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Experimental Study of Bit Error Rate of Free
Space Optics Communications in Laboratory

Controlled

Turbulence

H. Le-Minh", Z. Ghassemloc', M. ljaz', S. Rajbhanda’, O. Adebanji, S. Ansar and E. Leitge”

Abstract—This paper reports experimental results for the
performance of an free space optical (FSO) commuration link
employing different modulation schemes under the iituence of
the atmospheric scintillation. A dedicated experimetal
atmospheric simulation chamber has been developedhere weak
and medium turbulence can be generated and its effeon the
FSO link is investigated. The experimental data ofatined is
compared to the theoretical prediction. The paper Bo shows that
the effect on the data transmission performance demds on the
position of turbulence source positioned within theehamber.

Index Terms—Free space optics, turbulence, modulation
schemes

|I. INTRODUCTION

PTICAL wireless (OW) or FSO communications offers’®
huge capacity for data transmission over mediungean

distance. FSO links with a direct light of sightnfiguration
offer numerous advantages when compared to
conventional wired and
communications. It has a wide unlicensed frequespgctrum,
and is capable of transmitting data in excess & Gbit/s
when employing wavelength division multiplexing eate
[1]. FSO links also consume relatively low powelegting the
eye safety requirement particularly when operaéing550 nm
wavelength), offer security as well as less susioiipt to the
electromagnetic interference [2, 3]. However, FSBtams
suffer from substantial optical signal losses due the
atmospheric conditions. The loss is mainly due be t
atmospheric absorption, scattering and temperatependent
scintillations [4]. Fog is the major problem withet FSO links.
In the moderate continental fog, propagation atiton can

be as high as 130 dB/km reaching 480 dB/km in den

maritime fog condition. In a cloudy condition, tbptical loss
could be much higher than 50 dB/km. Rain drop calkb
attenuate the transmitted signal by about 20-3kmiBat a
rain rate of 150 mm/h [4], whereas attenuation thusnow
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radio frequency (RF) wirsles

could be greater than 45 dB/km [5].

Apart from the attenuation, the atmospheric sdatidn
also impairs the FSO link performance. Scintillatis caused
by the atmospheric temperature inhomogeneity. & dlear
weather condition, theoretical and experimentatlissl have
shown that scintillation could severely degrade risl@bility
and connectivity of FSO links [6, 7]. As the randaimnges
in the temperature and pressure of the atmospheetecthe
random variation of the refractive index along theam
transmission path, directions of optical beam cdagddhltered,
thus resulting in fluctuation of the received ogticignal
leading to reduced signal intensity. Theoreticadelimg and
study of the scintillation effect, one of the mastportant
adverse channel effects, as well as the possibliéi@ts have
been addressed by a number of researchers ovéasthiew
ars.

In practice, however, it is very challenging to @& the
effect of the atmospheric turbulence under divexsaditions.
This is mainly due to the long waiting time to obseand

the

experience reoccurrence of different atmospherientsy
Because of this reason for the first time we haseetbped a
dedicated laboratory atmospheric chamber where akes
possible to create fog, smoke, turbulence, wind eirud
observe and investigates their effects on the mnéted
optical beam under a controlled environment.

In this paper we report the experimental study loé t
temperature induced turbulence effect on the FS@x li
performance for the on-off keying (OOK) data format
widely used data format in commercial FSO linkse Taper

also shows the dependence of the data transmission

performance against the turbulence source pos#iong the
link. The paper is organized as follows: theorétivadel of
éurbulence is outlined in Section 2. In Sectiom@& kaboratory
a?mospheric chamber as well as the experimentaip st
investigate the turbulence impact on the opticanbeare
introduced and explained. Experiment results aralyars are
discussed in Section 4. The conclusions and futumks are

presented in the final Section.

