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* Intro to laser speckle & prior work OXFORD
* Using laser speckle to measure MTF / PSF
* (wonky) — alternate method to calculate
brighter-fatter correlations
* Using laser speckle to get detector gain
* Looking at evolution of correlations with
Integration time
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Motivations / Contexts

UNIVERSITY OF

Laser speckle is a powerful way to OXFORD
measure sensor MTF.

Advantages for small pixel sizes (e.g. sony
IMX541, left) — no refractive optics involved, no
need to know and de-convolve those optics

Larger pixels (e.g.
10um) — can
illuminate large area
with small device, has
interesting
interactions with
brighter-fatter effect
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Background: Laser Speckle

B 'VERSITY OF

linear polariser J T XFORD

integrating

camera

square aperture

Shine a laser on a
microscopically rough
surface, pass through an
aperture and a linear
polariser. Resulting
spatial noise pattern has
known 1%t and 2" order
statistics!
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N.b. in our setup for an te2v CCD250,
we have the source moving rather
than the detector




Hardware #2
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Note the speckle pattern is static
in time, provided you can get
system vibrations low enough. In
our case that lead to e.g. changing
shutter mountings and other minor
details.




Laser Speckle: Theory
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Dainty 2 ™ Autocorrelation function! Topi-CS ln V"'“.'“ ) OXHEORD
o=\ Applied Physics

Wiener-Khintchin

Image from AR (Ax 0] TP

... | . Theorem Laser Speckle
o T T e S and Related Phenomena
4 & (%0 Editor: J.C. Dainty

Area Y [(Az/L)?1)?

F4

Power Spectral Density (PSD) R,(4x,Ay) = <J>2[1 + sinc? %’4}5 sinc? L;Iy],
L Z Z

Fig. 2.15a and b. Form of the (a) Az\* [Az Az
autocorrelation function and (b) {é’i{vx, vY) = <1>2|:5(VX, Vy) +(——) A(—— Vx) /1(—— Vy)i|
power spectral density of speckle L L L
-L/Az 0 L/ Az produced by a square scattering '

(b) . spot A(x)=1—|x| for |x|<1,
7
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Key point
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All of the party tricks that follow (and plenty more | haven’t
had time to investigate yet!) depend on this:

you don’t need to actually know the Fourier Transform, just
the power spectrum!
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Laser Speckle MTF Measurement History
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T T T T T T T
L.} 12 16 20
CYCLES/MILLIMETER

o
» 4

Fig. 6. PSD measured for speckle inside the shadow region. The
arrow indicates the spatial Nyquist frequency of 21.5 cycles/mm.

Images from Boreman et al, SPIE Op Eng 29, 1990 first Flg. & Upper curue Is the calculated MTF of the detector aray. The
demonstrated attempted MTF measurement via laser speckle and e polynomiaiit o the normafized output PSD of the speckle from
taking the power spectral density TF for Slectrim ELC 1000 Camers  Horizantal Directin
e, T T wmeemeee 1 Later, Sensiper, Boreman et al (1992)
Lo N T . developed this method =TT
Tol N o : Further using spaced slit aperturex |, i
Ta 1y 1 This has a known cutoff frequency, By = o=
1.0 ""*lk\\ X 1 moving the aperture along the orrﬂc axls "
; R 1 MTF can be reconstructed . |
Images fro Yo @ o w_ __w w» Similar to our new method but W|th less
Sensiper, Boremran- @%@401 aperture Figure 6. MTE of lectrm camera aray ssing ose spekle and sytem Statistical power
(1 992) with sine targets vs system MTF as an array MTF times lens MTF.
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Past Work (2)

Chen et al (2008) did a very impressive measurement of VT

! \ | speckle MTF and compared with slanted edge projection OXFORD

on a 2.2um pitch sensor.

08| ) _
\,\%
o7} \\\ 1 However, to get this measurement beyond Nyquist
os| K,M 1 they had to oversample the speckle by moving the
E os| \-.\ detector laterallv hv half a nivalll
=
1 - T T T T T T T T
o4r i " —Measured PSD with a
oal | 0.9 '\' 2.2um pixel size sensor &
2 P Measured sensor MTF using speckle method b, N —. , Theoretical calculation
02k ___ Fitted sensor MTF from measured sensor MTF data| 0.8l ‘-\ of PSD 1
’ using speckle method g < e Theoretical PSD *Measured
01k Measured sensor MTF using slanted edge method | | o7l 2 2.2um pixel size sensor MTF? i
% 10 20 20 50 ) 70 30 0.6 -

30
Spatial frequency (cys/mm)

Chen et al method is highly sensitive to the accuracy of these
lateral stage movements. 0.4}
Also it requires an incredibly vibration stable speckle pattern
(the exact same pattern must be imaged 4 times to get the

oversampling) 0.2}
It has the major advantage that only one projection distance is

S

o

tn
T

0.3

01 E
needed to reconstruct the full MTF N,
All above methods require pixel size to be known o 20 20 o0 20 T T s T s T~
beforehand! Spatial frequency (cys/mm)
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Laser Speckle MTF. Some improvements
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* You know the shape of the PSD that
entered the sensor (at least in the
windowless case!), except for the cutoff

