 1, EM signals

need to penetrate skin, fat, and blood vessels to reach either the

passive implants and nanoparticles or the active nanomachines.

Various analytical and empirical models have been derived to

capture the EM propagation patterns inside biological tissues

[28], [29], [30], [31]. In [15], an analytical channel model was

proposed for intra-body biosensing, where the properties of

individual cells are considered rather than treating different

tissues as homogeneous materials. Given the accuracy and

relevance of this model to our scenario, we adopt the same

model in this paper to define the propagation loss of EM waves

radiated through an assembly of cells. This is mathematically

expressed as

L(d) = 10 log
Pant

Prx (d)
= 10 log

8π2η2|I0l |2

9|E (d)|2λ4g
, (4)

where Pant is the radiated power from the antenna, Prx (d)
is the received power at a distance d from the antenna.

η =
√

μ/ε is the wave impedance where μ and ε are the

permeability and permittivity of the medium, respectively. I0
is the input current passing through the antenna and l is the

antenna length. In (4), E(d) is the measured electric field

intensity at a distance d from the transmitting antenna and λg
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is the effective wavelength, which depends on the frequency f

and the cell’s refractive index n.

C. A Deeper Look Into the EM Radiation Through Single

Cells

Recent research has shown that specific cell types, such

as RBCs within human blood, can function as optical lenses,

concentrating the radiation pattern of EM waves at a focal

point beyond the cell [17]. This effect has two significant

impacts: i) it increases the intensity of EM energy at the focal

areas, potentially reducing path loss in a communication link;

ii) the EM wave energy that cannot penetrate the cell body is

partially absorbed by the cell. The absorption of EM energy

in these affected areas eventually leads to heat generation, a

topic we will investigate in more detail in Section III-A.

The channel impulse response depicting a scenario where a

single cell lies between the transmitter and receiver is given

as [32]

HF (f , d) = γ(r) ·
(

|�Emr
F |e−iωτmr + |�E fr

F |e−iωτfr
)

, (5)

where γ(r) is the cell size gain factor which is a function of

the cell radius. This factor indicates that the larger the cell, the

bigger the surface of the cell that is exposed to the incoming

light, hence more energy will be focused at the focal area after

the cell. In (5), ω = 2πf is the angular frequency, τmr and

τfr are the time delays between the transmitted and received

EM waves for the main and the focusing rays, respectively.

Finally, |�Emr
F | and |�E fr

F | represent the intensity of the received

EM wave coming through the main and the focusing rays,

respectively. These intensities can be calculated from the path

loss as follows

|�Emr
F | = |�E0|Lmr , (6)

|�E fr
F (α)| = π|�E0|

(

Lfr ,pcos(ψ) + Lfr ,s
)

. (7)

Here, E0 is the intensity of the transmitted EM wave, Lmr is

the path loss of the main ray due to the molecular absorption

and scattering, Lfr ,p and Lfr ,s represent the path loss that

each p- and s-polarized focusing ray faces in its path to the

focal point, respectively. Parameter α is the closeness factor

of the focusing ray to the focal line and ψ represents the

angle between the main and the focusing ray at a given focal

point [32]. Equations (5) through (7) show the intensity of the

EM wave after passing through a cell. This demonstrates an

increase in the energy of the EM wave in a focusing area after

passing through the cell, as depicted in Fig. 3. Specifically,

Fig. 3 illustrates the EM wave propagation pattern through a

single RBC, obtained from simulation results using COMSOL

Multiphysics R© [33]. As seen in the figure, the EM wave has

very low intensity inside the cell. This is partially due to the

absorption phenomenon, which will be discussed next.

It is to be noted that this model is utilized as the building

block to simulate a more complicated channel model, which

includes numerous cells of different types in multiple layers.

This will allow us to obtain a more realistic model of the

light propagation in a human blood vessel by considering the

movements of the cells.

III. BIOCOMPATIBLE MODULATION TECHNIQUE FOR

INTRA-BODY COMMUNICATIONS

A. Heat Generation in Biological Tissues Due to EM Wave

Radiation

The molecules within biological tissues become excited by

EM waves at specific frequencies within the optical spectra.

When this occurs, the atoms of these excited molecules start

to vibrate internally, leading to the conversion of part of the

energy of the propagating EM wave into kinetic energy [34].

This conversion results in two immediate outcomes. From

a communication perspective, the converted energy can be

regarded as the loss of propagating EM wave energy, con-

stituting path loss. This aspect has been considered in the

channel response and path loss calculation, as discussed in

Sections II-B and II-C.

