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Abstract

Free-space optical communications (FSO) use light as information carrier. Light travels through atmosphere or vacuum and reaches a
distant receiver. Light is generated by semiconductor lasers (LDs) or light-emitting diodes (LEDs) and can be modulated by varying the
injection current on these devices. To carry information, basic modulation techniques are analog as intensity (IM), amplitude (AM),
frequency (FM) or phase (PM). However, pulse time modulation (PTM) techniques as pulse-width modulation (PWM) or pulse-posi-
tion modulation (PPM) are more performant. In PWM, information is imprinted on the duration of a pulse train; PPM codes infor-
mation on the relative position of narrow pulses of fixed duration. Analog and PTM formats are widely used over optical fiber
transmissions. However, works using PWM over FSO communications are not abundant in technical literature. As FSO links represent
an alternative for “last-mile” communications (up to 4 km), analog or digital information, such as remote sensing, monitoring and
measuring instrumentation signals, environmental monitoring sensing, video and voice, etc., can be efficiently transmitted using low-
complexity and low-cost hardware. Under this perspective, this paper reports the design, realization and laboratory evaluation of a
prototype of short-distance (up to 1 km) FSO link based on optical PWM. The link operates at a wavelength of 1.5 um and transmits
information in a 10 MHz range, as has been tested in short distances in an indoor laboratory environment. The system is based on
in-home developed PWM using commercial off the shelf (COTS) optics and electronics. The beamforming optics subsystems use in-
home fabricated lenses. The transmitter delivers a 2.5 mW collimated beam. The receiver collects a fraction of the transmitted power
and feeds fiber-pigtailed photodetectors. To date, the optical link has been evaluated over 5.5 m. Sensitivities of 2.5 and 0.5 uW for
PIN and APD based photoreceivers are achieved and ensure high quality information recovery.

Keywords: Free-space optical link (FSO), optical modulation PWM modulation, laser diodes, PIN photodetectors, APD photodetectors.

Resumen

Las comunicaciones 6pticas por espacio libre (FSO) emplean luz para transportar informacién. La luz viaja por atmdsfera o vacio
hasta un receptor distante. La luz se genera mediante diodos laser (DL) o diodos emisores de luz (DEL) y puede modularse variando
la corriente de inyeccién en ellos. Para portar informacién, las técnicas analégicas basicas son modulacién de intensidad (IM), ampli-
tud (AM), frecuencia (FM) y fase (PM). Sin embargo, técnicas de modulacién temporal de pulsos (PTM) como modulacién de ancho
de pulso (PWM) o modulacién por posicién de pulsos (PPM) son més eficaces. PWM codifica informacion en la duracién de un tren
de pulsos; PPM en la posicion relativa entre pulsos de duracion fija. Las modulaciones analégica y PTM se utilizan ampliamente en
transmisiones via fibra 6ptica. Sin embargo, trabajos relativos al uso de MTP en FSO son escasos en la literatura especializada. Los
enlaces FSO representan una alternativa para comunicaciones de tltima milla (hasta 4 km) para transmitir informacién analégica o
digital como sensores remotos, sefiales de instrumentacién, monitoreo ambiental, video y voz, etc., mediante equipos de baja com-
plejidad y bajo costo. En esta perspectiva, este trabajo reporta el disefo, realizacion y pruebas en laboratorio de un prototipo de
enlace 6ptico basado en PWM para distancia hasta 1 km. El enlace opera con longitud de onda de 1.55 um y ancho de banda de
10 MHz. El transmisor entrega 2.5 mW de luz colimada. El receptor colecta una fraccién de la potencia transmitida y alimenta foto-
detectores fibrados. A la fecha, el enlace 6ptico se ha evaluado en un enlace de 5.5 m. La fotorecepcion con fotodiodos PIN y ava-
lancha (APD) presenta sensitividades de 2.5 y 0.5 uW, respectivamente. La informacion se recupera con alta calidad.

Descriptores: Enlace ptico de espacio libre (OEL), modulacién éptica, modulacién PWM, diodos laser, fotodetector PIN, fotode-
tector APD.
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DESIGN AND EVALUATION OF A FREE-SPACE OPTICAL COMMUNICATIONS LINK USING PULSE WIDTH MODULATION {PWM)

INTRODUCTION

A free-space optical (FSO) communication system uses
light as information carrier. Light travels from a trans-
mitter to a distant receiver through a propagating me-
dia such as the terrestrial atmosphere or the vacuum in
the open space (Pratt, 1969; Gowar, 1993; Hemmati,
2009; Ghassemlooy et al., 2013). Optical communica-
tions systems using light as information carrier are
being studied and developed since several decades in
countries of advanced technology capabilities.

Nowadays, advanced optical communications sys-
tems in the telecommunications industry worldwide
use mainly optical fibers as the transmission media. An
alternative to optical fiber cables is using free-space
transmission through the terrestrial atmosphere or the
free space outside of our planet. The interest of develo-
ping FSO links for communications started in the 1960-
1970 decade and it has been maintained along the last
decades for potential applications of space communica-
tions and also terrestrial links. FSO is an alternative to
wireless radio systems for indoor and outdoor commu-
nications between buildings or open spaces (Gowar,
1993; Sander et al., 1986; Khalighi & Uysal, 2014; Sadiku
et al., 2016, Raj et al., 2023, Jahid et al., 2022; Majumdar,
2015; Kaushal et al., 2017; Hemmati, 2020; Lambert &
Casey, 1995).

