Advanced Design Lab: CCD History

Special Astrophysical Observatory, 2005



Activities in 1980-2005 SAO
I —

] Development of four generations of CCD Controllers
] Development of LN2 Cameras for various observation purposes

] Production of about 30 CCD Systems for 6-m telescope and other
observatories

] Research and development of methods of CCD readout noise
minimizing and photometric precision maximizing

O Investigation and testing of numerous SITe, E2V, Lick, TI, Atmel and
others CCDs

0  Climatic testing of CCD systems
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1980s: First CCDs SAO

O 1981. The first CCD Camera with
320 x 288 front illuminated surface
channel CCD

O 1984. CCD Camera with 512 x 576
front illuminated surface channel
CCD
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1980s: First CCDs

O

SAO

1984. Generation I CCD Controller
with control computer

1985. First application of bit-slice
processor in Generation II CCD
Controller

Advanced Design Lab



1980s: First CCDs

O

SAO

1985. LN2 CCD Camera with 520 x
580 front illuminated CCD with
buried channel

1985. Generation II CCD Controller
based on bit-slice processor
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1990s: Low noise CCDs SAO

O 1994. Generation III CCD
Controller with embedded Intel
8080 microcomputer

O 1994. LN2 CCD Cameras with 1K x
1K and 2K x 2K CCDs
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2000s: Ultra low noise CCDs

O

SAO

2000. DINACON - New Generation
DSP based CCD Controller for ultra
low noise and high precision
imaging

2000. LN2 Dewars for up to 4K x
4K CCDs
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DINACON: New imaging concept

Novelty

ﬁptimal filtering of video \

signal

e Digital correction of bias and
gain instabilities and
non-linearity

e Flexible multiprocessor
architecture with
multitasking RTOS

- /

Generation IV CCD controller DINACON: DSP based Intelligent Array Controller

SAO

Advantages

minimum readout noise

~

e VVery high stability and linearity

of CCD System transfer
characteristic

e High dynamical range

e Easy to control the complex
mosaic and infrared

\\detectors

/
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Typical single processor CCD-system SAO

7~ €CCD-system

)

Analog

CCD 1

"| videoprocessor

Clock driver

Analog

CCDn

"| videoprocessor

Clock driver

System bus

Sequencer |DSP

Interface

IO T

3

<

-

Host
computer

~

Advantages

- relative simplicity
- multichannel operations

A
~

N

4
Limitations \

- incomplete noise filtering

- hoisy system bus

- limited number of channels (n<16)

- low level of flexibility and
intelligent functions

4
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SAO’s DSP-based CCD-system SAO

4 CCD-system \ 4 \

Advantages
N Digital DSP
wdeoprocessor
CCD 1
Sequencer/
Clock drivers Dk
- ultralow noise through matched filtering
- o noisy system bus
Digital DSP - higher precision and accuracy
ceD n videoprocessor - flexible star- or- tree-type topology
Sequencer/ - number of channels up to 32
Clock drivers DSP - high level of intelligent functions
Fast
Serial
Interface DSP ks

r

Host
computer

Advanced Design Lab



Why need matched filtering? SAO

DINACAM EEV CCD42-40 2K x 2K
Noise power density, Node A
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DINACON: Photometric results SAO

4 A

e Readout noise reduction: 2.5e—>1.7 e

e Photometric instability: 0.03% / 24 h

e Nonlinearity reduction: 1.00% — 0.03%

\_
-

Literature:

NS

e Buffington et al., 1990:
Instability = 0,3 % , At = 10 h, at room temperature
e Robinson et al., 1995:
Instability = 0,5 %, At = 10 days, at stabilized temperature

\_ /

Advanced Design Lab



DINACON: CCD 42-40 noise

- Threshold Histogram -

SAO

Ualue: 90 Count:
low - Thresh -

=1 ] %left- Statistic - %
Hist Max 360045. Bit per pixel 16.
Total 3129345 pixels in region.

Histogram Area 3118417, Min 90. Max 110.

