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Abstract

We report an experimental of free-space optical rmamication (FSOC) system that use tube propagaiomlator
(TPS) as the turbulence medium. The FSOC systemvaselength of 1550 nm at the rate transmissioh080 Mbps
and amplified with EDFA at the output of +23 dBmdéx structure of 1&-10"° as the representation of atmosphere
index turbulences are used for simulation of intgndistribution model or scintillation. The simtien use gamma-
gamma and K model as well. The beam wave propagatmdels used in simulation are plane wave, sphlewave
and Gaussian wave. Spherical wave achieves higlefirmance via gamma-gamma in strong turbulenchkiléV
Gaussian wave achieves highest performance alscKviaodel. We also found, characteristical FSOC eyst
performance is calculated more accurately with gargaaimma method for strong turbulence than K moitbé
performances from gamma-gamma for strong turbulenee SNR> at 22.55 dB<Prfade> at 5.3%10*, and<BER>

at 9.41x10°.

Abstrak

Performans Sistem Komunikasi Optik Media Atmosfir (Free-Space Optical Communication) dalam Kondis
Turbulens Kuat. Kami melaporkan eksperimen sistem komunikasikopedia atmosfir (FSOC) menggunakabe
propagation simulator (TPS) sebagai kanal media turbulen. Sistem FSO@ygwakan panjang gelombang 1550 nm
pada tingkat transmisi 1000 Mbps dan penguatarakoigngan EDFA pada luaran +23 dBm. Struktur indetksosfir
pada kisaran 18-10"2 digunakan sebagai parameter skala turbulensi unerighitung distribusi model intensitas atau
sintilasi. Simulasi perhitungan menggunakan mothditstik gamma-gamma dan K. Model propagasi gélang yang
digunakan dalam simulasi adalah gelombang dadand wave), gelombang sirkularspherical wave), gelombang
Gaussian Gaussian wave). Gelombang sirkular menghasilkan performansiintgdi menggunakan model gamma-
gamma pada turbulensi kuat. Sedangkan gelombangs@aumenghasilkan performansi tertinggi menggumakadel

K. Kami juga menemukan bahwa karakteristik perfarsissistem FSOC dapat terukur lebih akurat mendggma
metode gamma-gamma untuk turbulensi kuat daripaddemK. Hal tersebut mengacu pada hasil simulasi da
eksperimen. Hasil tersebut adalah dalam kondisiutansi kuat performansiSNR> berada pada rentang 22,55 dB,
<Prfade> dalam rentang 5,330*, dan<BER> pada rentang 9,410°.

Keywords: free-space optical communication (FSOC) system, scintillation, turbulence media, <SNR>, <BER>,
<Prfade>

1. Introduction wave propagation deterioration such as diffraction,
scattering, and attenuation that behaves randomly a

Atmospherical turbulence is the major problem for well. Those leads to random beam irradiance int&o th

implementation of free-space optical communication receiver lens. Hence it cause the scintillationnoineena

(FSOC) system as terrestrial platform. It causeel th to receiver. By all means the characteristicalqrambince

media propapagation of beam wave behaves random of FSOC system is decreasing [1-3].

distribution of refraction index spatially and teonglly.

This is caused by fluctuation of wind speed, terapee Scintillation is fluctuation of signal intensity wdh is

and medium density in randomly fashion. It leadarbe received by photodetector. It also exhibits noises
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represented as intensity distribution of receivedrb
wave that is induced by atmospherical turbulence.
Higher degree of scintillation represents the sazle
turbulence. The intensity distribution has a chéreds-
tics for each turbulence scale. This caB§® no longer
constant but also has the mean value for eachlanbe
scale. The mean value oBNR contributes major
parameter to characteristical performance of FSOC
system. The mean value 8RR determines the rate of
probability of fade Prfade) of beam waves in atmos-
pherical turbulence. Higher rate value of probapbitif
fade means lower possibility of photodetector ttede
beam wave intensities. It also contributes majatoia
for mean value ofBER. The ideal charactheristical
performance of FSOC system is the lowesPdfde,
lowest mean value oBER and higher mean value of
NR

In order to mitigate the deteriorating beam waveshie
presence of atmospherical turbulence many methods
have been reported successfully overcoming those
problem. Multiple beam waves transmission and plelti
beam receiver or MIMO has been reported could
enhanced the performance FSOC system at signiffican
value [3]. Saturated EDFA at transmitter beacon has
been reported successfully overcoming high turtnden
[4]. In order to shrink wide distribution of sciltdition,

the spatial diversity has been reported to mitidaggh
scale of turbulence successfully [5-6]. In order to
overcoming beam wander effect, the wide angle f le
receiver in array configuration has been reported i
simulation to elevate the FSOC system performasce a
well [7]. CMOS imaging receiver has been reported i
mitigation the induced atmospherical turbulence in
order to detect the lowest of signal intensity.