In optical communications, either using optical fi-
bers or free-space, the basic modulating techniques mo-
dify the intensity (IM), the phase (PM) or the frequency
(FM) of the carrier light. In FSO links, the preferred mo-
dulating techniques are based on either, digital pulse
modulation (on-off-keying, OOK), or pulse-time modu-
lations (PTM) (Jaid et al., 2022; Majumdar, 2015; Kaus-
hal et al., 2017; Hemmati, 2020; Lambert & Casey, 1995).
PTM techniques are mainly represented by pulse width
modulation (PWM) and pulse position modulation
(PPM). PWM and PPM are high performant modula-
tion formats and widely used (Ebrahimi et al., 2018).
These techniques are relatively easy to implement as
the hardware is low-complexity and low cost when
compared, for instance, to OOK digital format.

A brief comparison of some operating basis between
OOK digital modulation and analog PWM is given
here. Number of authors (Alimi ef al., 2024; Kaushal et
al., 2017, Ghassemlooy et al., 2013) state that OOK is the
most basic direct optical intensity modulation. In this
case, digital data consisting of Os and 1s modulate the
optical emission between two optical power levels. A
low level corresponds to Os and a high level represents
1s of binary data. OOK, however, requires a complex
process of analog to digital and digital to analog con-
versions for transmitting and recovering analog infor-

mation. OOK transmission requires a bandwidth in
proportion to its bit rate (sampling rate times coding
bits number). After transmission, OOK pulses arrive
attenuated to the receiver and should be regenerated.
OOK requires of a clock recovery step by processing the
received data. Synchronization between received data
and recovered clock is required for ensuring an efficient
decision threshold, which determines the bit error rate
(BER). BER, which depends on the ratio of bit energy to
noise power, is the quality measure of OOK transmis-
sions.

PWW is a hybrid modulation between purely analo-
gue and strictly digital techniques. The analog informa-
tion is imprinted not on the amplitude of a carrier (as in
pulse amplitude modulation, PAM) but on the duration
of the high state of a pulse train. The transmission effi-
ciency depends on the optimum sampling of the analog
signal, i. e., a sampling rate of at least twice the maxi-
mum frequency of the analog signal. PWM waveform is
realized by comparing a sampling saw-tooth waveform
and the analog signal by using an electronic compara-
tor. Comparator generates a PWM waveform. The spec-
trum of the PWM waveform contains the baseband
modulating spectrum and also harmonics of the base-
band around harmonics of the sampling saw-tooth ca-
rrier. The bandwidth requirement of PWM is 2/3 related
to NRZ-OOK bandwidth (Ebrahimi et al., 2018). For op-
tical transmission, the PWM is converted to optical pul-
ses. At the receiver frontend, optical pulses arrive
normally strongly attenuated. While the receiver is able
to regenerate the received pulses, information can be
efficiently recovered as it is contained on the duration
of the received pulses. PWM transmissions are evalua-
ted by the signal to noise ratio (SNR) at the output of
the receiver.

A comparative summary of OOK and PWM opera-
ting principles are listed in Table 1.

As it is well known, PWM codes and transmits
either analog or digital signals, such as video, voice and
data, not on the amplitude but rather on the duration of
an electrical pulse (Fan & Green, 2007; Gutierrez, 1990;
Ghassemlooy & Wilson, 1994; Gutierrez & Torres, 1996;
Santiago et al., 2012). For optical transmission, the time
modulated electrical pulses are converted to equivalent
optical pulses, which are transmitted to the distant op-
tical receiver. As the optical pulses travel through the
free space, they become attenuated on depending on
the transmission distance. However, at the receiver, the
optical pulses, converted to electrical, can be regenera-
ted and the information signal is recovered by simply
low-pass filtering the modulated pulses. PWM shows
an improved performance when compared to simpler
intensity or amplitude modulation. Improved trans-
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Table 1. A comparison between OOK and PWM operatin principles

OOK

PWM

Complex circuitry for sampling analog information,
quantization and digital coding (A/D conversion) at the
transmitter

Wide-bandwidth requirements in proportion to data bit rate.

Bit rate = (sampling frequency)(number bits)

Binary data directly modulates the optical power to provide
an optical data stream

At the receiver optical pulses arrive attenuated and data
regeneration is required

Clock recovery from digital data is necessary for data
synchronization and efficient information recuperation after
a digital to analog conversion step

OOK performance is evaluated by the bit error probability

Low complexity circuitry for generating a saw-tooth carrier.
PWM waveform is generated by comparing the carrier and
the analog signal

Bandwidth includes baseband spectrum and harmonics of
the sampling frequency. Practical bandwidth is limited up to
third or fourth harmonic s of the sampling frequency

PWM waveform modulates the optical power. PWM optical
pulses are transmitted

At the receiver PWM optical pulses arrive attenuated and
regeneration is required

Transmitted information is recuperated from regenerated
PWM by simple low-pass filtering step

PWM performance is evaluated by the signal to noise ratio

BER (S /N =) at the output of the receiver.

mission quality comes from the fact that information is
imprinted on the duration of the pulses instead of their
amplitudes.

By reviewing the technical literature, it has been
found that PWM-based implementations of FSO com-
munications are not abundant in the technical literatu-
re. Most reported uses of PWM are related to
transmissions of video over optical fiber channels (Fan &
Green, 2007; Gutierrez, 1990; Ghassemlooy & Wilson,
1994; Gutierrez et al., 1996; Santiago et al., 2012). By pros-
pecting the use of PWM for free space optical communi-
cations, very recent work (Ding et al., 2023) describe an
optical communication relay system to realize communi-
cation networking where the binary data are converted
into PWM signals. Other relative recent works, invol-
ving PWM, report the conversion of OFDM to PWM mo-
dulations in applications of visible light communications
(Zhang et al., 2017; Ebrahimi et al., 2018).

