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optical band 380 nm - 770 nm

(source: Schneider Optics Inc.)
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theta= 20 deg.    not pol.
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theta= 30 deg.    not pol.
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theta= 40 deg.    not pol.
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theta= 50 deg.    not pol.
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theta= 60 deg.    not pol.
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theta= 70 deg.    not pol.
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theta= 80 deg.    not pol.
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mean water level ζ = 0
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isogonal:

as shown in
diagrams:

λ

ζ0

θ = 10o

θcr = 22.5o

θ = 30o

s x
 =

 ta
n(

π/
2-

θ c
r)

s x
 =

 ta
n(

π/
2-

θ c
r)
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Illumination
artificial or natural

Object
sea surface ζ(x,y,t)

Sensor
CCD−camera JAI M10

Frame Grabber
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illuminating

wave field wave-travel direction ϑ

viewing direction ϕ
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in world coordinates

G(Θi)

|G(Θi)|
2 3D variance spectrum

G(Ωi)

filter
F(G(Ωi))

3D complex spectrum
G(Ωi)

Re(G(Ωi)); Im(G(Ωi))

^

^ ^

^

filter
F(G(Ωi))

filtered
3D variance spectrum

GF(Ωi)

filtered
3D complex spectrum

GF(Ωi)
^

2D FFT-1(GF(Ψi))
^

selection of
Ψ-plane

filtered complex
Ψ-plane
GF(Ψi)
^

filtered
phase and amplitude

pattern
GF(x,y), ΦF(x,y)

3D FFT-1(GF(Ωi))

filtered
3D image sequence

GF(Θi)
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3D FFT(G(Θi))

image sequence
in world coordinates

G(Θi)

3D complex spectrum
G(Ωi)

Re(G(Ωi)); Im(G(Ωi))

^

^ ^
|G(Θi)|

2 3D variance spectrum
G(Ωi)

thresholding
c(G(Ωi)) G(Ωi)

binary mask
B2(Ωi)

spectral bin
selection

subset
If Iω,ϕ(ω)

U

filter bank
design

filter bank
Mg = {fg(kx,m,ky,m,ωk,a,b,θ)}

filter bank
selection

filter-bank subset
Mg,o Mg

U

dispersion
relation

frequency-direction
set

Iω,ϕ(ω)={ωk,ϕk,l(ωk)}

filtering

set of DDF-bins
MG={G(Ψi)}g,o

^

spectral derivation
ikx, iky

set of derivatives
My,G, Mx,G

2D FFT-1

one-component sets
My,G, Mx,G

5D spectrogram
calculation and

correction

5D spectrogram
G(Ωi,Ri)
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logarithmic scale
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Gabor filtered global power spectrum
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� *1I��', � �"� [)24�4, 7$( ��G9: ( : ( : g<#
�
� - *1I��', � �"� [)24�4, 7$(/)�7)(1�!A)/�7$Q���7C7)(1=8�!/��",12�*+BC*+,12�: , 7W`%�$(1=?7)08*+2�(D[)2�( ��G9: ( : ( :@g #
�
� K�� * \ (DQ9�$��2¡`M*1�!7)I32�[)2��P, 7)(
�
� - =8�#(+2��P, �#7$/�7$Q��!/8���!=82�/&,e�!�#A)>&,O(1�WB@[)2��P, 7)(
�
��� =8�#(+2��P, �#7$/�7$Q�(+24QS(1�$�4,12�=?�#�#A$>-, ( �5B [)24�4,17)(
�
� * =8�#(+2��P, �#7$/�7$Q \ I-` 2��!�#�!/8Ad�#�#A$>-, ( �5B [)24�4,17)(
�
� ( =8�#(+2��P, �#7$/�7$Q�(+2 � 24�4,12�=��!�#A)>&,O(1�5B [)24�4, 7$(
�
��� K�� /825�$(�`M* \ (+Q9�$�42;� \ (+(12�/&,e[)24�4,17)(=��G9:<* (*) ( :<* (*) g<#
�
��	 K�� [)2��P, 7)(e7$Q , >62;[$2��!7��4�!,MB�7$Q^2�/6��7 \ /&,12�( �!GS:c* (*) ( :<* (*) g #
�
��
 K�� [)2��P, 7)(e7$Q^*124/8*17$(�[$2��#7C����,MB ��G9:<* (*)�( :c* (*) g #

� - \ /8��,��$(12��
�� A)(+7 \ I [)2��!7��4�!,MB@7$Q��.A)(+7 \ I?7$Q^*125��`M* \ (+Q9�$�42;`%�5[)24* ��G9:<* (*) ( :c* (*) g #
�� I8>��"*12;[)2��!7��4�!,MB@7$Q��d*12���`M* \ (+Q9�"��2�` �5[$2 ��G9:<* (*) ( :c* (*) g #
- G �
�
� g 2 � I32��P,a�",1�#7)/ ["�$� \ 2������� A)(1�WB@[$�"� \ 2� * *1�!A)/8� ���5�$/&,O`%�5[)2b>62��#A$>-, � :�#� :<7�= \ � �",1�#7)/;` , (1�$/8*+QS24( Q \ /6�4, �!7)/ � : (*) #� - �#�!/825�"( I��$(D,U7"Q^,1>82 � $ & � : (*) #��� 1-\ �$=8(1�", �!��I��$(D,U7"Q^,1>82 � $ & � : (*) #� � �A` , >?>��$(+:c7)/6�#��I��"(+,e7$Q , >82 � $ & � : (*) #� K�� *1I��', � �"�N=87):c�$�#/ ��G9: ( : g<#� # =8�!*1��(+24,12bK � *+I��", �#�$�N=87$:@�$�!/ �!GS: ( :@g #
� :<25�$* \ (124:c24/-,�= \ ( �",1�#7)/ � * #� `e�#/6=?[$2��#7C����,MB � :c* (*) #� ( � *1I8�", �#�$�N:<25�$* \ (124:c24/-,��!2�/8A$,1>8* � :�#�"! � !

� V-� *1I��', �#7�`R, 24:cI37)(1�$�Z:<25�"* \ (+2�:<2�/&,�0Z7 � ��G9: ( : ( *ag #�$# `e�#/6=?QS2P, �a> � .-:�#



� ��� � � �p� *WV"%
� *1I32�24= 7"Q��#�!A)>&,�� :c* (*) #� `%�", 24(�=62�I6,1> � :'#��� I32�/82P, ( �', �#7$/?=62�I6,1> 7$Q��.*12��c* \ (+Q9�$�42;`%�5[)2 � :�#��� *1I32��P, (1�$�_�$:<I8�#��, \ =82]7$Q��.*+25�d* \ (DQ9�$��2;` �5[$2 � :'#� QS(12 1-\ 2�/8�PB � * (*) #� A)(1�W[C��,a�",1�#7)/��"� �$�4��24�#2�(1�", �!7)/ � :<* (	� #
 �#:c�$A)�!/��$(DB \ /8�!,
+ `%�W[$2�/ \ :�032�(=� (1�$= : (*) # ( :c�$A)/6�!, \ =82
+���
 2��!2��P, (17$:@�$A$/824,1�#�]`%�5[)2�/ \ :b0Z24( � ( �$= : (*) # ( :c�$A)/6�!, \ =82
+���� +./�� +�� � �$(D, 2�*+� �$/�`%�5[)2�/ \ :b0Z24(]��7$:cI37)/824/-,1* � (1�$= : (*) #
+���� ��/�� +./�� ��/ ( B 1-\ �!*+,e` �5[$2�/ \ :�032�(U��7):<IZ7$/82�/&, * � ( �$= : (*) #$ G �
�
�ag I8(+7)0��$08�!�#��,MBc=62�/8*+�!,MB 7$Q �
�
�
�
�
( � / ��7$:cI37)/824/-,1*e7$Q^,1>82;* \ (DQ9�$��2¡`M*+�#7)I32�[)24�4, 7$( ��� , �!:c2 � * #� ������� *1I8�", �#�$��G�� �"(+, 24*1�#�$/Hg%��7C7)(+=8�#/��', 2�* � :�#

	�G��
���ag �;�$:c:c�bQ \ /8�P, �!7)/ 7$Q ���
�
	 * \ (+Q9�$�42Y,12�/8*+�#7)/ 7$Q^, >82Y�$�!( ;-`%�", 24( * \ (+Q9�$�42 � ( : (*) #
	 � � � * \ (+Q9�$�42Y,12�/8*+�#7)/ 7$Q^, >82Y�$�!( ;-`%�", 24(;G9�4�#2��$( ` �', 2�( ge* \ (+Q9�"��2 � ( : (*) #� =8�54 24(12�/6��2� V-� *1I��', �#7�`R, 24:cI37)(1�$� =87$:@�$�!/ ��G9: ( : ( * g #� # =8�!*1��(+24,12bV-� *1I8�", �!7�`R,12�:<IZ7)(1�$�3=87):c�$�#/ ��G9: ( : ( *ag # �#7C�5�"�NA)( �5B1`M�!24[$2��_�$:<I8�#��, \ =62�"! *17$�#�#=?�$/6A)�#2
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*1I32��P, ( \ : 1 G !eg � ! ( � �?K � & I8� �$/62 � ! (�
 ��K�� +�� ; � *+2��P, �#7$/ � ! (
� � K��
+./ ; � *124�4,1�#7)/ � ! (�� �eK�� �!/-,12�A)(1�", 24= &P`M*+IZ24�4, ( \ : � & (	� �OV-� *+I��",1�#7�` , 2�:<I37)( �$�
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local 3D pow. spec., omega =  4.602e+00 rad/s
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local 3D pow. spec., omega =  4.909e+00 rad/s
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local 3D pow. spec., omega =  5.216e+00 rad/s
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local 3D pow. spec., omega =  4.755e+00 rad/s
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local 3D pow. spec., omega =  5.062e+00 rad/s
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local 3D pow. spec., omega =  5.369e+00 rad/s
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Ω
local 3D pow. spec., omega =  5.676e+00 rad/s
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local 3D pow. spec., omega =  5.829e+00 rad/s
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local 3D pow. spec., omega =  5.983e+00 rad/s
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local 3D pow. spec., omega =  6.136e+00 rad/s
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local 3D pow. spec., omega =  6.289e+00 rad/s
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local 3D pow. spec., omega =  6.443e+00 rad/s
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local 3D pow. spec., omega =  6.750e+00 rad/s
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local 3D pow. spec., omega =  7.056e+00 rad/s
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local 3D pow. spec., omega =  7.210e+00 rad/s
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local 3D pow. spec., omega =  7.363e+00 rad/s
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local 3D pow. spec., omega =  7.670e+00 rad/s
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local 3D pow. spec., omega =  8.130e+00 rad/s
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local 3D pow. spec., omega =  8.283e+00 rad/s
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local 3D pow. spec., omega =  8.437e+00 rad/s