The accuration and precission is also being studied
widely in representing the distribution of irradéanor
scintillation, in order to improve the charactddat
performance. Common statistical methods are gamma-
gamma, K, and lognormal [8-9]. Markov chain modtel i
maximum-likelihood has been reported reach improve
significant results [10]. Radiative transfer thealgo
been reported successfully in minimizilBER [11].
Wavelet signal processing also being used as ofitima
method on the receiver unit in reductiBBR [12].

On this preliminary research we have designed 8@®
system over turbulence media (TPS/tube propagation
simulator). TPS is designed to induced beam wave
propagation in the scale of weak to strong turbzden
The goal of research is investigation the effecstading
turbulence medium in order to seek the high charac-
teristical performance of FSOC system when it ayea
to be implemented in real atmosphere environment or
turbulence. The characteristical performance ofesys

is analyzed with gamma-gamma and K model. Beam

Makara J. Technol.

wave propagation models are used plane wave, spheri
wave and Gaussian wave for simulation.

We compare the results of simulation with analytica
measurement of experiment. We also make an analysis
comparison with previous work of others that impdein
gamma-gamma and K model distribution. We have
great intention to develop FSOC system that halkasb
characteristical performance in real atmospherical
turbulence.

2. Experiment

Mode of FSOC System. Atmospherical turbulence
affects the signal intensity which received by
photodetector. Signal intensity which propagatesnfr

transmitter and reach the receiver lens behaves
fluctuation randomly, as can be seen in E[1.3l:

W/ 2r?
l°(r,L+L)=—F"""—< eXp[‘wj
w2(1+QGJ

1
W2 1°(o,L) 2r?
I(OL+L,)=—2—"""exp|— (1)
< ) W2 SR PlrweR
W is focus spot behind single finite lensis radius of
focus spot.
2L
© T KWAW,
G "'G is radius of receiver lend)y, is the

radius of transmitted beam wave from the sources or
TX. 1°(0, L) is the signal intensity in the absence of
atmospherical turbulenceSR is the Sthrel ratio of

12

1+1630° A,
which is the function of Rytov factdd G,A 1)) Q G

2 2
1°(o,L+L,)O %2 IO(O,L)eXp(—%)

The signal power is in Eq. 2.

|°(0,|.)DWG2 1(00,L)

W2

is the instaneous irradiance.
2 (00 1
RO [ I(r,L+Lf)rdrd9D§r[Dél(O,L) 0

The output current of photodetector is the meanevak
stated in Eq. 3,
® hv

Integrating Eq. 2, the mean of signal power is giue
Eq. 4,
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210

PS<PS>=%/TDé 1oL)0-2 Ds | (01’2") (4)
E{1+ 16302 Alj

The variance of signal noise shall behave,

2 _/y2\_ 2 2
03 =(12)~(15)"+(13)
2 2
_(1e 7e’B(P)
<[ o] (e} P ®

<AP32>=<PSZ>—<P§> is the fluctuation of input

signal power that contributes to signal noise at

photodetector. I1<IS> and UéN is larger then the mean
of NR is given in Eq. 6 [13],

\/<APSZ>

<S\R> in Eq. 6 can be simplified as stated in Eq. 7,
N
<NR>= Ry (7)

]wf(oe)sws

<SNR>SNR:<I§>:

PSO

(Ps)

NR, is value of SNR when the turbulence does not

induce beam wave propagation. Herleg, represents
the output signal power from photodetector at the
absence of turbulenceJ,Z(DG) is scintillation index

within range value of 0-1 [13]. The ratio of output
power by the induced of turbulence is

