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1. Overview of VERTECS

2. Issues in Telescope Wavefront
Measurement

3. Phase Diversity Wavefront
Measurement Using 3D-CNN
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1. VERTECS

Visible Extragalactic background
RadiaTion Exploration by CubeSat

' ~

Launch your ideas.

4

JAXA-SMASH

* 10cm X 20 cm X 30 cm
* Development started in 2022

 Flight model in development

Nl At

2025/11/11 AIRFRIMREVAIZRERIN 7 — 7 2 3 v 772025



1. VERTECS

Telescope: 10 cm X 10 cm X 30 cm 4-color filter

- Band-1:0.4 - 0.5 um
- Band-2: 0.5 - 0.6 um
~.y - Band-3: 0.6 - 0.7 pm

M. - Band-4:0.7 - 0.8 um

3U Bus System

CMOS: IMX533

Lens Camera module
- Pupil diameter: 35 mm

3U Mission Payload - Focal length: 70 mm, F/2
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1. VERTECS

Extragalactic Background Light

Requires Accurate Star Masking

« Stars are masked.

« Foreground light is modeled
and subtracted.

« PSF wings extending outside
the mask negatively affect the
foreground modeling.

« A PSF model is created to
remove the PSF wings as well.
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Extragalactic Background Light
Requires Accurate Star Masking *" &

« Stars are masked.

« Foreground light is modeled
and subtracted.

« PSF wings extending outside
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remove the PSF wings as well.
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Extragalactic Background Light

Requires Accurate Star Masking " ¢

« Stars are masked.

« Foreground light is modeled
and subtracted.

« PSF wings extending outside
the mask negatively affect the
foreground modeling.
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remove the PSF wings as well.
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1. Overview of VERTECS
2. Issues in Telescope

Wavefront Measurement

3. Phase Diversity Wavefront
Measurement Using 3D-CNN
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2. Telescope Wavefront Measurement
VERTECS lens: f =70 mm, F/2

a. Wavefront Measurement with a
Shack-Hartmann Sensor

b. (Conventional) Phase Diversity
Wavefront Measurement

c. 3D-CNN-Based Phase Diversity

Wavefront Measurement
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2. Telescope Wavefront Measurement

a. Wavefront Measurement with a Shack-Hartmann Sensor

Collimator -

2025/11/11 AIfRFRSMEREA

LERMT —7 3y 72025

Under oblique incidence, even a
slight alignment error introduced
coma aberration.

Limited scanning accuracy on the
image plane made it hard to
separate from real field curvature.

Since white light was used,
chromatic aberration across the
VERTECS observation bands
could not be reproduced.

Test time was limited due to the
satellite’s test schedule.
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2. Telescope Wavefront Measurement

b. (Conventional) Phase Diversity Wavefront Measurement

Input: Through-Focus Data
-1 A -0.5 A 0A +0.5 A +1 A

Hi-Res
PSF

W Binning

VERTECS
PSF
11.08 “/pix

=100 0 100

» Results were highly dependent on the initial values.
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1. Overview of VERTECS
2. Issues In Telescope Wavefront
Measurement

3. Phase Diversity
Wavefront Measurement
Using 3D-CNN
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3. 3D-CNN-Based Phase Diversity

Why Conventional Phase Diversity Failed

-1 A -0.5 A 0A +0.5 A +1 A

150

100

50

=50

-100

-150

-100 0 100 -100 100 -100 100 -100 100 -100 0 100

VERTECS PSF, 11.08 “/pixel

Limited ability to extract fine features (large pixel scale)
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3. 3D-CNN-Based Phase Diversity

Through-Focus Test Setup

Pinhole
(moving part)

+ Z <

Sensor surface
(fixed)

y [pixel]

 VERTECS has no movable mechanism for focusing.

« Through-focus test conducted by shifting the
collimator pinhole position.

« Telescope mounted on a two-axis stage to change
the incident angle.
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3. 3D-CNN-Based Phase Diversity

Through-Focus Test Results

140 -

120 H .

FM EE90 diameter [arcsec]

100 1§

---- B
->. G VERTECS available < 47.15"
R -50,um ~ -25 um

Vi \ B available
< 7

> G available

5 IR available #

-40
VERTECS position [um]
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 1pixel: 11.08 arcsec
« Required imaging performance:
EE90 diameter < 47 arcsec

. 389 315 342 386
Fisaed +1.2 +24 +24 +1.2
onon 30 -43 47 36

[um] + 6 + 6 * 4 +9

« Confirmed PSF sharper than
the requirement

* Depth of focus (with chromatic
aberration): 25 pm
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'3. 3D-CNN-Based Phase Diversity

CNN: Convolutional Neural Network

AH}

3D-CNN Output

8 Zernike

Coefficients

Edge etc.  Complex Feature Detection
Detection
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. 3D-CNN-Based Phase Diversity