Mean 100.06. Background 100.
Integrated Density 312022860.
Median 100. Mode 100.

Background Subtracted Int. Density 181160.

Dispersion 11.8. Standard Deviation 3.432

1 ADU =0.5e
1 Readout rate = 18 kHz
O Noise=1.7 e

LRk B

X

=1o] x|

Full
Min-Max
hreshol
Statistic

Redraw

Cancel
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DINACON: The best noise

—7— Astronomy CCD (1297)
w Various CCD Data
—— Astronomy CCD (2001)
— Predicted CCD at C,, =12fF
~— Predicted CCD at C,_, =8fF
A Cooled OCD 2001
A Cooled OCD 2001
& Video CCD 2001

100 -

SAO

SAQO’s

CMOS SXGA —®

CCD 42-40 Up to 35 MHz

v v

Read Noise (e-)

v 1kx1kT
L111IGCD | WyViol)

2kxdk
CCD?
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108

108

107

Video Frequency (Hz)
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Scientific CCDs Noise

Readout Noise [e]
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DINACON: Overscan instability SAO

55,0 -

e_

. 94,94

54,8 -

54,7

Average overscan value

54,6

54,5

5 i Instability for 20 hours: : ;
SRR S . —=—atT,_ =20°C B S A
' . —=—atT_.=5C ' '
Standard deviation c = 0.009 e-

Exposure number
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DINACON: Gain instability SAO

1640

] : . Instability for 20 hours: : :

1635 e atT  =20°C
1 e atT, =5 I o

1630 __________________ Sta"dafddev'a"m“%e _________________ ______________

R e e e
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1615 -

T [ S S

Average Ko event charge, e-

1605

1600 4———

Exposure number

Gain instability at 1620 electrons level measured by means of Fe55
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DINACON: Gain instability SAO
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Gain instability measured by means of stable light source
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DINACON: Nonlinearity correction SAO

= |nitial nonlinearity
Corrected nonlinearity
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DINACON: Instabilities on telescope

SAO
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Gain instability: the best results

Row Brightness (millions of DN)

Robinson et al, 1995:
Conditions:
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Buffington et al, 1990:
Conditions:
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DINACON: Long-term bias instability SAO
|

100,5 5 -
ADU=0.5e
100,0 S
Mean=99, 628 * .
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Instability during 6 monthes is about 1 electron p-p
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ESO’s FIERA: Long-term bias instability SAO
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Instability during 8 monthes is about 60 electrons p-p
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CCD Controllers Comparison

SAO

SDSU-Il (SDSU)

FIERA (ESO)

Arcon (NOAO)

DINACON I (SAO)

Architecture

Embedded computer

no

yes

no

no

Processor type

DSP56002, 24 bit,

TMS320C40, 32 bit,

TRAM , 16/32 bit,

ADSP2160, 32 bit,

40 ns/instr. 20 nsf/instr. 50 nsf/instr. 25 nsfinstr.
Multiprocessing no 2 processors yes yes
Topology - linear star star or tree

Interprocessor connections

common bus

4 port/processor, 20 bit/s/port

5 port/processor, 160 Mbit/s/port

External communications SCSI 12 MB/s, fiber 5 MB/s fiber 128 MB/s fiber 4 MB/s fiber 10 MB/s, Ethernet 1 MB/s
Embedded memory 32 KB - - 8 MB

Signal processing

Type of signal processing analog analog analog digital \
Number of ports (videochannels) 1-32 232 4-16 / 2-64 \
Dynamical range, bit 16 16 (21) 16 18-20

Max. pixel rate, Mpixel/s/port 1.0 2.0(5.5) 0.4 2.5

Internal noise (at 1 Mpixel/s), e- - 1.3 - <1

Buffer memory, MB/port external - 0.064 \ 8 /
Transfer characteristic correction no no no yes

Detector control

Max. number of channels 16 16 4 32

Time resolution, ns 40 20 40 25

Amplitude resolution, bit 12 16 - 12

Control clocks per channel 24 - 28 48

Bias voltages per channel 8 - 16 20
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CCD Controllers Comparison SAO
|