In Mexico, the optical communications field is scar-
cely studied and developed. Some efforts on research
and development are mainly conducted in academic
institutions. Optical systems technologies can be deve-
loped aiming to increase our scientific and technical ca-
pabilities and associated knowledge. At INAOE,
developing free space optical links is one of the research
activities and acquiring the “know how” is a funda-
mental issue. Distances around 1-2 kms can be refered
as the equivalent of the “last mile” reference for short
range optical links. Given our interest of acquiring the
“know how” for developing free space optical links
and also demonstrating the factibility of low cost im-
plementations using commercial of the shelf (COTS)
components, the distance of 1 km has been considered
as a starting distance. Our developing efforts, which are
based on a low cost semiconductor lasers emitting opti-

cal powers of some milliwatts (1-3 mW) and also on de-
veloping our beamforming optics, are able for testing
our first experimental link over 1 km.

In this paper, the set-up of a prototype of FSO link
for transmitting information through the atmosphere is
described.

Potential applications aim communicating inter-
building or near-distance facilities such as educational
campuses, enterprises or residential areas over trans-
mission distances up to 1 km. The proposed free space
optical link has been designed and implemented as a
low cost prototype using COTS components. In this pa-
per, our main goal is demonstrating the feasibility of
acquiring and developing these technologies for practi-
cal applications of FSO links. At this step, even if the
transmission of analog information by either, radio or
optical media seems “outdated”, the demonstrative
application of our scheme is the transmission of analog
signals and NTSC video for validating the developed
capabilities. However, our scheme is able for transmit-
ting both analog and digital data in a band up to 10
MHz. It is well known that efficient sampling of an ana-
log signal requires of reading it at a rate of at least, or
greater than twice its maximum frequency. This means
that an analog video signal, whose maximum frequen-
cy is 6 MHz, can be efficiently sampled at a rate of 12
MHz. However, when transmitting video, it is recom-
mended a sampling rate of three times the color carrier
frequency, which avoids undesired visual beats on the
reconstructed video signal (Ghassemlooy & Wilson,
1994). That is the reason why on the proposed free spa-
ce optical link, the sampling rate is 25 MHz, which is
enough for sampling analog signals in a bandwidth of
10 MHz and also ensuring optimum over-sampling of
the “outdated” analog NTSC video signal.
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As an analog transmitting scheme, our optical link
can be used the transmission of video and images for
surveillance or visual monitoring of natural phenome-
na or man-made process of varied nature. It can also be
used for transmitting analog instrumentation signals
coming from sensors and actuators of physical varia-
bles such as temperature, pressure, liquid levels, etc.,
which are generated as analog voltages or currents.
Even if our system only shows analog transmission, it is
also able for transmitting digital signal such as on-off
keying (OOK) of base band digital formats. Later, the
research will enable further studies and development
of more complex modulation and transmission sche-
mes for free space optical links.

The proposed optical link is configured by a transmit-
ter side, which includes an electronics subsystem and
transmitting beam forming optics using lenses for con-
centrating the light that is sent to a distant receiver. The
proposed FSO link uses a low cost semiconductor laser
and light is delivered through a standard single-mode
optical fiber (SSMOF). The emitted optical power is 2.5
mW (+4 dBm) at a wavelength of 1.55 um. At the trans-
mitter side, before the beamforming optics, an optoelec-
tronic section generates an electrical subcarrier which is
modulated by the information signals. At the far side, a
receiving optical subsystem collects a fraction of the
transmitted light and concentrates it into a SSMOF pigtai-
led photodetector. Once the received light is photodetec-
ted, amplified and processed, the carrier is demodulated
for recuperating the transmitted information.

In this paper, the proposed FSO link is realized by
revisiting and using a PWM optical carrier. The develo-
ped scheme has been successfully tested indoors our
laboratory.

In the next sections of this paper, the design, realiza-
tion and laboratory validation of the FSO prototype are
described. The configuration of the transmitting and re-
ceiving beam conforming optics, the FSO power budget,
the PWM generation and demodulation, the experimen-
tal set-up and characterization of the free space optical
link are described successively. The scheme has been
tested in laboratory for evaluating its performance when
using different photoreceiver configurations. Optical
transmission losses are emulated by attenuating the
transmitted light. An optical power range between 50 to
0.1 uW is received and demodulated for determining the
performances and sensitivity of the optical link.

PROPOSED FREE-SPACE OPTICAL TRANSMISSION LINK

The proposed FSO link is shown in Figure 1. It is confi-
gured by two complementary subsystems. The first one
is the transmitter, which is integrated by an optical sou-

rce and the modulating electronics (a PWM generator
and the laser driving electronics). The PWM optical
beam is then passed through the transmitting beam
conforming optics (a set of lenses), which collimate the
laser beam in the direction of a distant optical receiver.
The collimated optical beam travels through the atmos-
phere. After a given distance, light is collected by the
receiving conforming optics, which concentrates the
light into the core of a single mode fiber pigtailed pho-
totedector. The generated photocurrent is then conver-
ted to an equivalent voltage. The voltage is amplified
and the pulses are regenerated. The reconstructed
PWM signal is demodulated by a low-pass filter and
the information signal is recovered.

The strength of pulse time modulations such as
PWM or PPM is represented by the capability of rege-
nerating the received pulses before recovering the mo-
dulating information. In this work, it is demonstrated
that the information is successfully recovered when the
power of the received light ranges between 50 and 0.1
uW. This range is determined, in the upper limit (50
uW) by the saturation of the optical receiver; the lower
limit depends on the sensitivity of the photoreceiver.
The photoreceiver has been implemented by using two
types of photodetectors: positive-intrinsec-negative
(PIN) photodetector and avalanche photodetector
(APD) (Gowar, 1993). The performances of the optical
link using the two types of photodetection are compa-
red and evaluated. It has been found that the PIN-based
photoreceiver is the least performant; the best perfor-
mance is obtained by the APD-based photoreceiver.

