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Phase screens are widely used to simulate the effects of atmospheric turbulence on the phase fluctuations of a light beam. We
compare three sampled-based phase-screen-generation methods (the fast-Fourier-transform, subharmonic, and covariance-matrix

methods), in terms of accuracy and simulation time. We show that the covariance method generates the phase screens most
accurately, with simulation time comparable to the other sampled-based methods.

Keywords: Atmospheric turbulence, Phase screen
OCIS codes: (010.1330) atmospheric turbulence; (010.1300) atmospheric propagation

Ch7l 2I2tS ZAlShE & e UE Hlw

Dung T. Ha - Vuong V. Mai - &4l &

et ad W79 ge
@ 34141 RG] GAT hetz 291

(20191 29 89 Whg, 2019 49 289 SR WS, 2019 49 30 A )

71 e Agshs ok AT B9 R M) Al RS S Ratsl] Sistel Sidte) Wel At
B mgol At SRS AASHE 37h4 W et S AV AIZE SRlel A ] A o] ALEE S A
SV A WS PR, A 25}, AL W ol BEAF B WHlo® AAE ATl 49 Tk G4 gro] ol Ao

o),

e FAsion, slgm ALY AzkE T 5 oaac 3A ed ded ek

Keywords: th7] ‘&, 9143
OCIS codes: (010.1330) atmospheric turbulence; (010.1300) atmospheric propagation

LM B 97] Ade BeHom e Am F Wk opet A eju}

o A7kt gh719] S4o] WBnE th7|S AR s

718 o ARSHE PoE ALEe) A9 g7 §% o Asme] B4 AR Eatel Avstn Brtsht

Hol gxQel 1 Aol A HeHLh 9 #HYTL kB B3 o] AP Yo AofT 4 glonm

WEo WSk vlHE FARC) WS op|StuR orlE 4 Aupt okt ty] Ade] BAS Ukt ¥ 4
Bajetl W AHuh B4 9IS vlAck uetd tr1E gk wetd ARE ARdolde B8 A% 540l 4

AT W AEE 0 YUY (bean wandering) 3tk AHE  FEHECh AFEY A AL BEstel By URS

o (scintillation) S| ofste] Amp AEI} WAL T2 mARFORA A4 AP Eapshs 9 4l

Al
O] Yute EHE o ek A7l A

121

AR 0.2 Wo) Al7|7k gk olelsh BARS F41 WEA

ARl A SAlEE Ho] A71E FAAZIER Ad A5e 7IsHs 9 AlEe] $14F Mske $14Tphase sereen)S 8-
A AT, E3E AR D WA FIA oul4] MMl o] mARE 4 lrk ST Ti7lel] o W Ale) Al
A B E gHeka she o) AEE HolmarPl  (random) $IAMASHE A3 B TORA, 5 kme] T A)

TE-mail: hoonkim@kaist.ac.kr, ORCID: 0000-0001-7395-3695
Color versions of one or more of the figures in this paper are available online.

87



88 atraatalx] A30W A3E, 201949 62

dx 1749 9o 2 AR 4= QB

QTS S S 27 2= B (modal method)
T} A E(sample) W O.E THHN. HE We g3l
A HEOS X o7 FAISN= WHOZA Zerike TR
4] o] YA oolcil AB e TS A% 3
e 2 e ¥ A4 A0k Sk 3 Holi:
WHOIEh o WHE A Jé Felo] HEfast Fourie
transform, FFT) % ) H(covariance matrix) HH
o2 FBek T YL 23U P W AE 7}
423480 Pl G s eIt e o) o
B 1A 7\11’41 3 2= di7] dRe ATt
Aie Az £Fshr l Foh= ©o] Sl ol& sidst]
Qleto] Asi e tE S AAHT & FFT Wie=s
A st o] Hel Fo=M ATu Aies B
}5l= ) ZTKsubharmonic) W= da| sgcis’ za
3 HHL FFT WA FHE R Eal= 27 AF

AJEo] tfst 2714 d<(autocorrelation function)E A
7 3 H(correlation matrix) WO 2 AL o]ZEHE A
Fuh kRS AT T, olE FFT wlem A sia
ol TaEe

QAR SPERE AR thke wlol Al

FE Aol @ A

o

Ho
H
=
=]

e 2

—ELFZL o>”

g A& (proof-of-concept experi-
ment) FoA E@A FEHT Qlovk S AY BuS
qPHow m e sokiy) ofde. ¥ =Relit
WE 79 SV A e AT A AIZE ZRelA

