_\N{ee _Spa_ce Optical
- __—tommunications — Part Ill —

- .

Tu Poifting Effors

4

Prof. Zabih (Far&@ha@siem/looy Prof. Stanislav Zvanovec ~Dr. Ali Khalighi

S

Optical Communications Ré?éegﬁfﬁtjoup\ Wirelgss“and Fiber Optics T Qam,//// cole Centrale
~ b h- — Méditerranée, Fresnel

ute research lab,
Marseille, France
xzvanove@fel.cvut.cz Ali.Khalighi@fresnelft

Faculty of Engineering and Eniironment \EzééhiTeEhgiégthiVéféff; in Prague
Northumbria University, Newcastle updh\ Czech i‘iyﬁiﬁﬁc‘ I —
Tyne, UK =

& Zighassemlooy@northumbria.ac.uk
N

ey -
%
e

>
—
A — D 4 {




I Northumbria
= University
NEWCASTLE

European Collaborative Res: Network

earch

FSO - Challenges

e Terrestrial

— Atmospheric conditions
* Turbulence
* Pointing errors

— Additional challenges - Jamming
— Final comments

Z Ghassemlooy
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FSO - Challenges

Channel behaves like a time varying attenuator:

» Channel loss (randomly time varying) due to pointing errors and scintillation

= Attenuation: Fixed geometric spreading + Atmospheric attenuation
= Noise

Link margin (dB) L,, = P, — P. — Z Lioss

Pointing error "M
@ent light
VI |
Sand storm Obstructions Alignmen
o0
[ ® o §Scintillation S
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DD - ow cloud Aerosol Windo
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FSO Turbulence
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FSO — Turbulence Challenges

Cause: Atmospheric inhomeoe

21 ICILY

2 Changes in refractivemdex-of thesc
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fere__variation along beam path.
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Effects

Options

TTme

Remarks

Irradiance fluctuation
(scintillation)

Image dancing
Phase fluctuation
Beam spreading
Polarisation
fluctuation

Diversity techniques
Forward error control
Robust modulation
techniques

Adaptive optics

Coherent detection can’t

be used without turbulence
compensation

Significant for long
link range (>1km)
Turbulence and thick
fog do not occur
together

In IM/DD, it results in
deep irradiance
fades that could last
up to ~1-100 ps
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FSO Challenges - Turbulence

'¢—\ o=,
Y} \
. 4
P Atmospheric ’
e Channel A
\‘_‘,

Transmitter Receiver

Highly variable, unpredictable and vulnerable
= Weather dependence
= Aerosol scattering and absorption
= Atmospheric turbulence

Presence of pointing errors

X. M. Zhu and J. M. Kahn, “Free-space optical communication through atomospheric turbulence channels,” IEEE Transactions on Communications,
vol. 50, no. 8, pp. 1293-1330, Aug. 2002.

Image source: http://www.lightpointe.com/free spaceoptics/aireliteseries1beam.html Z Ghassemlooy
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FSO Challenges - Turbulence

o™,

Atmospheric
Channel

Transmitter

Turbulence

Scintillation - a specific instance of turbulence

Refractive index fluctuations Interference
in the wave

Thermal gradients - turbulent eddies front
aberrations

Beam wandering

Interaction between the laser beams and
randomly floating turbulent eddies

Image source: http://www.lightpointe.com/free spaceoptics/aireliteseries1beam.html

hE"

Receiver

Aerosols and

molecules

=) Optical power
attenuation

=» Reduced link range

Z Ghassemlooy
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FSO Challenges - Turbulence

Random phase and irradiance fluctuation
(i.e. channel fading)

The atmosphere behaves like prisms
of different sizes and refractive indices

Input wave Output wave

Coupled to:
= Optical Rx
= Coherent
( = Bulk
— = Optical waveguide
+ optical Rx

Index of refraction fluctuation doe

Depends on. to eddies of different sizes

» Altitude/pressure

° Wlnd speed Frozen (quasi-static) channel model - Channel
* Link range coherence time: 10 ps to 100 ms

» Temperature and relative beam size .
Inner and outer scales size: cm to 100 m

L C Andrews and R L Philips, Laser beam propagation through random media, SPIE Press, 2005; V. |. Tatarski, Wave propagation in a

turbulent medium. Courier Dover Publications, 2016 Z Ghassemlooy
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FSO - Simulation of The Optical
Beam Propagation

Numerical Analysis [1]

= Based on Fast Fourier
transform.

= Capturing the optical beam
wavefront using the phase
screens technique, providing a
more detailed description of the
optical signal propagation
through the free space.

= But is computationally intensive.

Statistical Analysis [1]

Intensity-based for direct
detection

Phase-based for coherent
detection

Is used for attenuation due to the
beam diffraction, atmospheric
scintillation, pointing errors, the
Doppler effect, and scintillation-
induced divergence.