12
I:)SO

s
o 01+ 1630 O,

Those ratio is deterioration effect of atmosphérica

turbulence. Pso is the Strehl ratio, which is the
(Ps)

characteristical of imaging system.

approximated as given in Eq. 8,

P

It can be

Rate detection related wittBR> is given in Eq. 11,
00 (00 . , .
Pr, DJ'O J' pl(s) pi +n (| I s)dl ds
T

i,—S

:% [“p (s)erfc{ m}ds

1 00 TNR—-(SNR)u
Pr, :Ejo P, (U)erfc(#}du (12)

Rate detection is<SNR> when the Ps which
represented ad, | (U) p,| achieves threshold level
of photodetector (TNR/threshold to noise ratio). &l
means the probability of false alarm rate also laikhi
on the photodetector as can be seen in Eq. 12,

Prege :% erfc(mj

V2

Also FAR (false alarm rate) has relation with the
probability of false alarm rate as stated in Eq. 13

B TNR?
FAR=—=exp| ———
%)

243

In order to evaluatéPrie in Eq. 12 as function of
<SN\R> it can be acquired by assummption that the
Probability Density Function of irradiance is gamma
gamma as can be seen in Eq. 14,

(10)

(12)

(13)

a+p
o 2af)? T
pl(u)_—l'(a)l'(ﬁ)u Kop (Zw/a/ij),u>0 (14)

While for K model is,

(2%),u>0 (15)

pi (U):% (aU)T__l Ko

If the beam wave propagation is modelled as spaleric
wave, the paramaters of scintillation index @f, dan

B, in Eq. 16-17, are [13],

30 =[1

(8)

04952

()

Hence the<SNR> is the function ofSNR, and le as
can be seenin Eq. 9,

<NR>= SR,

107D )NR: ©
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0495

E

12
T+ 01812+ 05657

:

7

exq

E

7

12\g
1+ 01&12+056805]

(16)
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12\76
0515; (1+ 06945 j

exp

12\e
(1+ 09d*+ 062d°B° J

17)

7/ 1
B =05C? kéL%3 is Rytov variances of beam wave
which  propagates through distancd. meter.

kD? _
d= aL For the case of plane wave, the index

scintillation (apw dan ,8l pW) of Eq.18-19 are [13],

a,,=—-r 1 - (18)
2
o0 0493 |
125
(“ 0’65"2*111/305)
1
:Bpw = r B (19)
12\
051437 (1+ 0694.° J
exp -1
12\
(1+ 09d*+062d°3? j

Also for the case of Gaussian wave model is given i
Eq. 20-21 [13],
1

ﬂgW: = =

2
049(QG AlJ 5

exp 2+ 7 -1
6
4(2_91){’8(3 12
1+Q, A <+ 0561+0) 45
(S
(20)
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S
6

051,6‘§L12

5
exp 1 06%% -1

{ {@JW%S

(21)

The Rytov variance (,6’l B 2) of Eq. 20-21, for
Gaussian wave is given in Eq. 22 [13],

5 =
12 cos| 2tant [ 11291 1—1/\§
6 27, )| 16

Bi 038655 % 0,4[(1+ 20,)? +4n2

(22)
Finally <BER> is given in Eq. 23 [13],
1 00 <S\IR>U
<BER>== U)erfc| ~——=—|du (23
b PO [2&) (23)

Proposed experiment. As shown on the Fig. 2-3, FSOC
system is fiber detection. Optical modem of fullpthx
TX/RX at A of 1550 nm and rate transmission of 1000
Mbps. For each unit of TX and RX is connected tdPUT
of PC’s in order to perform point-to-point connecti

On TX, output of laser transceiver of -2.4 dBm is
amplified by EDFA at the output of +23 dBm. The
output from EDFA is collimated by beam collimator
and transmitted into TPS. Beam wave propagates
through turbulence medium of TPS. TPS is designed
with various scale of turbulence. It reaches letu$er
(RX). The focus spot is coupled into MMF and detdct
by Optical Power Meter.