Property SDSU-II FIERA Arcon DINACON
(SDSU) (ESO) (NOAO) (SAO)

Controller architecture
Modularity + + + +
Expandability + + - +
Detector control
Program setting of clock parameters + + + +
Clock telemetry - + - +
Program setting of output stage mode - - - +
Telemetry of output stage mode - - - +
Program setting of CCD temperature + + + +
Telemetry of CCD temperature + + + +
Programming of optional storing and readout modes - - - +
Videoprocessing
Multichannel processing + it T +/\
Digital matched noise filtering - - - /+
Measuring of noise spectrum of output stage - - - +
Auto-calibration and correction of transfer function of video channel - - - \+
Extended dynamic range of video-channel (> 16 6uT) - + - —
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DINACON I Module Structure SAO

« System controller with communication adapter
» Sequencer with drivers
 VVideoprocessor

 Peripheral controller

-
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DINACON I: Videoprocessor SAO

CCE; ;dzl:put Two 14 bit ADCs 32 bit DSP
. 10 MHz 40 MIPS
control unit

JRESHIT
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bR T4
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DINACON I: Sequencer SAO

Telemetry unit 32 bit DSP
with 16 bit ADC 40 MIPS
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DINACON I: System controller SAO

32 bit DSP
40 MIPS
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DINACON I: Periferal controller SAO

RS232
interface

16 bit DSP
40 MIPS
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DINASYS: Control Sofware SAO

@Dina System == = =lolx]

File: Edit Camera Image-\p‘iew. Process Settings Macro Client  Window Help

f_;__.jExposure Control it x| TEMP'Sa002'PRT099.FTS

 Exposure options -~ Control = = .
e [ 100 sace,  NDESrO [ | ===
Exposure time 1.000 secs. lneetiaad 1000 e -QFF-
Observe type |OBJECT v Mode
I 'J Standby Server connection Chip temperature 000] 13500
v Clear
IV Enable shutter Abort Peadout
= i i Set temperature Graph >
7 Antibloom | I Status —]
¥ Readout Stog | Save I
s 2 Pause | Display. I
v Display Filter number (0-7) |1
Information
Declination 30 ° I—D ! I_'" I~ Use fime for scan ’> ‘
- Readout options -~ Nextfile { NameNum fts )
Binning X |1 Binning Y |1 Nodes |A+B - Qﬁg;:?ry I dprogram files\dinasys
& Frame StartX  StartyY  Width Height Kore i |—7 Number of 0
€ Region fi fi Jeooo  feno . exposures
DAPROGRAM FILESIDINASYSYTMPO07 FTS
€ Sub-regions Loadfile.. | Coordinates. . | [P Al inerariant flehAmS Object I_
: : name
Readout rate IFas( ;I Gain l4 (High) j
I= Use buffer mermorny, Number of lines per file (for drift scan) I 1oon

Fiiagram Editor - [ =1olx]
B File Edt View Disgram Help =@ x|

Qe I:E 121' JLLI Uﬂu \\Dinasys'data‘neise_power.d:
iU Pt RS
Full
Name: Value: 0 5 :I —]
= 5 R T Min-Max
RGL 1) Threshold
FH2L 1 Statistic
FHIL 0 —,
FH3 i} Redraw
FHIR 1
FH2R 0 Apply
DG 1) 3000 3200 3400
SWR 1) >
0G1L 0 X .
Fv2 4 2817  Count: 1 Histogram Area 2756. Min 2800. Max 3397
\¢ - Thresh - high _3‘““] Mean 3036.64. Background 100.
EQ g J _ Integrated Density 8368973,
it - Statistic - % right Median 3021. Mode 3018,
ORIR o | e s 27 e e pixel 16. Background Subtracted Int. Density 8093379,
[ Channel 006 FH2R [0009]: O Frequency, Hz in region. Dispersion 13426.2. Standard Deviation 115.871