See an excellent OPTICA webinar on “Simulation and Design Framework for FSO:
https://www.optica.org/events/webinar/2025/12 december/simulation and design f

ramework for free-space optical communication/

1- R. Navitskaya, S. Li, P. Novik, et al. "Simulation framework for classical and quantum communications over the free-space optical channel", Proc. SPIE
12413, Free-Space Laser Communications XXXV, 124131K (15 Mar 2023); https:/doi.org/10.1117/12.2648365 Z Ghassemlooy
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https://www.optica.org/events/webinar/2025/12_december/simulation_and_design_framework_for_free-space_optical_communication/
https://www.optica.org/events/webinar/2025/12_december/simulation_and_design_framework_for_free-space_optical_communication/
https://www.optica.org/events/webinar/2025/12_december/simulation_and_design_framework_for_free-space_optical_communication/
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Finite
Gaussian
Optical Photo
Laser Lens\ detector
Pulse Shaping /' - N, Matched
o _'I Filter |'(X) ' * : N Fiter >V«
. U Transimpedance
Atmospheric Optical Amplifier
Po Channel 1=/hh, Bandpass
|¢ L »|  Filter
Single-input single-output Intensity modulation Non-return-to-zero
(SISO) with direct detection on-off-keying
Horizontal FSO (IM/DD) (NRZ-OOK)
communication link
Gaussian-beam wave -
s Finite Gaussian

Using the fundamental lowest-

= Turbulent channel lens for
T order transYerse converging the

= Beam extinction electromagnetic mode Soor

= Pointing error (TEM,,) mode, used as a

baseline outputs in many laser

Z Ghassemlooy
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FSO — Turbulence- System Model

Conventional channel model:

|

Collaborative Research Network

Additive white Gaussian
,'x s noise with variance o,
Received signal —}yK ‘

'-|— l’l
. zw. ! Optical intensity
Channel state / transmitted signal

h=hhh Detector x.€{0,2P,}
\ 1\ _ responsivity | l
v

Attenuation - Pointing errors Average transmitted
X | j optical power
Deterministic Time-variant

« Afluctuating term due to the Received electrical SNR

influence of h m————— ~ 2P172507/2h2
2

A
 Chosen from the random ensemble — {\SNR(h):F
according to the distribution f,(h) | 7777 o,

Z Ghassemlooy
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FSO — Gaussian Beam Model

TEM,, Gaussian-beam wave

=  Gaussian amplitude distribution
= Effective beam radius w, at the Tx

= The receiving beam size: Global coherence
parameter:
— ?’" , 2112
w
I _ 0
=W, \(~®__ ) é’ = + :
0
Normalized components: Coherence
b, —L of the beam
O = 7
'\{:0,' Coherence length of the
L Phase front radius spherical wave:
A, =— of curvature at R 3/
v, the transmitter [0 5§C (\,'27[//1 LI

Turbulence strength

Z Ghassemlooy
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FSO — Gaussian Beam Model
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Point-receiver scintillation index:

f-——————————z-.\
of (0) =i4. 420,%/\5/65] It 3.8602{0.40[(1 + 20,)? + 4A7]3/12
\ L ,

/ """""" 1+ ZG)L 136
X —t —W —'A
c05 [6 an- ( 20, )] 16-L }

Due to beam
wander effects

Rytov variance:

Receiver beam parameters: /6

27
F +L AL 2 _ 2 11/6
O, =—f=— A =— ok = 1236, (T) L
IF) W,
SN’
Phase front radius [,(@)],21 + (A.i

of curvature at the™==p FL = 2
receiver (;bA (A ®'”

Z Ghassemlooy
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FSO — Aperture Averaging

= Aperture size increases beyond the irradiance correlation width
= Receiver “sees” several correlation patches

= Scintillation level measured by the detector in the image plane begins to
decrease

= Aperture averaging factor:

S
Aperture-averaged X [cos L(x) _i‘xm]

scintillation index g Receiyer aperture
1 diameter

Z Ghassemlooy
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FSO Challenges - Turbulence

e Air temperature and density variations—> thermal gradients > randomly
distributed cells with different reflective index.

E| c|

European Collaborative Research Network

n(R,t)=n, .n,(Rt)

n, is mean index of refraction (n,= 1), n,(R,t) is the random deviation of index from its
mean value, R is the vector position in three dimension and t is the time.

P B _
n=1+776(1+752x10731"2)— x 10™¢ —dn/dT, =7.8 X 107° P/T]

P: Channel pressure, Te: Channel temperature

. = N N
et T ¥
RS A T

- o . | Transmitter ] Receiver
Transmitter Scintillation Recelver Beam wondering

Randomly
distorted
Spatially wavelronts Speckle pattern
:::::‘::;2:1 Dllfn:dim
i I ttern
* In imaging detector r :
it causes speckle > ---------- &
pattern b
Turbulent .
plasima VEarth

(IPM, ISM, 1GM) Vhulk Z Ghassemlooy
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FSO Turbulence — Characterisation

« To characterise the atmospheric turbulence based on the altitude 4 (m)
of the atmosphere, the widely used index of refraction structure
parameter (turbulence strength)

C2 (h) =0.005(v, /27)%(1054)0 exp(—A/1000) + 2.7
x 1076 exp (-4 /1500)+ A exp(—#£ /100),

2
C? = 86-10‘6£ U ;fz)

where A is a normal value of C,2(0) at the ground level in m=23 and v,, ~ 21 m/s. The value
of C,? varies with £ of the atmosphere, however, it is almost considered to be constant for a
horizontally propagating field.

The typical average values of C,2 is 10-'2 m=23 and 10~'7 m~2? for the
strong and weak turbulence regimes, respectively

J. Libich and S. Zvanovec, "Influences of turbulences in near vicinity of buildings on free-space optical links," Microwaves, Antennas & Propagation,

IET, vol. 5, pp. 1039-1044, 2011.

Ghassemlooy, Z., et al, "Performance Analysis of Ethernet/Fast-Ethernet Free Space Optical Communications in a Controlled Weak Turbulence Condition",
Journal of Lightwave Technology, Vol. 30, No. 13, pp. 2188 - 2194, 2012. Z Ghassemlooy
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FSO - Turbulence Characterisation
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Indirectly from temperature variance (temperature gradient)

1- The temperature difference is obtained from point measurements of the mean-
square temperature difference between two thermometers.

