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(57) ABSTRACT 

A monolithic integrated circuit comprising an image pro 
ceSSor configured to make each of a Series of frames of 
image data available to a host processor, the image processor 
being configured to receive a first message from the host 
processor indicative of the host processor not requiring 
further access to the image data prior to a Subsequent frame 
Synchronisation signal; in response to the first message, 
causing at least part of the integrated circuit to enter a low 
power mode, and in response to a frame Synchronisation 
Signal, cause the part of the integrated circuit in the low 
power mode to exit the low power mode. 
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BOF & not FFP 
Notes: 
1. BOF - Beginning Of Frame. isyncl pulse 
from sens muX 
2. EOW - End Of Window from sens SS 
3. FFP- Finished Frame Processing event from 
the serialif 

4. State names are coded to show the state of 
both buffers: 
E - empty 
F - full 
W- writing 

When both are empty or full, the extra number 
on the end shows which will be writen to next. 

EOW EOW 

(d. d 
BOF & not FFP 

5. Transitions from one side to the other 
generate NewFrame events to the serialif. The 
NewFrame event includes the number of the 
buffer just filled. 

6. Where the head of a FFP transition meets the 
tail of a BOF or EOW transition, the tail 
transition will be followed (if true) before 
entering the state. 

For example: 
From state EOF1, if FFP is true but BOF is false, 
EOE1 is the next state. If FFP is true and BOF is 
true, WOE1 is the destination. 

FIG 93 
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Buffer 0 empty 

Buffer 0 writing 

This transition generates 
Buffer 0 full EOW a New Frame event with 

bufid = '0' always 

This transition generates 
a Frame Missed event BOF & not 
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new frame.event M A 

new frame.data.id M. A 
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- - ------ 
NF fRP NF 

serialif 

fNF xNF fp rfNF 

low- --Jr. PROCESSOR ---------- The processor sends image commands during this phase --Y----- 

Abbrew. 
NF New Frame 
rfNF ready for New Frame 
rxNF received New Frame 
fp finished Frame Processing 
missF missed Frame 
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IMAGE PROCESSOR WITH LOW POWER MODE 

FIELD OF THE INVENTION 

0001. The present invention relates to the field of mono 
lithic integrated circuits, and, more particularly, to image 
capture and image processing. 

0002 The invention has been developed for use in a 
hand-held Stylus configured to capture coded data disposed 
on a Substrate, and will be described hereinafter with refer 
ence to that application. However, it will be appreciated that 
the invention can be applied to other devices. 

CO-PENDING APPLICATIONS 

0.003 Various methods, systems and apparatus relating to 
the present invention are disclosed in the following co 
pending applications filed by the applicant or assignee of the 
present invention Simultaneously with the present applica 
tion: 

0004 NPS047, NPS048, 
NPS052, NPS053, NPSO54. 

NPSO49, NPS051, 

0005 The disclosures of these co-pending applications 
are incorporated herein by croSS-reference. Each application 
is temporarily identified by its docket number. This will be 
replaced by the corresponding USSN when available. 

CROSS-REFERENCES 

0006 Various methods, systems and apparatus relating to 
the present invention are disclosed in the following co 
pending applications filed by the applicant or assignee of the 
present invention. The disclosures of all of these co-pending 
applications are incorporated herein by cross-reference: 

10/409,876 10/409,848 10/409,845 09/575,197 09/575,195 
09/575,159 O9/575,132 09/575,123 09/575,148 09/575,130 
09/575,165 O9/575,153 09/693,415 09/575,118 09/609,139 
09/608,970 O9/575,116 09/575,144 09/575,139 09/575, 186 
09/575,185 09/609,039 09/663,579 09/663,599 09/607,852 
09/575,191 O9/693,219 09/575,145 09/607,656 09/693,280 
O9/609/132 O9/693,515 09/663,701 09/575,192 09/663,640 
09/609,303 O9/610,095 09/609,596 09/693,705 09/693,647 
09/721,895 O9/721,894 09/607,843 09/693,690 09/607,605 
09/608,178 09/609,553 09/609,233 09/609,149 09/608,022 
09/575,181 O9/722,174 09/721,896 10/291522 10/291,517 
10/291523 10/291,471 10/291,470 10/291,819 10/291,481 
10/291,509 10/291,825 10/291,519 10/291,575 10/291,557 
10/291,661 10/291,558 10/291,587 10/291818 10/291,576 
10/291589 10/291526 6,644,545 6,609,653 6,651,879 
10/291,555 10/291510 19/291,592 10/291,542 10/291,820 
10/291516 10/291,363 10/291,487 10/291520 10/291521 
10/291,556 10/291,821 10/291525 10/291586 10/291,822 
10/291524 10/291,553 10/291,511 10/291585 10/291,374 
NPA125US 10/685,583 NPA127US 10/685,584 NPA133US 
09/575,193 O9/575,156 09/609,232 09/607,844 09/607,657 
09/693,593 NPB008US 09/928,055 09/927,684 09/928,108 
O9/927,685 O9/927,809 09/575,183 09/575,160 09/575,150 
09/575,169 6,644,642 6,502,614 6,622,999 09/575,149 
10/322,450 6,549,935 NPNOO4US 09/575,187 09/575,155 
6,591,884 6,439,706 09/575,196 09/575,198 09/722,148 
09/722,146 O9/721,861 6,290,349 6,428,155 09/575,146 
09/608,920 O9/721,892 09/722,171 09/721,858 09/722,142 
10/171987 10/202,021 10/291,724 10/291512 10/291,554 
10/659,027 10/659,026 09/693,301 09/575,174 09/575,163 
09/693,216 O9/693,341 09/693,473 09/722,087 09/722,141 
09/722,175 O9/722,147 09/575,168 09/722,172 09/693,514 
09/721,893 O9/722,088 10/291,578 10/291,823 10/291,560 
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10/291,366 10/291,503 10/291,469 10/274,817 09/575,154 
O9/575,129 O9/575,124 09/575,188 09/721,862 10/120,441 
10/291,577 10/291,718 10/291,719 10/291,543 10/291,494 
10/292,608 10/291,715 10/291,559 10/291,660 10/409,864 
10/309,358 10/410,484 NPW008US NPW009US 09/575,189 
O9/575,162 O9/575,172 09/575,170 09/575,171 09/575,161 
10/291,716 10/291,547 10/291,538 10/291,717 10/291,827 
10/291,548 10/291,714 10/291,544 10/291,541 10/291,584 
10/291579 10/291,824 10/291,713 10/291,545 10/291,546 
O9/693,388 O9/693,704 09/693,510 09/693,336 09/693,335 
10/181,496 10/274,199 10/309,185 10/309,066 