Atmospheric turbulence results from thermal gratdien
within the optical path caused by the variation air
temperature and density. Refractive index is higldpendent

TURBULENCE MODEL



on the small scale temperature fluctuations indaiined by [ll. EXPERIMENT SETUPFOR TURBULENCE CHANNEL

n(RY) = n, + m(RY), wheren, is mean index of refractiom{  The experimental line-of-sight FSO link for data

= 1) andmy(RY) is the random deviation of index from itSyansmission through the turbulence channel is shdm
mean valueR is the vector position in three dimension &l Figyre 2(a).

the time. The most commonly reported model for dbswy

the atmospheric turbulence is the log-model mo8le®]. This Turbulence Channel
is a well-known modeling approach and has beentadop
many calculations for the turbulence channel. As light
propagates through a large number of elements & ti
atmosphere channel, each induces independentlyomand * e
scattering and phase delay to the optical beandigtgbution

of log-amplitude fluctuation is Gaussian. Thereftite power

density function (pdf) of the received irradiaricdue to the (@

turbulence is derived as [9, 10]: Thermometers
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wherel, is the irradiance when there is no turbulencenent  — = o— v B ©
channel.s? is log irradiance variance and it is considered a_ b = _—
the Rytov parameter. S
P am

Figure 1 shows the log-normal pdf plotted for diéfet
value of irradiance variance values. &g increases, the Il
distribution spreads its long tail toward the iitfin whereas 5 5m
the received optical signal intensity concentratetow the
normalizedl, due to received signal fading. For a low value of
o? the distribution is close to the Gaussian.
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Figure 1 Normalized log-normal pdf for a range of irradiarvariance
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The log-normal model is valid for the weak atmosjihe Figure 2. (a) Block diagram of exp(er?ment setup tie laboratory turbulence
turbulence [11, 12]. For a strong turbulence miétirattering gﬂzrg%% ‘I'i"r?llcsheijz ﬁlxtcr:t:?aggrggs"d cool air @dne chamber
effects must be considered, which is not included(1),
therefore improved model should be used [13]. Talb&tates A narrow divergence beam laser is used as the FSO
the turbulence strength with the Rytov parametegreHwe transmitter. The emitted beam intensity is moduldty a data
carry out experimental measurement for the weakna@dium  source which can generate different modulation é@taats.

turbulence conditions. To ensure the linearity of the system, the laseprigperly
biased and modulated.
TABLE | The laboratory atmospherics channel is a closedsgla
TURBULENCE CONDITIONS

chamber with dimension of 550x30x30 tms depicted in

Turbulence Rytov parameter . .
Weak 97 <03 Figure 2(b) and (c). The chamber has multiple cainpents
Medium ot=1 (seven in total for this experiment), each has r& te allow
Strong o2 >>1 air to circulate into and out of the channel. Temperature




and wind velocity conditions in the chamber aretauled as
necessary to mimic the atmospheric condition as dsr
possible. In this chamber, there are two approatiescould
be used to create the turbulence effect.

a) Heater and fans are used to blow hot and coldnhaine
direction perpendicular to signal propagation toegate
the variation in temperature and wind speed (sgarEi
2(b)). The cold air is at room temperature (20 -°25
and hot air temperature is in a range of 20 to 80 °
Using a series of air vents, additional temperataormgrol
is achieved thus ensuring a constant temperataciegt
between the source and the detector.

Each compartment has a powerful internal heatingcso
inside the chamber and a fan attached to its \ettiat a
very strong turbulence effect can be generated.

In this paper we adopt the design (a) to experiaignt
investigate the weak and medium turbulence ashierétical
model given in (1) is not valid for the strong tukénce.

As the optical beam propagates through the chamiber,
experiences different atmospheric turbulence befoeeng
collected at the receiver. The receiver front-eadsésts of an
optical concentration lens and a PIN photodeteciidre
equivalent photocurrent at the output of the phetector is
amplified using a trans-impedance amplifier IC gitand the
recovered data is used to measure the bit errer (BER)
performance. The parameters for the designed chaisbe
given in Table Il

b)

Some rays of the beam are bended
to outside the receiver collection

D
B N

Amplifier

Laser
source

Data

(b)
Figure 3. Sketch of diverted beams due to turb@esmurce positioned (a)
near the transmitter and (b) near the receiver