2- This allows to determine C;? (temperature structure constant) or any given length

L using:

{C%ZO_‘WLQ, 0<L<<l,

D, (L :<Ta—T 2>= ,
T( ) ( b) C%LZ/B’, [, << I<<L,

I, and L represent the small and large sizes of eddies, respectively.

3- The values of the refractive index fluctuation can be ~ dm _ _77.6P

x107°,
obtained from. dT T}

4- Thus, the values of the C,2 can be inferred directly C2 — dn; 2
by using: "o\dr )"

L. C. Andrews, R. L. Phillips, and C. Y. Hopen, Laser Beam Scintillation With Applications: SPIE Press, 2001. 2 eh I
assemioo
J. W. Strohbehn and S. F. Clifford, Laser beam propagation in the atmosphere: Springer-Verlag, 1978. y
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FSO Turbulence — Characterisation

Scintillation index: is a viable statistical quantitative measure of the

magnitude of atmospheric turbulence-induced irradiance fluctuations / (i.e., the level
of scintillations)

o7 =E{I2} / E{1}2 -1

. 2 271.7/6 711/6 Wave number k = 2nt/A
= Rytov variance: or=123C k"L L — Link span

Used for classification of atmospheric turbulence-induced scintillations

Weak turbulence regime: C.2=7x1016 m?%3, [ = 500m, 0,2 = 0.004
GRZ <<1 , 0]2z GRZ

Moderate turbulence regime:  C,?=4.58x10 m2/3, [ = 500m, o, = 2.56
oy’ ~1

Strong turbulence regime: C2=4.58x1013 m?%3, [ = 1500m, o, = 19.18
oy’ >>1

L. C. Andrews, R. L. Phillips, C. Y. Hopen, and M. A. Al-Habash, “Theory of optical scintillation,” Journal of the Optical Society of America 2 6h |
A, vol. 16, no. 6, pp. 1417—1429, June 1999. assemiooy
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FSO Turbulence - Statistical modelling

= To evaluate and characterise the turbulence based on theory is
very challenging and complex.

» The observable atmospheric channel quantities (temperature, pressure,
aerosols and wind velocity) are mixed and behave in a non-linear fashion.

» Therefore, the atmospheric turbulence can be simply expressed and
characterised based on the statistical distributions e.g., probability distribution

function of received irradiance and its related properties.

= Proposed models
* Log-Normal - Weak turbulence regime; simple; tractable
* Negative exponential — Saturation regime only
* Rayleigh, K - Strong turbulence regime
* Doubly-stochastic models - Any turbulence regime

» |-K, a-u, log-normal exponential, exponentiatied Weibull, log-normal Rice,
Generalized-K or Gamma-Gamma (I'T).

Z Ghassemlooy
L. C. Andrews, etal “Theory of optical scintillation,” Journal of Optical Society of America A, vol. 16, no. 6, pp. 1417-1429, Jun. 1999.
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FSO Turbulence - Statistical modelling

»Most reported models for irradiance fluctuation in turbulent channels:

v Log-normal (weak regimes)
pl)=

L %exp{—(]n“”{;};E”“L} /50
2o} 20j

v' Gamma—-gamma (weak-to-strong regimes)

| _Q(OLB)(aﬂ}}fz (0+B/2)-1
R Ko g (2JaBl) 1>0

v’ K-distribution (very strong regimes)

a+1

2072 a1
fha (h'a):%hGQ Ka—l (2\/ aha,)a h’a>0

v'Negative exponential (saturated regimes)

l I
;}(1)=1—exp(—g) [, >0 20

0 Z Ghassemlooy
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FSO Turbulence - Statistical modelling

40

351

301

Parameters: o, 3

Gamma-gamma pdf, p(f)

wein Strong: o= 4.2, B = 14, 67 = 3.5

| Weak Moderate toI SaturationI
x regime strong regime regime -
\}
\ Gamma—gamma 1
1
a and 3 under |
ifferent
‘bulence |
egimes
1T 1y L I Lol L
107! 10° 10! 102
Log intensity variance o}
"Turbulence strerfgth
— Weak: o= 11.6,p = 10.1, 67 = 0.2
1L ===== Moderate: ot =4, = 1.9, 67 = 1.6 |

Irradiance, 1

Northumbria
University
NEWCASTLE

1.4

1.2

0.8 F

0.6 |

<
s

2
&

M CET LTI

Negative exponential pdf, p(I)

[=}

1
1 1.5

("]

= o o = = - I
= ) =) [ fo - o x
T T —

o
o
T

(=]

0.5 2 2.5
Normalized irradiance, I/E[]]
I,=05
B
===l =2

Negative exponential

(LTI

1 21

2 2.5
Irradiance, I

3

3.5

! ?Ghabssemlooy
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FSO Turbulence - Statistical modelling
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Log Normal

Simple; tractable but
for weak regime only

E

Irradiance PDF :

Change in loss (dB)

p[(]) = \/ga
/

1 1
—ex
1

d

(In(1/1,)+0,%12)*
- 2 1>0

20,

Normalized irradiance, //1,

Received irradiance

mean irradiance without turbulence

Log irradiance variance
(turbulence strength indicator)

of =123C2k7"°"°,

Turbulence S1
Weak <03
Medium ~ 1

Strong >> 1

Note that, as the value of o increases,
the distribution becomes more skewed
with longer tails towards the infinity.

This explains the extent of intensity
fluctuations as the channel heterogeneity
increases due to atmospheric turbulence.