A 785 7] mEe
A7 (quasi-static) DR 7HE 42 Qo B =gLof A
Als}A] %;—‘a 07 AE SAEE Beatel mAaeks
e glatel el 2718 o
a7 gxgowouq A Sl SJER 2 U
Aot Aol depE SR - ol v
AHEE FE3] AR T2 How
g/y\-] /RH:HX—]O] H/\]—_L]- YA A]7]-g H]JJ_

Ioflo o o [ {N (R
i
o
X I
tal
41
of
o
ot
E

do o
oX 3%
A
o s
ox l"_?‘_'.
o

ok off
10 m_

o
32
S

TR R EA A9 fy] 224 2HES & 1Y
(random process) .2 & 4= Itk I} 0|59 Hat Fhol
S AR Fot /%VFO]E'—E 87 IH*(stationary process)
o2 & 4 il adel= et oY ghE g
A2 oz A ZH(stationary increment)2 7}XItial &
= leng gg WY x() Al T2 x(t+h)-x(h)E T
L o] golslc}h uwhabs] ITLEAE ?gl-—,—(covarlance function)
thAl 2 FH(structure function)2 |5 7|&d 4= Qlch
e I x()= BaQl m(n2k Batol 091 & I ()

deoz FH 7hssiti(A (1)

o

a:(t):m(t)-i—xl(t) Q8

ol ff g& I x(N Fx T v A Q9 Eol
SR
D,(t17t2):<[ f1 - tz } > <[ 2)] > @)
o714 ( Y= S Hak(ensemble average)o|th A ¢
o] 5 4 po} ol Tisto] ShakTe] SRS @)} plp )
ohm ole 72 gl g 4 ()T 2ol Z1E.

D(r) = [p(p+r)—0(p)]*> (©)

tf7]19] 248 Wk 559 7|9t HIlRts 2ro

Ao o] ofslo] 2= AWH uetd 2AE s
I7F g A" EH(spatial power spectrum)> =0 A

I SARE S zreri!, Fr 38 2 (Kolmogorov) W
o|2o| W2 ZAE Wl 7 A A"EHL 74 of
o) 9(inertial subrange)®] @]5 X (outer scale) Lo2} U5
W(inner scale) ool thste] ThS A (4)e} Zro] =

@, (k) =0.033C% 13, 1/L, < k< 1/1, 4)
o714 k= F7F ZH(spatial wave number)o|d, C, = 23

E 2R A golth o] 27 Ag A"EHL 1A oYy

SR HOREE BE B2 skl diste] Al Sist
of ke 4 (5)9h ol 4H B Y A¥Ego] AL
7% gy

exp(—r?/x2)

& =0.033C? — T 0< k< 5
n(K‘) n (,{2{—&5) KR [ee) ( )
0:]7]/H K0—27'C/L0, Kn=23. 92/[00111]' O] "“7]‘ X%Eﬂ _/_\_-,%‘15%]—8—
4% 2 7l27(modified von Karman) 72 Az|Eg o]z}
1 Bt} o] ¥t A AHEH fisty] & e
oS 4] (6) o] 71&Hil
L\ L 27or/6) [ 24 /6
D)= (2] 2L 206 ©
1(5/6) o /6 2r
Ll
o714 T9F K= 2tz gl $k(gamma function)} =74 H|

Al Sk (modified Bessel function)o]t}. 3 rp= JE}O]C
w}e}u]€](Fried parameter)o], ZHE 7% 3k AMol o}
< A (DI e AL Yol



(Arem 7] 3k mARHE $4dw A4 W v — Dung T. Ha - Vuong V. Mai €] 89

3.1. FFT giH

FFT Wi 27 A9 ~#Ey 548 o FFTste] $14
TS At otk 19 1o E WS =ASHC
WA A ()R Fold 7 MY AHEYS o] e
of diste] HESHH thy A (8)1F 2ol 22k el A
g 2HEHS I 5 9tk

2/ 2
Fy(k,) =0.49r “5/3((T0)/§/6) (8)

A7 2 23 FF geEA xF 37 I E K vF
I S gk E715PH k= (7 + 7)) 7olth 9AkTe]
279 917] (v, polAle] PAEEE M AT ER 0] Aol
A7)E zFe= A 7RQ-AQF #(white Gaussian process)2
HEYE F o FT wastel 28 4 ok =

y) :Zzh(n K,)