On the other hand, the internal vibrations of the molecules

induce friction, generating heat in their immediate surround-

ings. If the generated heat exceeds a certain threshold, it

may lead to thermal tissue damage [35], [36]. Cumulative

Equivalent Minutes at 43 ◦C (CEM43) is an accepted metric

for assessing thermal exposure dose (temperature and time of

exposure), which correlates well with thermal damage in vari-

ous tissues [35], [37]. In this context, our main contribution is

the development of a biocompatible modulation technique that

ensures a level of QoS for the communication channel while

maintaining the biological thermal impact below a tolerable

threshold.

To find the effect of the EM wave radiation in temperature

increase, we start with the heat transfer equation which is

described by the following equation [38]

∇k(r)∇T (r, t) +Q(r, t) = ρ(r)C(r)∂T (r, t)

∂t
, (8)

where T(r,t) is the temperature as a function of coordinate r

and time t, ρ(r), C(r) and k(r) are the mass density, specific

heat capacity and thermal conductivity, respectively. In (8), the

local heat at the biological cell Q(r, t) is the result of the EM

wave absorption which can be calculated using

Q(r, t) = 〈J(r, t).E(r, t)〉t
= −1

2
�
[

jω
ε(r)− 1

4π
Ẽ(r)Ẽ∗(r)

]

, (9)

where J(r,t) represents the current density, E(r, t) =
�[Ẽ(r).e−iωt ] is the resulting electric field in the cell, ε(r)
is the dielectric constant of the biological tissue, � denotes

the real part of a complex number and 〈.〉t represent the

time averaging. Once the amount of added heat (generated

due to the presence of EM wave) is calculated using (9),

one can find the temperature increase in the region. Note

that the maximum temperature changes in a substance due to

added heat is defined by the specific heat formula ∆Tmax =
Q/(C.m), where m represents the mass of the tissue under

study.

We use COMSOL Multiphysics R© [33] to simulate heat

generation in the presence of an EM wave source. Fig. 4(a)

illustrates the heat generated in blood, with a single RBC as

the most absorbing cell. Fig. 4(b) displays the temperature
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Fig. 3. Simulation of EM wave propagation through a single RBC. (a) COMSOL Multiphysics R© simulation model. (b) Electric field intensity on the focal
line.

increase versus time at three different points: the center of the

cell, on the cell membrane, and between the cell and antenna.

It is to be noted that the temperature decrease during the cool-

down process is provided in Fig. 10. It is further observed

from Fig. 4(b) that the temperature increase due to EM wave

radiation and the subsequent temperature decrease during the

cool-down process when the EM wave source is turned off can

both be approximated with an exponential curve, each having

different time constants. Therefore, the temperature of a given

area of study at any point in time can be modeled as follows

T (t) =

⎧

⎪

⎪

⎪

«

⎪

⎪

⎪

¬

T0, t < t0

T0 +∆Tmax

(

1− e
−

t−t0
τinc

)

, t0 ≤ t ≤ t0 + τon

T (t0 + τon)e
−

t−(t0+τon )
τdec , t > t0 + τon ,

(10)

where T0 is the normal temperature of the body, τinc and

τdec are the time constants for the temperature increase and

temperature decrease, respectively, τon is the total time that

the EM wave source is “ON” and in radiation mode, and t0
is the radiation start time.

B. Proposed Biocompatible Modulation Technique

We employ a simplex communication channel using

Amplitude Shift Keying (ASK) modulation known as OOK.

This modulation scheme is a promising technique for

iWNSNs communication for several reasons. Firstly, the

processing and power limitations of nanomachines make

complex modulations impractical. Secondly, the communica-

tion requirements between nanomachines involve a minimal

amount of information and bandwidth, with low environmental

optical noise in the human blood vessels. Hence, nanoma-

chines can communicate through simple, small messages that

do not necessitate intricate coding and modulation schemes.

Lastly, due to complex changes in light polarization, as

well as dispersion and scattering phenomena, detecting high-

order modulation and coding schemes is impractical for tiny

nanomachines with limited processing capabilities.

Fig. 4. (a) Heat generation and temperature increase in cells at the presence
of EM wave source. (b) Temperature increase vs. time at three different points:
at the cell center, on the cell membrane, and between the cell and antenna.

In OOK, the presence of a carrier for a specific duration

represents a binary “1”, while its absence for the same

duration represents a binary “0”. Some more sophisticated

Authorized licensed use limited to: Northeastern University. Downloaded on May 31,2025 at 20:53:43 UTC from IEEE Xplore.  Restrictions apply. 