Z Ghassemlooy
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FSO Turbulence — Statistical modelling
Gamma-Gamma | All regimes
Small-scale irradiance fluctuations modulated by large-scale fluctuations
Irradiance PDF by Andrews et al (2001): the normalised received irradiance / is defined as the
product of two statistically independent random processes
(oc+[3)/2 a+P /X and Iy: ] — ] I
2((1[3) (T)—l X y
p(D)= I K, (2\Japl) >0
F'(a)I'(B) -
, —1 —0—0L=11.6,B=10.1,c5,2 =0.2 | |Weak
= 0490, -1 1 —0—a=4,p=19,6°=16 Medi.
P 1110, ) 3 |
110y | 2 e ——u=42,p=14,62=35 | Stro.
s 0.
0.5, Ik i
Jdlo g
B=| exp ! —1 £ 06 1
(1+0.695,"°)>" 5
- o4 |
I due to large scale effects; S
obeys Gamma distribution 0.2 i
ly: due to small scale effects;
obeys Gamma distribution S TTTTNVTRRINON0000000
Kn(.): modified Bessel function 0.5 1 1.5 2 25 3 35 4
of the 2nd kind of order n Irradiance, 1
of : Logirradiance variance as the turbulence increases the distribution

(turbulence strength indicator) Z Ghassemlooy

spreads out more.
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FSO Turbulence — Measurement
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FSO Turbulence — Measurement

Europeanfo.l[ﬂborutive Research Network
—————— —y
( Arbitrary function \
generator

| OOK-NRZ at 1 Mbps |

Air vents
FSQ channel

: | (controlled turbulence/fog) Mirror
| | D I, > l Two approaches
| & :_ \ ) of predicting
__________ N o e e o - ———— . . .
I . _ R B 7 Clutal i W il k) o~ “@ - I g} scintillation
| Optical laser | . Cold™air — Hot"air Cold air = >| i .
. | e \= %1 index:
______ - Ti t 10 =5 : °
_T _i e';ﬁiﬁs“re/ i~ g ] Terpperature
! | =1 gradient
: * Optical signal
mirror Photodetectors statistics

|
| Beam splitter
|
|
|
|

Lp

, i P
oE = D.Sﬁ.ﬁ:'—'-"E‘J‘ 2L, —x) dx Cn= (55 X 107" —

o

-0 @ e

Iris Aperture
lens

Z Ghassemlooy
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FSO Turbulence — Atmospheric Chamber

‘e 1 |

EEREES

i

-

For generating strong turbulence

Atmospheric chambers, OCRG

Z Ghassemlooy
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FSO - Turbulence Measurement

Horizontal measurements of

v ———C 2statistics {1}

107

=1
=]

height (m)

Vertical measurements C, 2
statistics [2]

—e—10%
—¢—50%
—%—o90%
——99%

= = mHAP model
= m mSLC Day model
= = = Gurvich model

day [-]

To predict S./. in the indoor
chamber, it is assumed
that C,? is constant
between two measured

temperature points.

S. Zvanovec, Czech Technical Univ. in Prague

20 205 21 215 22 225 23 235 24 245

¢ m™

cim™)
-~
/“'
/’
/’
e
.
7
JRd
¢
U4
3 4 5

Temperature gradient (K/m)

— 0%
— 50%
— 0%,
e 30%

[1]J. Libich, S. Zvanovec.: Influences of Turbulences in Near
Vicinity of Buildings on Free-space Optical Links. IET Microwaves,
Antennas & Propagation. 2011, vol. 9, no. 5, p. 1039-1044. ISSN
1751-8725.

[2] O. Jicha, P. Pechac, S. Zvanovec, M. Grabner, V. Kvicera,
"Long-term Measurements of Refractive Index Structure
Constant in Atmospheric Boundary Layer," SPIE, 2012.

Z Ghassemlooy
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FSO - Turbulence Measurement
. -1
Measured values are obtained from the 10
received signal using:
’ /,4/’ -
O- ”’f
0-12 = _lz — 1, 10_2 /,I/ A’,-""
I, ST
“ Yo A e
Initial irradiance i
10° ot
PD detection area (1 mm?) is comparable to the -~
transverse coherence distance (~ 2.8 mm) Theoretical
calculated. Thus, aperture averaging factor A D R Measured data |
should be used for a plane wave propagation. 10 ; ) 3 A s p -
aperture- Temperature gradient (K/m)
_____—»averaged
012 (D) §cinti|lation
A=——, index
o; (0)

612(0) 0,2 (D) denotes the scintillation index for a receiver lens of diameter D and a “point receiver” (D = 0), respectively.

Therefore o =0.880;, , where A = 0.88

Z Ghassemlooy
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FSO Turbulence — Measurement — Optical
Intensity Fluctuation

No. of occurrence

No. of occurrence

Northumbria
University
NEWCASTLE

0.25 i
ulence
0.2
0.15 )
g
0.1 §
G
L S B o o g
Z
0 3
0.08 0.1 0.12
Voltage (mV)
0.08 AN Tuibulence
f 2
f o, =0.06
0.06 \ 9
\ 5
0.04 ’ =
5
I \ °
0.02 S
0 ||"|||||I|.. - Z
0 0.1 0.2

Voltage (mV)

(f’” (Yr,)+ g":fz]:}

{_ 2o?