Fé(nrmy)exp[J(m THE y)] Ax, Ar,,

&)

o714 h( )= Bo] 0o]a
B4 7b9 Ak ol

Babo] 191 8| 1] A 9K Hermitian)

f(-)dz —>{h(1<7')\/.— }—»{ IFFT }—w(m,n)

Fig. 1. FFT-based phase screen generation method.
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Table 1. Parameters used for the generation of phase screens

Fried parameter (ry) Outer scale (L)

Inner scale (/)

Size of phase screen Number of grid points (N, x N,)

0.1 (m) 100 (m) 0.01 (m)

2x2 (mP) 256 x 256




avew 7] oleke mAShE 94

R 2715 2 mx2 mE ARk AE
EAEH BB Zol7] 9ske] z ubHek 5000719 Ak
S QAT 3 o|Eo HWEA EAN AT ¢ 2aF o
& AR TS SAsHATE Ak A ARgE Aliel A

vl o )

FElE Q¥ Core 17-7700 ZZA|A(F
£ A&

% 6 FFT, Axu}, 334 3E WS o]
gk e dE HojErh Axupel FEAF
B AT AiEe 857 QIR el i
A = 71 Naw="T, Nipw=T). FFT ¥}o =2
kel - FFTO| 8t 5408 Qlgto] & &
gho] 2 3& 7M. &, x=19149] 133kt x=2560]4
o] e1grel ZaL, y=10lA2] gkt y=256001419] 94
gho] Zth olggt 542 AA ti7] Qgtel= EAsHA] &
oug FFT WHes A4E odwe] Aetes Hojmel=
ARlo]

19 7(a)= FFT WHo 2 AAgE e 2 o 2k
= 543 Aotk o]& flgte] AT W doY F A
kel A rofl disto] A 3)= ol&ste] F2 T S =
A3ttt FFT wglol| Al dlg]o]Al(aliasing)S A|A317] $J5}

2 Zul< 3.6 Glz)

ol

o] A4
R o
7_1:]

L g
o1>:j2_.~L

Mooz (B mﬂ

10 ox
4 i)

(rad)

(@

Fig. 6. (a) Phase screen generated by using FFT method. (b) Phase screen generated by using subharmonic method. (c) Phase screen generated

by using covariance matrix method.

--22m !
o 4x4 m?
- Bx6 m?
+ 8x8 m?
= 10x10 m?
~ 12x12 m?
14x14 m?
16x16 m?
- 18x18 m?
20x20 m?
— 22x22 m?
2424 m?
=— Theory (L, = 100 m)

200 -

They are the sizes of the phase
screen generated. The size of
the phase screen used for the
measurement is 2x2 m2.

150 -

100 -

50 -

Structure function (rad?)

0. 6
Dlstance r(m)

(@

7+ A4 W B)a — Dung T. Ha - Vuong V. Mai ¢

(b)

Structure function at »=1 m (rad?)

91

o] GAYL7|(zero padding) BIHI} $AF Hol(phase shift) %
Hol = ZEHE 7 =wollAle 22+ FFToA wix2e]

7h 2A AMgEm 2ol We 94 wol Wi e Akl
o9 el e ML 4 (6o EATE oEge
Uhehdith oA o R 24 SR T& T4 glol of
olggtoll meslok gk WALOE EAE A Mu FFT
WHoE YR STe ol2gel A % vAT Ues
o % itk B3] o] F7KA4E A 7he] o]z} o]
2 2 5 gtk ol FFT ot AFal 482 58
sk #ob7] Wole), FFT Wios Arnt ARs

Z517] Slotol gl 2712 712 4 9tk 1Y Y@k
256 %256 YAITHS 4ulj(4 x 4 mP)FE 1448124 x 24 m*)7HA]
F7HIRA 248 T2 B g Helzch o A9 A
A Ao AMEE YATHO] F7]= HT] 256 X256 (A7]=
2%2 ) olth. ATHE W AT F7} AASE A2
5t 4ol o ol ZFHLE o|EZkl /NS & 4
Qe et of el A% sigre] A7) Ftstol
ol gk ofs| Aol Wtk 1Y T(b) FFT o
A ke 2715 Z7H7RA =1 el 23
T2 G glolth o] gl ST A ARKE WA A

oz o :{>_4

(rad)

50 100 150

©

222

)
200 158
o
w
3
150 14w
ey
[e%
9]
o
100 2
05 £
C
o
50 £
=
1 1 L 1 0 E
4x4 8x8 12x12 16x16 20x20 24x24 p

Size of phase screen (m?)

(b)

Fig. 7. (a) Structure function of phase screens generated by using FFT method. (b) Structure function of phase screen at » =1 m and
simulation time as a function of the size of phase screen when the FFT method is used.



