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Abstract—Optical Wireless Communications (OWC) has re-
cently emerged as a viable alternative to radio-frequency tech-
nology, especially for the Internet of Things (Io0T) domain. How-
ever, current simulation tools primarily focus on physical layer
modelling, ignoring network-level issues and energy-constrained
environments. This paper presents an energy-aware OWC module
for ns-3 that addresses these limitations. The module includes
specific PHY and MAC layers and integrates an energy model,
a mobility model, and models of monochromatic transceivers
and photodetectors, supporting both visible light and infrared
(IR) communications. Verification against MATLAB simulations
confirms the accuracy of our implementation. Additionally, mo-
bility tests demonstrate that an energy-restricted end device
transmitting via IR can maintain a stable connection with a
gateway at distances up to 2.5 m, provided the SNR is above
10dB. These results confirm the capabilities of our module
and its potential to facilitate the development of energy-efficient
OWC-based IoT systems.
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I. INTRODUCTION

The Optical Wireless Communications (OWC) field is
gaining significant attention as an alternative to traditional
radio-based solutions due to its potential to address spec-
trum congestion, deliver higher data rates, and ensure secure
communications [1]. This broad domain encompasses various
technologies, including Visible Light Communications (VLC),
infrared (IR), and Light Fidelity (Li-Fi). Moreover, OWC can
complement other wireless communication solutions, such as
Wi-Fi or Bluetooth Low Energy (BLE), making it a com-
pelling option for the Internet of Things (IoT) domain [1].
Nevertheless, OWC requires extensive testing and simulation
to realise its potential as an emergent technology. Current
open-source OWC simulators primarily focus on modelling
the physical (PHY) layer, while comprehensive network-level
simulations are less common. For instance, [2] introduced
an ns-3 module that combines VLC and Wi-Fi. However,
this module derives from the point-to-point (P2P) module,
which imposes significant limitations. In particular, the P2P
module employs a simplified Medium Access Control (MAC)
protocol designed for cabled communications and lacks a clear
separation between the PHY and MAC layers. This design
constraint prevents the implementation of energy models or
targeted improvements to the PHY or MAC layers. In con-
trast, [3] developed a realistic VLC module with OMNeT++,
which addresses these limitations by employing advanced ray-
tracing techniques for channel modelling, providing dedicated
PHY and MAC layers. However, although OMNeT++ is a
simulation environment as capable as ns-3, only ns-3 allows

for real-time integration with actual network stacks [4]. Lastly,
none of these modules implements an energy consumption
model for OWC. Therefore, developing a new energy-aware
OWC module for ns-3 is worth exploring. This model would
overcome the limitations of current solutions and facilitate
the development of digital twins for energy-constrained OWC
devices, ultimately advancing the practical deployment and
optimisation of OWC technologies in energy-sensitive envi-
ronments.

In this work, we present a novel OWC module for ns-
3. The proposed OWC module focuses on modelling OWC
in IoT networks, considering the nodes’ mobility and en-
ergy consumption. For this purpose, we set up a scenario
where the nodes are treated as IoT devices that operate on
batteries and have energy harvesting capabilities. Therefore,
we implemented an energy model that considers the energy
consumed, stored, and harvested by the nodes. This scenario
is characterised as a short-range communications environment,
where nodes transmit through visible light (VL) and IR in
distinct channels, enabling full-duplex communications. The
OWC module is also designed with a modular architecture
that enables reconfiguration and adaptation to user require-
ments, therefore broadening its potential applications and use
cases. In this work, we explore the OWC module in an IoT
context. Nevertheless, it can also be applied to other network
architectures.