0.2;
N > Turbulence
0-15 / \ O, =0.009
0.05
0 0.1 0.2
Voltage (mV)
0.06 -
5 Turbulence
o =0.24
0.04
/
0.02 J
0 h
0 0.1 0.2 0.3
Voltage (mV)

With no turbulence the
distribution is
Gaussian, whereas with
turbulence the pdf is
best fit to the log-
normal distribution

Z Ghassemlooy
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FSO Turbulence — Measurement — Optical
Intensity Fluctuation
Beam
spot after
SCM

gtered
red spot

35 m
Scattered spot at 104 m due
to turbulence @ 633 nm
wavelength

(a) with no turbulence and with mirror (i.e.,
aperture averaging);
(b) with turbulence and with mirror

Amplitude(V)

Amplitude (V)

0.1 -0.05 Timeo( S)0.05 0.1
(b)
(a) with no turbulence and with no mirror;
(b) with turbulence and with no mirror

Amplitude (V)

Hulea, M. ; Ghassemlooy, Z. ; Rajbhandari, S. ; Tang, X.: Compensating for optical beam Time (1) Time (s)
scattering and wandering in FSO communications, Lightwave Technology, Journal of (a) (b)”
(Volume:PP , Issue: 99 ), 2014



http://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=4357488
http://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=4357488
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FSO Turbulence — Measurement — Optical

Intensity Fluctuation

Flat mirror

Open mirror-based chamber, OCRG

Turbulence Fan Lens SCM
heaters Q- 0-12 Q- 0-12
factor (x103%) factor (X1073)
No i 3337 0.0 2912 0
Re:ﬁ';’er H, 2537 0.4895 18.49 0.6000
Transmitte 5199 04993 2059 0.8000
r end
Transmitte
r& H; H, 20.87 1.229 15.86 4.7000
receiver
ends

Z Ghassemlooy 3 1
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FSO Turbulence — Performance

The average value of SNR is used to evaluate the FSO link performance. The
ensemble mean of SNRis:

\/a,z (D)(SNR, )’ +

(SNR) =

b

1y

(1)

where SNR, is for the turbulence free condition. Therefore, with no turbulence
<SNR> = SNR,, where <.> denotes the ensemble average.

The bit error rate (BER) for the FSO link with intensity modulation/direct
detection (IM/DD) using OOK, under the turbulence condition is calculated as:

BER = O(JSNR)

where Q(-) is the Gaussian-Q function defined as:

Q(Y)—\/_j eXp< >dt.

Z Ghassemlooy
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The average BER can be determined by averaging over the PDF of the channel state h:

P, = joofh(h)Q (\/SNR(h)) dh.
0

The 1 N

i ” (ylxh)
instantaneous COSNROO) = N p f B X1 [ f .y
capacity (SHR) ch:) < —oo flybvyxcioes Ymeo1 f O/lx = mh)Pr(m)|

P(x) is the probability of the bit being one (x = 1) or zero (x = 0), with Py(x =0) = Py(x = 1) =
0.5, and f(y|x, h) can be expressed as:

( 1 [ y2]
exp|——|, x=0
1, ) oy L 2%
yix,n) =4 2
1 — 2P h
eXp—(y F‘290y) , x=1.
V2o, 207

1- J.-B. Wang, M. Sheng, X. Song, Y. Jiao, and M. Chen, "Comments on "BER performance of FSO links over strong atmospheric turbulence channels with
pointing errors," IEEE Commun. Lett., vol. 16, pp. 22-23, Jan. 2012; 2- H. G. Sandalidis, T. A. Tsiftsis, G. K. Karagiannidis, and M. Uysal, "BER performance of
FSO links over strong atmospheric turbulence channels with pointing errors," IEEE Commun. Lett., vol. 12, pp. 44-46, Jan. 2008; 3- A. K. Majumder, "Free-
space laser communication performance in the atmospheric channel," in Free-Space Laser Communications: Principles and Advances A. K. Majumder and J. C.

Ricklin, Eds., ed New York, NY: Springer-Verlag, 2008, pp. 57-108.
Z Ghassemlooy
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Aperture averaging

| —,— 1,=0. Pt Rx

= I°=4.6mm. Pt Rx
| —.— ID=0. D=5mm

- —@— - |,=4.6mm, D=5mm
11| —4— 1, =0, D=10mm
|- =6~ 1,=4.6mm, D=10mm
U —e— |o=°' D=20mm
b —— ID=4.6mm. D=20mm

10 {| —— 1,0, D=50mm
o
8 —y— ID =4.6mm, D=50mm
Nb— ......... sana le— |°=D, Dr=100mm
é I R \ Ve v v G 1 =4 6mm. D=100mm x
-3
=1 g 10 iiir| —a—1,=0, D=200mm e
= ‘| - —a— - 1,=4.6mm, D=200mm |*:
1| -
< ..............
107
107°E
-2 -1 0 1 2 3
10 10 10 10 10 10 -

d = (kD%4L)"?

MA. Khalighi et al., " Fading Reduction by Aperture Averaging and Spatial Diversity in Optical Wireless Systems," J. Opt. Commun. Net., 2009
Z Ghassemlooy
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= Optical slow-fading channel is random and remains unchanged over a long block of
bits = the time-varying channel capacity C is not sufficient to support a maximum
data rate when the instantaneous SNR falls below a threshold [1]. This is known as
system outage - resulting in a loss of potentially up to 10° consecutive bits at a data
rate of 10 Gbps, under deep fades scenarios that may last for ~1-100 ms [2].

= S0, the outage probability is used as the performance measure of capacity, where
the probability that the instantaneous C falls below a transmission rate Ry:
, P = Prob(C(SNR(h)) < R;) .
10% out ( ( ( )) O)
Z107 Clear channel ’/_/./‘":
§ 10'6; ‘ _,-*"" """"""""""
24 07k /’: """"""
E']O'Bi /,;';:/’ — L= 850 nm (7.7246, 0.0796, 0.6152) L = 35 km, D — 100 mm, WO — 50 mm, and /1 — {850, 1064,
[ & ==} =1064 nm (6.0414, 0.1519, 0.9178)} 1550} mm. Numerical values in the figure legend refers to
o 7 7= 1550 nm (3.9445, 0.2595, 1.0234) ) ) 3
106" 04 02 03 04 05 06 07 08 09 1.((01 (0), Ay, o (D)) [3].