Unit RX

SMF Pigtail

Unit TX

Power

SMF Pigtail
i

7 mar
/ Driver

Tube Propagation Simulator (TPS)
Medium Turbulence

=)

'
Beams Propagation

Lens
Focuser

Port UTP

SiF 47

Figure 2. Experiment Diagram of FSOC Fiber Detection
M ethod
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Intake Cald Air from AC

Lens Focuser

| Beam Collimator
fy
I ]

Laser TX n RX

Tube Propapagation
Simulator

Steam Generator

Figure3. Set-up Diagram of Turbulence Medium as the
Optical Beam Wave Propagation (Tube
Propagation Simulator/TPS)

TPS diagram is shown in Fig. 3. It is composed afrm
tube of 3.5 inch diameter with the length of 2.2The
tube is designed to be locallized turbulence medium
which are performed by configuration of exhaust, fan
steam generator (SG) and intake cold air (air
conditioner, AC). Hence turbulence medium induces
beam wave propagation optimally. The scale of
turbulence is determined by configurations of those
main equipment. Strong turbulence is designed
extremely by the collition of cold air from AC £ = 16

°C) and steam (& > 50 °C) then air is expansioned
rapidly by exhaust fan. Through those, the index
refraction distribution on TPS is the same condiias
real atmospherical turbulence.

Fig. 2-3 are the proposed experiment set-up for ESO
system that implement full-duplex communication
scheme with different wavelength for TX-forward and
backward. In this work we use experiment set-upigf

3 to perform analytical measurement. The analytical
measurement is calculated SNR> from data of
transmitted and received of signal power. Henceare
compare the characteristical performance of FSOC
system between results of simulation and analytical
measurement. We equipped Fig. 3 with OSA (Optical
Spectrum Analyzer) and BER-T (BER tester) in orter
measuréaNR, BER, and spectral analysis.

3. Results and Discussion

The results of simulation for gamma-gamma model
(Eq.14) with the means of probability of fad@rfade>

and means of bit error rateBER> as functioned of
means ofSNR (<SNR>) are shown in Fig 4.a-b. The
models of beam wave propagation are using plane

propagation is 1000 nx SNR> is in the range of 0-20
dB. The scintillation index parameter use Eq. 1661
each beam waves propagation model.

The results of simulation using K model foPrfade>

and <BER> are shown in Fig 5.a-b. The index
scintillation or decompositon oft and B (gamma-
gamma parameters) for each beam waves is resulted
from Eq. 16-21.

From gamma-gamma and K distribution model for
plane wave, spherical wave, and Gaussian waveanit ¢
be seen that (Fig. 4 and Fig. 5): (a) In stronbulence,
spherical wave achieve highest performanderfade>

is in range value of 0.001-0.015 anBER> is in range
order of 0.0%10%-0.8210* (b) Gaussian wave also
achieves highest performancepPrfade> is in range
value of 0.01-0.02 and <BER> is in range order of
0.2x10*-1.5¢10".

FSOC system performances measurement using
gamma-gamma and K distribution ferPrfade> and
<BER> are shown in Fig 6-7<S\NR> is the actual
values resulted from analytical measurement by
comparing signal power at the absence and the rgrese
of turbulence on TPS.

0.0
oz e 7 .~.7 O Planewave .|
3 :
% o \ PGaussian wave |
£ )
200 4 * Spherical wave
z A §
H \
£ om R
3 AN
0.005 \\‘*
, R =
0 2 4 6 8 10 12 14 18 18 20
<SNR> (dB)
(a) <Prfade> of strong turbulence
-4
MMO : B
q O Planewave ¥ Gaussian * Spherical wave
kd — 7 wave —
12 \ -7 : 7
\ P ;
BT ¥ T b ]
\ @) Plane
A 08 i . i | :
14 AN g .
U \ A YGaussian wave
v 06 At ;
S * Spherical wave
04 \ \‘\
0 M —
e

0 2 ] 6 8 01 o % 18 2
SR> (¢3)

(b) <BER> of strong turbulence

wave, spherical wave, and gaussian wave for strong Figure4(a-b). Simulation of Means of Probability of Fade

turbulence and the wavelength is 1550 nm. The irdex
structure for gamma-gamma and K models is usinj 10
for strong turbulence [13]. While the distance of

Makara J. Technol.