92 F=raela] ] 30 35, 20199 69

Ho] it Aus By gAkme] 37|17 2718k uiet

% 94 o] Z7lelehr) ol &gkl oF 00%E L e gt
a7 Z7hea Tk 2y shme) A/ FAAA4S

SV A4 AZE 9 wme) A7) stk ks FRT
WS olelel =1 BlElA T R S ol
90%¢] = 7] YSPAE 12x 12 m* =7]9] gAkto]
Dasie, 1429 A4 Azto] Dasck.

09 8L A zxul W oz A3 YJAtTe] AvE HoE
Ch oF HoflA A2t vkt o] WA FFT ®H& ARE-sho
2x2m* 2719 AR = 256256 TS AT F A
Zup o g Az 37|7F 2 ePduS Adste] At A
e RS o] W At JEE 8shs A4 1HA 0l
2 O] 715 3%3 (Nup=3)O A FE 41 x41 (Noup=41)
714 7T Az} o] 9w FFT s vhsh

A2 ro] 21 uji= ZHE T2 B gro] ol &gkl v 7t
75101t ro] Z7kgel e} ol Egtell tha 3wk 1Y
ol B3I 18 79) FFT ol ujste] €53] $4a
gelwg Hek olg 59, 19 8b)ol wAIG e} ol
Nup =320 5ol r=1 olEoA o] 23] 2] 78%°l| 333}

o, Nus= 11019 o] Z2] ] 90%0]
AT 17 8(b)ofl Azut W] 9

y

.

—— Theory (Z,= 100 m)

200

150
Measured

100

50

Structure function (rad?)

0.4 0.6
Distance, r (m)

0 0.2 0.8

(@

1m (rad?)

Structure function at -

e A A B AIsklE At W] - FET
wpol vjske] Akgk Al AlZkol wle itk r=1 vlg]
oA o219 90%el Fet: T2 T S FE e
QTS Skt AR AIZEE oF 00729

718 9(a)= ZEAF YF o2 AT YAk 1x 3
G solect. o olH A vist o] WA FFT
WG ARgSto] 262 m? 27)9) AAY 4 256 %256 S
BT 5 FRU S 01801 T Yol -r—QLE]X]

7P S 7P Zziﬂ}% 2 tﬁw A Wy
EFIL Niw©l 242 Aol o2kl 7k 72 o=
e 7HE & ol TE 9b)= 24 FE g ellA
Nows S7H7IHEA r=1 vlEolq SH43 72 = %kiﬂr
A R A AE Btk Aol A B0l Ny, =
Ql Zfolle r=1 wEofA o] 229 96%0] Edl= 2 ?é}
T w2 AUk of Wl e Ak 88 AR
of 0322A Azut Yo fA} Yot o] s A4
skt dels AR AR =3 BIE B N, =17
Hep 2 49 324 A o AT oS o84k

3 ge x G4 g TH

oz At

o

230 0.2
Theory

220

210 0.15

90% of theoretical value

Simulation time per phase screen (s)

200 = === o= m - - - S e T -
190 0.1
180
170 . . . | . . . 005
5 10 15 20 25 30 35 40
Resolution of low-frequency phase screen, N,
(b)

Fig. 8. (a) Structure function of phase screens generated by using subharmonic method. (b) Structure function of phase screen at »=1 m and
simulation time as a function of the size of N, when the subharmonic method is used.

200 —

Measured
150 -

-_— Theory (L, =100 m)
100 - |

Structure function (rad?)

50 |- q

) I I J
0.4 0.6 0.8

Distance, » (m)

(@

Fig. 9. (a) Structure function of phase screens

1m (rad?)

Structure function at -

generated by using covariance matrix method. (b) Structure function of phase screen at

230 T T T T T 10.8
Theory
220
0.6
210
200 hsor o F sz R T e ! 04

90% of theoretical value

Simulation time per phase screen (s)

190
10.2
180
170 . . . . . . . o
5 10 15 20 25 30 35 40 45
Resolution of low-frequency phase screen, N,,,,
(b)

r=

1 m and simulation time as a function of the size of N, when the covariance matrix method is used.