beamforming

information PWM Laser| *//'
signal generator driver optics
T

Laser H

Transmitter

diode ' Free
= space
mplifier Photodetector :
Receiving

beamforming

Al
Recovered PWM */
information demodulato < :
optics

Figure 1. The proposed free-space optical link based on PWM

BEAMFORMING OPTICS FOR FREE-SPACE TRANSMISSION

A key aspect for configuring a FSO link is the design
and implementation of transmitter and receiver optics.
At the transmitter side, the optical beam comes from the
output face of a SSMOF. The emitted beam normally
starts to diverge after going out from the optical fiber
and requires being collimated before FSO transmission.
For free-space practical transmission, beamforming op-
tics using lenses at the transmitter and receiver sides
are implemented as shown by Figure 2 (Hudson, 1969).
The transmitting beamforming optics consists of a set
of concave-convex and biconvex lenses which focusses
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the diverging laser emission onto a highly collimated
beam. The optical beam travels through the free-space
and normally will diverge, covering an increasing area,
on depending on the propagating distance. At the dis-
tant side, the receiving beamforming optics consists of
a set of three lenses (biconvex-biconcave-spherical),
which collect a fraction of the radiated optical power
and focus it to enter in a fiber-pigtailed photodetector.
The beamforming optics were implemented and
characterized in a laboratory testbed over a transmis-
sion distance of 5.5 m. The optical characteristics are
listed in Table 2. At the transmitter side, the optics colli-
mates the 2.5 mW laser power onto a light beam of 8
mm-diameter. On the testbed, the transmitted optical
signal was attenuated for receiving and detecting the
minimum power levels that determine the photorecei-
ver sensitivity. The sensitivity is the minimum power
that can demodulated for recovering the transmitted
information. In this way, the transmitted power was
progressively attenuated and it was observed that opti-
cal powers higher than 50 uW overload the photorecei-
ver. As already mentioned, the transmitted signal was
attenuated to receive a 50 to 0.1 pyW power range.

Transmitting optics

fiber pigtailed
laser source

__ Receiving optics

biconvex

. optical
lens

adapter

1

fiber pigtailed
photodetector

Optical
beam

conca\lr:’:;onvex e jr@smlsgogi4, blcg\\;ex
distance

Figure 2. The free-space optics transmitter and receiver
subsystems

Technical literature (Kaymak et al., 2018; Alimi & Mon-
teiro, 2024), reports that FSO communications require
of maintaining accurate alignment and pointing bet-
ween transmitter and receiver. Pointing and alignment
errors are determined by diverse facts. One of such

Table 2. Beamforming optics characteristics

facts is related to the size of the beam footprint at the
receiver of the free space optical link. The footprint size
depends on the geometrical losses that the beam suffers
through the propagation distance. These losses are de-
termined by the divergence angle of the optical beam,
the distance between transmitter the receiving area and
losses by atmospheric variations (fog, rain, scintillation,
density, etc.) Using a narrow beam limits the beam di-
vergence thus increasing the received power density.
FSO links often use beams showing divergence angles
in the range of some milliradians. This condition often
requires of a precise alignment, which is improved by
using a pointing and tracking system.

According to the transmitting optics parameters lis-
ted in Table 2, when considering the propagation of a
Gaussian wavefront (Gowar, 1993), at the transmitter
output, the divergence angle is around 14 millirad. This
angle determines a footprint size at the receiving plane
of about 0.05 m”. The footprint is much larger than the
optics receiving aperture (0.001 m?). In this way, it can
be stated that the proposed FSO link does not require
strictly of a pointing and tracking system for transmis-
sion over a distance of 1 km.

FREE-SPACE OPTICAL LINK POWER BUDGET

The proposed optical link uses an optical source emit-
ting light at 1.55 um and average optical power of 2.5
mW. The optical power delivered at the output of the
fiber pigtailed laser is collimated by the beamforming
optics, which performs as an optical antenna. Such an
antenna exhibits a gain, which depends on the area of
the transmitting lens and on the optical wavelength.
The transmitted light beam diverges while propagating
through the free-space and the power density decreases
on depending on the traveled distance. The decrease of
power density represents free-space losses. At the dis-
tant side, the receiving optics, acting also as optical an-

Transmitting optics concave-convex lens

biconvex lens

Lenses array

Diameter (D) 35 mm 45 mm

Thickness (d) 9.41 mm 10.7 mm Distance between lenses =4 mm
Refractive index (11,,,) 1.500 1.500 N,;,=1.00021

Focal distance (f) 52.9 mm 53.4 mm

Receiving Optics biconvex lens biconcave lens

Diameter (®) 37 mm 5.4 mm

Thickness (d) 14.5 mm 1.5 mm Distance between lenses = 42.5 mm
Refractive index (n,,,,) 1.500 N, =10

Focal distance (f) 54.3 mm -6.3 mm
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tenna, collects a fraction of the transmitted power
density and delivers it as an optical signal to the photo-
receiver. The received optical power is determined by
the power budget of the optical link and depends on
the optical power from the laser source, the transmitter
and receiver optical gains and the overall propagating
optical losses (Gowar, 1993).

For transmission purposes, the optical signal can be
modelled as a Gaussian optical beam coming out from
the core of a single mode optical fiber of circular section
and 10 um diameter. After leaving the optical fiber, the
optical beam immediately starts diverging. The trans-
mitter optics collects the diverging light and concentra-
tes it as a collimated optical beam of 8 mm diameter.
The collimated light is launched to propagate through
the free-space. As the optical beam propagates, it will
continue to diverge and the optical power will cover a
wider area on depending on the transmission distance.
At the receiver, the area of the collecting optics will con-
centrate a fraction of the transmitted optical power into
a photoreceiver. The received optical power must be
higher than the sensitivity of the photoreceiver for a
successful free-space optical link.

