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Abstract—Research in the field of optical wireless communi-
cations (OWC) has increased significantly over the past decade.
As new researchers begin to explore this field, there are various
hurdles related to developing a research program in OWC. This is
particularly noticeable when comparing the breadth of available
RF toolkits to the limited number of openly available OWC tools.
Furthermore, many of the available OWC resources are stand-
alone with limited capabilities for higher layer integration. In
this work, we present gr-owc, an open source out-of-tree module
for the widely used GNURadio signal processing toolkit. Within
gr-owc, we have developed signal processing blocks for OWC
channel simulation and common OWC modulation/demodulation
techniques. We demonstrate use of this module to simulate a
multi-cell/multi-user OWC network. We also describe how gr-owc
signal processing blocks can be deployed in a physical implemen-
tation using Software Defined Radio (SDR) hardware, namely
the universal software radio peripheral (USRP). Furthermore,
methods for contribution to the project are described since the
project is designed for continued development internally and with
the goal of engaging the broader OWC research community.

Index Terms—Optical Wireless Communication (OWC), Soft-
ware Defined Radio (SDR), GNURadio, LiFi, Testbed

I. INTRODUCTION

The growing demand for wireless capacity along with
the advancement of laser and light emitting diode (LED)
technology has led to an increasing interest in the optical
medium for wireless connectivity. Accordingly, the number of
active researchers in the field of optical wireless communica-
tions (OWC) is growing significantly. Early research in OWC
was focused on physical layer communications and signal
processing; however, the field is steadily moving towards sys-
tem development, higher layer network integration, and cross-
layer design [1]-[4]. Tools have been developed for simulated
analysis of the optical channel and performance evaluation
from a physical layer perspective [5], [6]. However, the OWC
field is lacking openly available toolkits with real-time signal
processing capabilities. The availability of such tools would
greatly advance the field by improving researchers’ ability to
evaluate performance at higher layers and in the context of
intelligent/adaptive systems.

With this in mind, we look to the RF community which
has benefited greatly from the concept of software defined
radio (SDR). In particular, the open-source GNURadio signal
processing toolkit and similar toolkits (e.g., Matlab/Simulink
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and LabView) have had an incredible impact on the field of RF
communications [7], [8]. When extending the SDR concept to
OWC, we consider three key objectives:

e Core Library: The toolkit should provide common signal
processing blocks, sample signal processing chains, and
shared resources. This core functionality will accelerate
the startup process while allowing researchers to work
with existing implementations and benchmark designs.

o Modularity: Users should be able to define unique signal
processing chains or interchange components of a signal
processing chain following modular design principles. In
addition, it should be easy for users to move between sim-
ulated and physical systems or swap between hardware
implementations. This modularity allows for iterative de-
sign changes and enables the use of “golden references”
to evaluate improvements to known techniques.

o Structure: The underlying structure that allows data
to flow through the signal processing chain should be
unnoticeable to the user, allowing them to focus on funda-
mental research rather than instantiation challenges. The
availability of an imperceptible coding structure reduces
development time and streamlines the process of testing
and verification for new signal processing techniques.

Considering these objectives, we present gr-owc, an open

source OWC signal processing toolkit that is developed as an
out-of-tree (OOT) module in the GNURadio framework. The
rest of the paper is organized as follows: Section II provides
background information related to OWC and SDR. Section III
defines theoretical models for the OWC channel and OWC-
specific modulation schemes. Section IV describes the soft-
ware framework and integration with GNURadio while Sec-
tion V describes specific signal processing blocks developed
for gr-owc. Section VI introduces sample signal processing
chains that exemplify the use of gr-owc in practice. Section VII
concludes the paper.

II. BACKGROUND

Over the past two decades, SDR has gone from a novel
concept to a key enabler of configurable RF communication
systems. Current work in SDR often highlights the functional
ability to implement dynamic and adaptive systems. However,
the ability to quickly move ideas from theory or simulation to
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practice is another significant aspect of the “software-defined”
concept. This design flexibility has been incredibly valuable to
the research community. By reducing the barrier to entry and
making it more feasible to physically instantiate novel ideas,
SDR has created a more equitable opportunity for advanced
research in the field of wireless communications.