@ g7] 9wk mASHE g4 A4 W H]E — Dung T. Ha - Vuong V. Mai 9] 93

2 Ak, olSe] ASkEel A A7+ :
FET WS W 30 Fol 422 MBS ofele
ofjel oo wgke] 43k BAHOR Qlste] AA| AHEEE
ShgmhRT 100 o]4h 2 SlAERe Aol ANE 914
o] & 4 gro] o|EXe] nA|x] k= EAo] 9L

H
[e)
ol 1R Aol 7 et e Elvkal

et -
4>

T 2
o

=

[0}
e
5
or N
(¢}
2
E:
(¢}
i)
ot
1=
ok
rE
o
41
i
Md
2
>

f
23 oL o\
i3

& 19

il =)
o M TE <

S8 ZHILSE A Aol

o

O] SPgkol R FolAuR AR fiA]of Al
o] 91gko]l AL e FojEtt Zemike thFA o2 27
2m Y IS AT o r=1 nlEofA o]EA] 90%9]
& A G A2 5 e T g 8570 o
o QT skl 28 EE AR 075230 vt
219 JHE 300702 F7HAIZIE el A AR 5&
2 3A F7FHANE r=1 ulgoA o]&X]8] 99%0] 7}7he
T2 T T Ae S 9tk o] AE B AtoA] A
B 2x2 m? 379 AR =256 x256 YAFTRe|| tiste] Al
< Wat Blashd Zernike THEHA] Wro] FFT Wt 4]
Z3} WA R o]22)of 7PRE 2 j gk 2 el
A8 4= o, FEA 3 Wl HsiAE FEe
A AR SHolA T "otk & 4 Qloh

Q

1B
N
|o

2
9 o

4

aAe| =

ShbEr AAS 91T shebvlE Ao B AiES 2912
% 125 @5eA gAEYU
Bl WA R SRSl List A5k e
A A W=7 ST Ao dstos S
%145 HtHUD160070BD).

%
N
£,
ol
4
5
_I U
£l
(o]

11.

12.

16.

References

. V. Mai, D. Ha, and H. Kim, “Link availability of terrestrial
free-space optical communication systems in Korea,” Korea
J. Opt. Photon. 29, 77-84 (2018).

. S. Karp and L. Stotts, Fundamentals of Electro-Optic Systems
Design (Cambridge University Press, 2013).

. M. Chatterjee and F. Mohamed, “Investigation of profiled
beam propagation through a turbulent layer and temporal
statistics of diffracted output for a modified von Karman
phase screen,” Proc. SPIE 8971, 89710201-16 (2014).

. F. Assemat, R. Wilson, and E. Gendron, “Method for
simulating infinitely long and non-stationary phase screen
with optimized memory storage,” Opt. Express 14, 988-999
(2006).

. N. Roddier, “Atmospheric wavefront simulation using Zernike
polynomials,” Opt. Eng. 29, 1174-1180 (1990).

. R. Lane, A. Glindemann, and J. Dainty, “Simulation of a
Kolmogorov phase screen,” Waves Random Media 2, 209-224
(1992).

. B. J. Herman and L. A. Strugala, “Method for inclusion of
low-frequency contributions in numerical representation of
atmospheric turbulence,” Proc. SPIE 1221, 183-192 (1990).

. C. Harding, R. Johnston, and R. Lane, “Fast simulation of
a Kolmogorov phase screen,” Appl. Opt. 38, 2161-2170
(1999).

. J. Xiang, “Accurate compensation of the low-frequency
components for the FFT-based turbulent phase screen,” Opt.
Express 20, 681-687 (2012).

. E. Lee and V. Chan, “Part 1: Optical communication over

the clear turbulent atmospheric channel using diversity,”

IEEE J. Sel. Areas Commun. 22, 1896-1906 (2004).

L. Andrews and R. Phillips, Laser Beam Propagation through

Random Media, 2™ ed. (SPIE Press, 2005).

A. Tokovinin, “From differential image motion to seeing,”

Publ. Astron. Soc. Pacific 114, 1156-1166 (2002).

. E. Johansson and D. Gavel, “Simulation of stellar speckle

imaging,” Proc. SPIE 2200, 372-383 (1994).

R. Rampy, D. Gavel, D. Dillon, and S. Thomas, “Production

of phase screens for simulation of atmospheric turbulence,”

Appl. Opt. 51, 8769-8778 (2012).

. M. Roopashree, A. Vyas, and B. Prasad, “Grid size

optimization for atmospheric turbulence phase screen

simulations,” in Proc. Imaging and Applied Optics, OSA

Technical Digest (CD) (Optical Society of America, 2011),

paper JMB3.

M. Roberts and J. Bowman, “Dealiased convolutions for

pseudospectral simulation,” J. Phys.: Conf. Ser. 318 (2011).





