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ASICs for CCD camera

» X-ray astronomy
* spectroscopy: almost Fano limit

* Imaging: up to 0.5arcsec thanks to X-ray telescope
« timing: typically from ~100msec to several sec

future mission require better time resolution because

the telescope with larger EA and superior imaging
capability cause photon pile-up

»Optical land observing satellite

» spacial resoltion depends
on CCD readout speed

® Scale down the signal
processing electronics

® High-speed low-noise AD conversion

Increase readout nodes and locate many ASICs




Target missions

ASTRO-H/SXI (2014-) & Soft X-ray imaging with large FOV of 38’
5. ®First wild-field sky survey at hard X-ray
A
oA o Essearch for compton-thick AGN
e e 4 .  anddiscover the cosmological
F e L St history of star formation
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Circuit structure of our ASIC

Floating Circuit structure of 1channel
level _
/ / |Sel\£/]g|al A2 modulato
(even) Digital

155-bit

AZ modulato
stream
Analog signal 5bitDAC (odd)

from X-ray CCD

Pre-amp multiply signal 10 times

Mask layout DAC gives offset to signal level

A2 AD conversion of voltage gap

Lchanne Bare chip size 3 mm X 3 mm

Num. of ch 4

Power supply 3.3V

process TSMC 0.35 pm CMOS
¥made by TSMC via MOSIS service
QFP package of 15mmX15mm
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Confiquration of A2 modulator

digital

A 24Ty, >, Decimation filter
()]
Filter in order to cut the high-frequency _g /
quantization noise =
H Quantization noise
x(n) : n-th output é)' hebe e
w(n): filter coeff. n=155 g
2xX(n)—=1)xw(n 5 i >
ASIC output nZ:;‘( ( ) ) ( ) = Frequency
00101010010
111010111... — _W(l) - W(2) t W(3) _W(4) o ‘ decimal value
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Performances as FE (1/2)

100
Readout speed[kHz]

Linearity plot
@ readout speed
of 78kHz

-10

0
Input voltage[mV]

v’ Power consumption :
<170mW per chip @ <500kHz
assuming standard LVDS
output of 3.5mA/pair

v Input equivalent noise :
29~34uV @ <100kHz
(expected noise level is 6e-
if we use CCD of 5pV/e-)

1000

v Integral non-linearity :
=0.3% in the input signal
range of ~35 mV
(corresponding to X-ray
energy of O - 30keV) @ = 100
kHz
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Performances as FE (2/2)

v'Spectroscopic performance Chamnelt oven M K (5.9 ke
measured with prototype Readout noise

CCD of ASTRO-H exhibited 7 1+0.1 e-

almost the same energy Energy resolution

resolution as that of the X- 144+4 eV
ray CCD camera currently in
orbit (note that it is for single

pixel events).

1000
PHA(ch)

v'"Now the noise from other than ASIC is almost
the same as that from ASIC.




Radiation damage to ICs in satellites
Total lonizing Doze(TID)

+ Integral damage primarily due to solar protons ° electrons and
trapped protons in the SAA cause increase of leak current.

+ Our ASIC has already proved its sufficiently high TID tolerance
(x10 of requirement, Nakajima et al. 2011)

Single Event Effect
(S E E) frj?rged particle

+ Stochastic events
primarily due to a large
amount of
electron/hole-pairs
created by galactic
cosmic rays and heavy
ions from the sun It
caues Single Event
Upset(SEU) that turn
over bits in memories
and latch-up (SEL).
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Estimation of SEE tolerance

The cross section for SEE is generally expressed as a function of linear

energy transfer (LET : MeV=cm?/mg). Parameters are Saturated cross
section and LET threshold (Weibull curve).

Weibull curve Integral LET flux spectrum in an LEO
1000

Considering only

Saturated cross section ) :
. alactic cosmic rays

Solar activity : stormy

Time : 2014
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LET threshold Height : 550km

Inclination angle : 30°

0.01 0.1 1 10 100

LET [MeV-cm?/mg] LET(lVleV/(mg/cmz))

The cross section must be multiplied with LET spectrum in the orbit.
Our target missions (ASTRO-H and FFAST) will be put in similar Low
Earth Orbits (LEOs) with height of 550 km and the inclination of 30°
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p/Heavy ion irradiation test

Species | Energy LET
(MeV/u) (MeV/

(mg/cm?))