-CNN Model Architecture

I n p u t (3 2 ’ 32 ’ 27 ’ 1 ) Layer: type Shape Param # conv3d_d: Conv3D o':;':“l (:‘:::’:':':’:; 21312
gaussian_noise_input: InputLayer o‘:t‘:jt I::: 3; z; ;; 3 0 batch_normalization_4: BatchNormalization ;::::“l :::: : i : i:: 512
v gaussian_noise: GaussianNoise i"w". (None, 22,32,27, 1) 0 loaky_re_ju_: LeakyReLU i"Duli. (N°"- N ]) 0
CO n VO I u ti O n 3 D conv3d_0: Cnonv3D o':“::“ (N::.sz.'zz.-n.'m 8% conv3d_2 Conv3D o:'&':“l :::: :2 :2: Sz 55360 conv3d_5: Conv3D :Z:“l (::Z : i : ::) wasss
b e  SuchNematisten b o B | | pehoomses e S0 (Ol nse B || ekt subemtn 0 sy 2
- Jeanky. re_lu_0: LeakyReLU in‘pullz: (:one. 32,32, 2;. 32) 0 > leaky_re_lu_2: LeakyReLU inpu!:‘ (:one. 16, 16, 13, 64) 0 > leaky._re_lu_5: LeakyReLU input: (None, 8, 8,6, 128) 0
CO n VO I u t I O n 3 D conv3d_1: Conv3D :::Jlx (NZ:: naaw o convid 3 Conui0 oI:I’::Jll (N::: 16,16, 13.60 0% Convio ::::m (None,8,8.6,128) 2%
. batch_normalization_1: BatchNormalization ol:t:‘:)‘l ::2: z' z' Z' z; 128 batch_ alization_3: BatchN izati ol:l.::l‘l :::: :Z: :2 :: :: 256 batch_normalization_6: BatchNormalization oI:tDp‘::l ::::' : i : :Z: 512
POO I I n g 3 D leaky_re_lu_1: LeakyReLU o'::":‘ (:::: z z Z z) 0 leaky_re_lu_3: LeakyReLU i"""“: (:me‘ 161616 leaky_re_lu_6: LeakyReLU nput: (:m‘& 861,
e | [ et [ e

. v
—
i g , 4,4, i : L2, 1, i : L 22,1,
CO nVOI Utl O n 3 D conv3d_T: Conv3D gt Wone, 4831280 0o o) conv3d_10: Conv3D nput:  (None.2.2. 1256 5559456 gobal_average_pooling3d: GlobalAveragePooiinggp "Put  (None:2.2.1.512) 4

output: (None, 4, 4, 3, 256) output:  (None, 2,2, 1,512) output: (None, 512)
i : 4,4, i : .21, i 2 3
batch_normalization _7: BatchNormalization Input:  (None, 4,4,3,256) 1024 batch_ ization_10: BatchN izati input: - (None,2,2,1,512) 2048 flatten: Flatten input (None, 512 0
. output:  (None, 4, 4, 3, 256) output:  (None, 2,2,1,512) output: (None, 512)
input: . 4,4, i : (N ,2,1, i 2 3
POOI N ; D leaky_re_lu_T: LeakyReLU input:  (None,4,4,3,258) Teaky_re_lu_10: LeskyReLU input: = (Nene,22.1,512) dense: Dense input: - (None.S12) 606
guiout (Nene, £.4.3.206) | gutoute (N00c. 2.2 1512 ] output:  (None, 512)
- _—
input:  (None, 4, 4, 3, 256) input:  (None, 2,2, 1,512) input: (None, 512)
conv3d_8: Conv3D 1769728 conv3d_11: Conv3D 7078400 leaky_re_lu_13: LeakyReLU 0
! ‘ output: _ (None, 4, 4,3, 256) - output: _ (None, 2,2, 1,512) fo-reu 13 Leaky output: __(None,512)
v i : 4,4, i : L 2,21, i : 3
batch_normalization_8: BatchNormalization input:  (Nono, 3,256) 1024 batch_ lization_11: B izati input:  (None, 2,2,1,512) 2048 dense_l: Dense input (None, 512) 131328
output: (None, 4, 4, 3, 256) output: (None, 2,2, 1,512) output: (None, 256)

input: _(None, 4,4,3, 256 input:  (None. 2,2, 1, 512 ot (Nora. 258
leaky_re_lu_: LeakyReLU nput: - (None.&,8,3,256) o L_g leaky_re_lu_11: LeakyReLU input:  (None R S leaky_re_lu_14: LeakyReLU npul (None, 228 0