0007 Some application has been listed by docket num 
bers, these will be replaced when application number are 
known. 

GLOSSARY 

0008. This section lists the acronyms, abbreviations and 
Similar information used in this Specification. 

0009 BIST: Built-in self test 
0010 DNL. Differential non-linearity 
0011 ESD: Electro-static discharge 
0012 FPN: Fixed pattern noise 
0013 INL: Integral non-linearity 
0014 PGA: Programmable gain amplifier 
0.015 PVT. Process-Voltage-Temperature 

BACKGROUND OF INVENTION 

0016 Monolithic integrated circuit image sensors are 
known in the art. Examples include Charge-Coupled 
Devices (CCDs) and CMOS image sensors. Refer, for 
example, to Janesick, J. R., Scientific Charge-Coupled 
Devices (SPIE Press 2001); Hoist, G. C., CCD Arrays, 
Cameras and Displays (SPIE Press 1996); and Moini, A., 
Vision Chips (Kluwer Academic Publishers 1999). Digital 
image processing algorithms are known in the art. Refer, for 
example, to Gonzales, R. C. and R. E. Woods, Digital Image 
Processing (Addision Wesley 1992). 
0017. Image sensors such as CMOS and CCD image 
capture devices are known. Such devices are typically 
designed to work in conjunction with an external frameStore 
and a host processor. 
0018. One of the issues that arises when such image 
Sensors are used in Systems with a host processor is that the 
link between the image Sensor and the host processor must 
Support the relatively high read-out data rate of the image 
SCSO. 

0019. It is an object of the invention to provide alterna 
tive architectures that overcome Some of the problems 
asSociated with direct coupling between the image Sensor 
and the host processor. 
0020 Active pixel cells have a storage node which stores 
a charge. During an integration period, the Stored charge is 
modified from an initial level. Once the integration is 
completed, the amount of charge determines an output 
Voltage, which can be used to drive an output circuit. The 
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output of the output circuit is controlled by the Voltage, and 
hence the charge, of the Storage node. 
0021. In conventional pixel cells, Switching into and out 
of the integration period causes one or more Voltage drops 
at the Storage node due to various capacitances in the circuit. 
This reduces the potential dynamic range of the pixel cell. 
0022. It would be desirable to provide a pixel cell that 
overcomes or at least reduces the impact of these voltage 
drops without requiring complicated additional circuitry. It 
would be even more desirable if a fill factor of such a pixel 
cell was not substantially different to that of prior art pixel 
cells. 

SUMMARY OF THE INVENTION 

0023. In a first aspect the present invention provides a 
monolithic integrated circuit including an image Sensor for 
capturing image information; at least one analog to digital 
converter for converting analog Signals corresponding to the 
image information into digital image data; and a first 
frameStore for Storing frames of the digital image data. 
0024. In a second aspect the present invention provides a 
monolithic integrated circuit including an image Sensor for 
capturing image information; at least one analog to digital 
convertor for converting analog Signals corresponding to the 
image information into digital image data; and an image 
processor, the image processor including a low-pass filter for 
filtering the image data, thereby to generate filtered image 
data. 

0.025 In a further aspect the present invention provides a 
monolithic integrated circuit including an image processor, 
the image processor including a low-pass filter for filtering 
digital image data received from an image Sensor, thereby to 
generate filtered image data; and a Subsampler for SubSam 
pling the filtered image data, thereby to generate Subsampled 
image data; and a Subsampled frameStore, the monolithic 
integrated circuit being configured to Store the Subsampled 
image data in the Subsampled frame Store. 
0026. In a third aspect the present invention provides a 
monolithic integrated circuit comprising an image Sensor for 
Sensing image information; at least one analog to digital 
convertor for converting analog Signals corresponding to the 
image information into digital image data; and an image 
processor, the image processor including a range expansion 
circuit for range expanding the digital image data. 
0027. In a fourth aspect the present invention provides a 
photodetecting circuit comprising a photodetector for gen 
erating a Signal in response to incident light; a storage node 
having first and Second node terminals, the first node ter 
minal being connected to the photodetector to receive the 
Signal Such that charge Stored in the node changes during an 
integration period of the photodetecting circuit; and an 
output circuit for generating an output signal during a read 
period of the photodetecting circuit, the output signal being 
at least partially based on a Voltage at the first terminal; the 
photodetecting circuit being configured to eceive a reset 
Signal; integrate charge in the Storage node during an inte 
gration period following receipt of the reset Signal; and 
receive a compensation signal at the Second terminal of the 
Storage node at least during the read period, the compensa 
tion Signal increasing the Voltage at the first terminal whilst 
the output circuit generates the output signal. 
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0028. In a further aspect the present invention provides a 
method of Sensing a pixel value comprising the Steps of, in 
a photodetector circuit: 

0029) 
0030 generating a photocurrent in a photodetector 
in response to light falling on the photodetector; 

resetting the circuit; 

0031 modifying a charge in a storage node over an 
integration period in accordance with the photocur 
rent, 

0032 at the end of the integration period, reading 
the charge in the Storage node to determine the pixel 
value, the Step of reading including the SubStep of 
applying a compensatory Voltage to a terminal to at 
least partially compensate for one or more Voltage 
drops associated with the commencement and/or 
termination of the integration period. 