II. OWC MODULE DESCRIPTION

As mentioned, this work focuses on energy-restricted sce-
narios for IoT networks. Thus, the specifications were estab-
lished in that context where, in each link, there is a central
device and a peripheral one. Namely, the peripheral is desig-
nated as the end device (ED) and the central as the gateway
(GW). The ED is energy-restricted, operating on batteries and
relies solely on energy harvesting for its operation. Moreover,
the GW is connected to the grid and has no energy limitations.
The GW transmits via VL and receives via IR, whereas the
ED operates oppositely, using IR for uplink (UL) and VL
for downlink (DL). This configuration supports full-duplex
communication, as the UL and DL occur on two different
wavelength windows. Despite this full-duplex ability, devices
of the same category (EDs or GWs) cannot communicate with
each other because they transmit at wavelengths that they
themselves cannot receive. This restriction imposes two main
network topologies: a point-to-point link between ED and GW
and a star network where the GW operates as the central node.
Since this work focuses on IoT scenarios, these topologies are



perfectly aligned with the aimed goal.

In this module, the optical channel is defined within a
narrow bandwidth instead of utilizing the full spectrum of a
white LED. In this case, the LEDs are treated as monochro-
matic light sources, operating within a wavelength range of
1550 nm to 380 nm, covering both IR and VL. Both channels
are modelled using the Lambertian propagation pattern, which
is widely adopted for VL scenarios and can serve to model
IR as well [5]. By treating IR and VL as monochromatic light
sources and assigning the corresponding wavelengths to each,
this simulator accounts for wavelength-dependent scenarios.
Lastly, the Modulation Coding Scheme (MCS) employed is the
Return-to-Zero On-Off Keying (RZ-OOK), chosen for its high
energy efficiency and ease of implementation in modern LED
technology [6]. A key reference for this work is [7], which
provides a solid foundation in the fundamentals of OWC.
In addition to theoretical insights, this reference includes
MATLAB examples that were also utilized to validate our
implementation.

A. Module Architecture

Fig. 1 depicts a high-level representation of this module
architecture, showing the main building blocks of an OWC
node. Each block represents a distinct class, following the
typical architectural convention of an ns-3 module:

1) OwcNetDevice: This class abstracts and manages the
network interface hardware. It handles tasks such as sending
and receiving packets over the network, configuring network
parameters, like IP addresses, and interfacing with the lower
layers;

2) OwcPhy: This class is the first layer (physical) of
the OSI Model. It is responsible for handling the physical
transmission and reception of packets and also simulating
errors that might occur during the transmission and reception
of packets. This class integrates multiple components, such
as an error model tailored for RZ-OOK and monochromatic
optical transceiver and receiver models.

3) OwcMac: This class is responsible for the second layer
(data-link) of the OSI Model. This class handles the protocols
and mechanisms to control access to the shared wireless
medium. The MAC follows a round-robin approach, where the
GW cycles sequentially through each ED, which is particularly
efficient for a star topology network. Additionally, the current
MAC layer ensures a single connection between each unique
pair of ED and GW while handling multiple connections from
the GW side.

B. Optical Transceiver

In OWC, the transceiver usually consists of an array of
multiple LEDs. However, in this module, the transceiver is
a singular LED, representing the apparent luminosity of a
combined grid. This device is modelled as a Lambert radiator,
which can be configured with different parameters, such as the
half power semi-angle ¢, /5, the wavelength A, the transmission
power P, and the bit rate 1?;. Depending on the configuration
of the transceiver, this class is responsible for instantiating
the OwcSignalParameters object, which encapsulates the data
frame with the parametrization of the optical signal. The ¢, 5
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Fig. 1. High-level class diagram of the OWC ns-3 module.
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Fig. 2. Representation of the OWC channel.

parameter represents the angle at which the luminous intensity
decreases to half of its value along the central axis of the light’s
direction. Accordingly, the transceiver is then characterized
by the Lambertian order, m, and the generalized Lambertian
radiant intensity distribution, Ry(¢), defined as (1), where ¢
is the radiance angle, varying between [—7/2, /2] [7].
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C. Channel Model

The optical channel is implemented in the OwcChannel
class. This class integrates the propagation loss and the propa-
gation delay models while featuring VL and IR carriers, as
shown in Fig. 2. In this model, each communication link
between ED and GW is represented individually. This is
possible since it is assumed that the medium access control
is centralized at the GW. In fact, by cycling through each
ED, the access control prevents collisions from happening.
Consequently, there was no need to implement a collision
resolution mechanism.