−9.82 −7.36 −4.91 −2.45 0.00 2.45 4.91 7.36 9.82
kx [rad/m]

−9.82

−7.36

−4.91

−2.45

0.00

2.45

4.91

7.36

9.82

ky
 [r

ad
/m

]

ID
: c

fa
ae

c 
  N

xe
 =

   
16

   
N

ye
 =

   
16

   
X

e 
=

  1
.6

0E
−

01
 m

   
Y

e 
=

  4
.8

0E
−

01
 m

xm
=

  2
.6

4E
+

00
m

   
ym

=
  7

.9
2E

+
00

m
   

th
_c

on
f =

  9
.0

0E
−

01
   

db
ra

ng
e_

co
nf

 =
  3

.0
0E

+
01

ux
 =

  0
.0

00
e+

00
 m

/s
,  

 u
y 

=
  0

.0
00

e+
00

 m
/s

,  
 d

ep
th

 =
  7

.0
00

e−
01

 m

−2.335E+01  6.649E+00
log. scale

2 ]Yo p U(a � � 
 {/. 
 �mW _\^7aQb�S\d�_%WrSRZg_\W � . o\UK_gj ) Wra �VaQW��N_\Ue] _\^mZsa�b(�DasZ `KU p f w d*U(S\f
� � � %�� $ � UK_NX GNb�`(S � � � %�� � � U(_\X GNb z x



� � � � � � � ��� � � � ��� � �[]��
� � � � � � � 
 � � � 	�� 	 �
� ^ p f�aQU(]rZs_\W�$ . f�SRX7asW ! h7_\b(aQX SV^ U(_gj�`KUK_NZs]r^mo�l�_NbihDasaQ^ ]rf��7WraQf�aQ^k`KasX%`KS a �4)_\f�]r^7a `Kl7a"`KUK_N^7bed*aQUvd p ^7Z `K]rS\^7b S\d;`K]YWY`uf�SRX p Wr_N`K]YSV^�_\^7X��7UeSF�easZ `K]Y�\a�h p ^7Z'lm]r^7o w beasa2 ]YoVb x { � _\^mX { �Vz d*SVU"`Kl7a ]Yf _\o\]r^7o�S\du_ b(]Y^ p b(SV]YX�_\W nv_g�Va x ��l7a�_\b(b p f��m`K]YSV^7b S\d`Klma $ . f�S[XmasWI_\Uea

� `(l7a�b p U�d5_\Zsa�f�SRX7asWV]YbI_ {/. ZsS\f��7WYa �4) �N_\W p asX�be]r^7a n _g�Va !��DwF��� �7z � �
	���
�� � ! A � � ��� !_\^mX
� ��_NUK_\WYWrasW��mU(SF�eaQZQ`K]YSV^ w `Kl7]Yb _\beb p f��m`(]rSV^ l7SVWrXmb ]Ydy`Kl7a�X7]rb�`'_\^7ZQa�d*UeSVf n _g�Va
b p Ued5_\ZQa�`KS�Zg_\f�asU(_ ]rb�W _NU(oVa�ZQSVf��7_\U(aQX3`(S � _\^mX ��� z x

��l7a��7U(S0�easZQ`(]rSV^ ]rb�Zs_\WrZ p W _F`KasX%hkj%UK_gj `(UK_\ZQ]r^7o x � ^ 2 ]Yo x-� � `Kl7a�X7]r_\oVUK_Nf�b�bel7S@n`Klmayb(]Y^ p b(SV]YX�_\W=n _g�\a ! `(l7ayb(_\f�a n _g�\a�]rf�_\oVasX�hkj�`(]rW�` f�SRX p Wr_N`K]YSV^ ! hkj �mU(SF�eaQZQ`K]��Vah p ^mZ'l7]r^7o ! _\^7X3]rf�_\oVaQX hkj�hDS\`Kl�]Yf _\o\]r^7oif�aQZ'l�_\^7]Yb(f�b x ��l7a�d*SVWYWrS@n�]r^7oi��_\U(_\f�a )`KaQU(b _\Uea1�N_\Ue] _\hmWrasbvS\d `(l7a-$ . f�SRX7asW 

� Zs_\f�aQUK_ ]r^mZs]rXmas^7ZQa1_\^7oVWYa !��>!
� _/<Q]rf p `Kl�_\W _\^7oVWYa !�� � _N`'_\^ w ��� � � � z�!
� _\f��7WY]Y` p X7a !���� !
� nv_g�Vas^ p fch�aQU ! � ! _\^7X
� ]YWrW p f�]Y^�_N`K]YSV^ w lmSVf�S\oVas^7aQS p b ! �VaQUe`(]rZg_NW�_\^7X l7SVUe]=<QSV^k`'_\W o\UK_\X7]Yas^k`Kb ! �7_\UK_\W0)WYasW;��S\W _\Ue]=<saQX�S\U"�DasUe��aQ^7X7]rZ p W _NU"�DSVW _NU(]=<QasX z SVU p ^7�DSVW _NU(]=<QasX 2�U(asbe^7asW ZsSRaE� )ZQ]ras^k` z x

��l7a3Zg_Nb(a3S\d"l7SVf�SVoVas^masS p b p ^m��SVWr_\U(]#<saQX�]rWrW p f�]r^�_N`(]rSV^�n�]YWrWvhDa��7Ueasb(aQ^k`KasX l7asUea��SV^7W�j `(l7a1�7U(]Y^7Zs]Y��_\W Ueasb p WY`(b"_NU(a1b(l7S@n�^ x
$ x��! #" M%$ >0?'&�E G)( 6 (R98G)(R98J P��l7ac_/<s]Yf p `(l�_\WIX7aQ��aQ^7X7as^mZs]raQb�S\d�`(l7aiWY]r^7as_\U � �62 _\^7X `Kl7aias^7aQU(o\j U(_N`K]YS�S\d`(l7a "7U(be`?) l�_NU(f�SV^7]rZ Xm]rb(�DasUeb(]YSV^ UeasW _F`K]rS\^T_N^7X `(l7a�d p ^7X�_\f�as^k`'_NW7) f�SRX7a X7]Yb?)�DasUeb(]rS\^ U(asWr_N`K]YSV^ _\Uea�X7as�m]rZQ`(asX�]r^-2 ]ro x � �[x � ^�`(l7a p �7�DasU�UeS0n `Klma `Kl7]Y^ Wr]r^masb]Y^7X7]rZs_N`Ka `Kl7a�WY]r^7as_\U `(]rWY` f�S[X p W _N`(]rSV^ x � dDSV^7W�jc`(]rWY` f�S[X p W _N`(]rSV^i]rb��DasU�d*SVU(f�asXhkj%`Kl7a $ . f�S[X7aQW w ]r^mX7]rZs_N`KaQX hkj%`Kl7a�`Kl7]YZ('TWY]r^7a z nuag_�'T^7S\^7Wr]Y^7ag_\U1a l aQZQ`Kb_\Uea SVh7beasU��VasX x ��l7ayf�SRX p Wr_N`K]YSV^�X p a `KS �7UeSF�easZ `K]��Va h p ^7Z'l7]r^mo�be]roV^m]#"�Zs_\^k`KWYjX7] l aQU(bcd*UeSVf `Kl7a�WY]r^7as_\U.`(]rW�` f�S[X p W _N`(]rSV^T_\^7X `(l7asUeaQd*SVUea�l�_\b�_ be`(U(SV^mo�aQd )d*aQZQ` S\^2`Kl7aif�SRX p Wr_N`K]YSV^ x ��lm]rbyZs_\^ hDacbeasas^�]Y^�`(l7acUe]roVlk` p �7�DasU X7]r_\oVU(_\f !n�l7aQU(a `K]rW�`;f�SRX p Wr_N`K]YSV^1_\^7Xi�7U(S0�easZQ`(]Y�\avh p ^mZ'l7]r^7o _\U(a ��aQUed*SVUef�aQXiS\^i`Klma $ .f�S[XmasW x+* aQU(a ` nuS ��as_/'qb�_\U(a S\h7b(aQUe�VaQX x ��l7]rb Ueasb p WY`v]rb�_cb�`KUeSV^7o ]r^mX7]rZs_N`K]YSV^`(l�_N`�`Klma a l asZQ`(biX p a `KS3�7U(S0�easZQ`(]Y�\a�h p ^7Z'l7]Y^7o�Zs_\^7^7SN`1h�a�^7aQoVWraQZQ`KaQX x ��l7aWYS0nuasU"U(S@n S\d 2 ]Yo x � � _\WYb(S�]r^7X7]YZg_N`(asb"_ be`(U(SV^mo ZsSV^k`(U(]rh p `K]YSV^2S\d �mU(SF�eaQZQ`K]��Vah p ^7Z'l7]r^mo�`(S�^mSV^7Wr]Y^7ag_NU f�SRX7aQb x
{ x-,.& M (qC/&0" 98J1"5G)(R98J�(kH�&�9;:DE2(2G)( 6 (R9 G'(R9 J P� ^ 2 ]Yo x � Q�`Kl7a Wr]r^mag_\U � �62 _\^7X `(l7a as^masU(oNj UK_F`K]rS�S\d�`Klma "�U(b�`*) l�_\U(f�SV^7]YZX7]Yb(�DasUeb(]rS\^TUeasW _F`K]rS\^ _\^mXT`Klma�d p ^7X7_\f�aQ^k`'_\W0) f�S[X7a Xm]rb(�DasUeb(]YSV^TUeasWr_N`K]YSV^ _NU(a