(<Prfade>) and Means of BER (<BER>)
Over Strong Turbulence Using Gamma-
Gamma Distribution
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2 \\ \ H H
3 0084} . -
g At YGaussian wave
& 008 et -
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2

(b) <BER> of strong turbulence

Figure 5(a-b). Simulation of M eans of Probability of Fade
(<Prfade>) and Means of BER (<BER>)
Over Strong Turbulence Using K

Distribution Model

54{ \

54

<Prfade>

52

™~

223 224 25 28
<SNR>dB

27 228 228

(a) <Prfade> of strong turbulence

23 24 25 26
<SNR>dB

(b) <BER> of strong turbulence

Figure6(a-b). Measurements of <Prfade> and <BER>
Over Strong Turbulence Using Gamma-
Gamma Distribution M odel
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20
(b) <BER> of strong turbulence

Figure 7(a)-(b). Measurements of <Prfade> and <BER>
Over Strong Turbulence Using K
Distribution M odel

From Fig. 6 and Fig. 7, it is shown that gamma-gamm
and K measurement method for various scale of
turbulence are: (a) In strong turbuleneeSNR> is
22.25-22.85 dB<Prfade> is 5.1%10%-5.49 x1(,
while <BER> is 9.0x10°-9.83<10°. (b) <SNR> is
19.3-22.75 dB<Prfade> is 3.15%10%-5.25¢10“, and
<BER> is 5.4x10*-10.7510*.

From the simulation via gamma-gamma and K model, it
can be seen thatPrfade> and<BER> get lower order

as <SNR> increase from 0-20 dB. HighetrSNR> in
strong turbulence has great impact to increasingeh
parameter. For gamma-gamma spherical wave achieves
high characteristical performance for all scale of
turbulence. This is caused by characteristical beam
wave propagation which the divergence from the
transmitter is minimum to be induced by turbulence
media, compared to plane wave and Gaussian wate tha
have constant beam dimension from beam collimator t
lens receiver. The characteristical of sphericalevean

be said has lower probability to be induced by
turbulence medium. From gamma-gamma model the
index scintillation is decomposed into two paramete
which are o and B. For the constant beam wave
dimension along propagation distance, it shall
contributes to accumulation of wider distributiof o
scintillation. For that reason plane wave and Gauss
have great probabilities to be induced by turbutenc

April 2014 |Vol. 18| No. 1
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relatively. However the results via gamma-gammansho
the same trend as the results from the work of f&ff

The results analytical measurement of characteaisti
FSOC system performance also show tk&BER>
gamma-gamma approximates the simulation results in
strong turbulence. This results also has been shown
W. Gapmair et al. [14], gamma-gamma is appropiiate
measurement of heavy turbulence. Jaedon Park et al.
[14], also have achieved results that gamma-gamasa w
suitable in measuring the moderate-strong turbeledc
Perez [16] also have reported that in controlediomed
turbulence the results of strong turbulence &t Hhsan
Bayaki et al. [17], also had reported that in stron
turbulence which were 9-10° for the range< SNR>

of 20-25 dB

From K model simulation it also has trend as the
gamma-gamma simulation ferPrfade> and <BER>
increase axxSNR> goes higher. But using K model,
Gaussian wave is more robust from turbulent
inducement. In K model the index scintillation doex
being decomposed intwandp. the index scintillation

is join value ofa andp parameters. It means that in K
model does not measure the distribution of scaitdh

in inner scale and outer scale of turbulence medium
parameters. Hence for measuring the performance in
strong turbulence, K model is not representative to
acquisition the real condition of turbulence medium
Also by comparing the masurement and comparing to
other research works using K also, It was stated kh

is precise method for weak turbulence. Samimi et al
[18] have reported that K model is appropriatevieak
turbulence condition. Mingbo Niu et al. [19], alsave
reported that withu < 2 and the rangeSNR> of 10-30

dB, <BER> sebesar 16-10’. Kamran Kiasaleh [20]
have had strong justification that the]BER> via K
model never achieved order at®.0

4. Conclusions

From the simulation via gamma-gamma, spherical wave
model achieves highest characteristical performance
than other beam wave model. For K model, Gaussian
wave achieves high characteristical performance tha
other ones. The comparison from simulation and
analytical measurement results show that gamma-
gamma model is more accurate and precise than K
model. The accuration and precission are causeatieby

averaged values of andp from all beam waves model

Makara J. Technol.

approximates at real condition of scintillation

distribution for strong turbulence on TPS.
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