388 IEEE TRANSACTIONS ON MOLECULAR, BIOLOGICAL, AND MULTI-SCALE COMMUNICATIONS, VOL. 10, NO. 3, SEPTEMBER 2024

schemes vary these durations to convey additional information

or prevent errors to happen. For the basic OOK, we consider

a carrier signal that is modulated by a Raised Cosine Pulse

(RCP-OOK) given by

PRCP (t) =

⎧

⎪

⎪

«

⎪

⎪

¬

E0, |t | ≤ 1−β

2Ts
E0

2

[

1 + cos
(

πTs

β

[

|t | − 1−β

2Ts

])]

, 1−β

2Ts
< |t | ≤ 1+β

2Ts

0, otherwise.,

(11)

Ts is the duration of the pulse or equivalently symbol time, and

β is the roll-off factor of the RCP. In order to transmit a “1”

by using the RCP-OOK method, the EM source is radiating

in the whole period of the symbol time Ts . Depending

on the transmission power Ptx and the exposure time, the

temperature of the exposed biological tissue will increase due

to internal molecular vibrations, as discussed in Section III-A.

Consequently, to maintain the temperature below a threshold,

we must either decrease the power or use shorter pulses.

However, neither of these approaches is easily feasible. On the

one hand, due to the path loss and noise in the channel, there

is a minimum power demand to satisfy the Signal-to-Noise

Ratio (SNR) requirements. On the other hand, shortening the

symbol time Ts may lead to missed detections due to the

fading phenomenon caused by the cell movements.

In light of these results, we propose, for the first time, the

adaptive Gaussian Pulse Train - On-Off Keying modulation

(GPT-OOK). The unique advantages of the proposed GPT-

OOK modulation technique are twofold: i) power requirements

can be met by transmitting shorter pulses, decreasing power

consumption, and consequently increasing the maximum avail-

able power Pmax (see Section III-D), and ii) overcoming

possible fading by increasing the number of redundant trans-

mitted pulses in a single symbol, thereby reducing the

probability of miss detection.

In GPT-OOK, we modulate the carrier signal with a train

of very short Gaussian pulses as follows

PGPT (t) =
E0√
2πTp

e
− t2

2T 2
p , (12)

where Tp is the Gaussian pulse width. In this method, a train

of pulses (spread in time with Td delay) is sent to transmit a

“1”. This provides a redundancy of NR given by

NR =

⌊ Ts
Td

⌋

. (13)

Therefore, the modulated pulse transmits a “1” using either

the RCP- or GPT-OOK methods as follows

pulse(t) =

⎧

⎪

«

⎪

¬

PRCP (t) cos(2πft), RCP-OOK is used

PGPT (t)
NR,Td cos(2πft), GPT-OOK is used,

(14)

where we use the notation PNR,Td which means that the

pulse P is repeated NR times with delay Td between the

pulse repetitions. Fig. 5 shows (from top to bottom) the digital

data stream, modulating pulse and modulated signal with the

carrier for (a) RCP and (b) GPT methods. Contrary to RCP, to

transmit a “1” by using GPT, the EM source is radiating only

in short periods of Tp with long delays of Td in between which

prevents excessive temperature increase due to long exposures

and allows the biological tissue to cool down between pulses.

C. Random Positioning and Movements of the Cells:

Coherence Time of the Channel

The inverse relationship between blood velocity and

cross-sectional area is a fundamental principle of fluid dynam-

ics known as the continuity equation and mathematically

expressed using

A1 · vblood1 = A2 · vblood2 ,
where A1 and A2 are the cross-sectional areas of two different

points along the flow pathway (e.g., two different sections of

a blood vessel), vblood1 and vblood2 are the velocities of

blood flow at those respective points. This equation states that

the product of the cross-sectional area and velocity at any

given point along the flow pathway is constant. As the cross-

sectional area increases (e.g., from larger arteries to smaller

arterioles and capillaries), the velocity of blood flow must

decrease to maintain the constant flow rate. Conversely, when

the cross-sectional area decreases, the velocity of blood flow

increases to compensate and maintain the constant flow rate.

The blood flow velocity is the fastest in the middle of

the vessel and slowest at the vessel wall. The fastest speed

is in the aorta which is around 40 cm/s, and the slowest

is in the capillaries which is close to 0.03 cm/s [39], [40].

These movements cause changes in the properties of the

communication channel. Therefore, we define the coherence

time of the channel, τc , as

τc � λg
v

=
c

nfv
, (15)

where v is the average speed of cell movements. Further, we

define the message time, Tmsg , which includes the transmis-

sion of the required number of bits in a message, Nbits , within

τc as

Tmsg = NbitsTs ≤ τc ⇒ Ts � c

Nbitsnfv
. (16)

The definition of τc in (15) and the constraint on the symbol

time Ts given in (16) ensure that the channel properties

will not change within the time period of a single message

transmission, akin to the slow fading phenomenon. Here, we

consider that the channel state information is updated once in

every message transmission.