In OWC, two primary types of channels are the Line of
Sight (LoS) link and the diffuse link [7]. This work adopts the
LoS link for short-range scenarios. In this case, the multipath
dispersion can be neglected. Thus, the LoS channel is often
modelled as a linear system with attenuation and delay [8]. The
optical LoS channels are regarded as non-frequency selective,
with path loss inversely proportional to the square of the
distance d between the transmitter and receiver. Indeed, the
distance is one of the components of the channel’s impulse
response hr,gs as expressed in (2). Here G,q(1) represents the
photodetector (PD) gain, given as (3), being v the incidence
angle. G,q(v) is highly dependent on multiple parameters,
such as the PD area A, the refractive index n, and the Field-
of-View (FoV) angle .. Additionally, the concentrator gain
g(1) and the optical filter gain T'(¢)), are defined as (4) [7].
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D. Optical Receiver

The reception of the signal is handled by the OwcPho-
todetector class, whose primary role is determining the SNR
of the received signal as (5). This operation accounts for
multiple parameters, combining the received power P, internal
noise o2, and the photodetector’s responsivity R. Moreover,
the received power P, is the product of P, by the channel’s
impulse response hyos.
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The responsivity R is given by (6), where ¢ is the electron
charge constant, h the Planck constant, ¢ the constant speed
of light in vacuum, and A the wavelength of the received
signal [9]. Additionally, quantum efficiency 7 represents the
ratio at which a photon is converted to electrons upon receiving
an optical signal. This value varies significantly depending
on the photodetector’s construction and varies non-linearly for
different wavelengths. Thus, parameter 7 is a constant attribute
that the user can configure to match the specs of the physical
device.
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Furthermore, total noise variance o2 is characterized by

the sum of the thermal noise 03> and the shot noise o2 .
The thermal noise is calculated as (7), based on the electronic
characteristics of the PD. The shot noise, expressed as (8),
depends on the wavelength and is caused by the arrival of the
photons at the PD, modelling the noise interference from other
light sources, such as ambient light [2]. Table I describes the

parameters involved in this calculation.
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E. Error Model

The OwcErrorModel class implements the error model,
asserting whether a packet is corrupted during the transmission.
This process involves the bit error rate (BER) computation for
a given SNR. In addition, the BER calculation is performed
based on the MCS in use, as different MCS schemes exhibit
varying resistance to noise. This work focuses on RZ-OOK,
but other schemes are also supported as they were initially
implemented in [2]. Therefore, the other available types of
modulation are: Variable Pulse Position and Pulse Amplitude

3 ?
.
Ao

,
’

/
}:Q II
’

Ned /)
‘ Ta/; 2 Y

T
/,

8>

Fig. 3. 3D illustration of a gateway communicating with an end device.

for higher orders of modulation. For RZ-OOK, the BER is
calculated as (9), and the Packet Error Rate (PER) as (10),
where L represents the length of the received packet [6]. After
computing the PER, the model determines whether a packet is
corrupted by generating a random variable between 0 and 1.
This value is then compared to the calculated value of PER.
If the generated number is smaller than PER, the packet is
corrupted; otherwise, the packet is delivered without errors.

1 v/ SNR
BERRZ—OOK = —erfc < ) (9)
2 2
PERRz. 00k = 1 — (1 — BERgz 00k )** (10)

F. Orientation-Aware Mobility Model

Considering the calculations involved in modelling optical
communications, the directionality and alignment between the
nodes are important factors in the overall OWC model. There-
fore, we developed a new mobility model that considers the
orientation besides the (z,y, z) coordinates. This way, radiance
and incidence angles are dynamically calculated based on the
relative position of the nodes. The orientation is described by
the surface’s normal vector, with rectangular coordinates, on
which the optical transmitter or receiver is installed. Thus, if
multiple interfaces are installed on the same node, they share
the same orientation.