OWC channel simulators have offered valuable insight into
physical layer performance; however, there is significant effort
required to move from physical layer analysis to performance
analysis in multi-cell/multi-user networks. Some researchers
have developed tools that integrate OWC physical layer mod-
els within network simulators [9]-[11]; however the move
from simulated network analysis to proof-of-concept imple-
mentation is not feasible without real-time signal processing
tools. To the best of the authors’ knowledge, the only openly
available real time signal processing library for OWC is the
OpenVLC project [12], [13]. This project offers an excellent
low cost research tool for visible light communication (VLC)
research. However, the limiting throughput of 400kb/s makes
it impractical for more advanced research in high speed OWC
networks. The use of gr-owc and moderately priced USRP
equipment enables a middle ground between the available
low rate open source tools and proprietary high rate OWC
components. Furthermore, the ability to implement signal
processing on a general purpose processor and use USRPs
to integrate with custom optical front-end hardware allows
researchers to adapt the signal throughput to the characteristics
of whatever hardware they have available. This can range from
very inexpensive commercially available components with
bandwidth on the order of 1IMHz to recently commercialized
front-end hardware designed specifically for OWC, such as the
LiFi R&D kit from Hyperion Technologies.

The use of SDR tools for deploying OWC systems is not
completely novel. We have demonstrated “software defined
visible light communication” links in prior work [14]-[17].
Similarly, other research groups have utilized SDR equipment
to implement novel OWC designs [18]-[20]. However, this
prior work has primarily been developed for specific research
objectives and the underlying source code is not available in
an easily accessible open-source format. The gr-owc library is
fully accessible under the GPLv3 license, integrates directly
with GNURadio, and offers both user-plane and developer-
plane functionality. User-plane functionality allows researchers
to utilize the existing library in order to create custom signal
processing chains and parameterize individual blocks. The
developer plane allows researchers to create custom signal
processing blocks to incorporate within their signal chains and,
potentially, add these blocks to the gr-owc library.

III. OPTICAL WIRELESS COMMUNICATION

The use of optical signals implies a unique directional-
ity that enables incredibly high area capacity (i.e., b/s/m?);
however, optical signals must account for potential occlu-
sions due to obstructions in the line-of-sight (LOS) path and
signal loss for highly mobile devices. Furthermore, the use
of intensity modulation with direct detection (IM/DD) adds

unique requirements such that the transmitted signal must
be real-valued and non-negative. Furthermore, average optical
power constraints on many OWC systems differ from the
conventional electrical power constraints of RF systems [21].
Moreover, some OWC systems define average optical power
requirements rather than limits. This is particularly relevant
to dual-use VLC systems that are used for both illumination
and data transfer. In such systems, the average optical power
must be specified, and potentially controllable, in order to meet
illumination and dimming requirements of the lighting system.
Accordingly, the unique characteristics of OWC imply a need
for OWC-specific modulation schemes and channel models.

A. OWC Modulation and Coding

Given the use of IM/DD for OWC, the modulated time do-
main signals must be real-valued and non-negative. This often
implies the use of baseband pulsed modulation schemes such
as on-off keying (OOK), pulse-amplitude modulation (PAM),
and pulse-position modulation (PPM). In order to address the
illumination requirements and dimming characteristics of dual-
use VLC systems, variable pulse-position modulation (VPPM)
was introduced in the IEEE 802.15.7 standard such that the
data value is represented by the pulse position and the light
intensity is controlled by the duty cycle [22]. Similarly, various
modifications to conventional orthogonal frequency division
multiplexing (OFDM) have been introduced to apply OFDM to
the optical channel [23]. These techniques include DC-biased
optical OFDM (DCO-OFDM), asymmetrically clipped optical
OFDM (ACO-OFDM), and multiple variants that provide high
spectral efficiency and dimming control [24]-[26].