0033. In a fifth aspect the present invention provides a 
monolithic image Sensing device, including an image Sensor 
for Sensing image data; timing circuitry for generating at 
least one internal timing Signal, the image Sensor being 
responsive to at least one of the internal timing Signals to at 
least commence Sensing of the image data; and at least one 
external timing Signal; at least one external pin for Supplying 
the at least one external timing Signal to at least one 
peripheral device. 
0034. In a sixth aspect the present invention provides a 
monolithic integrated circuit comprising an image processor 
configured to make each of a Series of frames of image data 
available to a host processor, the image processor being 
configured to receive a first message from the host processor 
indicative of the host processor not requiring further acceSS 
to the image data prior to a Subsequent frame Synchronisa 
tion signal; in response to the first message, causing at least 
part of the integrated circuit to enter a low power mode; and 
in response to a frame Synchronisation Signal, cause the part 
of the integrated circuit in the low power mode to exit the 
low power mode. 
0035) In a seventh aspect the present invention provides 
a monolithic image Sensing device including an image 
processor, the integrated circuit being configured to operate 
in a System having a host processor, the image processor 
being configured to receive, from the host processor, a 
request for access to a next available frame of image data 
from a frameStore; in the event the frame of image data is 
available, Sending a message to the host processor indicative 
of the image data's availability; and in the event the frame 
of image data is not available, waiting until it is available 
and then Sending a message to the host processor indicative 
of the image data's availability. 
0036). In a further aspect the present invention provides A 
monolithic integrated circuit including an image processor, 
the integrated circuit being configured to operate in a System 
having a host processor and a frameStore, the image pro 
ceSSor being configured to receive a message from the host 
processor confirming that image data in the frameStore is no 
longer required; and in the event that new image data is 
received to be Stored in the frameStore prior to the message 
being received, discarding the new image data. 
0037. In an eighth aspect the present invention provides 
A monolithic integrated circuit for use in a System having a 
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host processor, the integrated circuit including at least one 
input pin for receiving command data from the host proces 
Sor, at least one output pin for transmitting processed image 
data to the host processor in response to the command data; 
and an image processor configured to generate the processed 
image data by performing an image-processing function on 
image data captured by an image Sensor. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0038 
0039) 
0040 FIG. 3. Timing diagram of the image sensor event 
Signals in Freeze-Frame mode 
0041) 
interface 

0.042 FIG. 5. Timing diagram of the ADC during a 
conversion cycle 
0.043 FIG. 6. Timing diagram of the ADC during a 
calibration cycle 
0044) 
004.5 FIG. 8a. First embodiment of a shuttered pixel 
circuits 

0046) 
circuits 

FIG. 1. Jupiter system diagram 
FIG. 2. Detailed architecture of Jupiter 

FIG. 4. Tming diagram of image Sensor data 

FIG. 7. Timing diagram of the clock multiplier 

FIG. 8b. Second embodiment of a shuttered pixel 

0047 FIG. 9. Typical timing diagram of a shuttered pixel 
during the integration cycle 
0.048 FIG. 10. The new pixel design to compensate for 
reset Voltage drop 
0049 FIG. 11. Schematic diagram of the column circuit 
0050 FIG. 12. Timing diagram during integration cycle 
0051 FIG. 13. The timing diagram of the read-out cycle 
0.052 FIG. 14. Schematic diagram of the row decoder 
circuit 

0053) 
0054) 
0055 FIG. 17. Layout of the 10 um pixel using a 
photodiode and the capacitor 
0056 FIG. 18. Layout of the 10 um pixel using a 
photodiode and without the capacitor 

FIG. 15. Schematic diagram of level shifter 
FIG. 16. Bias generator circuit 

0057 FIG. 19. Layout of the 10 um pixel using a BJT 
0.058 FIG. 20. Block diagram of the sensor 
0059 FIG. 21. The structure of a pipelined ADC 
0060 FIG.22. Abit-slice of the switched capacitor based 
ADC 

0061 FIG. 23. The structure of three bit slices of the 
ADC in one phase of the clock 
0062 FIG. 24. The structure of the differential folded 
cascode circuit used in the ADC 

0063 FIG.25. The bias generator circuit for the PGA and 
ADC 

0064 FIG. 26. The common mode feedback circuit 
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0065 FIG. 27. The gain booting amplifiers 
0.066 FIG. 28. The clock generator 
0067 FIG. 29. The reference current generator 
0068 FIG. 30. Resistive ladder used in the bias current 
generator 

0069 FIG. 31. The schematic diagram of the comparator 
0070 FIG. 32. Common mode and reference voltage 
generator 

0071 FIG. 33. The wide-range OTA used in the refer 
ence Voltage generators 
0072 FIG. 34. The structure of the bandgap generator 
0073 FIG. 35. The multistage opamp used in the band 
gap generator 

0.074 FIG. 36. The structure of the PGA 
0075 FIG. 37. The selectable capacitor structure used in 
the PGA 

0.076 FIG. 38. The compensation structure used in the 
PGA opamp 

0.077 FIG. 39. The floorplan of the ADC 
0078 FIG. 40. The block diagram of the ADC 
007.9 FIG. 41. Timing diagram of the ADC in the normal 
mode 

0080 FIG. 42. Callisto system diagram 
0081 FIG. 43. Coordinate system 
0082 FIG. 44. Sub-sampling 
0.083 FIG. 45. Sub-sampling pixel replication 
0084 FIG. 46. Dynamic range expansion window 
0085 FIG. 47. Incomplete dynamic range expansion 
window 

0.086 FIG. 48. Sub-pixel value 
0087 FIG. 49. General Callisto message format 
0088 FIG. 50. Register access message format 
0089 FIG. 51. Callisto command message format 
0090 FIG. 52. Register data message format 
0091 FIG. 53. Command data message format 
0092 FIG. 54. Command data format for processed 
image read command 
0093 FIG. 55. Frame sync message format 
0094 FIG. 56. Frame store write message format 
0.095 FIG. 57. Frame store write message format 
0096 FIG. 58. Unprocessed image read command mes 
Sage 

0097 FIG. 59a. Processed image read command with 
arguments 

0.098 FIG. 59b. Processed image read command without 
arguments 
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0099 FIG. 60a. Sub-sampled image read command with 
arguments 

0100 FIG. 60b. Sub-sampled image read command 
without arguments 
01.01 
0102 FIG. 62. Command execution and frame store 
write States 