Fig. 3 illustrates a scenario in which a GW is installed
in the ceiling and communicates with an ED on the floor.
The notation adopted describes n¢q and ng, as the normal
vectors to the surfaces of the ED and GW, respectively. The
¥ represents the Line of Sight vector between them, and the
1 and ¢ angles are calculated as in (11). Additionally, the
yellow-shaped cone represents the PD’s FoV angle, meaning
that if v is greater than )., the node is unable to receive the
signal, becoming out of reach.

M) , ¢ = arccos (n;’w 47) (11)
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In addition to the mobility model, we created a helper class
to handle its installation and configuration. This class allows
users to define the room’s dimensions, with the GW positioned
at the ceiling’s centre and the ED randomly distributed across
the room floor. Additionally, the user can define the minimum

1) = arccos (



Fig. 4. OWC PHY state machine.

distance between EDs to avoid overlaps during random dis-
tribution. This helper class was mainly developed to facilitate
the distribution of the nodes in a star topology network.

G. Energy Model

The energy model implemented utilizes the ns-3 energy
framework [10]. In this framework, the energy model con-
tinuously monitors changes at the PHY layer and updates
the energy consumption accordingly. This interaction between
the energy model and the PHY layer requires three main
components:

1) Energy Source Model: The energy source model repre-
sents a battery powering every component installed on a given
node. Upon complete depletion, each interface gets notified
and shuts down accordingly. Upon recharge, the interfaces are
again notified and turned back on.

2) Energy Harvester Model: The energy harvester is na-
tively supported in ns-3 and represents a photovoltaic cell as
an energy source for the node.

3) Energy Consumption Model: This model computes the
current draw according to the PHY state and time spent
there. The user can instantiate two different models: the
OwcConstantCurrentModel and the OwcLinearCurrentModel.
The former acts as a look-up table, assigning fixed current
draws to each state, regardless of the configuration parameters
of the node. Conversely, the linear variation has the added
functionality of calculating the TX current draw [, as (12),
where P, is the transmission power, V; is the supply voltage,
ILiqie is the current in the idle state, and 7. is the power
supply’s efficiency, ranging between O and 1. These models
were adapted from the Wi-Fi energy consumption model native
to ns-3 [10] and are reconfigurable during runtime.

P,
Iy = —— + Ligie 12
¢ Von + L (12)

The PHY layer has a state machine with six states, as
illustrated in Fig. 4: Idle, Off, Sleep, Transmitting, Receiving,
and Full-Duplex. As the node transitions between these states,
the energy model is notified and updates the energy source
according to the consumption model instantiated. Leakage
current is also a configurable parameter of the simulation, and
for this work it was set to 0 A.

III. SIMULATION RESULTS

In this section, we evaluate the performance of the module
in various scenarios. We verify the implementation of both

TABLE 1. SIMULATION PARAMETERS FOR ALL SCENARIOS

Par t Description Value
Py Transmission power 1mW
Ry, Bit Rate 1 Mbit/s

b1/2 Semi-angle 80°
n Quantum efficiency 1
A Area of the photodetector 100 mm?
Ts Filter gain 1
Tw Absolute temperature 295 K
K Boltzmann constant 1.38 x 10722 J/K
Pe FoV angle 70°
Beg Equivalent Noise Bandwidth 4 MHz
Iz Noise bandwidth factors I 0.5620
I3 Noise bandwidth factors I3 0.0868
Ip Background current 1.13 A
Gor Open-loop voltage gain 10
Cpa Fixed capacitance of the photodetector 112 pF/cm2
N FET channel noise factor 1.5
Im FET transconductance 30mS
Agw TX wavelength of the GW 550 nm
Aed TX wavelength of the EDs 1300 nm
L Packet size 39 Bytes
ns-3 ns-3 version 3.43

the channel and mobility models and conduct experiments to
evaluate the precision of the proposed energy models.