The transmission power budget can be calculated in
order to estimate the maximum transmission distance
as the scheme is limited by the available optical power.
From the wave propagation theory through the free-
space (Sander et al., 1986; Gowar, 1993), the received
optical power (Pr) is given as:

P.=P,*G,*G,*L 1)

Where:

P, =optical power from the laser source

G, and G, = the gains of the transmitting and receiving
optics, respectively

L = the propagation losses

The transmitting and receiving optical gains are given
as:

3 47rAt,r

=T )

Table 3. Optical parameters for free-space optical transmission

Where A, and A, are the areas of the transmitting and
receiving optics, respectively and A is the optical wave-
length.

The propagation losses are given as:

2
(2]
4rl

Where [ is the link distance.

©)

The transmission-reception parameters which determi-
ne the power budget are listed in Table 3.

After (1) trough (3), in a first order calculation
without considering atmospheric effects such as ab-
sorption, dispersion, rain, fog, etc., the optical power
budget for a free-space link covering a distance of 1
km indicates that the received optical power is about
100 pW.

In the power budget of the proposed FSO link, opti-
cal coupling losses at the transmitting and receiving
optics are not considered. Actually, at the transmitter,
coupling losses are very low as all the laser power at the
output of the emitting optical fiber is pickep-up by the
transmitting optics, which ensures a collimated laser
beam. The optical power has been measured at the out-
put of the optical fiber and at the output of the collima-
ting optics. The measured optical power shows no
variation.

At the receiving optics high coupling losses are in-
troduced by the optical adapter to fiber optics. Cou-
pling losses mainly depend on the misalignment
between the biconcave lens and the spherical interface
of the fiber optics adapter. The coupling losses are equi-
valent to one-third of the power delivered by the bicon-
cave lens. This means that in the short distance
characterization of the proposed FSO link, the photote-
tector receives only one-third of the optical power as
collected by the front surface of the receiving optics.

Related to the laser beam propagation through the
atmosphere, besides geometrical losses, light will expe-
riment attenuation, blockage, absorption, scattering,
dispersion, scintillation, turbulence, etc. (Jaid et al.,
2022; Ahmed et al., 2020; Ghassemlooy et al., 2013) The-
se loss factors, caused by the atmospheric components

Laser optical Optical Transmitting Receiving optics Transmission Propagation Received
power (mW)  wavelength (um)  optics diameter diameter (mm) distance (m) losses optical power
(mm) (HW)
2.5 1.55 10 40 1000 198 dB 100
(+4 dBm) (G=86dB) (G=98dB) (- 10 dBm)
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and atmosphere dynamics are unavoidable in real ope-
ration of FSO links.

Studying and analyzing atmospheric effects on the
proposed FSO link is out of scope at this stage of deve-
lopment. It is worth noting that studying the atmosphe-
ric performances is mainly based on statistical models.
Absorption is for instance, studied by Rayleigh or Mie
models that provide estimations of the effects of atmos-
pheric molecules and particles on the light propagation.

Turbulence is a complex factor in the atmosphere. It
is mainly related to atmospheric refractive index varia-
tions, as caused by temperature, wind, whether, etc.
Turbulence mainly introduces power fluctuations or
beam deviations causing distortion or loss of link avai-
lability. Turbulence is analyzed by statistical models,
such as Log-Normal, Gamma-Gamma or K distribu-
tion. Turbulence can be mitigated by elaborated recei-
vers using, for instance, adaptive optics.

The impact of turbulence on the proposed FSO link
seems no critical at short distances as proposed until
now. However, the effects on long distance transmis-
sions require of studying and modeling turbulence in
order determine feasible solutions.

Before real field testing, the proposed free-space op-
tical link has been characterized in laboratory environ-
ment. The testing setup consists of a 5.5 m optical link
and the transmission-reception of analog information
signals has been evaluated. As already described in the
introduction of this paper, the electronics subsystem is
a low-cost proprietary design of a PWM transmitter
and receiver circuits. The test information signals are
analog signals and video, in a bandwidth of 10 MHz.
The main purpose of the laboratory evaluation is to de-
termine the sensitivity limits of the photoreceiver in or-
der to ensure an optimum free-space transmiss-
ion-reception process for link distances up to 1 km.

In the next section of this paper, the implementation
of the PWM optoelectronic scheme for a free-space
transmission is described.

FREE-SPACE OPTICAL TRANSMISSION USING A PULSE WIDTH
MODUILATED (PWM) ELECTRICAL SUBCARRIER

Optical communications links use laser or led light at
optical wavelengths that can be transmitted through
electromagnetic transparent physical media. In the case
of free-space optical links, terrestrial atmosphere and
vacuum are highly transparent to optical wavelengths
longer than 1 um. In the frame of the work reported
here, our optical link operates at a wavelength of 1.55
um. As light performs as information carrier, it should
be modulated for transporting information signals. As
already stated in the introduction of this paper, laser

light can be modulated by varying the injection current
and in this way, information signals are imprinted on
the light carrier. Pulse-time modulations, such as PWM
and PPM, are performant techniques and low-comple-
xity for FSO transmissions as compared to digital on-off
keying (OOK) modulations (Khalighi & Uysal, 2014).
Our experimental free-space optical link uses own-de-
signed PWM electronics. A PWM signal is electrically
generated by the block diagram depicted in Figure 3.
The transmitting section of a PWM is based on the ge-
neration of a square-wave carrier. The square wave is
then integrated for generating a saw-tooth waveform.
This last waveform is compared to the modulating sig-
nal. The output of the comparator is a square waveform
where the modulation is carried on the duration of the
successive pulses. Figure 4 illustrates the signals inhe-
rent to the generation-modulation process. The modu-
lated square-wave subcarrier is generated by comparing
the amplitudes of the saw-tooth waveform r () and the
modulating signal m (), in a process called natural
sampling (Black, 1953; Gutierrez, 1990). The compari-
son is based on two conditions:

a) While the amplitude of the saw-tooth waveform is
higher than the modulating amplitude, a pulse is
generated and its duration is determined by the
time r (t) 2 m ().

b) While the amplitude of the saw-tooth waveform is
lower than the modulating signal, no pulse is gene-
rated.