0103 FIG. 63. Frame store buffer locking 
0104 FIG. 64. Error recovery cycle 
01.05 FIG. 65. Reset timing 
0106 FIG. 66. Image sensor data interface timing 

FIG. 61. Sub-pixel read command message 

0107 FIG. 67. Image sensor timing signals 
0108 FIG. 68. Image sensor timing-external capture 
0109 FIG. 69. Serial interface synchronous timing: 2 
bytes back-to-back from Callisto to microprocessor 
0110 FIG. 70. Serial interface synchronous timing single 
bite transfer from microprocessor to Callisto 
0111 
0112 
0113 FIG. 73. External register interface write timing 
0114 FIG. 74. Callisto top-level partitioning 
0115 FIG. 75. clk driver logic 
0116 FIG. 76. register read State Machine 
0117 FIG. 76a. Four-byte Register Read Access 
0118 FIG. 77. serialif structure 
0119 FIG. 78. Ser2par State Machine 
0120 FIG. 79. msg, sync State Machine 
0121 FIG. 80, msg hand State Machine 
0122 FIG. 81. Register Write and Read Accesses 
0123 FIG. 82. 
Image Read Sequence 

0124 FIG. 83. Subpixel Read Command 
0125 FIG. 84. Direct Frame Store Write Sequence 
0126 FIG. 85. frame handshaking State Machine 
0127 FIG. 86. header generation State Machine 
0128 FIG. 87. Sif par2ser functional timing 
0129 FIG. 88, par2ser State Machine 
0130 FIG. 89. error handler State Machine 
0131 FIG. 90, imgproc structure 
0132) FIG.91, imgproc fs State Machine 
0133 FIG. 92. Sub-functions of the Processed Image 
Read Function 

0134) 
0135 FIG. 94. “Column Min-Max” Pipeline and Range 
Expand and Threshold 

FIG. 71. Error recovery timing using break 
FIG. 72. External register interface read timing 

Unprocessed-Processed-Subsampled 

FIG. 93. “Column Min-max’ Generation 
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0136 FIG. 95. Serial Output during Processed Image 
Region Read 
0137 FIG. 96. imgproc sertim state machine 
0138) 
0139) 
buffered) 
0140 
buffered) 
0141 FIG. 100. synchronizer design 
0142 FIG. 101. reset sync design 
0143 FIG. 102. Sig pulse sync design 
014.4 FIG. 103. New Fram events-Double buffering 
0145 FIG. 104. Single Buffer-Basic cadence 
0146 FIG. 105. Single Buffer-Normal operation 
0147 FIG. 106. Single Buffer-One missed frame 
0148 FIG. 107. Double Buffering-Same cadence as 
normal operation for Single buffer 
0149 FIG. 108. Double Buffering-No missed frames, 
Simultaneous read and write 

0150 FIG. 109. Double Buffering-One missed frame 
0151 FIG. 110. Generalized RAM Accesses 
0152 FIG. 111. Sub-sample Buffer RAM architecture 
0153 FIG. 112. Scan Test Operation 
0154 FIG. 113. Symmetric FIR parallel implementation 
0155 FIG. 114. Reuse of multiplier and adder tree 
0156 FIG. 115. 2-tap 2D FIR 
O157 FIG. 116. Symmetric 2D FIR's 
0158 FIG. 117. Block memory scheme decoupling deci 
mation factors and filter order 

0159 FIG. 118. Reduced linestore 2D FIR 
0160 
0.161 FIG. 120. First sample tag structure, showing 
Symbol arrangement 

FIG. 97. imgsensif structure 
FIG. 98. Sens ctrl state machine (fsm-double 

FIG. 99. sens ctrl state machine (onebuf single 

FIG. 119. Tag image processing chain 

0162 FIG. 121. First sample tag structure, showing 
macrodot arrangement, (fully populated with macrodots) 
0163 FIG. 122. Second sample tag structure, showing 
Symbol arrangement 
0.164 FIG. 123. Second sample tag structure, showing 
macrodot arrangement (fully populated with macrodots) 

DETAILED DESCRIPTION OF PREFERRED 
AND OTHER EMBODIMENTS 

0.165. The detailed description is broken down into sec 
tions for convenience. 

0166 Section A describes a preferred embodiment of the 
present invention in the form of the Jupiter image Sensor 
chip with on-board image processing. 
0.167 Section B describes the functions of the Ganymede 
image Sensor component of Jupiter. 
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0168 Section C describes the design of the Ganymede 
image Sensor. 
0169. Section D describes the design of an 8-bit analog 
to-digital converter (ADC) used by Ganymede. 
0170 Section E describes the functions and design of the 
Callisto image processor component of Jupiter. 
0171 Section F describes alternative filtering and Sub 
Sampling circuits which may be utilised by Callisto. 
0172 Section G describes netpage tag Sensing algorithms 
adapted to utilise the Callisto image processor for tag image 
processing and tag decoding in the context of the netpage 
networked computer System outlined in the cross-referenced 
patent applications listed above. 
0173. In a preferred embodiment of the invention, the 
Jupiter image Sensor is designed to be embedded in a 
netpage Sensing device Such as a netpage pen (as described 
in co-pending PCT application WO 00/72230 entitled 
“Sensing Device, filed 24 May 2000; and co-pending U.S. 
application U.S. Ser. No. 09/721,893 entitled “Sensing 
Device”, filed 25 Nov. 2000), or a Netpage viewer (as 
described in co-pending PCT application WO 01/41046 
entitled “Viewer with Code Sensor”, filed 27 Nov. 2000). 
0.174. In a preferred embodiment of the invention, the 
Jupiter image Sensor is also designed to be used in conjunc 
tion with Surfaces tagged with identity-coding and/or posi 
tion-coding patterns (such as described in co-pending PCT 
application WO 00/72249 entitled “Identity-Coded Surface 
with Reference Points", filed 24 May 2000; co-pending PCT 
application WO 02/84473 entitled “Cyclic Position Codes”, 
filed 11 Oct. 2001; co-pending U.S. application U.S. Ser. 
No. 10/309,358 entitled “Rotationally Symmetric Tags", 
(docket number NPTO20US) filed 4 Dec. 2002; and Austra 
lian Provisional Application 2002952259 entitled “Methods 
and Apparatus (NPTO19)”, filed 25 Oct. 2002). 
0175 Various alternative pixel designs suitable for incor 
poration in the Jupiter image Sensor are described in co 
pending PCT application PCT/AU/02/01573 entitled 
“Active Pixel Sensor', filed 22 Nov. 2002; and co-pending 
PCT application PCT/AU02/01572 entitled “Sensing 
Device with Ambient Light Minimisation', filed 22 Nov. 
2002. 

