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ABSTRACT
Study on MEMS-based Black Body System for On-board

Calibration of Spaceborne Image Sensor

by Bong-Geon Chae
Advisor : Prof. Oh, Hyun-Ung, Ph. D.
Department of Aerospace Engineering

Graduate School of Chosun University

Spaceborne image sensors such as infrared (IR) detector have non-uniformity
output characteristics owing to time elapses on/off operation during the
mission period in orbit. Therefore, these image sensors require periodic
calibration to correct the non-uniformity characteristics using a black body
system to maintain the estimation accuracy with respect to measurement
objects and image quality of the observation satellite.

The main objectives of a black body system for image sensor calibration are
estimating a representative surface temperature from an image sensor and
providing a uniform temperature distribution at various reference temperatures
from a black body surface. For example, Oh et al. developed an on-board
black body system that can provide temperature calibration from low to high
temperature, while calibrating the non-uniformity characteristics to an IR
detector. However, the function of the on-board black body system was
limited to calibrating the non-uniformity characteristics, such that the reference
temperature information that can perform is very limited. In addition, the
on-board black body system requires a complex thermal design to provide
reliable, accurate temperature estimations. It was essential to consider a

thermal conduction path or thermal mass at low temperature and additional
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heaters at high temperature for providing low- and high-temperature
information. These technical approaches might increase the complexity of the
thermal design and lower its reliability.

To overcome the above mentioned drawbacks of the conventional black
body system, a MEMS-based black body system using a thermoelectric device
was proposed in this paper. The MEMS-based black body system has
advantages, such as lightweight, low power, and high accuracy that makes it
easier to estimate the representative surface temperature of the black body. In
addition, it can obtain high-temperature uniform information at various
reference temperatures, from low- to high-temperature consumption, compared
with conventional systems. In addition, applying a radiator of aluminum
having high conductivity for transport of the residual heat and thermal
conduction path from the black body to the deep space. The feasibility of the
proposed MEMS-based black body system was validated through the thermal

analysis.

Key Word : Spaceborne Image Sensor, Infrared(IR) detector, Black Body
System, Calibration, MEMS(Micro Electro Mechanical Systems)
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Fig. 1 Configuration of Electromagnetic Spectrum [1-2]
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(b)
Fig. 2 Image Quality Degradation due to Non-uniformity Output Characteristics of
IR Sensor ((a) Before Calibration, (b) After Calibration) [24]
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Fig. 3 Configuration of Spaceborne Black Body System ((a) AIRS, (b) Terra, (c)
AATSR) [14-16]
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Fig. 7 Mechanical Configuration of MEMS-based Black Body System
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Pattern width
Thickness
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Fig. 8 Geometry of Micro Heater & Temperature Sensor

width
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(1]

(a) Silicon wafer (d) PR development

(b) PR deposition (e) Pt/Ti deposition

OO O |

(c) UV exposure (f) Pt/Ti deposition

Fig. 9 Fabrication Process of Micro Heater & Temperature Sensor
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Electrical Pad (49EA)

RTD Sensor (12EA) |

Micro Heater (13EA) |

Silicon Wafer

Fig. 10 Configuration of Micro Heaters & Temperature Sensors on Black Body

Wafer Bottom Side
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Black Body Wafer

BB Wafer Bracket

Radiator \

Control Board

Fig. 11 Engineering Model of MEMS-based Black Body System
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Table 1 Specification of MEMS-based Black Body System

Item Specification
Total Mass [kg] 0.309
Number of Micro Heater [EA] 13
Number of Micro 13
Temperature Sensor [EA]
Heater & Temperature Sensor
o 2200
Thickness [A]
Heater Initial Resistance [Q] 1297
Temperature Coefficient
. 3850
[ppm/ C]
Radiator Area [m’] 0.026
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‘Thermo-couple (5EA) ‘

N

Vacuum Chamber |

Power Supply

i

_—
BB Control Circuit [F-

Sy ! A,
A 3

chier 1

",\ - - ‘

MEMS-based BB System

Coai SN

Chamber Controller

Rotary Pump

g

Fig. 12 Test Set-up Configuration of EM Vacuum Test
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Table 2 Specification of Rotary Pump