B. OWC Channel

The LOS path is typically dominant in OWC; therefore, the
LOS path’s DC gain is a good approximation of an OWC
link’s DC gain and the multipath component can be ignored
in most cases where a LOS path exists. The DC channel gain
from transmitter ¢ to receiver j is generally defined as:

Hiy — Gr (¢z‘jc)l ZC.;R (¥ij)
ij

)

where the channel parameters ¢;;, ;;, and d;; represent
the emission angle, acceptance angle, and distance between
transmitter and receiver. Gy () and G () define the transmit
and receive gain as functions of the emission and reception
angles, respectively. These functions are defined below for the
commonly used point source model with Lambertian emission.

Gr () = "L eos™ (6) @
™
Gr () = ATsg () cos () 3)

For this model, G () is parameterized by the Lambertian
order, m, and G () is parameterized by the photosensor area,
A, the optical filter transmittance, T, and a gain function, g (),
for a concentrator lens with refractive index n and field-of-
view (FOV) ¥«. The concentrator gain is defined as g (¢)) =
n/sin® (¥¢) for 0 < ¢ < U and 0 otherwise.
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In a system with multiple transmitters and receivers, the
total optical signal power incident on a given receiver’s
photosensor can be defined as the sum of the received power
from all transmitters. The conversion between electrical and
optical domains must also be accounted for when modeling
an SDR OWC implementation. For simplicity, we assume the
transmitted electrical signal and received optical signal are
maintained within the linear conversion range of the front-
end hardware. In this case, the electrical to optical conversion
factor, Cr [W/A or W/V], and the optical to electrical con-
version factor, C'r [A/W or V/W], can be defined as constants
such that the transmitted and received electrical signals from a
given transmitter are related by the constant factor CrCrH;;.
As such, the received signal at receiver j is defined as:

y(t) =Y CYCY Hya (1) @)

While ignoring the optical channel’s multipath component
simplifies the frequency response in the optical domain to a flat
spectral response, the frequency characteristics of the optical
conversion do have a significant impact on the transmitted
signal. These characteristics can be modeled by observing the
transmitter, optical channel, and receiver as three systems in
series. This is demonstrated in Section VI.

IV. CODE DEVELOPMENT

The gr-owc library is developed within the GNURadio
framework. GNURadio is an openly available software de-
velopment toolkit that enables the implementation of custom
SDR signal processing chains (i.e., flow-graphs). It provides a
core library of available signal processing blocks and supports
the integration of custom flow-graphs with various types of
hardware for physical testing. One of GNURadio’s biggest ad-
vantages is the ability to extend its functionality beyond what
is offered by the core library. In particular, the development of
OOT modules enables the addition of custom signal processing
blocks. We use this feature to develop a set of OWC-specific
blocks within our custom gr-owc library. The blocks within
gr-owc can be easily combined with signal processing blocks
from the core library and integrated with SDR hardware.

A. GNURadio

Since GNURadio is the basis of gr-owc, this section serves
as a quick-start for those who do not have any prior ex-
perience with the GNURadio toolkit. At the most abstract
level, GNURadio views a signal processing application as
a signal chain consisting of individual processing stages, or
blocks, that are connected together so that data can flow
from block to block. A GNURadio block provides a specific
functionality according to which it processes the incoming
data stream and/or generates an outgoing data stream. Blocks
are connected using virtual wires and can be parameterized
according to the application’s requirements. A signal chain
consisting of connected blocks is termed as a flow-graph.

GNURadio flow-graphs are generated within the Python
programming language by essentially defining blocks, block

parameters, and the virtual connections between blocks. Once
a flow-graph is defined, the GNURadio framework manages
the passing of data signals between blocks without requiring
attention from the user. This structure is one of the fun-
damental benefits of GNURadio. For simplicity, a graphical
interface called GNU Radio Companion (GRC) is packaged
within GNURadio. In GRC, users can build visual flow-graphs
using drag and drop functionality. GRC then auto-generates
the underlying Python code to execute the flow-graph.