0176) The preferred form of the invention is a monolithic 
image Sensor, analog to digital converter (ADC), image 
processor and interface, which are configured to operate 
within a System including a host processor. The applicants 
have codenamed the monolithic integrated circuit “Jupiter'. 
The image sensor and ADC are codenamed “Ganymede.” 
and the image processor and interface are codenamed "Cal 
listo’. 

0177. It should appreciated that the aggregation of par 
ticular components into functional or codenamed blockS is 
not necessarily an indication that Such physical or even 
logical aggregation in hardware is necessary for the func 
tioning of the present invention. Rather, the grouping of 
particular units into functional blockS is a matter of design 
convenience in the particular preferred embodiment that is 
described. The intended Scope of the present invention 
embodied in the detailed description should be read as 
broadly as a reasonable interpretation of the appended 
claims allows. 
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0178 Jupiter 
0179 Function and Environment 
0180. The Jupiter image sensor has been designed for 
high-speed low-cost machine vision applications, Such as 
code Sensing in devices Such as the Netpage pen and 
Netpage viewer. Jupiter comprises an image Sensor array, 
ADC function, timing and control logic, digital interface to 
an external microcontroler, and implementation of Some of 
the computational Steps of machine vision algorithms. 
0181 FIG. 1 shows a system-level diagram of the Jupiter 
monolithic integrated circuit 1 and its relationship with a 
host processor 2. Jupiter 1 has two main functional blockS: 
Ganymede 4 and Callisto 6 blocks. Ganymede comprises the 
Sensor array, ADC, timing and control logic, clock multiplier 
PLL, and bias. Callisto comprises the image processing, 
image buffer memory, and Serial interface to a host proces 
sor. A parallel interface 8 links Ganymede 4 with Callisto 6, 
and a serial interface 10 links Callisto 6 with the host 
processor 2 

0182 
0183 Jupiter has several internal and external interfaces. 
External interface include the host processor interface and a 
flash (exposure) and capture interface. Both of these inter 
faces belong to Callisto and are described in more detail in 
the Callisto section below. 

Interfaces 

0.184 The internal interfaces in Jupiter are used for 
communication among the different internal modules. The 
internal interfaces in Jupiter are described in more detail 
below. 

0185. Power Modes 
0186 Each module in Jupiter has two power modes: 
SLEEP and ON. In the SLEEP mode, the modules are shut 
down, and in the ON mode the modules are activated for 
normal operation. The power is controlled via an internal 
8-bit register. Each bit of this register is used to control one 
Separate module. A bit value of 0 means that the associated 
module is turned off while a bit value of 1 means that the 
asSociated module is turned on. 

0187 Mechanical Characteristics 
0188 The packaging of Jupiter is performed using a 
wafer-level packaging technique to reduce the Overall manu 
facturing cost. The physical placement of the pads and their 
dimensions, and the wafer-level die Specifications, accom 
modate the wafer-level packaging proceSS. 
0189 Ganymede Image Sensor 
0190. Ganymede Features: 

0191) 
0192) 
0193) 
0194) 

Sensor array 

8-bit digitisation of the Sensor array output 
digital image output to Callisto. 

a clock multiplying PLL. 

0.195 Ganymede Functional Characteristics 
0196. As best shown in FIG. 4, Ganymede 4 comprises 
a Sensor array 12, an ADC block 14, a control and timing 
block 16 and a phase lock loop (PLL) 18 for providing an 
internal clock signal. The Sensor array comprises pixels 20, 
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a row decoder 22, a column decoder and MUX 24. The ADC 
block 14 includes an ADC 26 and a programmable gain 
amplifier (PGA) 28. The control and timing block 16 con 
trols the sensor array 12, the ADC 26, and the PLL 18, and 
provides an interface to Callisto 6. 
0197) The following table shows characteristics of the 
Sensor array 12: 

Parameter Characteristic Comment 

Resolution 8 bits 
Sampling frequency For an Nx N sensor array the 

sampling frequency is greater 
than 0.002/(Nx N) Hz. 

Integral <1 bit 
non-linearity (INL) 
Differential <0.5 bit 
non-linearity (DNL) 
Input voltage range +f-1.0 Differential input 
Gain 1. The gain of the ADC is 

to 16 linearly set by a 4-bit 
register. 

Offset <0.5 bit A calibration mechanism is 
implemented to reduce the 
offset. 

Missing codes NONE 

0198 ADC 
0199 The ADC block is used to digitise the analog output 
of the Sensor array. The following table shows characteris 
tics of the ADC: 

Parameter Characteristic Comment 

Resolution 8 bits 
Sampling frequency For an Nx N sensor array the 

sampling frequency is greater 
than 0.002/(Nx N) Hz. 

Integral <1 bit 
non-linearity (INL) 
Differential <0.5 bit 
non-linearity (DNL) 
Input voltage range +f-1.0 Differential input 
Gain 1. The gain of the ADC is 

to 16 linearly set by a 4-bit 
register. 

Offset <0.5 bit A calibration mechanism is 
implemented to reduce the 
offset. 

Missing codes NONE 

0200 Clock Multiplying PLL 
0201 A clock multiplier within the PLL 18 provides a 
lock detect output which indicates the PLL's lock status. 
The following table shows characteristics of the PLL: 

Parameter Characteristic 

1 MHz & fin & 40 MHz 
10 MHz & fout & 200 MHz, 
<200 ps 
<1 ms 

Input clock frequency 
Output clock frequency 
Clock jitter 
Lock time 
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0202 Image Sensor Interface 
0203 The image sensor interface is used internally in 
Ganymede to read the image Sensor data. The interface 
between Ganymede and Callisto (represented by Signals 
iclk, isync, ivalid, idata) is described below in more detail. 
0204. The following table shows the image sensor inter 
face pins: 

Name Function Type 

icapture This signal triggers a frame 
capture sequence. 

sleep This signal puts the image 
sensor to sleep. 
This signal resets the pixel 
voltage in FF mode. 
This signal captures the 
pixel voltage in FF mode. 
This signal triggers the 
download of a row of data and 
subsequently a series of 
ADC conversions for the data 
of that row. 