Achievable Rate, R, (in bits/channel use)

1- D. K. Borah and D. G. Voelz, "Pointing error effects on free-space optical communication links in the presence of atmospheric turbulence," J. Lightw. Technol., vol. 27, pp.
3965-3973, Sep. 2009; 2- E. J. Lee and V. W. S. Chan, "Part 1: optical communication over the clear turbulent atmospheric channel using diversity," IEEE J. Sel. Areas
Commun., vol. 22, pp. 1896-1906, Nov. 2004; and 3-I. E. Lee, Z. Ghassemlooy, W. P. Ng and M. Uysal, "Performance analysis of free space optical links over turbulence and
misalignment induced fading channels," 2012 8th International Symposium on Communication Systems, Networks & Digital Signal Processing (CSNDSP), Poznan, Poland,
2012, pp. 1-6, doi: 10.1109/CSNDSP.2012.6292668.
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FSO Turbulence — Mitigating Effect

Mitigating channel fading

Time, Polarization and Space Diversity Adoptive Optics
Wavelength Diversities
= Multiple beam FSO Using diformable
= Moderate to strong system (MISO) mirrors
turbulence regimes = Multiple aperture FSO
= Long link distances system (SIMO)

= Multiple beam, multiple
aperture FSO system
(MIMO)

Focusing System

Using scalable free
forms

E. J. Lee and V. W. S. Chan, “Part 1: Optical communication over the clear turbulent atmospheric channel using diversity,” IEEE J. Sel. Areas Commun., vol.
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* Time diversity

o . . b _i_,,. Cha““"l. | Interleaver Modulation
» Sending a frame several times with s L
long enough interval between them S
 Experiencing different fading  cuameL
iti | Turbulence
conditions N ,
- > _ RECEIVER
‘ hi ‘ hz ‘
- b -17 (]J)llau:e] - De—interleaver Demodulation
Nc . ecoder !
Fig. 1. System block diagram.

o —s—no-coding i

—&—RSC4, PTDO =2 !
—&—RSC4, PTDO = 4|
i1 —e—RSC4, PTDO =8}
+=A=-TC,PTDO =2
-—0--TC,PTDO =4

bt i i i i
60 70 80 90 100

0 15 2‘0 3i0 4‘0 50
E/N, (dB)
RSC4: convolutional (1,15/17) code, TC: turbo-code with two parallel RSC4

PTDO: Potential Time Diversity Order Z Ghassemlooy
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Space diversity
MISO 7

Collecting
lens

) —
: e D
oo — e, )
e e g — " -
-n _._~‘-—.4-..-—.-_-...—--1—--—-.-4-—-:" e
-

Detector

ollimators/
expanders  Ax z

v_

A

SIMO

Turbulence cells Receiver
- plane

0 Aperture diameter Dy, center separation A, edge separation A

0 Channel coefficient H; = FRT' I7: transmitted intensity, [y received

> Intensity on the j-th aperture

' . Cov(H; H;
0 Correlation coefficient p; = m
ar i daf j

Receiver
aperture

\ J . J
o .

SPIE Conferenc eProceedings Vol. 6304 2006, Multi-Beam Space-Time Coded Systems for Optical Atmospheric Channels, J. A. Anguita, M. A. Neifeld, and

B. V. Vasic.
Yang, G., Khalighi, M.A., Bourennane, S., Ghassemlooy, Z.: ‘Fading correlation and analytical performance evaluation of the space-diversity free-space optical

communications system’, IOP J. Opt., 2014, 16, (3), pp. 1-10 Z Ghassemlooy
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G. Yang, M.A. Khalighi, Z. Ghassemlooy, S. Bourennane, "Performance evaluation of receive-diversity free-space optical communications over correlated
Gamma—Gamma fading channels," Appl. Opt. 52, 5903-5911 (2013)
Z Ghassemlooy
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= Significant fading reduction

= Signal transmission schemes:
« Space-time (ST) coding
 Trade-off between multiplexing and diversity gains

N. Cvijetic, S. G. Wilson, and M. Brandt-Pearce, “Performance bounds for free-space optical MIMO systems with APD receivers in atmospheric turbulence,”

IEEE on Selected Areas in Communications, vol. 26, no. 3, pp. 3—12, Apr. 2008
LIGHTPOINTE
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5.0km, [ = 50mm
o = 24.74
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50 a0
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*
_Q_
-
- -
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Z Ghassemlooy

« Equal gain combining
« Same average transmit optical

power
(1 x1) — worst * Fixed total receiver aperture
(2x2)—best  Size

« OOK

* PIN photodetector
* Independent fading

' Solid lines - Simulated data using Gamma-Gamma I'T

[1=2), I'T, p=0.3 |1
imodel

[12:2), o, p=0.5] 1
(1x2), IT, p=0.7 |3
(12, o, p=0.7| 7

i approximation model.
1Z=5Km,D = 100 mm.
-Uncoded OOK.

| Background noise limited receiver.
1 G.Yang, M. -A. Khalighi, S. Bourennane and Z. Ghassemlooy, "Approximation to the Sum of Two

Dashed lines - Analytical BER using anda-p

Correlated Gamma-Gamma Variates and its Applications in Free-Space Optical Communications," in
IEEE Wireless Communications Letters, vol. 1, no. 6, pp. 621-624, December 2012, doi:
10 1109/WCI 2012 091312 120469
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distorted
wavefront

-~ undistorted

AN wavefront

mirror

deformable

Adaptive
Optics loop

—

—— wavefront sensor
control system

andor.oxinst.com;

https://www.alpao.com/dmx/

A unique te

corrected
wavefront

Key items:

DM - used to compensate for the
scintillation induced distortion.
The control system - Computes the

commands for the DM.