IV. RESULTSAND DISCUSSIONS

The purpose of this demonstration is to investigdie
performance of the BER of an FSO link under theafiof
atmospheric turbulence. For valid comparisons,
measurements carried out in the laboratory envieminare
taken in similar environmental conditions as fapassible. A
pseudorandom binary sequence (PRBS)'f-21 bit length
directly modulates the laser source whose emittednb
propagates through the chamber. Data packets eitdth of
(~ 600 - 1200 bytes) are of typical in the Gigathernet
(GbE) data networks. Further details of the setum a
parameters used for the demonstration are showalbte III.

the

TABLE IIl
PARAMETERS OFFSOCOMMUNICATIONS LINK DEMONSTRATION
TABLE Il Parameter Value
MAIN PARAMETERS OFTURBULENCE CHAMBER PRBS Iength § 1
__ Parameters Value c?m Data source | Format NRZ / RZ
Dimension 550x30x30 Modulation voltage LVDS (400 my)
Temperature range 20-80 Peak wavelength 830 nm
Wind speed 4-5mis Maximum optical power 10mwW
. Class Illb
. . Laser diode -
The level of turbulence strength is controlled tgcmg the Beam size at aperture 5mm x 2 mm
same heating source near and far away from the F$O Beam divergence 5 mrad
. R traci di in Figure 3 iltats this Modulationbandwidtt 75 MHz
transmitter. Ray tracing diagram in Fig _ Wavelength at maximum 900 nm
concept. The optical beams shown in both Figurg &gd (b) sensitivity
could approximately experience the same degreeentlihg Spectral range of sensitivity 750-%1100 nm
due to the same level-controlled turbulence souscased, | Photodetector |-ACIVE area : im
h d fi . | dt e Half angle field of view + 75 Deg
owever due to geqmetry con |'gur<'.;1t|on ess powel Spectral sensitivity 059 A/W
collected at the receiver shown in Figure 3(a) tharFigure Rise and fall time 5ns
3(b). Reversed bias voltage 40V
Lens Diameter 25 mm
Focal length 200 mm
Transamplifier (IC) AD8015
i he rocehr colettionarea ____o-oneeer r Receiver Bandwidth 240 MHz
Sf;i’e Transimpedance amplifier gain 18k
O B4
Turbulence is generated inside the chamber by pugripot

Turbulence
source

@

air through either one of vents near transmitterirorthe
middle of chamber or near the receiver. Table I'gveh the
measured values of? at these positions. The shot noise
variance is already excluded from these reparfedn the
Table. Note that by using the same turbulence soard
varying its position along the link, we could geaterdifferent
levels of turbulence (i.es?) according to the concept sketched
in Figure 3. The concept is also valid for the attoutdoor



FSO systems.

For the measured? of 0.8 and 0.6, turbulence generated in

the chamber could be equivalently considered asiumed
turbulence for outdoor environment. Histogram df ‘i of

the received signal induced by the medium turbw@erse
obtained and plotted in Figure 4. The distributafrreceived
signal is Gaussian when there is no turbulencectefia the
channel (see Figure 4(a)), as the Gaussian-distdbshot

noise (due to ambient noise) is dominant. Howevss t

received signal pdf profile is changed to the logrmal when
turbulence is introduced with the channel.

(a)
Figure 4. Histogram of ‘1’-bit received signal iase of (a) no turbulence and
(b) medium turbulence with? = 0.8

(b)

TABLE IV
MEASUREMENTRESULTS OFTURBULENCE STRENGTH
INSIDE THE CHAMBER CHANNEL

. Near Middle of the Near
Turbulence position ) .
transmitter chamber receiver
Rytov variance g?=0.8 g?=0.6 gf=0.23
Turbulence strength Medium Medium Weak

As the result of turbulence, the eye opening okined
signal eye diagram is reduced due to considerahlel lof
signal intensity fluctuation observed in Figure Y(deasured
eye diagrams for the non-return to zero (NRZ) datmat at
different data rates (20 and 155 Mbit/s) are depiéh Figure
5. The modulation input voltage is LVDS (400 gV It is
noticed that the top (bit ‘1) and base (bit ‘O¢vels of
received signals are varied at much wider marginerwh
turbulence is introduced. This will result in theduction of
the measure@ factor and hence the BER performance.