A GNURadio module contains a group of related blocks
and GNURadio’s core library contains a comprehensive list
of modules that can be used to develop custom flow-graphs.
Custom modules can be developed as well. These custom
modules reside outside GNURadio’s main source tree and
thus, are named Out of Tree (OOT) modules. Once installed,
blocks from the OOT modules hold no distinction when
compared to the core GNURadio blocks and both can be used
in the same flow-graph. When creating OOT modules, users
define the module characteristics, the processing capabilities of
blocks within the custom module, and testing/documentation
for custom blocks. Custom blocks can be written in Python or
C++. We have developed the gr-owc blocks using C++ while
Python is utilized for writing the unit tests for these blocks.

B. User Plane: Installation and Use

There are several ways to install GNURadio. We suggest the
Python Build Overlay Managed Bundle System (PyBOMBS).
PyBOMBS is efficient in building GNURadio with OOT mod-
ules and allows the GNURadio installation to exist in specified
directories instead of system folders. The latter is particularly
useful as it allows users to have multiple local installations
(i.e., prefixes) giving them the liberty to specify a prefix for
deploying the OOT module. Detailed instructions for installing
GNURadio via PyBOMBS can be found on the PyBOMBS
GitHub page [27]. Once GNURadio is installed, gr-owc can
be installed in a GNURadio prefix. Detailed instructions and
specific installation commands can be found at the gr-owc
GitHub page [28]. After installing gr-owc, the example flow-
graphs from the GitHub repository can be run to verify the
installation and the blocks from gr-owc can be used in custom
flow-graphs.

C. Developer Plane: Module / Block Creation

The current gr-owc release has a set of functional blocks
described in Section V; however, the authors aim to continu-
ally develop this library and incorporate contributions from the
broader OWC research community. GNURadio’s gr_modtool
is used to create the structural code for new blocks and add
them to an OOT module. Once a block is created, there are five
files that need to be edited: The .py file is used to write Quality
Assurance (QA) test(s) that are run when building the module.
The .cc file specifies the type of input and output, the number
of incoming and outgoing samples, and the work function that
defines the actual signal processing. The two .h files need to
be edited if the block requires callback functions that allow
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parameters to be edited while the flowgraph is running. Finally,
the .yml file specifies how the blocks are displayed in GRC.

V. SIGNAL PROCESSING BLOCKS FOR gr-owc

Currently, the gr-owc module includes blocks for OWC-
specific IM/DD channel modeling along with modulator and
demodulator blocks for various pulsed modulation schemes.
This section describes the blocks in the initial release and
Section VI reviews example flow-graphs that use these blocks.

A. Channel Models

The gr-owc channel blocks implement the DC channel gain
of a point source Lambertian emitter and optical receiver as de-
scribed in Section III. The blocks offer the flexibility to define
the optical channel gain or, alternatively, the electrical channel
gain if it is assumed that (a) the transmitter and receiver
operate in the linear conversion range and (b) the conversion
factors are known. Separate blocks are provided with param-
eters for either the relative or absolute position/orientation of
the transmitter/receiver pair(s).

e OWC Channel (relative): This block relates the electri-
cal signals from N transmitters to received electrical sig-
nals at M receivers for a given set of emission/acceptance
angles and distances for the NM transmitter/receiver
pairs. Lambertian orders are parameterized for the N
transmitters. Photosensor area, optical filter gain, refrac-
tive index and concentrator FOV are parameterized for
the M receivers. Conversion factors are specified for all
N transmitters and M receivers. If conversion factors are
set to 1, the block relates the transmitted optical power
to the received optical power at the photosensor surface.

o« OWC Channel (absolute): This block functions exactly
like the channel model block described above. The dif-
ference is that it uses the absolute location/orientation of
transmitters and receivers. Therefore, the block parame-
ters include the 3D location coordinates and 3D orienta-
tion vectors of the N transmitters and M receivers. Emis-
sion angles, acceptance angles and distances are calcu-
lated directly from these absolute locations/orientations.