A. Validation Methodology

To evaluate the module’s performance, we intend to con-
firm that the mathematical models selected from the literature
were correctly implemented. Moreover, we aim to characterise
the quality of the OWC link by analysing the SNR and packet
loss under different conditions. In our validation, each scenario
consists of a singular point-to-point link between the ED and
the GW, consistent with a star topology. The round-robin
scheduling ensures sequential communication without concur-
rency or collisions. Therefore, verifying each link indepen-
dently allows us to isolate the core mechanisms while ensuring
that the complete topology functions work as expected. Table I
lists the default parameters across all scenarios, combining the
transceiver and the PD configurations. The values regarding the
noise characterisation in (7) and in (8) were adopted from [2],
as the authors have tested their PD model in a real testbed.
Other parameters, such as the transmission power P}, bit rate
Ry, and packet size, were defined considering typical values
in low-energy technologies such as in BLE [11]. For example,
for the packet size, 39 bytes was chosen because it is the
value of the BLE advertising protocol data unit, thus making
it appropriate for low throughput IoT applications. In its turn,
the RZ-OOK modulation requires a minimum bandwidth of
Beg > 2Ry for a given bit rate [, [6]. Thus, to achieve a
maximum bit rate of 2 Mbit/s, we defined the PD’s equivalent
noise bandwidth B, to 4 MHz. Furthermore, the ¢, /5 and 7.
angles were selected to allow the gateway to fully cover the
room. Finally, we compared the results obtained in ns-3 with
the expected theoretical results from MATLAB simulations
designed for each scenario.

B. Optical Link Validation

To evaluate the optical link performance, we designed a
simulation scenario where the GW and ED face each other
directly to determine the impact of the distance on the SNR.
The GW was fixed in the ceiling at (0,0,6), and the ED
was placed underneath at (0, 0,6 — d), where d represents the
distance between them. The ED starts at a close distance of
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Fig. 5. SNR over the distance for IR and VL carriers, with markers for

successful packet reception.

0.1m and gradually moves further apart up to a distance of
6 m. The GW receives IR signals, while the ED receives VL
signals. We then collected SNR values from both devices and
compared the performance of these two carriers under identical
conditions. To validate our implementation, we developed a
MATLAB simulation that calculates the theoretical SNR values
over the distance, considering the same configuration parame-
ters as in ns-3. As shown in Fig. 5, the values obtained in ns-3
match the theoretical calculations from MATLAB, confirming
the module is correctly implemented. Additionally, we observe
that IR communications outperform VL in terms of SNR. This
is particularly useful as it allows using lower transmission
power, making it more suitable for energy-constrained EDs.
Furthermore, by distinguishing successful and unsuccessful
connection events in our results, we observe that packet
loss occurs when the SNR drops to around 10dB, making
the connection unreliable. This corresponds to a maximum
distance of 4.3m for IR, and 2.9m for VL.

C. Mobility Tests

In this scenario, we evaluate the mobility of the ED within
a room. We designed a setup where the GW remains fixed in
the ceiling while the ED moves around it as in a pendulum
motion. Initially, the ED faces the GW directly and gradually
moves around it, covering its entire FoV. To further analyse
the impact of distance, we repeated this experiment for various
distances, varying it from 1.5m up to 3.5m, in increments
of 0.5m. The results, plotted in Fig. 6, include simulation
results of this scenario and validation data from our MATLAB
script. As with the previous scenario, the results align with the
MATLAB calculations. Additionally, we can observe that the
connection becomes unstable when the SNR drops to around
10dB, regardless of the distance or incidence angle. The data
shows that, for this configuration, the ED can maintain a
reliable connection with the GW for a distance up to 2.5m
while being able to move freely within its FoV.

D. Energy Model

Regarding the energy-aware scenarios, we focused on
verifying our implementation by observing that the energy
consumption is simulated in coherence with the device’s
activity. At the current stage of development, the goal was
not to validate the model’s realism nor to optimize the node’s
energy consumption. We configured this scenario by installing
the energy model on the ED with a fully charged battery. The
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current model was configured with V; = 3.3V, n. = 0.1 and
idle and RX current draws to 1.4 mA and 2.4 mA, respectively.
These values were obtained from experimental measurements.