- frequency
0 10 20 30 40 o 10 20 3 4 * You can use the constraints of parseval’s
b ©z=sesmm | 1% (d) 7 =943 mm theorem to normalise the power spectral
_ s < e || % % TSl density, and from there, a highly
i constrained fit can determine the cutoff
k; My frequency.
g - * You can now use any type ‘of /Il
S P B PE S— deconvolution to remove tf?@f‘lﬁbut g@ﬁa
O ey 0 O e and the result is the squar@@fﬂhe Mﬂ:
mﬁgﬁ Faf s
n=s
S i =s
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= fit (A =450nm horizontal)
—-= fit (A =450nm vertical)
=== fit (A =535nm horizontal)
—-= fit (A =535nm vertical)
® A =450nm, horizontal
X A =450nm, vertical
¢
X

101

A =535nm, horizontal
A =535nm, vertical

1/(vcp) (pixel)

T T T T T T T T T
25 50 4 100 125 150 175 200 225

Z' (mm)
| direction | A (nm) | fitted gradient (m™') | zoger (mm) | p (pm)
horizontal 450 (39.2£0.1) (9.9+£0.4) | (2.80£0.01)
vertical 450 ( 319.7+£0.1) (7.5+£0.3) | (2.76 £0.02)
horizontal 535 (46.3 £0.2) (9.0£0.4) | (2.82+0.01)
vertical 535 (46.7+=0.2) (T.7£03) | (2.79£0.02)
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The theory says that the cutoff frequency
depends reciprocally on distance, left shows fit
to 1/cutoff freq vs distance.

There are some experimental effects due to
stray light and exposure time shot noise we need
to take better account of (only basic
implementation so far), but the fit looks pretty
good

As a by product, we get an esﬁmat—e of t ﬁheJe pixel
size from this (conversion factor:ﬁ“bm rﬁ?n to 5
pixels! i '
(note nomlnal plxel S|ze |s 2. 75% )

motor distance

12




Beyond the Nyquist Limit
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1.4 4 === speckle pattern PSD v, = 0.7 2.00 .
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15 —— measured PSD v, =0.7 ° simulated input
: —— extracted aliased component PSD L1757 o e simulated alias-free measurement
""" .nqust .- A extracted alias
1.0 A : 1.50 4 ® reconstructed measurement
0.8 -
- : 1.25 -
w0 &
o .
0.6 : [a)
. v 1.00 +
. o
0.4 4 PN
N
2 0.75 A
R, 15 \
0.2 : N
. \
/ i 0.50 1
. \
0.0 - - ——
0.0 0.2 0.4 0.6 0.8 1.0 0.25 1
v (pix 71)
0.00

v (pixel1)
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Photon Transfer Curve

Ima Quadratic Fit
ge . . OXFORD
mean Conventlomal PTC Relationship between BFE
\ <y ’/ // coefficients
) .
Cij = H <5i05j0 + aijug + g [a xa-+ao b}ij (,ug)2 NOISe / Offsets

g
\ 3 *”ij
+ [2a*a*a+5a*<30b>]¢j(ﬂg>)"'_2
Camera Gain ’

S| =

Measured Covariances eyt to leading order BFE
relationships

Equation from work of Astier et al (2019) — who painstakingly worked out a
peturbative expansion to the statistical photon transfer shape in the
presence of redistributive correlations.
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Covariance Measurements: Bartlett Method

We typically determine covariances/correlations ., Vop = ~60V Vos =0V VERSITY OF
from flat field data. And then fit Astier's equation ~ w{ " XTFORD
(right, from Weatherill et al, 2020). Calculations ¢ *| =

usually done in frequency domain

2 404

20 4

Unfortunately the correlations are quite sensitive ot
to hot pixels, CTI defects etc etc. So, in Astieret
al (2019) a masking procedure consisting of
iterated sigma-clipping is described, which works =
well. We cannot sigma clip a speckle image, it ~ “w{ 4
would not work
However — there is an alternative! Note that we = .
are interested in nearby correlations only, and 001{ £ nge's i i
that from Fourier theory, the consequence of
using less data is not to reduce the resolution of - .. "
correlations, but to reduce resolution of
frequency bins... i
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Sigma clip OXFORD

& mask
- -

= c| |c] = Bartlett’s method . nvert EET
c [ [e] [ \ FFT and .

||"2 of each

St o chunk esy —
/ plit into chunks e ¢ € € average 2=y ”l._s

\ Invert FFT A= = = =
A= v n=:

3= Siwi M=a

eEEE =i e
S n=s

\ .‘S,” . =

3

X
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Covariance Measurement:
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First order statistics — (approximately) gamma

=== 0.153
0.0014 ,‘ gamma fit
i —-- gamma fit
L]
0.0012 1 5; —— 0.612
'
{ |
L
0.0010 A i tL
oy | |
= {
o { A
- 0.0008 + [ :
z |
3 [ 1
T 0.0006 - |
8 [
S |
R
0.0004 |
|
|
0.0002 A 1
v
11 \
0.0000 q =———& \

0 2000 4000 6000 8000 10000120001400016000
value (ADU)
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The distribution of the counts in 0),430)23D)
an integrated speckle pattern are
approximately gamma distributed.