B. Modulators and Demodulators

The current gr-owc release includes a set of common OWC
pulsed modulation schemes with parameters to adapt the
modulator/demodulator for a given system. OOK and PAM
modulators have two variants, one that takes min/max signal
values and another that takes the amplitude and mean value.

e OOK: The modulator generates a 2-level OOK waveform
from an input bit stream for the given min/max values (or
amplitude and average values) and the desired number of
samples per symbol. The demodulator compares the aver-
age of a set of incoming values to an input threshold and
defines the binary outcome. The threshold and number of
samples per symbol are parameterized.

e PAM: The modulator generates the multi-level PAM
waveform from an input stream of decimal values. Mod-
ulation order, min/max values (or amplitude and average

values), and the samples per symbol are parameterized.
The binary to decimal mapper block can be used with the
modulator to map a bit stream into decimal (i.e., symbol)
values. The demodulator averages a set of real-valued
input and compares this average to a set of thresholds
determined from defined min/max signal values. Modula-
tion order, min/max signal value, and samples per symbol
are parameterized. The decimal to binary mapper block
is used to map the decimal values to a bit stream.

e VPPM: The modulator generates a 2-level VPPM wave-
form from an input bit stream for the given min/max
values, the samples per symbol, and number of high
samples per pulse (i.e., duty cycle). The demodulator uses
a matched filter to compare a received signal to the two
VPPM symbol waveforms and determines the output bits
according to the most comparable waveform. The sam-
ples per symbol, duty cycle, and gain are parameterized.

VI. RESULTS AND ANALYSIS

In order to exemplify the use of gr-owc, we describe three
example flow-graphs. The GRC files for these flow-graphs are
included in the gr-owc repository.

A. Channel Model

We first demonstrate the OWC Channel (relative) block in
three scenarios where Rx2 has various locations and orienta-
tions (Fig. 1). Sinusoidal signals with frequencies of 10kHz
and 1kHz are passed into the channel block, modeling signals
from Tx1 and Tx2, respectively. Blocks from the GNURadio
core library are used to add noise and plot the time/frequency
domain received signals along with a waterfall representation.

In Fig. 2, we show the time domain and waterfall plots of
the three scenarios. For easier viewing, the time domain plot
shows results of a slightly modified flow-graph where Rx2(a),
Rx2(b), and Rx2(c) are all defined as separate receivers in the
channel block. In scenario 1, the transmitter/receiver pairs are
perfectly aligned and separated; allowing for the near-perfect
reception with minimal interference. In scenario 2, Rx2 moves
away from Tx2 and the 1kHz signal component is reduced due
to the increased distance and emission/acceptance angles. The
10kHz signal from Tx1 can now be seen. In scenario 3, Rx2 is

B | Bandwidth (Ha): 20

Fig. 1: Example channel simulation scenarios (top) evaluated
with the OWC channel’s sample flowgraph (bottom).
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Fig. 2: Time domain results of a fixed three-receiver scenario
(top) and waterfall results showing the relative received signal
power for a dynamic scenario (bottom).

rotated towards Tx2 such that the acceptance angle is brought
back to 0°. This reduces the signal from Tx1 and increases
the desired signal from Tx2. Transmitter/receiver position and
orientation can be adjusted dynamically while the flow-graph
is running. This can be done via user control through GNURa-
dio’s available graphical widgets or by adjusting parameters
at specific times in the python code to create a repeatable
script. The waterfall plot in Fig. 2 demonstrates this ability
by executing a flow-graph where the channel block’s Rx2 pa-
rameters are changed to model the three positions at times Os,
33s, and 66s. These examples demonstrate the ability to model
the impact of (a) location and orientation; (b) interference in
multi-cell/multi-user simulations; and (c) mobile scenarios that
include device translational and rotational motion.

B. Modulation and Demodulation

Here, we demonstrate the use of gr-owc modulator and
demodulator blocks along with the channel block to build
a simulated OWC system. Fig. 3 shows an example flow-
graph with three separated end-to-end links. At each of the
corresponding Tx-Rx pairs, there is a different pulsed mod-
ulation scheme (i.e., OOK, PAM and VPPM). For the OOK
and PAM demodulators, receive side decoding parameters are
calculated using core library blocks (i.e., mean, min and max
values). Data from a text file is transmitted through each of
the links and the perfect reception is observed in this noise-
free scenario. This highlights the use of gr-owc blocks to
build a comprehensive flow-graph simulating an OWC system.
Modifying the receiver locations in the transmitter block can
easily simulate interference scenarios and/or scenarios where
multiple cells utilize joint transmission. GNURadio bit error
rate calculation blocks can be utilized to simulate performance
in various noise and interference scenarios.