In the specific case of cell movements in the blood, the

velocity of the blood vblood can be considered as the speed

at which the blood cells move. This speed only applies to

the scenario in which the transmitter is fixed (smart band in

Fig. 1(a)). However, when the nanomachines are moving along

with the cells (Fig. 1(b)) and at the same speed of the blood

cells, a much slower relative speed for the cell movements

should be considered. In this scenario, the nanomachines

effectively “ride along” with the flow of the blood without

experiencing significant displacement relative to the cells. As

a result, from an external observer’s perspective, the apparent
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Fig. 5. From top to bottom: Digital data stream, modulating pulse and modulated signal with carrier for (a) RCP and (b) GPT modulation methods.

motion of the cells appears slower compared to when the

nanomachines are stationary or moving independently. This

results in a larger coherence time τc which relaxes the

constraint in (16). The same applies to the skin cells, as they

are relatively fixed from the wearable device perspective.

D. Power Budget and Noise Model

1) Power Budget: Here we consider the case that the

nanomachine is always able to work with the maximum avail-

able power which can be calculated from the total available

energy Emax in (3). This assumption is true as long as the

required data rate does not exceed a threshold which restricts

the time needed for the nanogenerator to be able to harvest the

maximum possible energy [25] and can be written as follows

Emax ≤ λharvTs , (17)

where λharv is the rate at which the nanogenerator is able to

harvest energy in J/s. We further consider that the probability

to transmit a logical “0” or a logical “1” in a message of length

Nbits follows a binary equiprobable distribution (Pr{x0} =
Pr{x1} = 0.5). Therefore, by using the OOK modulation (as

seen in Section III-B), the maximum available power is given

as follows

Pmax =

⎧

⎪

«

⎪

¬

Emax
µ̈Ts

, RCP-OOK is used

Emax

µ̈NRTp
, GPT-OOK is used .

(18)

Here μ̈ ≥ 1 is the average number of consecutive “1s” (Nx1)
received after receiving a “0” and Nx1 follows a modified

Poisson distribution given as follows

Pr{Nx1 = k | x0 → x1} = e−µ̈ μ̈k−1

(k − 1)!
, ∀k ≥ 1, (19)

where k is an integer bigger than one and x0 → x1 represent a

transition of “0” to “1” in the received sequence of bits. Note

that we assume that the nanogenerator is able to harvest energy

only during the silence time. However, in the GPT-OOK

modulation mode if the delay between the pulses is much

bigger than the pulse width (Td 
 Tp), then the nanogenerator

is able to store some energy in between the pulses, hence the

maximum available power can be increased up to Emax/Tp .

Moreover, we consider that the available power in the smart

band is always more than that of the nanomachine (due to the

larger battery that can be placed in a wearable device) and it

does not introduce a predominant constraint on Pmax .
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2) Noise Model: Noise in a sensing system can corrupt the

detected signals and significantly affect the sensing capability.

In the intra-body communication system shown in Fig. 1, two

primary noises can be considered, namely, the channel noise

and the device noise. Therefore, the total noise temperature of

the system is given as

Tsys = Tchannel + Tdevice . (20)

The channel noise, Tchannel , is mainly caused by the

molecular absorption discussed in Section III-A, which not

only generates heat and affects the properties of the channel in

terms of attenuation, but also introduces noise [41], [42]. The

equivalent noise temperature due to the molecular absorption

that an omnidirectional antenna receives from the medium is

given as

Tmol (f , d) = T0·(f , d), (21)

where T0 is the reference temperature of the medium and ·
refers to the emissivity of the channel which is defined as

·(f , d) = 1 − ¸(f , d) where ¸ is the transmissivity of the

medium and is obtained by using the Beer-Lambert law as

¸(f , d) =
P0

Pi
= e−ᾱ(f )d , (22)

where Pi and P0 are the incident and radiated powers and ᾱ
is the medium absorption coefficient.

The device noise is mainly defined by the antenna noise

temperature, Tant , which describes how much noise a receiver

antenna produces in a given environment. This noise depends

on the frequency of the EM wave and for the specific case of

optical wave radiations it is considered as Shot noise (Poisson

noise) due to the discrete nature of the photon detectors

(photon counters) at the receiver device. In any case, the

calculation of the device noise is out of the scope of the current

study. We consider the receiver antenna to have a very low

noise temperature compared to the channel noise temperature.