� � � � � � � ��� � � � ��� � �R�

X7aQ�7]rZ `KaQX x � d S\^7WYj�`(]rWY`�f�SRX p W _F`K]rS\^ ]Yb"�DasU�d*SVU(f�asX ! _\^�]r^7ZQU(as_\b(ai]r^�`(l7a � �62]YbvoV]��Vas^�d*SVUul7]ro\l�Zg_\f�asU(_c]r^7ZQ]rX7aQ^7Zsa1_N^7oVWraQb w a x o x oVUK_/<Q]r^7oc]r^7ZQ]rX7aQ^7Zsa z x ��l7aWY]r^7as_\U � �62 ]YbyaED p _\W `KS $ ]Yd�SV^mWYj��7U(SF�eaQZQ`(]Y�Vach p ^7Z'l7]Y^7o3]rb"��aQUed*SVUef�aQX � `Klm]rbl7S\WrX7b p ^k`K]YWI`Kl7a.Zg_\f�asU(_	) ]Y^7Zs]YX7as^mZsa._\^7oVWYa�P ��� t � ]Yb"WYS0nuasU�`Klmas^�`(l7a.WrSRZg_\W0)beWrSV�Da _\^moVWra x ��l7a�WYSVb(biS\d�]r^[d*SVU(f�_N`K]YSV^ _N`c`(l7a h7_\Z('qb(]rXma�S\d _�nv_@�\a�Wras_\X7b`(S _�X7asZQU(ag_Nb(a ]Y^�`Klma � �62 x ��l7aias^7aQU(o\j UK_F`K]rS�S\d `Kl7a.`K]rW�`*) f�SRX p Wr_N`K]YSV^ Zs_\b(a]Y^7X7]rZs_N`KaQb�_ nvas_/'�^7SV^mWr]r^mag_\U a l aQZQ`1d*SVU WYS@n4Zs_\f�aQUK_	) ]r^7ZQ]rX7aQ^7Zsa�_N^7oVWraQb1_\^7Xl7]YoVl�Zg_Nf�aQUK_	) ]r^7ZQ]rX7aQ^7Zsa1_\^moVWraQb d*SVU��7U(S0�easZQ`(]Y�\aih p ^7Z'l7]r^mo x
� x � &k} (R9 $8M�� (qC G'( 6 (R98G)(R98J P��l7a�nv_g�Vas^ p fch�aQUvX7aQ��aQ^7X7as^mZs]raQbuS\^�`(l7a�Wr]r^mag_\U � �62T_\^mX�SV^ `(l7a�as^7aQU(o\j U(_	)`(]rS.S\d `Klma "�Uebe`�l�_NU(f�SV^7]rZ _\^mX `Kl7a d p ^7X�_Nf�aQ^q`K_\W=f�SRX7a X7]rbe��aQU(be]rSV^ UeasWr_N`K]YSV^_\Uea1oV]Y�\as^ ]r^%2 ]ro xF� � x � WrSVo	&qWrSVoi�7WrS\`�` jR�Dai]Yb�Z'l7SVbeas^2`(S��mU(S@�Va.n�l7aQ`(l7asU ]Yd`(l7a�n _g�VaQ^ p f hDasU X7as�Das^7Xmas^7Z j�Zs_\^ h�a1X7aQb(ZsUe]rhDasX hkj3_ ��S@nuasU W _gn be]rf�]rWY] _\U`(S%`(l7a � �62 ]r^ w � x � z x 2�SVU `Kl7a `(]rW�`*) f�SRX p W _F`K]rS\^ Zs_\b(a�_\^ ]r^mZsU(as_\b(a3]Y^ `Kl7a� �62T_\^7X�`Kl7a as^7aQU(o\j�U(_N`K]YS.]Yb SVh7b(aQUe�\asX x 2�SVU�`Kl7a �7UeSF�easZ `K]Y�\a�) h p ^7Z'l7]Y^7o Zs_\b(a`(l7a Wr]Y^7ag_\U � �62 l7_\b._��N_\W p a S\d $ d*SVU�_ n�]rXma UK_\^7o\a�SNd nv_g�VaQ^ p f h�aQU(b x � `
l7]YoVl nv_@�\as^ p f hDasUeb _�X7asZQU(as_\b(a�]r^ `(l7a�Wr]r^mag_\U � �62 ]r^mX7]rZs_N`KaQb1_3WYSVb(b�SNdv]Y^1)d*SVUef _F`K]rS\^ SV^�`Kl7a�b(l7_\��a S\dD`Kl7a�nv_g�VayX p a�`KS.S[ZQZsW p b(]rS\^ x ��l7a ZsSRaE��ZQ]ras^k`�� !l�_g�R]r^moi_y`(l7asS\U(aQ`(]rZs_\Wm�N_\W p a�S\d { d*S\U�Wr]r^mag_\U `(]rW�`�f�S[X p W _N`(]rSV^ ! ]rb _NWrb(S�ZQWrSVbea `KS`(l7]rb �N_\W p a�d*SVU _in�]YX7a"U(_\^7oVa S\d nv_g�VaQ^ p f h�aQU(b ! _\WrbeSc]Yd �7U(S0�easZQ`(]Y�\ayh p ^mZ'l7]r^7o]Yb�]r^7ZQW p X7aQX%]r^�`Kl7a $ . f�S[XmasW x . aQ�R] _N`(]rSV^mb�_\U(a X p a `KS ZsS@�VaQUK_\oVa�S\dube`(asaQ�nv_g�Vasb x ��l7a�aQ^7asUeo\j U(_N`K]YS2d*SVU _NWrWu`(l7U(aQa Zg_Nb(asb�bel7S@n�b�_N^�]r^7ZQU(ag_Nb(a�]r^T`Kl7a^7S\^7Wr]Y^7ag_\U.as^masU(oNj n�]Y`(l ]r^7ZQU(as_\b(]Y^7o n _g�\as^ p f hDasU x ��l7a3as^masU(oNj UK_F`K]rS�Zg_\^_\WYb(S hDa1X7asbeZsU(]Yh�aQX2hkj3_ �DS0nuasU W _gn n�]Y`(l3`(l7a��N_\W p a�� � { x�7x
	 &7C M�� 9 "5J3G)( 6 (R9 G'(R9 J P��l7a�d p ^7X�_Nf�aQ^q`K_\W7) f�SRX7a�b(]YoV^�_\W _\^mX `Kl7a "�U(b�`*) l�_\U(f�SV^7]YZ�be]roV^7_\W _\U(a�ZsSVf )��_NU(asX�n�]Y`Kl2U(aQd*aQU(aQ^7Zsac`(S `Klmainv_@�\a�_\f��7Wr]�` p X7a w _\^7X2`(l7asUeaQd*SVUea ]rf��7Wr]YZs]�`KasW�j`(S2`Kl7a�n _g�Va3beWrSV�Da z x � ^ 2 ]ro x � � `(l7a�UK_F`K]rS�S\d�`Klma "�U(b�`*) l�_\U(f�SV^7]YZ�be]roV^7_\W_\^mX2`Kl7a d p ^7X�_\f�as^k`'_NW7) f�SRX7a1b(]ro\^�_\W8]rbyo\]Y�VaQ^ d*SVU"`(]rW�`yf�S[X p W _N`(]rSV^ ! �7U(SF�eaQZ�)`(]Y�Vach p ^7ZQ]r^7o ! _\^7X `Klma ZsSVf hm]r^�_N`(]rSV^�S\d hDS\`Kl�]Yf _\o\]r^7o�f�aQZ'l�_\^7]Yb(f�b x ��l7aUeasb p WY`Kb ]Y^7X7]YZg_N`(asbi`(l�_N` `(]rWY`if�S[X p W _N`(]rSV^ _\WrSV^ma ]r^k`(U(SRX p ZsaQb "�U(b�`*) l�_\U(f�SV^7]YZbe]roV^�_NW x ��l7ac�mU(SF�eaQZQ`K]��Va ) h p ^mZ'l7]r^7o�X7] _NoVUK_\f�b�SV^7W�j�b(lmS0n�b"^ p f�aQU(]YZg_\WI^7S\]rb(a x� j.1RasWraQZQ`(]r^7o3`Kl7a�d p ^7X�_Nf�aQ^q`K_\W�f�S[X7a�_\^7X `Kl7a-"�Uebe`il�_\U(f�SV^7]YZ n�]Y`Kl ZsS\U?)Ueasb(�DSV^7Xm]r^7o�X7]Yb(�DasU(be]rSV^ "�W�`KaQU(b ! `(l7a1��S@nuasU�UK_F`K]rS f�_gj�hDa p b(aQX�`KS�Zs_\Wr]Yh7UK_N`(aa �m�DasUe]rf�as^k`'_NW ]rf�_\oVa be��aQZQ`(UK_ x



� � � � � � � ��� � � � ��� � �R�R]

20

0

1.0

0.5

20

0

0.0

0.4

0.8

0 200 400 600 800 100
- 20

0 200 400 600 800 100
0.0

0 200 400 600 800 100
- 20

200 400 600 800 100

a)

b)

c)

d)

2 ]Yo p U(a � � 
 $ . ]rf�_\oV]r^mo�S\d�_�ZQSVf��7Wra �>) �N_\W p aQXTbe]r^ p beSV]rX�_NW��7W _\^ma�nv_g�Va/
 &�� U(as_\W��_\U�` SNd `Kl7a b(]Y^ p b(SV]YX�_\W�nv_@�\a ! � � n _g�\a ]rf�_\oVaQX hkj `K]YWY`�f�S[X p W _N`(]rSV^ ! J�� n _g�Va]rf�_\oVaQX hkj��7U(SF�eaQZQ`(]Y�Va�h p ^7Z'l7]Y^7o ! _N^7X G�� n _g�Va1]Yf _\o\asX hkj�h�SN`Kl ]Yf _\o\]r^7o.f�aQZ'l1)_\^7]Yb(f�b x



�
� �

� �
� �

��� �
�
�����

�R�[]Y]

-50
0

50
azim

uth angle [deg]

0

1.0•10
-4

2.0•10
-4

3.0•10
-4

4.0•10
-4

ITF

nr = 1024   kk = 0003   a =  2.000E+01   theta_c =  7.000E+01   l0 =  1.000E+00   l_phi =  0.000E+00   l_theta =  0.000E+00

phi_lim =  5.000E+00   theta_lim =  5.000E+00

ishad = 0   ifresnel = 1   iillum = 0   ilim_phi = 0   ilim_theta = 0   iproj = 0