To achieve an efficient modulation, the frequency of the
pulses train should be at least three times higher than
the maximum frequency of the information. In our
case, the square wave carrier frequency is 25 MHz and
the modulating bandwidth covers 0-10 MHz. The PWM
signal is given as:

PWM(t) = {1 as m(t)Sr(t)} @

0 as m(t)>r(r)

According to Figures 3 and 4, once the PWM signal
electrically generated, it is converted to optical pulses
by varying the injection current of a laser diode. The
transmitting beamforming optics then collimates the
laser beam and sends it through free-space. At the recei-
ving side, an optics subsystem collects a fraction of the
transmitted power and focuses it to a fiber-pigtailed
photodetector. The photodetector is associated to an
optical photoreceiver which processes and demodula-
tes the transmitted information. The photoreceiver is
based on high-impedance amplifiers. After amplifica-
tion of the photodetected optical pulses, another electri-
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cal comparator regenerates the PWM waveform. The
information is recuperated by low-pass filtering the re-
generated PWM waveform and the information signal
is delivered at the output of the photoreceiver.
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Figure 3. Free-space optical link base on PWM subcarrier
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Figure 4. PWM signal generation for free-space optical
transmission

FREE-SPACE OPTICAL LINK TESING IN LABORATORY

As already mentioned in the introduction section, the
implemented FSO link has been tested and characteri-
zed aiming to determine the potential coverage for rela-
tive short distances, i. e, up to 1 km. As indicated earlier
in this paper, the optical power is generated by a fiber
pigtailed semiconductor laser emitting an average opti-
cal power of 25 mW at an optical wavelength of
1.55 um. The optical transmitter is based on a pulse-
width modulator (PWM), implemented as described in
a preceding section. The modulating signal can be
either analog or digital, in a 10 MHz bandwidth. At this
stage, the optical transmission is evaluated by transmit-
ting analog signals such as sine, tringle and square and
analog video waveforms. The amplitude of the test sig-
nals is 200 mVpp and frequency of 10 KHz. At the trans-
mitter an optics set-up of lenses collimates the
modulated light beam and launches it to free-space for
reaching a distant receiver. At the receiver site, light is
collected by another receiving beamforming optics,
which focus the optical power towards the input of a
fiber-pigtailed photodetector. Two different photode-
tectors are used. A first one is a PIN photodiode; the

second is an APD. Both devices detect the optical power
and deliver a photocurrent to a high-impedance photo-
receiver.

The FSO link has been tested and characterized in-
doors, in our laboratory, over a distance of 5.5 m. The
link evaluation aims to determine the transmission per-
formance and the receiver sensitivity on depending on
the type of the photodetectors. The laboratory tests
allowed to determine that the minimum received power
for recovering a good quality information signal is
about 2.5 uW when using a PIN photodetector and
0.5 uW when using the APD. These figures become the
reference for testing the proposed optical link.

As the power budget, previously calculated in a pre-
ceding section, indicates that after a propagation distan-
ce of 1 km, the received level is about 100 pW, such a
power will saturate the photoreceiver. In the laboratory
tests, the transmitted optical power is attenuated for an
optical reception in a 50 and 0.1 uW range. The upper
limit of 50 pW is determined by the saturation of the
photoreceiver. The sensitivity and the quality of the re-
ceived information signal are evaluated as the merit figu-
res of the proposed optical link. The sensitivity is a
parameter determined by the minimum received power
that allows a signal to noise ratio for an efficient demo-
dulation of the information signal. The recovered modu-
lating signal presents a signal to noise ratio around
40 dB, when using an APD photodetector, which deter-
mines a good transmission-reception quality.

In the following subsections, the performances of
the optical link, for each photoreceiver configuration,
are described and analyzed.

OPTICAL LINK EVALUATION USING
A PIN-HIGH IMPEDANCE PHOTORECEIVER

In a first step, the free-space optical link has been cha-
racterized using a photoreceiver based on a PIN and
high-impedance amplifier. The PIN photodetector’s
responsivity is 0.95 at 1.55 pm and operates up to
2 GHz under a reverse voltage of 20Vdc.

The laboratory experimental testing is realized by
receiving the laser beam which travels through the free-
space over a distance of 5.5 m. The optical beam is mo-
dulated by the PWM subcarrier. The modulating signal
is a 10 KHz — 200mVpp saw-tooth waveform. The recei-
ver is adjusted to provide a 1Vpp demodulated signal.
The optical link is characterized by measuring the
power of the received optical pulses. To simulate free-
space losses, at the transmitter side, an optical attenua-
tor regulates the emitted power and the link has been
adjusted for receiving a power in a range between
50 and 0.1 uW. The link performance, when using a
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PIN photodetector is shown in Figure 5. The black-cir-
cles trace represents the amplitude of the received pul-
ses; the red-crosses trace illustrates the amplitude of the
recovered modulating waveform. From the graphs, it
can be noticed that even if the amplitude of the received
pulses decreases, the demodulated signal is recovered
with constant amplitude in the analyzed optical power
range (0.1 — 50 uW). The upper limit is determined by
the saturation of the photoreceiver as the optical power
becomes higher than 50 uW. The qualitative evaluation
of the optical transmission is illustrated in Figure 6,
where the received waveforms are displayed (left-side,
optical pulses; right-side, information signals) for re-
ceived optical powers of 10, 5, 2.5 and 1 uW. After pro-
pagation in free-space, the received pulses are not
ideally shaped and are determined by the frequency
response of high-impedance amplifier (90 MHz).
However, the received pulses show the PWM profile, as
a wider trace on the trailing edge, which corresponds to
the imprinted information signal. To ensure a linear
PWM, normally low-modulation index are used (At/ T,
<0.3), At = f{V) is the pulse width variation, on depen-
ding on the modulating voltage V; T, is the unmodula-
ted pulse width). From Figure 6, it can be observed that
even if the amplitude of the optical pulses decrease, the
amplitude of the demodulated signal remains constant,
while the received pulses can be regenerated. In this
case, when using a PIN photodetector, the sensitivity is
about 2.5 uW, and the information is clearly recogniza-
ble. For received signal of 1 uW, the information is still
identifiable, but notably noisy.