The dominant noise temperature of the system Tsys is the

channel noise which is caused by the molecular absorption

Tmol . The equivalent molecular absorption noise power at the

receiver, for a given bandwidth B, can be calculated as

Pn (f , d) =

∫

B

N (f , d)df = kB

∫

B

Tmol (f , d)df , (23)

where N refers to the noise power spectral density, kB is

the Boltzmann constant and Tmol refers to the equivalent

molecular absorption noise temperature given by (21).

IV. OPTIMIZATION PROBLEM FORMULATION

AND SOLUTION

In this section, we formulate an optimization problem

for EM intra-body communications with the objective of

minimizing the temperature increase in biological tissues

while maintaining a minimum QoS requirement. This will be

achievable by using our proposed modulation technique, GPT-

OOK, given in Section III.

A. Formulating the Optimization Problem

As discussed in Section III-A and based on (10), the

temperature increases exponentially while the radiation source

is “ON”. The total temperature increase Tinc after a successful

transmission of a logical “1” by using the GPT-OOK mod-

ulation method with NR redundant pulses within a symbol

is

Tinc = Θ
(

Tp , Td ,N
R
)

= ∆Tmax

(

1− e
−

Tp
Tinc

)N
R

∑

i=1

[(

1− e
−

Tp
Tinc

)

e
−

Td
Tdec

]i−1

.

(24)

Note that we estimate the Gaussian pulse with a sharp

rectangular shape which means that as soon as the radiation

source is “ON” it starts to radiate with the maximum power.

It can be seen from (24) that Tinc depends on pulse width Tp ,

delay Td , and number of redundant pulses in a symbol NR ,

which are the main parameters of the GPT-OOK modulation

scheme.

We consider the BER as the QoS measure. The maximum

tolerable BER, BERmax , is defined as a requirement that

guarantees the successful transmission of a message of length

Nbits within τc . This is defined as the minimum achievable

throughput of the system Smin given as Smin = Nbits/τc .

The BER is a function of the path loss L(d), SNR, NR , Tp ,

and pulse probability px . The larger the SNR, NR and Tp ,

the smaller the path loss L(d), resulting in a better BER. The

SNR= Ebittx /Pn , where Ebittx is the energy required to transmit

a bit and Pn is the noise power given in (23).

Minimizing the temperature increase by using the proposed

GPT-OOK modulation technique and by taking into consider-

ation the device, channel and biocompatibility constraints can

be given in the form of an optimization problem as follows

Optimization Problem [P1]

Given : τc , Tinc , Tdec , μ̈, f ,Pn , Emax ,Smin ,

Bmax ,BERmin ,NR
min ,T0,Tthr ,∆Tmax

Find : T ∗
p , T ∗

d ,NR∗

Minimize : Tinc = Θ
(

Tp , Td ,NR
)

Subject to :

Tp ≥ 1

Bmax
(25)

Td ≤ Ts
NR

min

(26)

Ts ≤ Nbit

Smin
(27)

Ts � c

Nbitsnfv
(28)

Emax ≤ λharvTs , (29)

Pmax =
Emax

μ̈NRTp
(30)

φ

(

L(d)Pn

Ebittx NRTp
, px

)

≤ BERmax (31)

Tinc ≤ Tthr − T0. (32)
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In [P1], Bmax is the maximum available bandwidth, φ is

a function that gives the BER and NR
min is the minimum

required redundant pulses to satisfy the BER constraint in (31).

Constraints (25) to (28) relate to the modulation technique

parameters. The device and communication interdependencies

are given by (29) and (30). Inequality (31) in parallel with (27)

and (28) satisfies the minimum QoS requirement. Finally, (32)

guarantees the biocompatibility of the proposed modulation

technique for EM intra-body communications.

It can be observed that the problem defined in [P1] is a

joint variable optimization problem with variables Tp , Td and

NR , and a mixture of linear and non-linear constraints on the

optimization variables given as both equalities and inequalities.

Seeking optimal solutions with traditional multi-objective

optimization methods for problems involving the coupling

of multiple optimization problems that are competing in

nature and yet must simultaneously satisfy various conflicting

objectives is very difficult, if not impossible, particularly in the

specific case of nanomachines with restricted computational

capabilities.

Solving these so-called “joint optimization problems” usu-

ally requires game theory approaches to achieve equilibrium

solutions that leverage multiple conflicting goals of design. In

addition, for the specific case of [P1], proving the convexity

of the objective function and the constraint set is not trivial.