-50
0

50
azim

uth angle [deg]

0.0

0.2

0.4

0.6

0.8

1.0
ITF

nr = 1024   kk = 0003   a =  2.000E+01   theta_c =  7.000E+01   l0 =  1.000E+00   l_phi =  0.000E+00   l_theta =  0.000E+00

phi_lim =  5.000E+00   theta_lim =  5.000E+00

ishad = 0   ifresnel = 0   iillum = 0   ilim_phi = 0   ilim_theta = 0   iproj = 1

-50
0

50
azim

uth angle [deg]

0

1.0•10
-5

2.0•10
-5

3.0•10
-5

4.0•10
-5

ITF

nr = 1024   kk = 0003   a =  2.000E+01   theta_c =  7.000E+01   l0 =  1.000E+00   l_phi =  0.000E+00   l_theta =  0.000E+00

phi_lim =  5.000E+00   theta_lim =  5.000E+00

ishad = 0   ifresnel = 1   iillum = 0   ilim_phi = 0   ilim_theta = 0   iproj = 1

-50
0

50
azim

uth angle [deg]

0.0

0.2

0.4

0.6

0.8

1.0

P(2kk)/P(kk)

nr = 1024   kk = 0003   a =  2.000E+01   theta_c =  7.000E+01   l0 =  1.000E+00   l_phi =  0.000E+00   l_theta =  0.000E+00

phi_lim =  5.000E+00   theta_lim =  5.000E+00

ishad = 0   ifresnel = 1   iillum = 0   ilim_phi = 0   ilim_theta = 0   iproj = 0

-50
0

50
azim

uth angle [deg]

0.0

0.2

0.4

0.6

0.8

1.0

P(2kk)/P(kk)

nr = 1024   kk = 0003   a =  2.000E+01   theta_c =  7.000E+01   l0 =  1.000E+00   l_phi =  0.000E+00   l_theta =  0.000E+00

phi_lim =  5.000E+00   theta_lim =  5.000E+00

ishad = 0   ifresnel = 0   iillum = 0   ilim_phi = 0   ilim_theta = 0   iproj = 1

-50
0

50
azim

uth angle [deg]

0.0

0.2

0.4

0.6

0.8

1.0

P(2kk)/P(kk)

nr = 1024   kk = 0003   a =  2.000E+01   theta_c =  7.000E+01   l0 =  1.000E+00   l_phi =  0.000E+00   l_theta =  0.000E+00

phi_lim =  5.000E+00   theta_lim =  5.000E+00

ishad = 0   ifresnel = 1   iillum = 0   ilim_phi = 0   ilim_theta = 0   iproj = 1

2]Yop U(a�� 
 �^`(l7ap �7�DasUcU(S@n`Kl7aXmas�Das^7X7aQ^7Zsa3S\d�`(l7a ��62S\^`Kl7a�_�<s]rfp `Kl�_NW
_\^7o\Wra]YboV]Y�\as^x� SVWYX�Wr]r^masby]Y^7X7]YZg_N`(ac`Kl7a Ueasbp WY`(b�S\du`(l7a$. SV�m`(]rZs_\Wf�SRX7asW! _\^7X
`Klm]r^WY]r^7aQb]r^7Xm]rZg_F`Ka�`(l7a`KlmasSVUeaQ`K]YZg_\Wv_/<s]Yfp `(l�_\WX7as�Das^7Xmas^7ZjS\d�`Kl7a`(l7asS\U(aQ`(]rZs_\W
Wr]Y^7ag_NUu`K]YWY`vf�SRXp Wr_N`K]YSV^x �^3`(l7a�WrS@nuasU�UeS0n`Klma�UK_N`(]rSS\d;`(l7a�as^7aQU(oV]Yasb�S\d8`Klma "�U(b�`*)
l�_\Uef�S\^7]rZiX7]rbe��aQU(b(]YSV^UeasW_F`K]rS\^_\^7X`(l7adp ^7X7_\f�aQ^k`'_\W0)f�S[X7a.X7]Yb(�DasU(be]rSV^�UeasWr_N`K]YSV^
_\Uea�7U(aQb(aQ^q`(asXx �^`Kl7a�WYaQd~`�ZQSVWp f�^`(]rW�`f�S[Xp W_N`(]rSV^�]rb�mU(asbeas^k`KaQX! ]r^`(l7af�]rX7X7WYa
ZsS\Wp f�^��7U(S0�easZQ`(]Y�\a�hp ^7Z'l7]Y^7o�]Yb�b(l7S@n�^! _\^7X%]Y^`Kl7a�Wrad~`1ZsSVWp f�^�h�S\`(l%]rf�_\oV]r^mo
f�asZ'l�_\^m]rb(f�b�_\Uea`'_/'Nas^3]r^k`(S�_\ZsZQSp ^k`x ��l7a�nv_@�\a._\f��mWr]Y`p X7ay_\^7X`Klman_g�VaQ^p f-)
hDasU l�_g�Va�`(l7a3f_\o\^7]Y`p X7asb ��

�x � $�� U(_\XGN�m]��[asW�_N^7X� �
{/� �7]��[asW! ]x ax `Kl7a

be`(asaQ�7^7asbeby]Yb�aDp _\WI`KS��� �
�x ��/��7x



�
� �

� �
� �

��� �
�
�����

�R�R]r]Y]

0
20

40
60

80
cam

era incidence angle [deg]

0.00

0.05

0.10

0.15

ITF

nr = 1024   kk = 0010   phi =  0.000E+00   a =  1.000E-01   l0 =  1.000E+00   l_phi =  0.000E+00   l_theta =  0.000E+00

phi_lim =  5.000E+00   theta_lim =  5.000E+00

ishad = 0   ifresnel = 1   iillum = 0   ilim_phi = 0   ilim_theta = 0   iproj = 0

0
20

40
60

80
cam

era incidence angle [deg]

0.0

0.2

0.4

0.6

0.8

1.0

ITF

nr = 1024   kk = 0010   phi =  0.000E+00   a =  1.000E-01   l0 =  1.000E+00   l_phi =  0.000E+00   l_theta =  0.000E+00

phi_lim =  5.000E+00   theta_lim =  5.000E+00

ishad = 0   ifresnel = 0   iillum = 0   ilim_phi = 0   ilim_theta = 0   iproj = 1

0
20

40
60

80
cam

era incidence angle [deg]

0.00

0.05

0.10

0.15

ITF

nr = 1024   kk = 0010   phi =  0.000E+00   a =  1.000E-01   l0 =  1.000E+00   l_phi =  0.000E+00   l_theta =  0.000E+00

phi_lim =  5.000E+00   theta_lim =  5.000E+00

ishad = 0   ifresnel = 1   iillum = 0   ilim_phi = 0   ilim_theta = 0   iproj = 1

0
20

40
60

80
cam

era incidence angle [deg]

0.00

0.02

0.04

P(2kk)/P(kk)

nr = 1024   kk = 0010   phi =  0.000E+00   a =  1.000E-01   l0 =  1.000E+00   l_phi =  0.000E+00   l_theta =  0.000E+00

phi_lim =  5.000E+00   theta_lim =  5.000E+00

ishad = 0   ifresnel = 1   iillum = 0   ilim_phi = 0   ilim_theta = 0   iproj = 0

0
20

40
60

80
cam

era incidence angle [deg]

0.00

0.02

0.04

P(2kk)/P(kk)

nr = 1024   kk = 0010   phi =  0.000E+00   a =  1.000E-01   l0 =  1.000E+00   l_phi =  0.000E+00   l_theta =  0.000E+00

phi_lim =  5.000E+00   theta_lim =  5.000E+00

ishad = 0   ifresnel = 0   iillum = 0   ilim_phi = 0   ilim_theta = 0   iproj = 1

0
20

40
60

80
cam

era incidence angle [deg]

0.00

0.02

0.04

P(2kk)/P(kk)

nr = 1024   kk = 0010   phi =  0.000E+00   a =  1.000E-01   l0 =  1.000E+00   l_phi =  0.000E+00   l_theta =  0.000E+00

phi_lim =  5.000E+00   theta_lim =  5.000E+00

ishad = 0   ifresnel = 1   iillum = 0   ilim_phi = 0   ilim_theta = 0   iproj = 1

2]Yop U(a� Q
 �^�`Kl7ap �7��aQU�U(S@n�`(l7a ��62�S\d`(l7a�Zg_Nf�aQUK_� b�]r^7ZQ]rX7aQ^7Zsa)�_\^moVWraXmas�Das^1)
X7aQ^7ZQj]rb Xmas�7]YZQ`KaQXx �^`Kl7aWrS@nuasU�U(S@n`(l7aUK_N`(]rS%S\dy`(l7a3as^7aQU(oV]Yasb�S\dy`(l7a@"�U(b�`*)
l�_\Uef�S\^7]rZiX7]rbe��aQU(b(]YSV^UeasW_F`K]rS\^_\^7X`(l7adp ^7X7_\f�aQ^k`'_\W0)f�S[X7a.X7]Yb(�DasU(be]rSV^�UeasWr_N`K]YSV^
]rb;�7Ueasbeas^k`KaQXx ��l7avWYaQd~`8ZsS\Wp f�^1X7as�7]YZQ`(b`K]YWY`;f�S[Xp W_N`(]rSV^! `Kl7auf�]YX7X7WYa�ZsSVWp f�^1�7UeS�)
�easZ`K]��Vahp ^7Z'l7]Y^7o! _\^7X�`Kl7a"U(]ro\lq`ZQSVWp f�^�h�SN`Kl]Yf_NoV]r^7o�f�asZ'l7_\^7]rbef�bx ��l7an_g�Va
_\f��7Wr]�`p Xma _\^7X%`Kl7a nv_g�Vas^p fch�aQUcl�_g�Va�`Kl7a�f�_\oV^7]�`p Xmasb ��

�x � Q$� UK_NXGN�7]�maQW
_\^7X� �

�x $.�m]��[asW! ]x ax `(l7a1be`KaQas�7^masb(b"]rb�aEDp _\W`KS��� �
�x ��� P� Qx



�
� �

� �
� �

��� �
�
�����

�[]�

0.01
0.10

w
avenum

ber [rad/pixel]