C. DCO-OFDM

In this final example, we demonstrate how GNURadio core
library blocks can be used with gr-owc blocks to implement
a more complex OWC system. We also describe how these
simulated system flow-graphs can be easily adapted to test
real-time OWC transmission in a physical instantiation. The
flow-graph in Fig. 4 implements DCO-OFDM using the core
library OFDM transmitter/receiver blocks and custom hier-
archical blocks to (a) generate the real valued DCO-OFDM
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(b) Receive Signal Chain

Fig. 3: Signal chains for flowgraphs simulating file transfer and
using gr-owc modulators, demodulators, and channel model.

signal for OWC; (b) simulate the DC channel gain, noise,
and transmitter frequency response of the OWC link; and
(c) implement a noise reduction low-pass filter (LPF) and
down conversion so that the received DCO-OFDM signal is
compatible with the conventional OFDM receiver block.

In the up-conversion block, the complex valued input signal
is multiplied by a complex cosine with frequency well below
the flow-graph sample rate and above the highest active carrier
of the OFDM transmitter. This allows the real component of
the complex signal to be isolated while maintaining the signal
characteristics. In the OWC channel hierarchical block, the gr-
owc channel block is combined with an additive noise block
and a block simulating the frequency response of the optical
transmitter. The frequency response is simulated using two
consecutive filters (low pass and high pass) whose taps are
tuned to produce a filter representing the characteristics of
our optical front-end hardware. Finally, the down conversion
with LPF hierarchical block reverses the effect of the up
conversion and uses the LPF to eliminate undesirable higher
frequency images stemming from the up-conversion and down-
conversion process. Using this end-to-end OWC link simula-
tion, data is sent and received successfully.

This example can be used to demonstrate the simplicity of
moving from a simulated system to a real-time physical instan-
tiation using SDR hardware and front-end OWC equipment.
Specifically, this flowgraph has been implemented directly on
a physical link by simply creating two separate flowgraphs
for the transmit/receive signal chains and replacing the OWC
channel hierarchical block with USRP sink and source blocks
at the transmitting and receiving devices, respectively. The
intent of this paper is not to describe the physical OWC
hardware implementation and we can not fully describe the
hardware configuration due to page limitations. Rather, we
highlight this process as a valuable aspect of integrating the
gr-owc library within GNURadio and note that the modular
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Fig. 4: Flow-graph of a simulated DCO-OFDM link with hier-
archical blocks from gr-owc to implement up/down conversion
and OWC channel simulation.

design allows the flow-graph parameters to be configured to
align with the available optical front-end hardware. Multiple
instances of prior software defined VLC hardware setups can
be found in [14]-[16]. This simple hardware integration allows
for a straight forward design process where the channel model
is used for simulated analysis and parameter selection before
moving over to the hardware implementation.

VII. CONCLUSIONS

We have introduced gr-owc, an open source toolkit for opti-
cal wireless communications. The module’s signal processing
blocks have been demonstrated in simulation and use of the
module in a physical system has been discussed. For students
and researchers who are interested in OWC, this toolkit offers
a starting point for developing and analyzing OWC systems.
Furthermore, OWC can be explored within the context of
higher layer protocols and heterogeneous systems by integrat-
ing gr-owc blocks with modules in the core GNURadio li-
braries and/or other OOT modules. This accelerates the startup
process and offers fast development / testing of novel signal
processing techniques, real time adaptation capabilities, shared
resources for the community to build off of, and a common
analysis framework. The module is openly available [28] and
continued development of the toolkit is expected with future
contributions including synchronization blocks for the pulsed
modulation schemes, modulators and demodulators for various
optical OFDM techniques, and expansion of the channel
models to include non-linear conversions, channel occlusions,
propagation delays, and OWC-specific noise models.
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