From the experimental characterization of the pro-
posed optical link, the detection limit of our PIN-based
photoreceiver is determined by its noise floor, around
2.5 uW. Lower power levels cannot be efficiently rege-
nerated and consequently, the information is severely
degraded or even lost.

From the reported characterization of our FSO link
using PWM, it becomes evident that the modulating in-
formation can be efficiently recovered, regardless the
attenuation of the optical pulses after the free-space
propagation. In the proposed FSO link, the transmitted
power is around 2.5 mW (+ 4 dBm) in a collimated laser
beam. As shown in this section, an optical power of the
order of 5 uW (- 23 dBm) allows recovering the trans-
mitted information. The difference between the trans-
mitted and the minimum received powers represents
an attenuation range of 34 dB when using the PWM te-
chnique and PIN Photodetector. This capability repre-
sents a unique feature of time modulated pulses such as
PWM. The PWM technique compares advantageously
to the simpler amplitude modulation (AM) and ensures
higher communications quality.

PIN-based photoreceiver

Amplitude (Vpp)
= N
(&)} N (4]

-

o
&

—e-Received pulses
——Demodulated signal

0 10 20 30 40 50 60
Optical power (UW)

Figure 5. Photodetection based on PIN photodector, black-dots
trace corresponds to received optical pulses, red-cross trace
shows the demodulated signal amplitude

OPTICAL LINK EVALUATION USING AN AVALANCHE
PHOTODETECTOR APD-HIGH IMPEDANCE PHOTORECEIVER

A second testing condition of the proposed free-space
optical link is its evaluation and characterization using
a photoreceiver implemented by an APD photodetector
and a high impedance amplifier. The APD is a photo-
diode responding to light between 0.9 and 1.6 um and
responsivity of 0.9 A/W at 1.55 um. Its frequency res-
ponse goes up to 2 GHz under a reverse polarization of
40V. The testing conditions are similar to those already
described in the preceding section. The optical trans-
mitter sends the PWM optical carrier. The received op-
tical power is adjusted in a range between 50 and 0.1
uW. The photoreceiver detects such a range and after
demodulating the PWM carrier, it delivers a 1 Vpp de-
modulated signal.

The free-space transmission is characterized by
measuring the received optical pulses and the demodu-
lated information signal. Figure 7 shows the relations-
hip between the optical power of the received pulses
and the demodulated signal level when using an APD.
In this Figure, the black-circles show that the photore-
ceiver becomes saturated at optical powers higher than
25 uW. The response is linear for received powers bet-
ween 25 and 0.1 uW. Concerning the demodulated sig-
nal, the red-crosses trace shows clearly that the signal
level remains constant regardless the decreasing power
of the optical pulses.

As an APD photodetector presents optical gain, the
receiver sensitivity increases and from this fact, the mi-
nimum detected power level decreases as compared to
the sensitivity of a PIN photodetector. The sensitivity of
the APD-based photoreceiver is 0.1 uW (- 40 dBm).
Similarly to the characterization steps already descri-
bed in the preceding section, the received pulses and
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the demodulated information are displayed in Figure 8.
In this case, received signals of 2.5, 1, 0.5, 0.25 and 0.1
W, are detected and demodulated. It can be observed
that the received pulses are better defined when using
the APD-based photoreceiver. The sensitivity level de-
creases and the pulses and information signals can be
demodulated for a received power as low as 0.1 uW.
Even at a power of 0.1 uW, representing extremely
weak optical pulses, the modulation is recuperated
although already disturbed by noise.

The detailed characterization of the PWM-based
FSO link using either PIN or APD photodetectors, was
described in the preceding sections. The performances
of the FSO link are summarized in Table 4. It was found
that the best sensitivity is provided by using APD. APD
improves sensitivity by 10 dB in comparison to PIN-
based photodetection.

The proposed FSO link at this stage has been tested
by transmitting analog signals. It is well known that
analog transmissions are evaluated by the quality of the
received signals. Such a characteristic is mainly deter-
mined by the signal-to-noise ratio (SNR) at output of
the receiver. This is the used criteria for evaluating the
performance of our FSO link. To detect and regenerate
the PWM-modulated optical pulses, the receiving
front-end was configured by a high-impedance photo-
receiver based on two different photodetectors; in a
first case a PIN photodiode was used. A second confi-
guration, uses an APD. After characterizing the photo-
reception, optical pulses coming from the free space
distance were amplified and regenerated. After regene-
ration, the PWM modulation is recuperated by low-
pass filtering and amplification. It is well known that
the noise on a PWM signal depends strongly on the
“time jitter”, as associated to the rising and falling times
of the leading and trailing edges of the PWM waveform
(Black, 1953; Di Biasi et al., 1987; Suh, 1987). Low noise
is achieved by the fastest rising and falling times. Thus,

high SNR are ensured by the response times of the pul-
se regeneration at the receiver in order to ensure fast
leading and trailing edges of the regenerated PWM. As
it has been shown, the performance of the proposed
FSO link, when based on a PIN photodetection ensures
a SNR of about 30 dB at the output of the receiver. The
APD-based photoreceiver provides a SNR is about 40
dB, which represents a higher quality transmission.