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

ITF
alpha =  4.936E

-01   beta =  2.012E
+00

nr = 1024   phi =  0.000E+00   a =  1.000E+00   theta_c =  7.000E+01   l0 =  1.000E+00   l_phi =  0.000E+00   l_theta =  0.000E+00

phi_lim =  5.000E+00   theta_lim =  5.000E+00

ishad = 0   ifresnel = 1   iillum = 0   ilim_phi = 0   ilim_theta = 0   iproj = 0

0.01
0.10

w
avenum

ber [rad/pixel]

0.1

1.0

ITF

alpha =  9.475E
-01   beta = -1.378E

-02

nr = 1024   phi =  0.000E+00   a =  1.000E+00   theta_c =  7.000E+01   l0 =  1.000E+00   l_phi =  0.000E+00   l_theta =  0.000E+00

phi_lim =  5.000E+00   theta_lim =  5.000E+00

ishad = 0   ifresnel = 0   iillum = 0   ilim_phi = 0   ilim_theta = 0   iproj = 1

0.01
0.10

w
avenum

ber [rad/pixel]

10
-5

10
-4

10
-3

10
-2

10
-1

ITF

alpha =  4.636E
-01   beta =  1.998E

+00

nr = 1024   phi =  0.000E+00   a =  1.000E+00   theta_c =  7.000E+01   l0 =  1.000E+00   l_phi =  0.000E+00   l_theta =  0.000E+00

phi_lim =  5.000E+00   theta_lim =  5.000E+00

ishad = 0   ifresnel = 1   iillum = 0   ilim_phi = 0   ilim_theta = 0   iproj = 1

0.01
0.10

w
avenum

ber [rad/pixel]

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

P(2kk)/P(kk)

alpha =  2.268E
+00   beta =  1.995E

+00

nr = 1024   phi =  0.000E+00   a =  1.000E+00   theta_c =  7.000E+01   l0 =  1.000E+00   l_phi =  0.000E+00   l_theta =  0.000E+00

phi_lim =  5.000E+00   theta_lim =  5.000E+00

ishad = 0   ifresnel = 1   iillum = 0   ilim_phi = 0   ilim_theta = 0   iproj = 0

0.01
0.10

w
avenum

ber [rad/pixel]

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

P(2kk)/P(kk)

alpha =  1.724E
+00   beta =  1.977E

+00

nr = 1024   phi =  0.000E+00   a =  1.000E+00   theta_c =  7.000E+01   l0 =  1.000E+00   l_phi =  0.000E+00   l_theta =  0.000E+00

phi_lim =  5.000E+00   theta_lim =  5.000E+00

ishad = 0   ifresnel = 0   iillum = 0   ilim_phi = 0   ilim_theta = 0   iproj = 1

0.01
0.10

w
avenum

ber [rad/pixel]

0.0001

0.0010

0.0100

0.1000

1.0000

P(2kk)/P(kk)

alpha =  8.306E
+00   beta =  1.998E

+00

nr = 1024   phi =  0.000E+00   a =  1.000E+00   theta_c =  7.000E+01   l0 =  1.000E+00   l_phi =  0.000E+00   l_theta =  0.000E+00

phi_lim =  5.000E+00   theta_lim =  5.000E+00

ishad = 0   ifresnel = 1   iillum = 0   ilim_phi = 0   ilim_theta = 0   iproj = 1

2]Yop U(a� � 
 �^�`(l7ap �7�DasUU(S@n
`(l7a�n_g�VaQ^p fhDasUX7aQ��aQ^7X7aQ^7ZQjS\di`Kl7a ��62]rb

X7aQ�7]rZ`KasX2SV^_WYSVo	&RWYSVo b(Zs_\Wrax ��lmai`Klm]r^2WY]r^7aQb"]Y^7X7]YZg_N`(a1`(l7ac^p f�asUe]rZs_\W;U(asbp WY`(byS\d
`Klma$. f�S[XmasWx ��l7ah�S\WrX Wr]Y^7asb_NU(a�`Kl7a�Ueasbp WY`S\d_1WYag_\b�`*)bDp _\UeasbF"7`S\d_�b�`KUK_N]roVlk`
Wr]Y^7ax ��l7aiZsSRaE��Zs]Yas^k`Kb�

�_\^7X
�]r^mX7]rZs_N`Ka�`Klma.]Y^k`KasUeZsaQ�m`_N^7X�`(l7aio\UK_\X7]Yas^k`�S\d`Kl7a

Wr]Y^7ax �^c`(l7avWYS@nvaQUU(S@n�`(l7auU(_N`K]YS"SNd7`Kl7auas^7aQU(oV]YasbS\d7`Klma"�Uebe`*)l�_\Uef�SV^m]rZX7]rbe��aQU(be]rSV^
U(aQW_N`(]rSV^3_N^7X�`Kl7a�dp ^7X7_\f�aQ^k`'_\W0)f�S[X7ayX7]rbe��aQU(b(]YSV^3U(aQW_N`(]rSV^�]Yb�X7as�7]YZQ`(asXSV^2_ WYSVo	&
WrS\o�beZg_\WYax �^�`Kl7aWYaQd~`"ZsSVWp f�^�`K]YWY`f�S[Xp W_N`(]rSV^3]rboV]��Vas^! ]r^`Kl7acf�]YX7X7Wra1ZQSVWp f�^
�7UeSF�easZ`K]Y�\aihp ^7Z'l7]Y^7o! _\^7X�]r^�`Kl7a.Wrad~`ZsSVWp f�^3hDS\`Kl]rf�_\oV]Y^7of�asZ'l�_N^7]rbef�bx ��l7a
nv_@�\ac_Nf��7WY]Y`p X7al�_Nb�`(l7a1f_NoV^7]Y`p X7a� �

$.�7]��[aQWx

0
2

4
6

8
10

w
ave am

plitude [pixel]

0.0

0.2

0.4

0.6

0.8

P(2kk)/P(kk)

nr = 1024   kk = 0010   phi =  0.000E+00   theta_c =  9.000E+01   l0 =  1.000E+00   l_phi =  0.000E+00   l_theta =  0.000E+00

ishad = 0   ifresnel = 1   iillum = 0   iproj = 0

0
2

4
6

8
10

w
ave am

plitude [pixel]

0

5.0•10
-16

1.0•10
-15

1.5•10
-15

2.0•10
-15

P(2kk)/P(kk)

nr = 1024   kk = 0010   phi =  0.000E+00   theta_c =  9.000E+01   l0 =  1.000E+00   l_phi =  0.000E+00   l_theta =  0.000E+00

ishad = 0   ifresnel = 0   iillum = 0   iproj = 1

0
2

4
6

8
10

w
ave am

plitude [pixel]

0.0

0.2

0.4

0.6

0.8

P(2kk)/P(kk)

nr = 1024   kk = 0010   phi =  0.000E+00   theta_c =  9.000E+01   l0 =  1.000E+00   l_phi =  0.000E+00   l_theta =  0.000E+00

ishad = 0   ifresnel = 1   iillum = 0   iproj = 1

2]Yop U(a�� 
� _N`K]YSS\d`Kl7a"7U(be`?)l�_NU(f�SV^7]rZcb(]ro\^�_\W`(S`Kl7a dp ^7X7_\f�aQ^k`'_\W0)f�S[X7aib(]Yo�)
^�_\W�\asUebp b3n_g�\a_\f��7Wr]�`p Xma2d*SVU`K]YWY`f�SRXp Wr_N`K]YSV^w WYaQd~`z�! �mU(SF�eaQZQ`K]��Va%hp ^mZ'l7]r^7o
w f�]rXmX7Wraz�! _\^7XhDS\`KlT]rf�_\oV]r^mof�aQZ'l�_\^7]Yb(f�bw U(]YoVlk`zx ��l7a�n_g�\as^p fhDasUil�_\b1`Kl7a
f�_\oV^7]�`p X7a ��

�x � Q$� UK_\X;GN�7]��[aQWx



� � ��� � � � � � ��� �q�� � 	�� � � � � � 	��
� ^7l7S\f�SVo\as^7aQS p b `(asb�`�]rf�_\oVaQbIn�]Y`Klc_"f�_F�[]rf p f S\d7` nuS ZsSVf��DSV^7as^k`(b�_\^7Xc_\X7X7]�`K]��Vab(�DasZ `KU(_\W�^7SV]Yb(a _NU(a oVaQ^7asU(_N`KaQX%`(S�a �m_\f�]r^7ai`Kl7a p bea S\d + _Nh�SVU "�WY`(asUe]r^7o d*S\U ^7SV]Yb(ab p �7�7U(aQb(be]rSV^ _\^7X�`(l7a b(aQ��_\U(_N`K]YSV^�]r^k`KScX7] l asUeas^k`�ZsSVf��DSV^7as^k`(b x ��l7a1_\ZQZ p U(_\Zs]Yasb�S\d`Klma.�m]��[asW�n�]rb(a ) _\^7X h7WYS[Z('kn�]rbea1WrSRZg_\WDn _g�VaQ^ p f hDasU _NU(a1ZsSVf���_\UeasX x
5���� q��	��

�����?��

��l7a `KaQbe`i]rf�_\oVaQb�_\U(a f�SRX7asWYasX�n�]Y`(l Ueasok_NU(X%`KS�`Kl7a�b p ��aQU(�DSVb(]�`K]YSV^�S\dv` nuS3n _g�VaZsS\f��DSV^7aQ^q`(b x L _\Z'l S\d�`(l7a ZsSVf���S\^7as^k`Kb ]rb _N^ _\f��7Wr]�` p Xma�);_N^7X �7l7_\b(a ) f�S[X p W _N`(asXZsS\f��7WYa �4) �N_\W p asX d p ^7ZQ`(]rSV^3S\d8`Kl7a�d*SVUef

�� wF�����mz � >�
����� � � wF��� �7z 	������ 
 ��� ��� % w 2 x $ z

� � � � � � �! � ��� � �&�  � � � � � � � w 2 x { z
_\^7X3`Klma.�ml�_\b(a1S\d _ n _g�\acZsS\f��DSV^7aQ^q`�]Yb�oV]Y�\as^3hkj"