A wavefront sensor — The key item that give
an instantaneous picture of the incoming
wavefront. It measures the deviation from
an undistorted wave.

Real-time

Z Ghassemlooy
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FSO — Mitigating Turbulence

In space communication to achieve much higher data rates i.e., >
100+ Gbps range a tip/tilt AO stabilisation scheme for coherent link is
needed to:

» improve downlink single mode fibre coupling efficiency
= pre-compensate uplink beam wander.

Walsh, S.M., Karpathakis, S.F.E., McCann, A.S. et al. Demonstration of 100 Gbps coherent free-space optical communications at LEO
tracking rates. Sci Rep 12, 18345 (2022). https://doi.org/10.1038/s41598-022-22027-0; Chen, C. et al. Demonstration of a bidirectional
coherent air-to-ground optical link. In Free-Space Laser Communication and Atmospheric Propagation XXX Vol. 10524 (eds Hemmati, H.
& Boroson, D. M.) 120-134 (International Society for Optics and Photonics SPIE, 2018). https://doi.org/10.1117/12.2292848

Z Ghassemlooy
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FSO — Mitigating Turbulence

Which approach to adopt?

Allowed
maximum
power

By means of modelling Allowed
taking into consideration: maximum
power

Data on
environm
ental
issues Air
cleanliness
or dirt
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FSO Challenges - Physical Obstructions
Pointing Stability and Swaying Buildings

—

Elc]Ir
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= i Foaus -

Idings move between 4 and 10 mi

| \f&,%?//;' “ '/'a\}plptliom emarks
~Loss of signal -~ Spatial diversity May be used for

Multipath induced Mesh architectures: using urban areas,
Distortions diverse routes campus etc.
Low power due to Ring topology: User’s n/w
beam divergence and become nodes at Ier_:lst one Low data rate
spreading hF)p away f.rom the ring Uses feedback
Short term loss of Fixed tracking (short

buildings)

signal Active tracking (tall buildings)

Z Ghassemlboy
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FSO — Pointing and Stability

= Pointing error
= Due to the building sway at the transmitter and receiver
= QOccur along with a boresight error, which causes a deterministic displacement of the
laser beam at the receiving aperture.
= The boresight errors are more pronounced in the longer distance FSO
communication systems like in earth-to-satellite links.

= Pointing accuracy
 |Is critical in FSO than Rf due to the narrow beam divergence in FSO (~10X
< RF signals) [1].
= Typically, on the order of several hundred prad
» So, steering mechanisms may be required.

= Algorithms - Carefully tailored to better locate and receive the faint and narrow
signals.

[11F. Yang, et al , “Free-space optical communication with nonzero boresight pointing errors,” IEEE Trans. Commun., 62,, 2, pp. 713-725, Feb. 201; Kaushal,
H. and Kaddoum, G. (2015). Free Space Optical Communication: Challenges and Mitigation Techniques. IEEE Communications Surveys & Tutorials, 19(1),
57 - 96. DOI: 10.1109/COMST.2016.2603518; M. T. Dabiri, S. M. S. Sadough, and M. A. Khalighi, “Blind signal detection under synchronization errors for FSO
links with high mobility,” IEEE Transactions on Communications, vol. 67, no. 10, pp. 7006-7015, 2019; X. Liu, “Free-space optics optimization models for

building sway and atmospheric interference using variable wavelength,” IEEE Transactions on Communications, vol. 57, no. 2, pp. 492-498, 2009.
Z Ghassemlooy
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Pointing Errors (PEs)

Type Cause Magnitude Frequency
Tip/tilt Thermal High Once per day
expansion
Away Wind Medium Once every several seconds
Vibration Equipment, door Low Many times per second

slamming, etc.

Kaushal, H. and Kaddoum, G. (2015). Optical Communication in Space: Challenges and Mitigation Techniques. IEEE Communications Surveys & Tutorials,
19(1), 57 - 96. DOI: 10.1109/COMST.2016.2603518; M. T. Dabiri, S. M. S. Sadough, and M. A. Khalighi, “Blind signal detection under synchronization errors
for FSO links with high mobility,” IEEE Transactions on Communications, vol. 67, no. 10, pp. 7006—-7015, 2019; X. Liu, “Free-space optics optimization models
for building sway and atmospheric interference using variable wavelength,” IEEE Transactions on Communications, vol. 57, no. 2, pp. 492-498, 2009.

Z Ghassemlooy
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Short range FSO

Long range FSO

llabora:

FSO — PEs - Solutions

Increased beam divergence

Geometric power loss 2 — 10 mrad divergence

=2 to 10 meter spread at 1 km

Very low beam divergence
Automatic tracking mechanism:
Increased cost & complexity

0.2 — 1 mrad divergence
= 0.2 to 1 meter spread at 1 km

Z Ghassemlooy
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FSO — MIMO with Turbulence and PEs

= MIMO wireless communication system is a well-established technology,
known for improved capacity; better diversity gain; and Increased
coverage area [1]-[3].

= The GG distribution is represented in terms of the modified Bessel
function of the second kind, and therefore, it is very challenging and
complicated to analyze the performance of a general FSO MIMO
system.
» In [4] a power series representation of the modified Bessel function is used to
approximate error rate of the binary modulation for
o equal gain combining (EGC)
o maximal ratio combining (MRC) over the GG fading AT.