However, it can be shown that the objective function Θ is

convex with respect to the variable Tp , and furthermore,

the constraints can be approximated with convex sets. In

the following section, we propose a solution to [P1] and

numerically study the achievable results.

B. Optimization Problem Solution Approach

It is to be noted that in our system we consider a desired

bitrate of 100kbps, which is the main parameter that directly

affects the symbol rate and hence the Td (depending on the

required Nr to satisfy a desired BER). The Tp is impacted by

the Bmax which is in the GHz range, i.e., Tp can be as small

as few ns/ms, therefore it is practical to assume Tp � Td .

Thereby, Tinc can be approximated as:

Tinc = Θ
(

Tp , Td ,NR
)

≈ ∆Tmax

(

1− e
−

Tp

Tinc

)

. (33)

Here, we consider a restricted version of GPT-OOK in which

Td = nTp with n being a sufficiently large integer that satisfies

the approximation in (33). It can be observed that the new

objective function ΘM (right hand side of (33)) is a convex

function with only one optimization variable Tp .

Regarding the constraints of the problem [P1], we assume

the total number of required bits in a message Nbits is fixed

and given. Therefore, inequality constraints (27) and (28)

will be reduced to Ts = τc/Nbits and inequality (29) will

be reduced to Emax = λharvTs . Both of the new equality

constraints now can be considered as a given initial value

of the optimization problem. Moreover, the constraints on

the maximum available energy due to energy harvesting

process and the communications requirements given by (29)

and (30) can be considered to be always restricted by the

nanolaser antenna propagation capability (i.e., Pnanolaser
max <

TABLE I
SIMULATION AND NUMERICAL ANALYSIS PARAMETERS AND CONSTANTS

Pavailable
max ); hence, Pmax can be assumed to be given by the

nanolaser antenna as an initial value and is not affected by the

optimization variable Tp .

Finally, under the aforementioned assumption of Td =
nTp , inequality (26) can be replaced by Tp ≤ T max

p . We

can also merge (25) and (31) into one inequality given as

T min
p ≤ Tp . In addition, we consider a Return to Zero (RTZ)

coding technique in our communication system. The benefits

of using the RTZ coding are twofold: i) there is no need to

have a separate clock for synchronization in the system, and

ii) the tissue temperature always has enough time to cool down

before the next pulse comes in, and it also simplifies (18) by

setting μ̈ = 1. With the new objective function and modified

constraints the equivalent optimization problem can be written

as

Optimization Problem [P2]

Given : τc , Tinc , Tdec , μ̈, f ,Pn , Emax ,Smin ,

Bmax ,BERmin ,NR
min ,T0,Tthr ,∆Tmax ,n

Find : T ∗
p

Minimize : Tinc = ΘM(

Tp
)

Subject to :

T min
p ≤ Tp ≤ T max

p (34)

Tinc ≤ Tthr − T0 (35)

It can be easily observed that [P2] is a convex optimization

problem. Moreover, the objective function is monotonically

increasing on the feasible set. Therefore the optimal solution

of [P2] is given as T ∗
p = T min

p .

Note that the assumption of fixed Nbits may cause the

feasible set for the system of inequalities in [P2] to become an

empty set (i.e., τmax
p < τmin

p or ΘM(T min
p ) ≥ Tthr − T0).

In this case we have to reduce the message size and solve

the optimization problem again to obtain a feasible optimal

solution. To avoid this, the maximum message size that

satisfies the temperature threshold can be further calculated

and be considered as the initial input of the problem.
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V. NUMERICAL ANALYSIS

We use OOK modulation, in which the presence of a signal

is represented by transmitting a carrier wave with a specific

amplitude, while the absence of a signal is represented by

transmitting no carrier wave (i.e., turning it off). This binary

modulation scheme can be interpreted as Binary Amplitude

Shift Keying (BASK), where the amplitude of the carrier wave

varies to represent binary data. In both cases, there are two

possible states: one where the carrier wave is present (with a

certain amplitude) representing one binary state (in our case

“1”), and another where the carrier wave is absent (with zero

amplitude) representing the other binary state (in our case “0”).

ASK and OOK communication protocols are commonly

employed in short-range wireless applications, allowing power

savings as no signal is transmitted during 0’s (half of the time).

On the receiver side, we utilize a non-coherent detector, easily

implemented with a low-cost envelope detector. This detector

is convenient for nanomachines as it employs simple passive

components and doesn’t necessitate a reference or carrier

signal. In addition, we implement OOK in two modes: the first

mode involves a simple OOK using a RCP as the modulating

pulse as depicted in Fig. 5 with RCP-OOK. The second mode

employs our proposed train of short Gaussian pulses, shown

with GPT-OOK in Fig. 5. For completeness, we also evaluate

Single Short Pulse (SSP) transmission, where only one pulse

with the same duration as GPT pulses is transmitted without

redundancy. While SSP offers the advantage of minimal heat

generation, as demonstrated later, it suffers from a significantly

high BER.