� �
" � � �# ����� � �&�  � � � � ���  $

{ � ��� ��� � �&� >  ��� � � � �&� �  $
{ � � � � � � � � > % w 2 x � z

��l7a�WYS[Zs_\W7) n _g�VaQ^ p f hDasU �VaQZQ`(SVU�S\d"_ SV^7a�) ZsSVf��DSV^7as^k`�]Yf _\o\a ]rbcZsU(as_N`KaQX hkjT`Kl7ab(�7_N`K]r_\W oVU(_\X7]raQ^k`�S\d `(l7a1�7l�_\beasb$"
�



��&%'�
� �)(+* " � � ��

�! -,�� �
�. % w 2 x0/qz

��l7a1f�_N`KUe]��

,�� �21 ��� ��� � ��� � � ���� � �
�
� � � �

�43 w 2 x��Vz
X7aQb(ZsUe]rhDasb"_ Wr]r^mag_\U be��_N`(] _\W �N_\Ue] _N`(]rSV^ S\d `(l7a1WrSRZg_\W0) nv_g�Vas^ p fch�aQU �VasZ `KSVU x� ^ `Klma b(�DasZ `KUK_NW7X7SVf�_\]r^ ! _\XmX7]Y`(]Y�Va p ^7ZsS\U(U(aQW _N`(asX n�l7]�`Ka + _ p b(b(]r_\^ ^7SV]Yb(au]rb�_\�m�7Wr]YasX`KS `(l7a�n _g�VaiZsSVf��DSV^7as^k`(b 


�5 w 
 z � �5 * w 
 z  �5�6 w 
 z+� w 2 x Q z
n�l7aQU(a �5 * ]rbc`(l7a�b(]YoV^�_\W ! X7aE"7^7asX hkj w 2 x $ z�! w 2 x { z ! w 2 x � z _\^7X w 2 x��Vz ! _\^7X �5�6 ]rb
`Klma b(�DasZ `KU(_\Wu^mSV]rbea x �5�6 ]Ybc_ ZsSVf��7WYa �4) �N_\W p asXTUK_\^7XmSVf �N_\U(]r_\h7Wra x ��l7a Ueag_\Wu_\^7X]rf�_\oV]Y^�_\U�j���_\Ue`(b8_\U(a + _ p beb(] _N^.Xm]rbe`(U(]Yh p `KaQX n�]Y`(l.f�ag_N^ � _\^mX.b�`'_\^mX�_\U(X.X7a �[]r_N`K]YSV^= 6 x
5��87 9;:=<>:@?A�B�#�C<EDF�B�G�>��
IH�J
��l7a"��_\UK_Nf�a `KasUebvS\d `Kl7a 3 _\Ue`(asb(]r_\^ oVUe]rX�S\dI`Klma"`KaQbe`v]rf�_\oVasb _\Ueaybe��aQZs]#"7asX ]Y^ � _\h x� x � ^ � _\h x � `(l7a�` nvS.ZsSVf��DSV^7as^k`(bu_NU(a�b(�DasZQ]#"�aQX x ��l7a ��_\U(_\f�a `KaQU(b�S\dD`Kl7a + _\hDSVU"�W�`KasUeb p beasX�d*SVU `Kl7a�beasWraQZQ`(]rSV^ SNdI`Kl7ay` nuS ZsS\f��DSV^7aQ^q`(b�_\U(a"oV]Y�\as^�]Y^ � _Nh x P x ��l7a^7SV]Yb(a�WYaQ�VaQWI]rb�b(a `�`KS = 6 � � % � $ x



� � ��� � � � � � ��� �q�[]

� _\hmWra � 
�1[�DasZQ]#"�Zs_N`K]YSV^3S\d `(l7a 3 _\Ue`(asbe] _\^3oVUe]rX3S\d8`Kl7a�`KaQbe` ]rf�_\oVaQb x
� � { � Q� � $
� { � Q
��� { � Q� � $
� { � Q

� _\hmWra � 
�1[�DasZQ]#"�Zs_N`K]YSV^3S\d8`Kl7a�` nuS�ZQSVf��DSV^7aQ^k`Kb S\d `(l7a�`KaQbe` ]rf�_\oVaQb x
� _NUK_\f�aQ`(asU 3 $ 3 {� $ � x��� � � �� � � �" � � �
��� � �
�
� �8//� t �8//���� �

�8/ $ Q �/� �8/ $&Q � ����
�

� �
�
��� �8/ �k{/�/� �8/ �V{/� �

� _\h7WYaEP 
�1[�DasZs]7"�Zg_F`K]rS\^ SNd `(l7a�` nvS + _Nh�SVU+"7WY`KaQU(b x
� _NUK_\f�aQ`(asU + $ + {���
�

� �
�
� � �8//� t �8//�= ���

� x � � / � x � � /= ���
� x $ / $ � x $ / $

� ��� ���

5��
	 � ��� J#�AD"�����I<>�CJ!J���� 

� S\^7a�) ZsSVf���S\^7as^k`�`(asbe`�]rf�_\oVa w � > � � z ]Yb p beasX `KS Xmasf�SV^7be`(UK_N`(av`Klma ^7asZQasbeb(]Y` jid*SVU^7SV]Yb(a b p �7�7Ueasbeb(]rS\^%d*S\UyWrSRZg_NW7) nv_g�VaQ^ p f h�aQU asb�`K]Yf _N`(]rSV^ w beasa-2 ]Yo x�� P z x ��l7a WrSRZg_NWnv_@�\as^ p f hDasU1]Yb h7WrSRZ('kn�]rbea asb�`K]rf�_N`(asX p be]r^7o3_�n�]Y^7X7S@n�S\d ) ��� � � $ Q �m]��[asWYb�_\^7X
)
� � � � $&Qc�7]��[aQWrb x 2=S\Uu`Klmay^7SV]Yb(aQWrasbebv`KaQbe`�]Yf _NoVa ! _cf�_\� SNd;WrSRZg_\W�nv_@�\as^ p f hDasUeb�]rbasb�`K]Yf _N`(asX ! _\^7X2`(l7a WYS[Zs_\WIn _g�VaQWraQ^7o\`Klmbi_NU(acS@�\asU(Wr_gjVasX%SV^ `(l7a �7l7_\b(a ]Yf _NoVa x � S`Klmac`KaQbe`�]Yf _\o\ac_ ^7S\]rb(ai��aQX7asb�`'_\W n�]Y`Kl _ be`'_N^7X�_\UeX�X7aQ�R] _F`K]rS\^2S\d = 6 � � % � $cnv_\b_\X7XmasX � `Kl7]Yb ZsSVUeU(aQb(�DSV^7X7b `KS%_ be]roV^7_\W7) `KS�) ^7SV]rbea�UK_N`(]rS S\d $ x � � � w `KSN`'_\Wub(]ro\^�_\W7) `KS�)^7SV]Yb(a U(_N`K]YS z SVUHQ / w f _F�[]Yf p f b(]YoV^�_\W0) `KS	) ^7SV]Yb(a1UK_F`K]rS z x � `�`(l7]rb �DS@nvaQU�UK_N`(]rS�`Kl7aWrSRZg_NW7) nv_g�VaQ^ p f h�aQUcaQbe`K]Yf _F`K]rS\^Td5_\]YWrb x ��l7a3_\�7�7WY]raQX + _Nh�SVU "�WY`(asUi]rb _\X7_\�m`KaQX `KS



� � ��� � � � � � ��� �q�m]Y]

`Klmach�_\^mXmn�]rXm`(l�S\d�`(l7a oVWYSVh�_\W;]rf�_\oVa1be��aQZQ`KU p f x�� l7aQ^ + _\hDSVU6"�WY`(asUeb _\Uea p beasX !`Klma"^7S\]rb(a�WYaQ�VaQW=]rb X7asZQU(ag_Nb(asX b(]ro\^7]#"�Zs_\^k`KW�j x ��lma"^7S\]rb(a U(aQX p Z `K]rS\^ _\WYWrS@n�b�`Kl7a WrSRZg_NWnv_@�\as^ p f hDasUeb"`(S�hDa1asb�`K]rf�_N`(asX x
5���� DF��� ��� �>��� 
 �	� 3 
I��

� � ? ����
I� 
 �C��?A:=H �CJ
�8S�SVhm`'_N]r^ aQbe`K]Yf _F`Kasb�S\d1`Kl7a2WrSRZg_\W0) nv_@�\as^ p f hDasU��VasZ `KSVU `(l7a f p WY`K]0) ZQSVf��DSV^7aQ^k`]rf�_\oVa�l�_Nbv`KS beas��_NUK_N`(asX3]r^k`KSiSV^7a ) ZsS\f��DSV^7aQ^q` ]rf�_\oVasb x � ^@2 ]Yo x P � `Kl7aybejR^k`Kl7aQb(]rbS\d _�ZsS\f��7WYa �4) �N_\W p asX3` nuS�) ZQSVf��DSV^7aQ^k` ]rf�_\oVa d*UeSVf ` nuS SV^7a ) ZsS\f��DSV^7aQ^q`"]rf�_\oVaQbn�]Y`(l _\^ _\f��mWr]Y` p X7a U(_N`K]YS�S\d { G1$ ]YbiXmasf�SV^7be`(UK_N`(asX x�� S\`(l ZsS\f��DSV^7aQ^q`(b _\Uea�bea�)WraQZQ`(asX p b(]r^mo��1_\h�S\U6"7WY`KaQU(b�n�l7]rZ'l _\U(ai_\X�_\�[`KasX�`KS�`Kl7aih�_\^7Xmn�]�`Kl7b"S\d `(l7aco\WrSVh�_NW]rf�_\oVayb(�DasZQ`(U p f w b(aQa�2 ]ro x P1$ z x
5���� �������I<>:���� �	���-���	:���
! :�" � 
��
?$# � <�%;JG����? : �>����

��l7a ^mSV]rb�jTS\^7a�) ZsSVf���S\^7as^k`c`(asb�` ]rf�_\oVaQb w � > � � z ! _Nd~`(asUc^mSV]rbea b p �7�7U(aQb(be]rSV^ hkj�1_\h�S\U "�WY`(asUe]r^7o ! _NU(a p beasXT`(S3ZsSVf���_\Uea `Kl7a�_\ZQZ p U(_\ZQj%S\d `Klma��m]��[asW�n�]rb(a�_N^7X�`Kl7ah7WYS[Z('kn�]rbea1WrSRZg_\W0) nv_@�\as^ p f hDasU�aQbe`(]rf�_N`K]YSV^�f�a `Kl7SRX w n�]�`Kl h7WrSRZ(' b(]#<saQb SNd / �7]��[aQWrb5 / �7]��[aQWrb _N^7X $ Q �7]��[asWYb 5 $ Q2�7] �[asWrb z x � ^ 2 ]ro x P { b(Zs_N`(`(asUcXm] _\oVU(_\f�biS\dv`Kl7a
asb�`K]Yf _N`(asX �VasUeb p b�`(l7aca �7_NZQ` nv_g�Vas^ p fch�aQU(b._\U(aioV]Y�\as^ ! _\^7X ]Y^ 2 ]Yo x P � _\h7beSVW p `KaasUeU(SVUeb S\d�`(l7a asb�`K]Yf _N`(asX2nv_g�VaQ^ p f h�aQU(b._\Uea �7U(aQb(aQ^q`(asX x /"be]r^7o _ h7WrSRZ(' b(]=<Qa S\d /�7] �maQWrb 5 / �7]��[aQWrb ! `(l7a�_\ZQZ p U(_\ZQj�]Yb ^7S\` ]rf��7U(S@�VaQX�]r^ Ueasok_NU(X `KS `(l7a��7] �maQWYn�]Yb(aZg_NWrZ p W _N`(]rSV^ x / b(]r^mo _%h7WrSRZ(' be]=<sa S\d�$ Q �m]��[asWYb 5 $ Q%�7] �maQWrb ! `Klma nv_g�Vas^ p fch�aQUU(aQb(SVW p `K]YSV^ ]YbcaQ^7l�_\^7ZQasX hkj _ d5_\ZQ`(SVUchDaQ` nuasaQ^ � _N^7X / ! _N`i`Kl7a a �[��aQ^7b(a�SNd�`Kl7ab(�7_N`K]r_\W;U(asbeSVW p `K]rS\^ x � ^2`Klmacb(Zs_N`(`(asU"X7] _\o\UK_\f�b w b(aQa 2 ]Yo x P { z ]Y` Zs_\^ hDacb(aQas^ `(l�_N`_N`�`KlmacasXmoVasb"S\d `(l7a.`(asb�` ]rf�_\oVa�b�jRbe`KaQf _F`K]rZ.asUeU(SVUeb"SRZsZ p U X p ai`(S�aQX7oVaia'&�asZQ`(byS\d`Klma(�1_\hDSVU,"�W�`KaQU(]r^mo x



� � ��� � � � � � ��� �q�[]r]Y]

R Ψ
phase of wave 1

0 50 100 150 200 250
x [pix]

0

50

100

150

200

250

y 
[p

ix
]

a0
 =

  1
.0

00
E

+
00

   
ax

 =
  0

.0
00

E
+

00
   

ay
 =

  0
.0

00
E

+
00

   
ph

i0
 =

  0
.0

00
E

+
00

   
kx

 =
  0

.0
00

E
+

00
   

ky
 =

  3
.9

27
E

−
01

   
kx

x 
=

  1
.9

63
E

−
03

 
 
 k

xy
 =

  0
.0

00
E

+
00

   
ky

y 
=

  9
.8

17
E

−
04

N
x 

=
  2

56
   

N
y 

=
  2

56
   

X
 =

  2
.5

6E
+

02
 m

   
Y

 =
  2

.5
6E

+
02

 m
−3.142E+00  3.142E+00

linear scale

spectral power

−0.4 −0.2 −0.0 0.2 0.4
kx [rad/pix]

0.0

0.2

0.4

0.6

0.8

1.0

ky
 [r

ad
/p

ix
]

kx
m

 =
  0

.0
00

E
+

00
   

ky
m

 =
  3

.9
27

E
−

01
   

dx
x 

=
  8

.0
00

E
+

00
   

dx
y 

=
  0

.0
00

E
+

00
   

dy
y 

=
  5

.0
00

E
+

01
N

x 
=

 2
56

   
dx

 =
  1

.0
00

E
+

00
   

N
y 

=
 2

56
   

dy
 =

  1
.0

00
E

+
00

−4.005E+01 −2.005E+01

log. scale

phase of noisy image

0 50 100 150 200 250
x [pix]

0

50

100

150

200

250

y 
[p

ix
]

N
x 

=
  2

56
   

N
y 

=
  2

56
   

X
 =

  2
.5

6E
+

02
 m

   
Y

 =
  2

.5
6E

+
02

 m
   

−3.142E+00  3.142E+00
linear scale

spectral power

−0.4 −0.2 −0.0 0.2 0.4
kx [rad/pix]

0.0

0.2

0.4

0.6

0.8

1.0

ky
 [r

ad
/p

ix
]

kx
m

 =
  0

.0
00

E
+

00
   

ky
m

 =
  3

.9
27

E
−

01
   

dx
x 

=
  8

.0
00

E
+

00
   

dx
y 

=
  0

.0
00

E
+

00
   

dy
y 

=
  5

.0
00

E
+

01
N

x 
=

 2
56

   
dx

 =
  1

.0
00

E
+

00
   

N
y 

=
 2

56
   

dy
 =

  1
.0

00
E

+
00

−3.884E+01 −1.884E+01

log. scale

phase of Gabor filtered wave image

0 50 100 150 200 250
x [pix]

0

50

100

150

200

250

y 
[p

ix
]

N
x 

=
  2

56
   

N
y 

=
  2

56
   

X
 =

  2
.5

6E
+

02
 m

   
Y

 =
  2

.5
6E

+
02

 m

−3.142E+00  3.142E+00
linear scale

Gabor filtered spectral power

−0.4 −0.2 −0.0 0.2 0.4
kx [rad/pix]

0.0

0.2

0.4

0.6

0.8

1.0

ky
 [r

ad
/p

ix
]

kx
m

 =
  0

.0
00

E
+

00
   

ky
m

 =
  3

.9
27

E
−

01
   

dx
x 

=
  8

.0
00

E
+

00
   

dx
y 

=
  0

.0
00

E
+

00
   

dy
y 

=
  5

.0
00

E
+

01
N

x 
=

 2
56

   
dx

 =
  1

.0
00

E
+

00
   

N
y 

=
 2

56
   

dy
 =

  1
.0

00
E

+
00

−3.884E+01 −1.884E+01

log. scale

2 ]Yo p U(a � P 
�� SV]rbeayUeasX p Z `K]YSV^ p b(]Y^7o _ �1_\hDSVU "7WY`KaQU x�� aQd~` 
��7l�_Nb(a�S\dI`(l7a�ZsSVf��7WYa �4)�N_\W p asX�]rf�_\oVaQb ! n�]�`Kl�WrSRZg_\WRn _g�\asWraQ^7o\`(l7buS@�\asU(Wr_gjVasX �[Ue]roVlk` 
8oVWYSVh�_\W[]rf�_\oVa be��aQZQ`KU(_ x�8SV��
�^7SV]Yb(aQWrasbebv`KaQbe`�]Yf _\o\a��RZsas^k`(asU 
 ^7S\]rbej�`KaQbe`�]Yf _\o\a��Rh�S\`e`KSVf%
 `(asbe`�]Yf _NoVa n�]�`Kl
`Klma.^mSV]rbea�U(asf�S@�VaQX x



� � ��� � � � � � ��� �q�m]��

R Ψ
phase of wave 1

0 50 100 150 200 250
x [pix]

0

50

100

150

200

250

y 
[p

ix
]

a0
 =

  1
.0

00
E

+
00

   
ax

 =
  0

.0
00

E
+

00
   

ay
 =

  0
.0

00
E

+
00

   
ph

i0
 =

  0
.0

00
E

+
00

   
kx

 =
  0

.0
00

E
+

00
   

ky
 =

  3
.9

27
E

−
01

   
kx

x 
=

  1
.9

63
E

−
03

 
 
 k

xy
 =

  0
.0

00
E

+
00

   
ky

y 
=

  9
.8

17
E

−
04

N
x 

=
  2

56
   

N
y 

=
  2

56
   

X
 =

  2
.5

6E
+

02
 m

   
Y

 =
  2

.5
6E

+
02

 m

−3.142E+00  3.142E+00
linear scale

phase of wave 2

0 50 100 150 200 250
x [pix]

0

50

100

150

200

250

y 
[p

ix
]

a0
 =

  5
.0

00
E

−
01

   
ax

 =
  0

.0
00

E
+

00
   

ay
 =

  0
.0

00
E

+
00

   
ph

i0
 =

  0
.0

00
E

+
00

   
kx

 =
  0

.0
00

E
+

00
   

ky
 =

 −
3.

92
7E

−
01

   
kx

x 
=

  1
.9

63
E

−
03

 
 
 k

xy
 =

  0
.0

00
E

+
00

   
ky

y 
=

  9
.8

17
E

−
04

N
x 

=
  2

56
   

N
y 

=
  2

56
   

X
 =

  2
.5

6E
+

02
 m

   
Y

 =
  2

.5
6E

+
02

 m

−3.142E+00  3.142E+00
linear scale

phase of wave 2

0 50 100 150 200 250
x [pix]

0

50

100

150

200

250

y 
[p

ix
]

N
x 

=
  2

56
   

N
y 

=
  2

56
   

X
 =

  2
.5

6E
+

02
 m

   
Y

 =
  2

.5
6E

+
02

 m
   

−3.142E+00  3.142E+00
linear scale

spectral power

−0.4 −0.2 −0.0 0.2 0.4
kx [rad/m]

−0.4

−0.2

−0.0

0.2

0.4

ky
 [r

ad
/m

]

kx
m

 =
  0

.0
00

E
+

00
   

ky
m

 =
  3

.9
27

E
−

01
   

dx
x 

=
  8

.0
00

E
+

00
   

dx
y 

=
  0

.0
00

E
+

00
   

dy
y 

=
  5

.0
00

E
+

01
N

x 
=

 2
56

   
dx

 =
  1

.0
00

E
+

00
   

N
y 

=
 2

56
   

dy
 =

  1
.0

00
E

+
00

−4.005E+01 −2.005E+01

log. scale

spectral power

−0.4 −0.2 −0.0 0.2 0.4
kx [rad/m]