[1] X. Song and J. Cheng, “Subcarrier intensity modulated MIMO optical communications in atmospheric turbulence,” IEEE/OSA J. Opt. Commun.and Net., vol. 5, no. 9, pp.
1001-1009, Sept. 2013; [2] M. R. Bhatnagar, “A one bit feedback based beamforming scheme for FSO MISO system over Gamma-Gamma fading,” /EEE rans. Commun., vol.
63, no. 4, pp. 1306 — 1318, Apr. 2015; [3] M. M. Abadi, Z. Ghassemlooy, M.-A. Khalighi, S. Zvanovec, and M. R. Bhatnagar, “FSO detection using differential signaling in
outdoor correlated-channels condition,” IEEE Photon. Technol. Lett., vol. 28, no. 1, pp. 55-58, Jan. 2016; [4] E. Bayaki, R. Schober, and R. K. Mallik, “Performance analysis
of MIMO free-space optical systems in Gamma-Gamma fading,” IEEE Trans. Commun., vol. 57, no. 11, pp. 3415-3424,, Nov. 2009. Z Ghassemlooy
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» The power series representation of the GG probability density
function, is used to obtain the average bit error rate of the
Alamouti spacetime block coded [1] for 2x1 FSO system.

= |n [2], analytical approach has been adopted to eventuate the
performance of space-diversity FSO links over correlated GG
fading channels.

[11 S. M. Alamouti, “A simple transmit diversity technique for wireless communications,” IEEE J. Select. Areas Commun., vol. 16, no. 8, pp. 1451-1458, Oct.
1998; [2] G. Yang, M. K. Khalighi, Z. Ghassemlooy, and S. Bourennane, “Performance evaluation of receive-diversity free-space optical communications over

correlated Gamma-Gamma fading channels,” OSA Applied optics, vol. 52, no. 24, pp. 5903-5911, Aug. 2013.
Z Ghassemlooy
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FSO — MIMO with Turbulence and PEs

= Mitigation Schemes

= Broadening the optical beam but at the cost of received power level (i.e.,
reduced signal-to-noise ratio (SNR) and increased error rate) and the security
breach.

o This approach is necessary when establishing links with moving platforms

= A narrow optical beam and multiple receive apertures (i.e., receive
diversity).

o Narrowing of the optical beam reduces the geometrical losses and increases the FSO
link security but at the cost of increased misalignment.

= Acquisition, tracking, and pointing (ATP) — Deals with alignment by
dynamically adjusting beam direction to compensate for platform vibration, PE,
and beam wander [2].

= A statistical channel model for FSO MIMO. Showing that diversity
order is determined by PE effects other than the number of Txs

or Rxs.

4; [2] Hristovski, llija R. et al. (2024). Pre-distortion adaptive optics: experimental results from bi-directional tracking links between DLR's optical ground station
and Alphasat's TDP-1 terminal. Proceedings of the SPIE, Volume 12877, id. 1287718; [3] A. A. Farid et al, “Diversity gain and outage probability for MIMO free-
space optical links with misalignment,” IEEE Trans. Commun., 60, , pp. 479-487, 2012.
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= Meijer-G function-based PDF expression of the GG fading FSO links
with PEs poses a significant challenge for deriving the analytical
performance of a generalized FSO MIMO system. Thus, it is difficult to
theoretically study the effect of the PEs in a FSO MIMO over different
SNR range.

= Therefore, EGC and MRC schemes in the GG fading FSO links with PEs.
= Subcarrier intensity modulation scheme with M-array PSK
» Developed a power series expansion of the Meijer-G function,

» Using the series manipulations, obtained the average BER of the EGC and
MRC

= The analysis sheds substantial light on the asymptotic properties of FSO
MIMO in presence of the PEs;

= Show that the asymptotic attributes—diversity and combining gain—are
dominated by PEs if they are more hostile than the AT.

M. Bhatnagar; Z. Ghassemlooy, "Performance Analysis of Gamma-Gamma Fading FSO MIMO Links with Pointing Errors," in Journal of
Lightwave Technology , vol.PP, no.99, pp.1-1, 2016 Z Ghassemlooy
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= The asymptotic value of the BER
can be expressed in terms of
combining gain (Gc) and diversity
gain (Gd). as

Pe(7) = (G.7) %",

N k
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Fig. 1. BEE versus SHE. performance of the FS5O system wath N =
M = 1, QPSK GG Gding with PEs, a = 2L § = L, £ =

1045, 2. 15 1.45, 1.15 0.95, 065,045, and Ag = 1.

* Close match between simulated and
predicted BER for all values and Pes

« Decreasing value of § denotes
increasing severity of PEs.

* For large PEs, i.e., £ = 0.45, the FSO
system becomes almost useless
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= MRC provides slight
performance gain as mﬂ
compared to EGC.

= AtBER=1073, SNR gain is Ch
~0.5dB and 1 dB at PEs = }
11.23 and =0.93, N
respectively, for MRC. 8 10

= PEs indistinguishably affect ) “;}k ===
the performance of MRC and " ===
EGC. o o

= Significant reduction in the [ srsen ==
performance is observed for § ™ E-—anayus urc =
=1.23, 0.93, 0.73, as 0 : T e

MR [d3]
Compared to =11.23 case Performance plots of the EGC and MRC schemes in a FSO system
with N = 1,M = 2, QPSK, GG fading moderate AT with PEs, o= 4.0,
and B=1.9,A,=0.75,and € = 11.23,1.23, 0.93, 0.73. AT is
Z Ghassemlooy considered to be moderate
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Final Remarks
= FSO

= A unified model is needed
= Considered Turbulence, pointing errors and jaming.
= Mitigation schemes
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