Table I summarizes the parameters and constants that we

use for the numerical analysis of the proposed modulation

technique for iWNSNs. The wavelength of the EM wave

is considered 600 nm for a visual optical signal in free

space (which is equivalent to 450 nm in blood considering a

refractive index of 1.33). Hence the frequency of the modulator

signal is 500 THz. Fig. 6(a) shows the COMSOL simulation

of moving RBCs in a human blood vessel with a pair of trans-

mitting and receiving nanosensors, while Fig. 6(b) illustrates

the snapshot of the received signal at 20 time steps each 5μs
apart [43]. To simulate the movements of RBCs in a blood

vessel using COMSOL, we first randomly place a number

of cells with predefined radii inside a section of a vessel

containing two nanomachines. Then, employing a random

motion algorithm, we determine the new position of each

cell at each step using the Wiener process. In the context of

Brownian motion, the random movement of RBCs in the prop-

agation medium create variations in the signal’s path length

and phase, leading to constructive and destructive interference

at the receiver. This results in the signal experiencing random

fluctuations in amplitude, which is characteristic of Rayleigh

fading. In fact, the movement of cells in a complex biological

environment involves unpredictable trajectories, collisions, and

interactions, contributing to a stochastic nature akin to the

random phase variations in Rayleigh fading.

It is worth mentioning that we only consider RBCs inside

the human blood, as RBCs are the largest (7 microns) and

most abundant (45%), thus exerting the greatest influence on

Fig. 6. (a) Moving RBCs inside a human blood vessel. (b) Received signal
at the receiver node.

light propagation in blood. All blood cells float within blood

plasma, which constitutes 55% of blood and is primarily (92%)

composed of water. In addition, platelets and some types of

white blood cells, may appear relatively transparent compared

to RBCs. These cells are generally less pigmented and have

fewer cellular components compared to RBCs. As a result,

they exhibit less light absorption and appear less opaque when

viewed under a microscope or in microscopic imaging.

To evaluate the performance of our proposed modula-

tion technique, GPT-OOK, against the RCP-OOK, we use

a Rayleigh fading model with a maximum Doppler shift

calculated using f max
D = v

c/n
f . The cell movements speed

ranges between 0.004 m/s to 0.4 m/s inspired from the motion

of the blood cells. By substituting the cell speed in the

Doppler shift formula, the derived maximum shift will range

approximately between 9 kHz and 900 kHz. Note that in OOK,

every symbol represents one bit, so bit/sec and symbol/sec

are equivalent. We consider a 90 kbit/s transmission rate to

evaluate the BER for the entire range of the Doppler applicable

to both the minimum and maximum speeds of the cells.

Fig. 7 shows a random sequence of bits transmitted (top) and

received (bottom) in an intra-body communication channel.

The red line shows the cell movements and cell blocking effect

that is modeled with a Rayleigh fading model with Doppler

of 9 kHz.

Fig. 8 shows the BER of different modulation techniques,

namely, RCP which uses a long pulse to transmit a “1” and
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Fig. 7. Random sequence of bits transmitted (top) and received (bottom) in
an intra-body communication channel with noise and fading. Cell blocking
effect is modeled with a Rayleigh fading model with Doppler of 9 kHz.

silence for a “0”; GPT which uses a train of redundant short

pulses with NR = 5 and Tp = 0.1Td ; and SSP which uses

only one short pulse (no redundancy) with same duration of

Tp in GPT. The results are shown for a range of Doppler

shifts from 9 kHz to 900 kHz. As it can be seen in Fig. 8, our

proposed modulation technique, GPT, can easily achieve BER

of less than 10−2 for Doppler shifts larger than 90 kHz. This

translates to cell movement speeds of 0.04 m/s and 0.4 m/s

which is the average speed of RBCs in the center of blood

vessels. The speed of cells decreases near the vessel walls

with a minimum of ∼0.004 m/s which is modeled by a 9 kHz

Doppler effect showing a high BER (∼ 10−1). Note that slow

cell movements can block the signal for a longer duration,

hence even the RCP cannot achieve a good BER. However,

this only occurs when the sensors are in close proximity to the

vessel wall, which has a very low probability. Nevertheless, a

longer pulse duration can serve as a remedy for this specific

case, albeit at the expense of a lower data rate.