The quality of the transmission-reception process is
given by the signal to noise ratio (SNR) (Di Biasi et al.,
1987; Suh, 1987). SNR is the quantitave figure of the
quality of the received signal. SNR is the ratio of the
amplitude of the demodulated information to the am-
plitude of the noise floor at the output of the receiver
and is given as:

V_ serial
SNR =20log| —>—— )
Ve, ruido

The analysis of the SNR of the proposed FSO link is out
of the scope of this paper. By measuring the amplitudes
of the demodulated signal (1Vpp) and the noise
(10mVpp), the SNR at the output of the APD-based
photoreceiver is 40 dB, which represents a good quality
transmission.

Regarding linearity on analog signal transmissions,
classic criteria is inherently associated to the response
optical power vs voltage or current on the optical sour-
ce. Light emitting diodes (LEDs) and laser diodes (LDs),
show good linearity at low emitted power but at higher
levels, such devices become nonlinear. In this way, li-
near response between input and output signals de-
pends on the LED or laser power regions. Nonlinear
response provokes distorted received signals and un-
desired harmonics contents in the transmission.

In PWM transmissions, LED or laser nonlinearities are
not a critical issue as the optical signal changes between

Table 4. FSO transmission link performances under short distance laboratory test

Optical power emitted at the output of SSM optical fiber 2.5 mW
Optical power at the output of the optical transmitting lenses subsystem 2.5 mW
Optical power at the input of the optical receiving lenses subsystem 2.5 mW
Maximum optical power at the input of the photodetector 500 pW
Photoreceiver saturation optical power >50 uW
Minimun optical power for a signal to noise ratio of 40 dB of the demodulated signal 5uW
Optical power threshold- PIN-based photoreceiver 5uW
Optical power threshold- APD-based photoreceiver 0.25 pW
SNR APD-based photoreceiver 40 dB
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Figure 8. Photodetected signal waveforms corresponding to received optical power based on APD photodetector: a) 2.5
UW, b) 1uW, c) 0.5uW, d) 0.25uW, €) 0.1uW

only two power levels. PWM is similar to digital modu- a high linear response (Black, 1953; Suh, 1987). In the
lation. The information is not imprinted on the ampli- proposed FSO link, the duty cycle of the unmodulated
tude of the optical pulses but in the time transitions carrier is 50 %. A modulation index of 10 % is used,
between two power levels. The linear response does not which ensures a high linear response as it is shown in
depend on the pulses amplitudes. In this case it is deter- Figures 8 and 9 where input and output triangle wave-
mined by the linear comparison in the PWM modula- forms show a linear relationship. Linearity on the pro-
ting process. In PWM, a low modulation index ensures posed FSO link is 98 %.
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Figure 9. Photoreceived analog video, on depending on the
received optical power 2.5W: a) PIN photodetection of 2.5 uWw,
b) APD photodetection of 0.25 uW

The experimental results show that PWM can be
used as a performant technique for transmitting infor-
mation over short distance optical links. A PWM-based
FSO link is a low-complexity and low-cost technique
for practical applications. It can be used advantageously
for transmitting analog or digital signals for particular
purposes such as instrumentation signals, sensing pro-
cesses, remote monitoring, video and voice and digital
data.

To show the capacity for transmitting complex sig-
nals, analog video was successfully transmitted. Figure
9a, compares the demodulated video (NTSC color bars
pattern) when 2.5 uW optical power is received by the
PIN photoreceiver. Figure 9b shows the same signal
when APD detects 10 times less power (0.25 uW). The
higher sensitivity of the APD-based photoreceiver en-
sures a higher quality transmission, in the order of 10
dB, as compared to the PIN-based reception. Figure 10
shows the live testing of video transmission of the pro-
posed PWM-based FSO link.

SRR B
N

Figure 10. Experimental FSO link when transmitting a live NTSC
video signal

CONCLUSIONS

Free-space optical communications through the terres-
trial atmosphere or vacuum are based on the use of
light for transmitting information between point-to-
point or point-to-multi-point distant sites. In this paper,
the realization and characterization of an FSO link, ba-
sed on the transmission using a PWM-subcarrier has
been reported. The proposed optical link has been de-
signed to transmit information over short distances, in
the order of 1 km, for transferring information between
buildings, near-remote monitoring facilities, remote
surveillance stations and central offices, mobile stations
and main facilities, etc. The developed scheme has ca-
pabilities for transmitting analog and digital data in a
frequency band up to 10 MHz, which enables the trans-
mission of digital or analog information such as voice
and video, sensors data, instrumentation data.

The developed scheme has been designed and con-
figured by low-complexity and low-cost electronic
subsystems for generating and demodulating the PWM
subcarrier as well as the optical subsystems for trans-
mitting and receiving a free-space propagating optical
beam. The scheme has been characterized by using PIN
and APD photoreceivers. The best performances have
been achieved when using an APD-based photorecei-
ver. After the power budget calculations, the proposed
link will be able to cover a 1 km distance as the received
optical power is on the order of 100 pyW. The demodu-
lated signals are recovered with a signal to noise ratio
of about 40 dB, which represents good quality trans-
mission for the proposed applications.

The overall optical link has been realized and tested
in laboratory as an operating prototype for short dis-
tance transmissions. Work for testing the developed
system in outdoor environment on distances up to 1 km
is in progress. Testing the developed prototype over
short distances does not strictly requires of pointing
and tracking systems. However, the developed proto-
type can be easily scaled for longer distances, on depen-
ding essentially on high power optical sources. As free
space optical communications is a relevant research
subject at INAOE, developing long distance links is of
main concern. In this perspective, testing links over dis-
tances of tenths or even hundreds of kilometers norma-
lly require of beam pointing and tracking systems.
Work is in progress for designing an experimental
pointing and tracking system.
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