Left — histograms from two
exposure times at the same
speckle projection distance, plus
gamma fits.

NOTE these are not fitsto the e=,
histograms, but MLE fitstoa 2=,
random sample of the data




Non-Gaussian Photon Transfer

gaussian vs non-gaussian transfer UNIVERSITY OF
| + mean~2/m from gamma data , . . . . OXFORD
10000 mean vs variance from PTC data  / The particular gamma distribution for
14000 4 Laser speckle pattern has an extra
Constraint. Its shape parameter is related to the
12000 L scale parameter.
&7,
41‘4;/
2 7 . .
2 100007 E You can therefore make a similar curve to mean-
S ons. ff Variance based on a combination of the fitted
/ gamma values, i.e. a gain curve
é 6000 - j{-‘
I‘,‘f- ( ]m X 10
5 e —m-—-—-
4000 A /ﬁ’{ <I> p <I>
P $ [20
2000 A & F(m)
_ /ﬁ'ﬁ plo(IO) =
o ¥ X 0 otherwise,
(I) 1O(I)OO 20(I)00 30(I)OO 4O(I)OO -a R p—

. [ - =T
image mean (ADU) e &
J
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e mean-variance (PTC)
mean-mean (gamma)
4 |
1071 :
Qx‘ )
.\‘ [ ]
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’T N [ ]
o o2 s
o v H
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° ‘
[ ]
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So far, we have not observed
brighter fatter effect on this gain
curve. We think for 2 reasons
1) one can average several
frames together to beat down
shot noise

2) brighter-fatter effelét camcmly
very weakly affect the globél ~s
shape property offtiﬂe hlst@gram




MTF vs signal...
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e Can't derive absolute MTF
easily without doing full 2D fit
of PSD. But we can look at
differences with changing light
level and cutoff frequency

* Note that the criticism

sometimes made of flat field

measurements is that
brighter-fatter may depend on
contrast — speckle patterns

sample over contrast ratios VBB =0V VBB = 'GOVeE,,, _
too! a=y M=
* Philosophical question — is AU s e nes
brighter-fatter fundamentally a See proceeding for details! =) . =
filtering process ( multiply S: S nss
PSD) or a noise process (add =il ny l::':j
to PSD), or both? S 3
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Summary

Laser speckle has some
interesting possibilities for
detector calibration (known for a
long time)

We introduced some
Improvements to a previous
MTF measurement method
Detector gain can be obtained
from first-order statistics fits to
speckle patterns

Hardware requirements may be
favourable in some cases
Working towards accurately
obtaining brighter-fatter a_ij
from speckle PTC data

freepan [L]
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Backup — aperture shape / orientation
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1000 2000 3000 4000 0 1000 2000 3000 4000
e, psd plots
: . —e— 6=30deg
- &1 l" 6 = Odeg
1D welch PSD is affected Say | N
By rotation of the aperture I :
Q2 ‘ n ‘;j‘ =
Top row of plots are magnitude of | | NN | 7
2D fourier transform of images i o s s = oy 211
Vpix (piX 4 )
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Backup — CTI correction

exponential fit h UHIVERSITY OF
i ’ e = B
165 ® 4 =51kDN E 0.50 1 . «\ OXFORD
160 A ;1 =103KkDN % 0.45 - Y f
> ® raw
<
155 1 ~0.40 corrected V
150 T T T T T
0.10
145 4 A
2 ¥ Z &
a 10 2 0.05 A Sy
3 s
R = _/
= & 0.00 emsisimnamtsa i mo o=
25 1
— T T T T T
4 Z
20 a2 200 A
10 - £ 100 — ’ —
£ 100 2= —
i £ = . S
g === ”, :” = M=e
U T T T 4; O T T T T T T 3 ey j:;lu " ']”fa
0 10 20 = 2 4 6 8 10 12 — ”' Siw s M=

. Hn=s
mean signal p (kDN) - =
serial overscan pixel index N S ’ ’ , . h=s
Emen
I
S

Image from Weatherill et al (2020) n=r

Dan Weatherill — ISPA 2024 25




Backup — tearing correction

28500

200
28250
28000 0
27750 200
27500 A

—400
27250
27000 100 —600

Figure 2. Illustration of the phenomenon of “tearing”. Left: a region of one CCD channel after overscan correction and bias
subtraction. Image tearing in the parallel direction (vertical axis on this plot) is clearly seen. Right: the same region of the resulting
differenced image. Small time varying differences in the tearing patterns result in incomplete cancellation at the edges of the pattern.

Image from Weatherill et'3173630)" .
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o mean-variance after correction

mean-variance before correction

— median-MAD before correction

0 5000 10000 15000 20000 25000

N —
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Backup — Linearity Correction

Dan Weatherill — ISPA 2024

——— photodiode

CCD

0.0

2.5 2.0
exposure time (s)
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Image from Weatherill et al (2020)
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