It is worth noting that in the idle state the node is only
idle from a radio point of view. All systems are still powered
up, ready to transmit and actively sensing, but the node is not
actively transmitting. These parameters were adopted from the
default values in the ns-3 Wi-Fi energy model using version
3.43.

1) Energy Consumption under different traffic loads: In
this experiment, we defined a fixed simulation time of 100s,
placing the nodes at a distance of 1 m to avoid packet loss.
For each simulation, we varied two key parameters: the baud
rate of the ED and the total number of packets transmitted
in this period. By adjusting the baud rate, we control how
quickly each packet is transmitted. Conversely, by changing the
number of transmitted packets during the same time interval,
we control the traffic load of the connection. As illustrated
in Fig. 7, higher baud rates result in less energy consumed
for the same traffic load. This is justified because of the
reduced time spent in the TX state, which results in a more
efficient operation. However, our model does not account for
the increased energy cost associated with the computational
efforts of operating at higher baud rates. While this is a
limitation, it also serves as a validation point, as the observed
energy consumption trends confirm that the communication
events are correctly reflected in the energy model.

2) Harvesting Scenario: In this scenario, we tested all
components of the energy model by integrating an energy
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harvester in the ED. The goal is to observe the node depleting
its battery, recharging, and correctly transitioning between
on and off states. In addition, we wanted to ensure that
communications are suspended during power loss and resume
when sufficient energy is restored. To achieve this, we set up
the simulation with trace-based data collection, where energy
updates are logged whenever an event occurs. Specifically,
whenever the node transmits or receives a packet or when it
harvests energy, we capture the current remaining energy and
update all relevant values. This approach allows us to monitor
energy depletion and replenishment over time while providing
insight into the node’s activity. As shown in Fig. 8, we present
three key metrics over time: the total energy consumed, the
remaining energy in the node, and the harvested energy. Ad-
ditionally, the graph background provides additional context,
where blue regions indicate that the node is on and grey regions
indicate the node is off. The simulation runs for 20s. The ED
remains in operation during the first 6, which is evident by
the increased energy consumption. As the remaining energy
reaches the lower threshold of 10 %, the node shuts down, and
the total energy consumed stabilizes, reflecting the absence
of activity. During this period, the energy harvester continues
to replenish the battery gradually. Eventually, the remaining
energy reaches the upper threshold of 15 %, allowing the node
to resume operation briefly. However, because the available
energy margin is small, the node quickly depletes its energy
again and shuts down, repeating the cycle. This behaviour
confirms that the energy model is correctly implemented,
accounting for the communication dynamics.

IV. CONCLUSIONS

This paper presented a new ns-3 module for OWC, focus-
ing on IoT networks. This work provides a coherent simulation
environment with energy and mobility models and a PHY layer
that integrates monochromatic transceiver and photodetector
models. The results were aligned with the theoretical models,
validating its implementation and precision. Furthermore, we
analysed the performance of the optical link under low-power
conditions. For our particular scenario, with a packet size of
39 Bytes and RZ-OOK, the link requires a minimum SNR
of 10dB to maintain a reliable connection. Moreover, the IR
carrier proved to be more energy-efficient than VL. Trans-
mitting with 1 mW, the ED can maintain a stable connection
with the GW within a range of 2.5m without compromising
its mobility. Finally, we demonstrated the behaviour of our

energy model under different traffic loads, showing that higher
baud rates lead to lower energy consumption of the ED due
to the reduced time spent in the TX state. While this work
provides a solid foundation, some limitations remain due to the
lack of real-world data for validation. Future work will focus
on improving the energy consumption model by conducting
real-world experiments, adjusting the module’s configuration
parameters to match corresponding physical devices, as well
as introducing more advanced OWC features such as beam
pointing and steering. These improvements will enhance the
module’s realism and enable us to leverage machine learning
techniques to optimise energy consumption. Beyond improving
the module, we plan to integrate our OWC module into a
real-world network, using emulated OWC nodes to scale real
testbeds, bridging the gap between simulation and practical
deployment.
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