AAJLLL
P

(b)

(©
Figure 5. The measured eye diagram of received Bigzal in the condition
of (a) no turbulence, data rate of 20 Mbit/s, (bgak-medium
turbulence withe? = 0.8, data rate of 20 Mbit/s, and (c) no
turbulence, data rate of 155 Mbit/s, (d) weak-mediurbulence
with 6% = 0.8, data rate of 155 Mbit/s

Figure 6 plots the eye diagram of RZ signal in carigon
to the NRZ signal at a data rate of 20 Mbit/s. Tiféerence
between the experimental conditions for obtaining NRZ
eye diagram in Figure 6(c) and for the plots shawhigure 5
is the modulation level. In Figure 6(c) the NRZ ratadion
signal intensity is 200 mV, which is selected tsuwe the
average transmit energy in both NRZ and RZ formsathie
same value as we apply LVDS RZ signal to modulate
laser. From the eye diagrams the meas@ef@ctor for RZ
signaling is higher than NRZ signaling; therefohe tRZ
modulation format would be less susceptible tottlbulence
than the NRZ case.

(©)
Figure 6. The measured eye diagram of received Bi¥SVRZ signal in the
condition of (a) no turbulence, (b) weak-mediunbtience witho?
= 0.8 and (c) NRZ signal wita? = 0.8. Both NRZ and RZ signal
have the same average transmit energy

In this demonstration the emphasis is on the termé
effect therefore we have selected a range of tvi@ slzeeds to
observe the different outcomes of data transmission
performance. A data rate of 20 Mbit/s is well withihe
optoelectronic bandwidth of the given FSO link (seelear
eye diagram in Figure 5(a)), therefore we can bleatrserve



the penalty induced by turbulence. When no turtaéemithin

data format being adopted to directly modulate taser

the channelg? = 0,Q is up to 15, see Figure 7(a). Howeversource. The RZ signaling format offers improvedstesice to

its value is dropped considerably to ~5 when weakliom

the turbulence than the NRZ due to its higher pealkage

turbulence ¢? = 0.8) is introduced. On the other hand datalbeit the need for higher bandwidth requiremerd amore
transmission at a rate of 155 Mbit/s (about theimar rate susceptibility to the jitter noise.

of the FSO system) suffers les3 penalty due to the

Work to investigate strong turbulence scenarioagg on

turbulence-free received signal being already distb Figure and would be published in due course.

7(b) shows the BER plots corresponding to each data
values. Note that BER values below't@re truncated to that
level.
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Figure 7. (a) Measured Q values and (b) BER peidoga against a range of
Rytov variance (or turbulence strength) for NRZnsiing at
different speed (modulation voltage is 400mW)

(8]
Figure 8 shows performance of RZ and NRZ signaiing
the present of turbulence. It is shown that RZ erftpms [©]
NRZ in the weak turbulence scenario, however the

performance of both data formats are almost theesanthe
medium turbulence region. This could be explaingthie fact (7]
that turbulence not only induces amplitude fludtwatbut it
could cause timing jitter. Therefore RZ signalirgy more
susceptible to jitter in the case of medium andorsgr (8l
turbulence, whereas NRZ, with wider bit duratioxperiences

less effect (see Figure 6). [9]
2 [10]
! =-£F-- NRZ format (11]
& R % - — — | =-©---RZ format
& . B
R et B &
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Figure 8. (a) Measured Q values and (b) BER pedoga against a range of
Rytov variance for NRZ and RZ signaling at 20 Mbithodulation
voltage is 400mW for RZ and 200mV for NRZ)

V. CONCLUSIONS

The paper presented a dedicated laboratory atmosphe
chamber where the effect of the temperature induced
turbulence on the FSO link performance was invattig,
Methods to generate and control turbulence wereudsed
and practically demonstrated. The obtained datavetiahat
the medium turbulence can severely affect the link
performance. The turbulence effect is also dependerthe
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