From Fig. 8, it can also be observed that SSP cannot achieve

a good BER. Due to the use of very short pulses and a

longer delay between two consecutive pulses, SSP causes the

lowest temperature increase among other techniques. However,

it suffers from poor communication quality. RCP achieves the

best BER at a Doppler of 900 kHz, and GPT can easily meet

the minimum BER requirement of 10−2.

Fig. 9 shows the BER for different speeds of cells. It can be

seen that GPT performs even better than RCP when the speed

of cells is comparable to the bit rate, i.e., 90 kbit/s at 0.04 m/s

(90 kHz Doppler). Therefore, GPT is the optimal technique

which preserves the communication quality while preventing

Fig. 8. BER of RCP, GPT and SSP vs. SNR at different cell movement
speeds modeled by a Rayleigh channel with various Doppler shifts.

Fig. 9. BER of RCP, GPT and SSP vs Doppler shift.

long-duration EM exposure of the biological tissues, causing

lower temperature increase.

In an extreme case where the pulse “ON” time needs to

be longer (e.g., low SNR, poor channel condition, or slower

cell movements), it can be shown that GPT still works better

than RCP while keeping the temperature increase below the

safety threshold. Fig. 10 shows the temperature increase using

RCP- and GPT-OOK modulation techniques with a pulse

duration of 20 ms. As it can be seen in Fig. 10, the temperature

goes above the tolerable threshold Tthr when using the RCP-

OOK with a rather large “ON” time. However, by using the

GPT-OOK (with the same power), the temperature remains

below the threshold Tthr . This is due to the fact that in GPT,

each pulse duration in the pulse train is very short which

only causes a small temperature increase. Then, between the

short pulses and before the next pulse, the tissue’s temperature

decreases; hence, the overall temperature increase will always

remain below the safety threshold.

Finally, Fig. 11 shows temperature increase Tinc in bio-

logical tissues in the presence of the EM intra-body

communication by using RCP- and GPT-OOK modulation

techniques vs. the achievable throughput Smin . It is worth

mentioning that we only account for the temperature increase
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Fig. 10. Temperature increase and decrease in biological tissues in presence
of the EM wave vs time.

Fig. 11. Temperature increase Tinc in biological tissues in the presence of
the EM intra-body communication by using RCP- and GPT-OOK modulation
techniques vs achievable throughput Smin .

in the nearest cell to the transmission source as the worst-

case scenario in temperature increase. Note that the other

cells will absorb less energy due to their longer distance

from the source, resulting in a lower temperature increase. As

seen in Fig. 11, the heat generated in the biological tissues

can always be maintained below the safety threshold Tthr

by using the proposed GPT-OOK method, even for higher

throughputs. It can also be observed that RCP-OOK generates

less heat compared to GPT-OOK for very small ranges of

throughput. This is due to the fact that RCP pulses have

a smoother transition between symbols compared to GPT,

resulting in better bandwidth efficiency. However, even with

a slight increase in throughput demand, the heat generated by

RCP exceeds that of the GPT method and eventually surpasses

the safety threshold.

VI. CONCLUSION

In this paper, we propose a biocompatible modulation tech-

nique for iWNSNs. Specifically, we develop a mathematical

framework to optimize the parameters of an adaptive Time

Spread OOK pulse-based modulation named GPT-OOK. This

optimization considers the physics of the intra-body optical

channel and the light-matter interaction in biological tissues,

accounting for the resulting photo-thermal effects.

Moreover, we formulate and solve an optimization problem

to minimize the biological impact of EM waves while meeting

the minimum QoS requirements for intra-body communica-

tions. The proposed modulation technique and the analytical

optimization model are validated through extensive numerical

simulations. The presented results indicate a trade-off between

the link efficiency and the biocompatibility of transmitted sig-

nals, with optimal modulation parameters preventing potential

harmful effects to biological tissues based on the photosensi-

tivity of target regions.

Numerical analysis demonstrates that GPT-OOK achieves a

data rate of 90 kbit/s BER of 10−2 while keeping the temper-

ature increase within the bio-safety measures. This indicates

a reliable intra-body channel facilitating data transmission

without significant loss or corruption.

As a future research direction, investigating methods for

dynamic adaptation of modulation parameters based on real-

time feedback from the intra-body environment could further

enhance the performance and biocompatibility of wireless

intra-body communication. In addition, exploring the integra-

tion of multiple communication modalities, such as optical,

acoustic, and EM could offer synergistic benefits for intra-

body wireless communications. By leveraging the strengths

of each modality, the communication system can adapt to

variations in tissue properties, maximizing signal penetration

and minimizing signal loss.
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