Item Description
Model Name MVP 12
Displacement speed 170 L/min
Ultimate Pressure 5 x 10-4 Torr
Motor Power 0.4 kW
Rotational Speed of Pump 1450 rpm
Noise Level 50 dB
Weight 225 kg

Table 3 Specification of Chiller

Item Description
Model Name RW-1040G
Dimension 360 x 490 x 780 mm
Bath Volume 10 L
Working Temperature
-35 ~ +150 C
Range
Temperature Stability + 005 C
to 20C 450 W
Cooling
to 0C 330 W
Capacity
to -20C 150 W
Max. Pressure 5.9 psi
Weight 44 kg
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Fig. 13 Configuration of Micro Heater Location
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Fig. 14 Temperature Profile of EM Vacuum Test Results at Normal Case ((a) 140sec
Heating, (b) 500sec Heating)
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Avg. Temp. : 22.55 °C
AT : 017 C|

[ Avg. Temp. : 35.97 °C
AT: 0.98 C

Avg. Temp. : 48.10 °C
AT: 1.71°C

(@)
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Avg. Temp. : 42.03 C
AT: 096 C

Avg. Temp. : 35.74 °C
AT: 071

Avg. Temp. : 26.21 °C
AT: 0.09 C

(b)
Fig. 15 Infrared Image on Black Body Surface at Normal Case ((a) Heating Range,
(b) Cooling Range)
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Avg. Temp. : 21.91 °C
AT: 0.14°C

Avg. Temp. : 32.2 °C
AT:3.42°C

Avg. Temp. : 47.91 °C
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Tl i

| Avg. Temp. : 45.55C
AT: 2.25°C

| Avg. Temp. : 39.09 °C |
AT: 0.97°C

[ Avg. Temp. : 25.60 °C |
AT: 0.16°C

(b)
Fig. 17 Infrared Image on Black Body Surface at 1EA Failure Heater ((a) Heating

Range, (b) Cooling Range)
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2 F
Avg. Temp. : 44.51 °C
AT: 4.15°C
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Avg. Temp. : 39.8 °C
AT: 243°C

Avg. Temp. : 36.67 °C
AT: 1.12°C

Avg. Temp. : 27.26 °C
AT: 0.13°C

(b)
Fig. 18 Infrared Image on Black Body Surface at 4EA Heater Failure ((a) Heating

Range, (b) Cooling Range)
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Table

4 Summary of EM Vacuum Test Results

Normal Case Failure Case
Il 140sec 500sec 2EA 4EA
Heating Heating Failure Failure
Power Dissipation
[W]
Tmax. [TC] 43 50 47.91 44.5
Heating Range Max.
4.98 1.71 3.42 415
AT [C]
Cooling Range Max.
0.96 0.91 0.97 1.6
AT [C]
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| Black Body Wafer |
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[Micro Heater (13EA) |\. - -
Thermal Pad

Fig. 19 Configuration of MEMS-based Black Body System TMM for Correlation

_44_

Collection @ chosun



Table 5 Thermo-physical & optical Properties for Correlation Analysis

Thermo-physical Property

Conductivity | Specific Heat Density
Material Remark
[W/m-K] [/kgK] [kg/m3]
Al-6061 200 2700 900 Radiator
Silicon 149 900 2300 BB Wafer
Micro
Pt/Ti 71.6 132.30 21090
Heater
Thermal Pad 1.5 1000 3800 Thermal Pad
Thermo-optical Property
Absorptivi Emissivi
Material A v afe Remark
[a] [e]
BB Wafer
Black Paint 0.96 0.88 1.09
(Front)
Black
0.86 0.86 1 Radiator
Anodizing
— 45 —

Collection @ chosun



Table 6 Thermal Coupling Condition

of TMM

Contact b.tw A and B

Value Remark
A B
Conduction Coefficient
Micro Heater BB Wafer 0.22
(um, Thickness)
BB Wafer Thermal Pad 50 Conduction Coefficient
Thermal Pad Radiator 42 (W/m2/K)
Conductivity
Radiator Chamber 1.5
(W/m/K)
— 46 —

Collection @ chosun



45 T T T T T | T T T

— Simulation |1

=—===  Test

Avg. Temperature [°C]