. ASIC
Beam line @ NIRS/HIMAC
v ASIC bare chip was directly
iIrradiated with heavy ions.
v'For lower energy beams, heavy
lons are extracted before they

were put into the synchrotron
and DUT were put in a vacuum.

v Current in the test board and noise performance were

monitored during irradiation.
PIXEL2012 @ Inawashiro




SEL tolerance

PCB anzltlog curr».:,nt[mA] '

Beam on

v There’s no latch-up
throughout the test. Some
time variability in the PCB
current was seen, which
might be due to “ion
shunt” in the MOS-Tr.

v The cross-section
against SEL is derived
with 95% confidence level
to be

< 2.7x1011 cm?/(lonxASIC)

vThe expected SEL

%

N

rate In the orbit is
once per 6700 years.

schematic of ion shunt




SEU tolerance (1/2)

Beam OFF

0 DO
0 200 400 600 800 1 10 100 1000 0 200 400 600 800 1 10 100 1000
Sampling number Counts Sampling number Counts

v'Some of the decimated pulse heights showed deviated
values during irradiation in spite of the constant input voltage.
v Those peculiar events are supposed to be due to any of the
SEU in the digital circuit or charge injection into analog
circuits. Regardless of the origin that cannot be identified, we
call the events SEU and estimate the event rate in the LEO.
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SEU tolerance (2/2)

[
o .
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P,=4.8x10"2

L,=5.9x103

W=30,7
Pseu(L) = Po - (1 — exp (—

Probability
M somal sonmd 1ol sonsd sosmd soomd soennd somed somml rommd sommd saimd suomd soendd

} 0l01 Oll . i TR 0.01 0.1 1 10 100
LET[MeV/(mg/cm?)] LET(MeV/(mg/cm?))

Area Solid angle

Estimated SEU event rate in the LEO :

2.4X10° (1.4X108 - 6.6X10%) events/sec

Smaller than 5% of CCD origin Non X-ray background rate of
ASTRO-H/SXI. Sufficiently low, sufficient SEE tolerance

PIXEL2012 @ Inawashiro




Summary

® Analog ASIC developed as front-end electronics
of onboard CCD cameras for astronomical use

®E Proper function up to pixel rate of 625kHz
®E Input equivalent noise of 29-34uV
® INL of 0.3% in the range of O - 30 keV X-rays
® Package for space use already developed
® Radiation tolerance against SEE
® Very high SEL threshold (> 58.9 MeV - cm?/mgq)

® Estimate SEU rate In the LEO is sufficiently
lower than that of NXB for ASTRO-H/SXI

® Fabrication of the flight model front-end
electronics are undregoing
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Circuit structure of ASIC

Mask layout

reset level

output from
ASIC (1 pixel)

ﬂciating level ' 00110101101011 Y(2 xY(n)-1) x h(n)

decimation filter:

00011010100010 = -h(1) -h(2) +h(3)...
01000100011010

00100100010001 Y(n) : n-th output
0100100001....... h(n) : weighting coefficient

X-ray CCD .
signal of 1 pixel 155-bit stream ADC result

‘EEEEEEECEEEL
) 3 mm

Pre-amp multiply signal 10 times

DAC gives offset to signal level

AZ AD conversion of voltage gap | Bare chip size 3 mm X 3 mm

Num. of ch 4

Power supply 3.3V

process TSMC 0.35 pm CMOS
*made by TSMC via MOSIS service
QFP package of 15mmX15mm
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Configuration of A2 modulator

15t order modulator

| |
Sampling | | Integrator [ 3 ]
circuit

- —/—|— \ Comparator k
y <| ] / (1 -bit ADC) L ot

Polarity of Reference

charge can be It

controlled 1 -bit DAC [A] coliElels

Decimation filter

»

A

12T g signal (low-pass filter)
O(f) ~e 2 | (£)+ 24T, N(f) B %
Filter in order to cut the high-frequency S B tion noise
quantization noise g Noise shaping
a
x(n) : n-th output g
w(n): filter coeff. n=155 S Frequency
ASIC output Z_;‘(ZXX(H)—].)XW(I’]) _
00101010010 " ‘ decimal value
111010111... - _W(l) - W(2) t W(S) - W(4) e Coefficient and num. of sample

determine the resolution of ADC
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Performances as FE (2/2)

100

-10 0 Readout speed[kHz]

Input voltage[mV ]

v INL of =0.3% in the input signal range of

~35 mV (corresponding to X-ray energy of
O - 30keV) @ = 100 kHz

1000




Radiation damage to ICs in satellites
Total lonizing Doze(TID)

+ Integral damage primarily due to solar protons ° electrons and
trapped protons in the SAA cause increase of leak current.

+ Trapped holes in the gate oxide layer prevents MOS-Tr to close
and hence they lead the current from power to ground.

+ Change in Vth and decrease of career mobility are also seen.

Single Event Effect (SEE)

- FICRAERRFHIRVABL DS 1A VDZE(CERT Delectron/hole-
pairB RIEITHEENIFS, UIRIDXEIDT—IVEREcSEDSingle
Event Upset(SEU). S wFPv J(SEL)EEN DD,




p/Heavy 1on irradiation test @ NIRS/HIMAC

Species | Energy

v ASIC bare chip was directly irradiated with heavy ions.
v Current in the test board and noise performance were
monitored during irradiation. 21
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