[ CAPS [REC
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DINACON II SAO
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DINACON II Module Structure SAO

« System controller with communication adapter
» Sequencer with drivers

 VVideoprocessor
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DINACON II: Sequencer SAO
|

CCD clock 12 bit DAC 32 bit DSP
drivers 32 channels 600 MIPS

g |

MU

LK x ag;
H R E E g1
- grEET e
PR A (g 5t
Telemetry unit Digital
with 16 bit ADC isolators
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DINACON II: Videoprocessor SAO

CCD’s output . .
nodes 12 bit DAC 32 bit DSP

control unit 32 channels 600 MIPS
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DINACON II: System controller SAO

100 Mbit/s
Ethernet
controller

16 bit DSP 256 MB SDRAM
600 MIPS for DSP
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DINACON SAO

DINASYS 2K x 2K on multi-pupil fiber spectrograph MPFS
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DINACON SAO

el SR

DINASYS 2K x 2k on multi-mode focal reducer SCORPIO
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DINACON III SAO

Camera 2K x 4.5k and controller (without power supply)
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Our team

.

SAO

Advanced Design Lab



DINACON III block diagram

O Main components:

O System controller
m| 1 Gbit fiber-optic link
| Camera electronics

/

CAMERA

CCD CAMERA

FIBER-OPTIC
LINK

HOST COMPUTER
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Camera Electronics block diagram
|

SAO

CCD

VIDEO AMPLIFIER

AMpixel/s

AMpixel/s

VIDEO AMPLIFIER

VIDEOQ
PROCESSOR
{2 CHANNEL)

AMpixelis

1r JbJD J0JL

CCD DRIVERS

A Mpixelis /

VIDEO
PROCESSOR
{2 CHANNEL)

R

30 clocks

CCD CAMERA
\.

TEMPERATURE
STABILIZER

GENERATOR
DRIVER

Lk

TELEMETRY

1T

TEMPERATURE
CONTROL

16.5 MSample/s

16.5 MSample/s

16.5 MSample/s

16.5 MSample/s

66 MSamplers

FIBER-OPTIC
LINK TO
CCD CONTROLLER
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System controller block diagram SAO

7 B
(——) 4
y
FIFO
8KByte )
BF523
DSP
X KVR
Memory module
FIBER-OPTIC ; 256MB
TOPC
LINKTO oo s
CCD CAMERA
<_ N
ADSP21161
DSP
h
CCD CONTROLLER
A S
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ADLab’s resources SAO
]

0O 2D and 3D computer aided design of
CCD systems with release of full
design documentation suite

0  Structural and thermal simulation of
construction units for providing of
design requirements
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ADLab’s resources SAO

0 Detailed mathematical model

construction of signals formation B = " i
and processing for minimization of =
distortions, noise and instabilities B SN EmE BEm B B -m M|
i i
O Computer aided design of VA g B
electronics based on IC of all BEAD 0
integration levels (including BGA i vt N
packages) and technology of VWA 3 4P, souT |2
surface-mount multi-layer PCBs 50 Bl Soe b
D8021/AD
i ¥ e 10p
O Computer simulation and analysis of = ;
electronic circuits and PCBs for . T
compliance to electrical, thermal,

ATV

100

noise requirements
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ADLab’s resources
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SAO

Development of embedded software
for digital signal processors

Development of multitasking
real-time kernels for multi-processor
systems

Application of object-oriented
modelling language UML for
effective development of complex
software systems

Qvalue)

3 fivecards (CardList)

init)
Qshuffle))

& _cards (CardList)
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ADLab’s resources SAO

Production of multi-layer PCB
prototypes

Surface mounting of electronic
components on PCBs (including IC
with BGA packages)

Embedded software debugging by
in-circuit emulators and digital
storage oscilloscopes
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ADLab’s resources SAO

Assembling of CCD cameras in
dust-free conditions

Testing of CCDs performance

Research of non-documented
physical properties of CCDs for
optimization of signal processing
quality
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