400 &00 800 1000 1200 1400

Time [sec]

(@)

_47_

Collection @ chosun



0.3

r r 1t T 1 ‘¥ 1 T 1 T T T 7
B Corrdation Error
— 02 L ]
(T L 1
?_l L
& of T
= 01 L i
ol
) |
5
Q 0 ] m B B -
E i ]
i ]

© 01 L i
-4
= |
@
- qno _

03 L

L 1 L | L L L | 1 L L | 1 L 1 1 1 1 L
24 33 35 40 43 36 33 30 25
Avg. Temp. on BB Surface [°C]

(b)
Fig. 20 TMM Correlation Results at 140sec Heating Case ((a) Temperature Profile,

(b) Correlation Error)

_48_

Collection @ chosun



Avg. Temperature [°C]

Collection @ chosun

a5

50

45

40

35

30

25

20

—— Simulation
Test

400 800 1200 1600 2000 2400
Time [sec]
@)
_49_



=
o

B Comeation Error

=
o

=

i
=
M2

i
=
L

i
=
.

Temperature Difference [°C]
rrYrryrrrryrrrrrr T T T T T T T T T T T T T T T T
|

22 30 3% 40 49 40 35 30 26

i
=
en

Avg. Temp. on BB Surface [°C]

(b)
Fig. 21 TMM Correlation Results at 500sec Heating Case ((a) Temperature Profile,

(b) Correlation Error)

_50_

Collection @ chosun



Table 7 Summary of Correlation Analysis Results

140 sec Heating

500 sec Heating

Phase Test Simulation AT Test Simulation AT
[C] [C] [C] [C] [C] [C]
24.66 24.52 0.14 2243 22.40 0.03
32.87 32.82 0.05 29.47 29.39 0.08

Heating
35.55 35.58 0.03 34.86 34.85 0.01

Range
40.08 40.06 0.02 39.98 39.98 0.01
4341 43.56 0.15 49.80 50.21 0.41
36.27 36.28 0.01 40.74 40.83 0.09
Cooing 33.51 33.57 0.06 34.98 34.97 0.01
Range 29.93 29.92 0.01 30.10 30.07 0.03
25.51 25.50 0.01 26.60 26.59 0.01
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(b)
Fig. 22 Configuration of TMM for Orbit Environment Analysis

_54_

Collection @ chosun



Spacecraft Internal Temp.
: #9°C/10°C (Cold/Hot)

MEMS-based BB
System

Deep Space Temp.
: -270°C

| Radiator (SSM) |

(a) (b)
Fig. 23 Configuration of TMM Boundary Condition ((a) Isometric View, (b)

Bottom View)
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Table 8 Thermo-physical & optical Properties for Orbit Environment Analysis

Thermo-physical Property

Conductivity | Specific Heat Density
Material Remark
[W/m-K] D/kgK] [kg/m3]

Al1-6061 200.00 2700 900 Radiator

Silicon 149.00 900 2300 BB Wafer
Pt/Ti 71.60 132.30 21090 Micro Heater
Thermal Pad 1.5 1000 3800 Thermal Pad
G10 0.62 1060 1800 S/C Interface

Thermo-optical Property
Absorptivi Emissivi
Material v v afe Remark
[a] [l
BB Wafer
Black Body 0.96 0.96 1
(Front)
Radiator
SSM 0.15 0.817 0.184
(Bottom)
MLI 0.05 0.05 1 Radiator
— 56 —
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Table 9 Heat Dissipation & Heater Set-point

Heat Dissipation On/Off Set-point
Item c
w] Temp. [C]
Micro Heater 8 -
Radiator Heater 20 3/ -1

Table 10 Boundary Temperature for Thermal Analysis

Item Cold Case Hot Case
Initial Temp. 0cC
Deep Space -270°C
Spacecraft Interface +9C 33T
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Table 11 Summary of Orbit

Environment Thermal Analysis Results

Items Cold Case Hot Case
Heater Power[W] 8
Heating Time [sec] 500
Timax. [C] 48.22 52.31
Heating Range
& 8 2.14 1.91
Max. AT [TC]
Cooling Range
& 8 0.92 0.88
Max. AT [TC]
Max. Estimation Accuracy [TC] 0.003 0.012
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