Digital input 

Digital input 

frame reset Digital input 

frame capture Digital input 

read row Digital input 

ar7:0 
ac7:0 
data ready 

This is the row address bus. 
This is the column address bus. 
This signal indicates that 

8-bit digital input 
8-bit digital input 
Digital output 

the analog output is ready. 
(This signal may be used to 
start a conversion in the 
ADC). 

aOut This is the analog output 
data from the sensor which 
is input to the ADC. 

ick This is the clock signal. 

analog Outputs 

digital input 

0205 FIG. 3 shows a timing diagram of image sensor 
event Signals in a “Freeze-Frame” mode of the Sensor array 
12, whilst FIG. 4 shows a typical timing diagram of the 
image Sensor interface during a read cycle. It should be 
noted that the number of clock pulses between events in all 
timing diagrams is for the purposes of illustration only. The 
actual number of clock cycles will vary depending upon the 
Specific implementation. 

0206 ADC Interface 
0207. The control and timing block 16 provides timing 
and control signals to the ADC 26. The following table 
shows the ADC 26 pins. 

Signal Function Type 

sleep This puts the ADC to sleep Digital input 
ick The clock Digital input 
Start conv A transition from low to high Digital input 

on this signal starts the 
conversion process. 

end conv A transition from low to high Digital output 
indicates that the conversion 
has ended. 
A transition from low to high 
on this signal starts the 
calibration process in the 
next clock cycle. 
A transition from low to high 
indicates that the calibration 
process has ended. 

start calibrate Digital input 

end calibrate Digital output 
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-continued 

Signal Function Type 

pga gain The gain of the PGA amplifiers 3-bit digital input 
used at the input of the ADC. 

ain The analog input to the ADC. 
dout 7:0 The digital output of the ADC. 

Analog input 
8-bit digital output. 

0208. A typical timing diagram of the ADC interface 
during a conversion cycle is shown in FIG. 5. The conver 
Sion is triggered by the start conv signal. During this period 
the analog inputs are also valid. The end conv signal 
indicates the end of conversion, and the output digital data 
dout is then valid. The end conv signal is set to low when 
the start conv goes from low to high. 
0209. A typical timing diagram of the ADC interface 
during a calibration cycle is shown in FIG. 6. The start cal 
Signal triggers the calibration cycle. The period that it takes 
for the calibration to take place will depend on the particular 
architecture. 

0210 Clock Multiplying PLL Interface 
0211 The clock multiplier provides multiplication fac 
tors of the form M/N, where M and N are positive integer 
values. The following table shows the pins of the clock 
multiplier. 

Signal Function Type 

sleep This puts the ADC to sleep Digital input 
ick The clock Digital input 
Start conv A transition from low to high Digital input 

on this signal starts the 
conversion process. 
A transition from low to high Digital output 
indicates that the conversion 
has ended. 
A transition from low to high Digital input 
on this signal starts the 
calibration process in the 
next clock cycle. 
A transition from low to high Digital output 
indicates that the calibration 
process has ended. 
The gain of the PGA amplifiers 3-bit digital input 
used at the input of the ADC. 

ain The analog input to the ADC. 
dout 7:0 The digital output of the ADC. 

end conv 

start calibrate 

end calibrate 

pga gain 

Analog input 
8-bit digital output. 

0212. The timing of the clock multiplier is shown in FIG. 
7. The time that it takes for the output clock frequency to 
Settle is determined by the Settling/lock characteristics of the 
clock multiplier as Specified above. 
0213 Power/Sleep Interface 
0214. This interface controls the power state of the mod 
ules in Ganymede. Each module in Ganymede has a digital 
input pin, which turns the module on or off. 
0215 Operation 
0216) Registers 
0217. This section describes the registers that are used in 
Ganymede. Note that Callisto's registers are described in 
Appendix E. 
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0218. The address gaps between registers is intentional, 
to allow possible expansion during the design process, and 
also to facilitate the classification of registers and their 
functions. 

0219) Image Sensor frame reset Timing Register 

0220) The reset value for the frame reset high corre 
sponds to 1.6 us using a 20 MHz clock. 

TABLE 7 

Frame reset timing register 32-bit 

Reset 
Field Width Bits value Description 

frame reset delay 16 15:O 0x0000 This is the delay, 
in number of clock 
pulses, between the 
rising edge of the 
frame reset and the 
capture signals. 
(t1 in FIG. 3) 

0x0020 This is the period, 
in number of clock 

frame reset high 16 31:16 

pulses, when 
frame reset is high. 
(t2 in FIG. 3) 

0221) Image Sensor frame capture Timing Register 

0222. The reset values correspond to 140 us and 1.6 us, 
respectively, using a 20 MHz clock. 

TABLE 8 

frame capture timing register 32-bit 

Reset 
Field Width Bits value Description 

frame capture delay 16 15:0 OxOB00 This is the delay, 
in number of clock 
pulses, between the 
rising edge of the 
frame capture and 
the capture signals. 
(t3 in FIG. 3) 

31:16 0x0020 This is the period, 
in number of clock 
pulses, when 
frame capture is high. 
(tA. in FIG. 3) 

frame capture high 16 

0223 ADC Calibration Output Register 

0224. This register contains the offset error value 
obtained after a calibration cycle. 

TABLE 9 

ADC Offset register 8-bit 

Reset 
Field Width Bits value Description 

ADC offset 8 7:0 0x00 The offset of the ADC 
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0225) Clock Multiplier Counter Register 

TABLE 10 

Clock multiplier counter register 8-bit 

Reset 
Field Width Bits value Description 

PLL count M 4 3:0 OxO The feedback divider 
ratio for the clock 
multiplier. 