−0.4

−0.2

−0.0

0.2

0.4

ky
 [r

ad
/m

]

kx
m

 =
  0

.0
00

E
+

00
   

ky
m

 =
  3

.9
27

E
−

01
   

dx
x 

=
  8

.0
00

E
+

00
   

dx
y 

=
  0

.0
00

E
+

00
   

dy
y 

=
  5

.0
00

E
+

01
N

x 
=

 2
56

   
dx

 =
  1

.0
00

E
+

00
   

N
y 

=
 2

56
   

dy
 =

  1
.0

00
E

+
00

−4.007E+01 −2.007E+01

log. scale

spectral power

−0.4 −0.2 −0.0 0.2 0.4
kx [rad/m]

−0.4

−0.2

−0.0

0.2

0.4

ky
 [r

ad
/m

]

kx
m

 =
  0

.0
00

E
+

00
   

ky
m

 =
  3

.9
27

E
−

01
   

dx
x 

=
  8

.0
00

E
+

00
   

dx
y 

=
  0

.0
00

E
+

00
   

dy
y 

=
  5

.0
00

E
+

01
N

x 
=

 2
56

   
dx

 =
  1

.0
00

E
+

00
   

N
y 

=
 2

56
   

dy
 =

  1
.0

00
E

+
00

−4.005E+01 −2.005E+01

log. scale

2 ]Yo p U(a P � 
 1RjR^k`Klmasb(]Yb S\d _1` nuS�) ZQSVf���SV^mas^k`v]Yf _NoVa x � aQd~` 
 �7l�_\bea"S\d `Kl7a ZsSVf��7WYa �4)�N_\W p asX�]rf�_\oVaQb ! n�]�`Kl�S@�VasUeW _gjVaQX�WYS[Zs_\W[nv_g�VaQWras^mo\`Kl7b��mUe]roVlk` 
8oVWYSVh�_\W[]rf�_\oVa be��aQZQ`KU(_ x�8SV��
�"7U(be`iZsS\f��DSV^7aQ^q`���ZsaQ^k`KasUE
 b(aQZsSV^mX ZsSVf��DSV^7as^k`���h�SN`(`KS\f 
�`Klma�b�j[^k`(l7asbe]=<saQX
` nuS�) ZQSVf��DSV^7aQ^k`"]Yf _NoVa x



� � ��� � � � � � ��� �q�R�

R Ψ
phase of Gabor filtered wave image

0 50 100 150 200 250
x [pix]

0

50

100

150

200

250

y 
[p

ix
]

N
x 

=
  2

56
   

N
y 

=
  2

56
   

X
 =

  2
.5

6E
+

02
 m

   
Y

 =
  2

.5
6E

+
02

 m

−3.142E+00  3.142E+00
linear scale

phase of Gabor filtered wave image

0 50 100 150 200 250
x [pix]

0

50

100

150

200

250

y 
[p

ix
]

N
x 

=
  2

56
   

N
y 

=
  2

56
   

X
 =

  2
.5

6E
+

02
 m

   
Y

 =
  2

.5
6E

+
02

 m

−3.142E+00  3.142E+00
linear scale

Gabor filtered spectral power

−0.4 −0.2 −0.0 0.2 0.4
kx [rad/m]

−0.4

−0.2

−0.0

0.2

0.4

ky
 [r

ad
/m

]

kx
m

 =
  0

.0
00

E
+

00
   

ky
m

 =
  3

.9
27

E
−

01
   

dx
x 

=
  8

.0
00

E
+

00
   

dx
y 

=
  0

.0
00

E
+

00
   

dy
y 

=
  5

.0
00

E
+

01
N

x 
=

 2
56

   
dx

 =
  1

.0
00

E
+

00
   

N
y 

=
 2

56
   

dy
 =

  1
.0

00
E

+
00

−4.007E+01 −2.007E+01

log. scale

Gabor filtered spectral power

−0.4 −0.2 −0.0 0.2 0.4
kx [rad/m]

−0.4

−0.2

−0.0

0.2

0.4

ky
 [r

ad
/m

]

kx
m

 =
  0

.0
00

E
+

00
   

ky
m

 =
 −

3.
92

7E
−

01
   

dx
x 

=
  8

.0
00

E
+

00
   

dx
y 

=
  0

.0
00

E
+

00
   

dy
y 

=
  5

.0
00

E
+

01
N

x 
=

 2
56

   
dx

 =
  1

.0
00

E
+

00
   

N
y 

=
 2

56
   

dy
 =

  1
.0

00
E

+
00

−4.005E+01 −2.005E+01

log. scale

2 ]Yo p U(a2P $ 
�1[aQWraQZQ`K]YSV^�S\d8b(]Y^7oVWYa ZsSVf��DSV^7as^k`(b x � aQd~` 
��ml�_\b(aQb�S\d;`Kl7a�beasWraQZQ`(asX ZsSVf )�DSV^7as^k`(b ! n�]Y`(l�S@�\asU(Wr_gjVasX�WrSRZg_NW[nv_@�\asWYas^7o\`(l7b��RU(]YoVlk` 
 �._Nh�SVU "�WY`(asU(aQX�oVWrSVh7_\W[]Yf _NoVab(�DasZ `KU(_ x � SV� 
 beasWYasZQ`(asX@"�U(b�` ZsSVf���S\^7as^k` ��hDS\`e`KSVf%
�b(aQZsSV^mX2ZsS\f��DSV^7aQ^q` x



� � ��� � � � � � ��� �q�[�R]

−0.40 −0.24 −0.08 0.08 0.24 0.40
local wavenumber kx [rad/pixel]

−0.40

−0.24

−0.08

0.08

0.24

0.40

ca
lc

. w
av

en
um

be
r 

kx
 [p

ix
el

]

0.20 0.28 0.36 0.44 0.52 0.60
local wavenumber ky [rad/pixel]

0.20

0.28

0.36

0.44

0.52

0.60

ca
lc

. w
av

en
um

be
r 

ky
 [

ra
d/

pi
xe

l]

−0.40 −0.24 −0.08 0.08 0.24 0.40
local wavenumber kx [rad/pixel]

−0.40

−0.24

−0.08

0.08

0.24

0.40

fit
te

d 
w

av
en

um
be

r 
kx

 [r
ad

/p
ix

el
]

0.20 0.28 0.36 0.44 0.52 0.60
local wavenumber ky [rad/pixel]

0.20

0.28

0.36

0.44

0.52

0.60

fi
tt

ed
 w

av
en

um
be

r 
ky

 [
ra

d/
pi

xe
l]

−0.40 −0.24 −0.08 0.08 0.24 0.40
local wavenumber kx [rad/pixel]

−0.40

−0.24

−0.08

0.08

0.24

0.40

fit
te

d 
w

av
en

um
be

r 
kx

 [r
ad

/p
ix

el
]

0.20 0.28 0.36 0.44 0.52 0.60
local wavenumber ky [rad/pixel]

0.20

0.28

0.36

0.44

0.52

0.60

fi
tt

ed
 w

av
en

um
be

r 
ky

 [
ra

d/
pi

xe
l]

2 ]Yo p U(a P { 
�1[Zs_N`(`(asU�X7] _\o\UK_\f�b S\d `(l7a2_NZsZ p UK_\Z j SNd�WrSRZg_\W0) nv_g�Vas^ p fch�aQU�aQbe`(]rf�_	)`K]YSV^�
 Zg_\WYZ p Wr_N`KaQXBn _g�\as^ p f hDasUT_\b%_ d p ^7Z `K]YSV^ S\d�a �m_\Z ` nv_g�VaQ^ p f h�aQU x �
aQd~` 


nv_@�\as^ p f hDasU�) �\asZQ`(SVU�ZsSVf��DSV^7as^k` ��� �mUe]roVlk` 
 n _g�VaQ^ p f hDasU?) �VaQZQ`KS\U�ZsSVf���S\^7as^k` �
�Nx�8SV��
��7]��[aQWYn�]rbea aQbe`K]Yf _F`K]rS\^ ��ZsaQ^k`KasUE
�hmWrSRZ('qn�]Yb(a aQbe`(]rf�_N`K]YSV^ n�]�`Kl hmWrSRZ(' be]=<Qasb /�7] �maQWrb 5 / �7] �maQWrb w ZQas^k`KaQU z ��h�S\`e`KSVf%
�$ Q �7] �maQWrb 5 $ Q �7] �[asWrb x



� � ��� � � � � � ��� �q�R�R]r]
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S(ξ) t =   0.00 s − 10.20 slope gauge sg (______): −5.03 slope opt so (− − −): = −3.30beta_k:  0.87
IDW: /net/gmssun8/export/home/senet/daten/ced/sonden/data/al10011.p4
IDC: /net/grhsun2/export/home/seemann/TsaiModel/pro/daten/ced/faaaf/_c/cfaaaf_s0.pspec_om
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S(ξ) t =   0.00 s − 10.20 slope gauge sg (______): −4.16 slope opt so (− − −): = −4.47beta_k: −0.16
IDW: /net/gmssun8/export/home/senet/daten/ced/sonden/data/al20011.p4
IDC: /export/home/senet/pro_bib/Calibration/cfaada_s0.pspec_om

1 10 100
frequency [rad*Hz]

10
−6

10
−5

10
−4

10
−3

10
−2

10
−1

10
0

sp
ec

tr
al

 d
en

si
ty

 [m
*m

/H
z]

S(ξ) t =   0.00 s − 10.20 slope gauge sg (______): −5.03 slope opt so (− − −): = −2.62beta_k:  1.21
IDW: /net/gmssun8/export/home/senet/daten/ced/sonden/data/al10011.p4
IDC: /net/grhsun2/export/home/seemann/TsaiModel/pro/daten/ced/faaaf/_c/cfaaaf_s7.pspec_om
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S(ξ) t =   0.00 s − 10.20 slope gauge sg (______): −4.16 slope opt so (− − −): = −3.83beta_k:  0.17
IDW: /net/gmssun8/export/home/senet/daten/ced/sonden/data/al20011.p4
IDC: /export/home/senet/pro_bib/Calibration/cfaada_s7.pspec_om

(____) βw = -5.03, (---) βo = -3.3, βk = 0.87 (____) βw = -4.16, (---) βo = -4.4, βk =-0.16

(____) βw = -5.03, (---) βo = -2.62, βk = 1.21 (____) βw = -4.16, (---) βo = -3.83, βk =0.17
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