F I I CO n n ected d% ot 1| output: __(None, 256)
i : 4,4 i 3 . 2.2, 1, i 2 3
u y conv3d_9: ConvD input None, 4, 4, 3, 256 1769728 conv3d_12: Conv3D input:  (None, 2,2, 1,512) 7078400 input (None, 256)

dense_2: Dense 16448
output:  (None, 4, 4, 3, 256) output:  (None, 2,2, 1,512) output: (None, 64)
input:  (None, 4, 4, 3, 256) input:  (None, 2,2, 1,512) input: (None, 64)
batch_normalization_9: BatchNormalization 1024 batch lization_12: B: izati 2048 l Ju_15: LeakyRelLU 0
v eren-normetzation- o output: _(None, 4, 4,3, 256) - - output: _(None,2,2,1,512) cokyre.lu o output: __(None, 64)
input: (N 4,4, i i (None,2,2,1, i 2 3
leaky_re_lu_9: LeakyReLU input: - (None,4,4,3,258) leaky_re_lu_12: LeakyReLU input:  (None,2.2.1,512) dense_3: Dense Input (None, 64) 520
4.4 gutout.  (None 2 2 1 512) outout: (None. 8)
i : 4,4, i g . 2.2,1,
8 max_pooling3d_3: MaxPooling3D input: -~ (None, 44,3250, max_pooling3d_d: MaxPooling3D input: - (None.2.2.1,512) )
output: _(None. 2.2, 1. 256) utput: sNovw.Z 2.1, 512) Tra|n ab le p aram S' 23838312
.
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Coefficients (waves)

3. 3D-CNN-Based Phase Diversity

Results of Training 3D-CNN Model

» Trained for ~2-3 hours on GPU | s
(RTX 4060, 8GB VRAM) i o
0.4 1 : IR band o
N o
.
0.0 4 g 107 l ’
A AT
-0.2 A /
—
sl |
FocI:us Astigma'tism 45Astigm:'-)tism0 Con'1aY CorrvwaX Tref‘oiIY Tref;)ilx Sphe:rical (') 20'00 40I00 GOIOO SOIOO 10600
epochs
Zernike mode (noll index) Learning curve

» Accuracy of each Zernike coefficient better than ~0.1 wave
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3. 3D-CNN-Based Phase Diversity

VERTECS PSF, 11.08 “/pixel
+0.5A

PSF Verification

-1 A -0.5 A

-O 150 150
q) 100 100
| -
S 50 50
v
o
ni o o
©
CU -50 -50
m ~100 ~100
2 -150 -150
-100 0 100 ~100 0 100
arcsec arcsec
000 001 002 003 004 0.00 0.05 0.10 0.15

Normalized Intensity Normalized Intensity

150 150

q)o 100 100

el 50 50
. I_ o b

Y O g 0
1 © ©

D -50 -50

D— -100 -100

-150 -150

-100 0 100 -100 0 100
arcsec arcsec
0.00 001 002 003 0.04 0.00 0.05 0.10 0.15

Normalized Intensity
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Normalized Intensity

arcsec

OA +1 A

150 150 150
100 100 100
50 50 50
0 0 0
=50 -50 =50
-100 -100 -100
-150 -150 -150
=100 0 100 -100 0 100 =100 0 100
arcsec arcsec arcsec
0.0 0.1 0.2 0.3 0.4 0.00 0.02 0.04 0.06 0.000 0.005 0.010 0.015 0.020 0.025
Normalized Intensity Normalized Intensity Normalized Intensity
150 150
100 100
50 50
v v
‘D o
0 O 0 O
© o
-50 -50
-100 -100
-150 -150
-100 0 100 =100 0 100 -100 0 100
arcsec arcsec arcsec
0.0 0.1 0.2 0.3 0.4 0.00 0.02 0.04 0.06 0.000 0.005 0.010 0.015 0.020 0.025

Normalized Intensity Normalized Intensity Normalized Intensity
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3. 3D-CNN-Based Phas
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3. 3D-CNN-Based Phase Diversity

Results of Phase Diversity Fitting

* |nitial estimates:

< 0.1 A accuracy g
(by 3D-CNN) B

« Zernike coefficients: s
<1/400 A precision S
(by PD Fitting) =
Detailed accuracy =3

to be confirmed with E

other telescopes
(higher sampling)
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Zernike coefficients Zernike coefficients
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0.2
0.4
0.6
0.0030
0.0025
0.0020
2. 0.0015
0.0010

[wave]

wave]

IR band
IR band
IR band
IR band
IR band
2 IR band
< nl I l ) IR band
i IR band
~— |~1/400 A
A - - -_—
1 e
i e 3
S
s Astigmatism 4%Astigmatism 0 Coma Y Coma X Trefoil Y Trefoil X Spherical
Zernike mode
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3. 3D-CNN-Based Phase Dlver3|ty

Use of the Obtained PSF Model

Current Work:
« Simulated observation images generated using

the PSF model

* Applied to foreground light modeling and
observation planning of the cosmic optical
background light

Future Work:
« Evaluated the effect of PSF wings on foreground

light modeling
* Develop an algorithm to estimate attitude stability
and focus variation from observation images
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Summary

1. A Phase Diversity technique based on machine
learning (3D-CNN) was developed for wavefront
aberration measurement of the VERTECS satellite.

2. The 3D-CNN accurately estimates the initial values
for Phase Diversity optimization, effectively avoiding
local minima.

3. The resulting PSF model is utilized for foreground
light modeling and analysis of the cosmic optical
background radiation.
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