PLL count N 4 7:4 OxO The forward divider 
ratio value for the 
clock multiplier. 

0226 Configuration Register 

TABLE 11 

Configuration register 8-bit 

Reset 
Field Width Bits value Description 

ADC PGA gain 4 3:0 0x0 The gain of the PGA 
used in the ADC. 

Calibrate 1. 4 OxO O to 1 = Perform 
internal calibration. 

TBD 3 7:5 OxO TBD 

0227 Status Register 

0228. This is a read-write register. 

TABLE 12 

Status register 8-bit 

Reset 
Field Width Bits value Description 

Calibration Status 1. O b'O Flags the completion of 
the internal calibration 

Capture overflow 1. 1 b'O Indicates that a new 
capture signal has arrived 
before the previous 
capture cycle has ended. 
Upon read, this register 
is reset to 0. 

PLL Lock status 1. 2 b'O O = Not in lock 
1 = In lock 

TBD 6 7:2 OXOO TBD 

0229) 4.1.7 Sleep Control Register 

0230. This register contains the sleep status for the asso 
ciated modules/circuits. A value of 1 means that the circuit 
is off (in Sleep mode), and a value of 0 means that the circuit 
is on (active mode). 

TABLE 13 

Sleep control register 8-bit 

Reset 
Field Width Bits value Description 

Sensor 1. O O Image sensor sleep signal 
ADC 1. 1. O ADC sleep signal 
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TABLE 13-continued 

Sleep control register 8-bit 

Reset 
Field Width Bits value Description 

AUTO 1. 2 O Automatically turn-off 
relevant image sensor 
circuits during the 
non-capture mode. 

TBD 5 7:3 O TBD 

0231 Test Control Register 
0232 This register controls which signal is being con 
nected to the PROBE pad, and also controls the test mode of 
Callisto. Notice that the PROBE pad is a direct analog pad 
which only has the protection circuits. 
0233. Each signal may be appropriately buffered before 
being connected to the PROBE pad. 
0234. At any given time only one bit of this register shall 
be high. 

TABLE 1.4 

Test control register 16-bit 

Reset 
Field Width Bits value Description 

Column circuit O b'O Connect the column 
Output/ADC input circuit output and 

ADC input to PROBE 
VBG 1 b'O Connect the bandgap 

generator output to 
PROBE 

PLL input 2 b'O Connect the input 
clock to the PLL 
to PROBE 

PLL feedback 3 b'O Connect the feedback 

clock (after the 
divider) to PROBE 

PLL charge pump 4 b'O Connect the charge 
pump output to 
PROBE 

PLL output 5 b'O Connect the PLL 
output clock to 
PROBE 

PLL lock detect 6 b'O Connect the PLL 
lock detect output 
to PROBE 

Bias 1 7 b'O Connect the bias1 
signal to PROBE 

Bias 2 8 b'O Connect the bias2 
signal to PROBE 

TBD 6 14:9 OxOO TBD 
Callisto Test enable 15 OxO Control the test 
(ten) mode of Callisto. 

0235. Operation Modes 
0236 Normal Operation 
0237. In this mode the start of the capture cycle is 
determined by the icapture Signal. 
0238. The period of a capture cycle is determined by the 
period of the icapture Signal. However, if a new capture 
Signal arrives before the previous capture cycle has ended, 
the capture Signal is ignored and the "Capture overflow” 
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Status flag is Set high and remains high until it is explicitly 
cleared. The normal operation, however, resumes if a new 
capture Signal arrives after the current capture cycle. 

0239) Reset Mode 
0240. When RESETB is set low, and iclk is toggling, 
Ganymede and all its components are reset, and all registers 
are reset to predefined values. The reset cycle takes only one 
clock cycle of iclk. The reset cycle is repeated as long as the 
RESETB pin is low. 
0241) Section C-Ganymede Design 

0242 ACMOS process offers several different photode 
tector Structures, almost all present as parasitic devices. The 
main devices are photogate, Vertical and lateral bipolar 
Structures, and Vertical and lateral diodes. 

0243 The preferred structure was chosen mainly on the 
estimated sensitivity of that structure in the 800-850 nm 
range. Sensitivity is a function of Several parameters: 

0244) Quantum efficiency (dependent on junction 
profile) 

0245 Effective detector area (the effective area can 
be improved by using microlenses) 

0246 Pixel capacitance (which depends on the 
Structure as well as the pixel circuits) 

0247 Among these, quantum efficiency plays a more 
important role in the Selection of the Structure, as the other 
two parameters are leSS dependent on the junction profile. 

0248 Pixel Circuits 
0249. This section describes the circuits used at each 
pixel. Here we only discuss the shuttered (or freeze-frame) 
pixel circuits, although unshuttered pixels can also be used 
Two circuits commonly used for a shutter pixel are shown in 
FIGS. 8a and 8b. The difference between the two circuits is 
the location of the reset transistor M1 with respect to the 
storage node X. In both circuits M1 is the reset transistor, 
M2 is the transfer transistor, M3 is the output transistor, and 
M4 is the row-select transistor. The capacitor Cs is the 
Storage capacitance, which may implicitly exist as parasitic 
capacitances at the Storage node X. Alternatively, additional 
capacitance can be added to improve the charge retention 
capability of the pixel. 

0250) 
Voltages. 

FIG. 9 shows a typical timing of the signals and 

0251 Notwithstanding their differences, the circuits of 
FIGS. 8a and 8b are almost identical with respect to 
Sensitivity and dark current. This is because during the 
active period of the pixel (integration time) shown in FIG. 
9, when M2 is on, the Storage node X Sees the same amount 
of capacitance and junction diodes. The main difference 
between operation of the two circuits is during the reset 
period of the read cycle. For the circuit of FIG. 8a, the tx 
Signal should also be on to allow the Storage node to be reset, 
while the circuit of FIG. 8b does not require this. Also in the 
circuit of FIG. 8a, the photodetector current will lower the 
reset Voltage at node X, and will induce an image dependent 
reset noise. However, during the reset period of the circuit of 
FIG. 8b, M2 can be turned off. 
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0252) Reset Voltage Drop 
0253) A major problem faced by all active pixel circuits 
is the Voltage drop when the reset Voltage is lowered. In 
Shuttered pixels there is also the Voltage drop induced by the 
transfer transistor. It should be noticed that this Voltage drop 
reduces the dynamic range of the pixel, and therefore is an 
undesirable effect. The Voltage drop is caused because of 
capacitive coupling between the gate of these transistors are 
the Storage node. 
0254. Many alternatives have been suggested to remedy 
this problem, including increasing the reset Voltage Vreset to 
account for the Voltage drop, or using more complex read 
out circuits. All of these alternatives bring their own set of 
undesirable side-effects. 

0255 FIG. 10 shows a preferred embodiment of a pixel 
design which reduces this problem. 

0256 AS shown, the Storage node includes a capacitor, 
the other side of which is connected to txb, the logically 
negated version of tX. It will be appreciated that tXb is a 
particularly convenient Signal, in terms of timing and Volt 
age, to use. However, any other Suitable Signal can be used 
to partially or wholly compensate for the Voltage drop. 

0257 The value of the capacitor is determined such that 
it compensates for the Substantially all of the Voltage drop 
effects. Physically the capacitor can be implemented Such 
that it covers the active circuits, Such that it does not affect 
the fill factor of the pixel. For a typical 10 umx10 um pixel, 
the amount of capacitance needed to compensate for the 
Voltage drop is about 0.2 ft. Compared to the total capaci 
tance of 30-40 f, this is negligible, and therefore it does not 
affect the sensitivity of the pixel. 
0258 Sensitivity 

0259 Before starting any discussions we define the “sen 
sitivity” to avoid confusion with other implied meanings of 
this term. The term “sensitivity” used here is the conversion 
factor from input light power in Watts to output pixel Voltage 
in Volts. 

0260 The main parameters determining sensitivity are 
the QE, pixel area, and effective pixel capacitance. In order 
to Simulate the Sensitivity we use the circuit shown in 
Figure. The input current Sources are ratioed to reflect their 
respective QE at a wavelength of 850 nm. For a 1 Watt/m2 
input light at 850 nm the photon flux per unit area is: 

A 850 x 10 = 4.27 x 108 
he 6.63x 10-34 x 3 x 108 T. s. m2 

0261) Using the simulated QE numbers for the Nwell 
PSub and Pdiff-Nwell-Psub structures, we can conclude that 
for a 10 u pixel, with approximately 80% fill factor, the 
photocurrent for a 1-Watt/m2 input light will be 

QEXAX FFX Axq twwell-Psub 

0.123x4.27 x 108 x 0.8 x 100 x 1.6 x 10 = 0.672x 10 
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-continued 
QEXA X FFX Axg 

Paif-NWeli-Psub — 

2.28 x 4.27 x 108 x 0.8 x 100 x 1.6x 109 = 13.5 x 101 

0262. In order to estimate the sensitivity we can use these 
values in a transient Simulation. However, as most Spice 
Simulators are not tailored for low current Simulations to 
give accurate “current outputs, and the available simulators 
could not converge, we will use a different method to 
estimate the effective capacitance at the Storage node, and 
then deduce the sensitivity. We use AC simulations. By 
applying an AC Voltage at the Storage node, and then 
measuring the drawn current, we can find an estimate for the 
total capacitance. 

0263. From the simulations the total capacitance at the 
storage node is 31 ff and 40 f for the Nwell-Psub, and 
Pdiff-Nwell-Psub structures, respectively. The sensitivity of 
the devices can be calculated to be 21.6 and 337.5 VS/W for 
the respective Structures. 

0264 Area Dependence 

0265. We have found that sensitivity improves only as a 
function of fill factor, and is relatively constant for pixel 
dimensions larger than 10 um. 

0266 Column Circuit 

0267 A column circuit 30, as shown in FIG. 11, is 
present at each column of the Sensor array 12. At the end of 
an integration cycle, the column circuit 30 is activated. The 
rows are Sequentially multiplexed to the input of this circuit. 
The illustrated circuit performs buffering in addition to pixel 
level and column level correlated double sampling (CDS). 

0268. In the column circuit 30, the source-follower tran 
Sistor and the read row transistor are connected to three 
other transistors in Such a way to form a basic unity-gain 
buffer. This circuit is advantageous Over the traditional 
Source-follower Structure, as it provides again closer to one, 
and therefore reduces the dynamic range loSS from the pixel. 
The output of the first buffer is sampled twice, using two 
identical Sample-and-hold structures. 

0269. The sampling is first done by activating the signal 
hold, and storing the value on Cr. Then all pixels in the row 

are reset, and the reset value is Sampled, this time onto the 
Cs capacitor. This operation performs the pixel level CDS. 

0270. During the period when the sampling is performed, 
the cro signal is Set high, and in effect resets the output buffer 
circuits following the nodes Xr and XS. Once Sampling has 
finished, the cro signal is set low and the sampled signals are 
transferred to Xr and Xs, and buffered to the outputs. This 
operation performs column level CDS. 

0271. It should be mentioned that the circuit following 
the sensor (either a PGA or ADC), should be designed such 
that it can benefit from the column level CDS mechanism, 
i.e. it can process the outputs from the two different phases 
of cro. 

10 
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0272) Column Decoder 
0273. The column decoder is part of the column circuit 
30. It implements a N-2 N decoder, and as such it can be 
used in a random access mode. 

0274 Timing 
0275. The timing of the signals controlling the pixel and 
column circuits can be separated into alternating integration 
and read-out cycles. 
0276. During each integration cycle 32, the entire sensor 
array 12 is first reset and then the electronic shutter is left 
open to integrate the photocurrent. At the end of this cycle 
the shutter is closed and the integrated charge is Stored in the 
pixel. In the read-out cycle 24 the Stored charge is read out 
row by row and the pixel-level and column-level CDS is 
performed, and the output is read out pixel by pixel. 
0277. The timing diagram for the integration cycle 32 is 
shown in more detail in FIG. 12. The main signals during 
this cycle are the reset and tX signals. These signals act on 
all pixels in the Sensor array. 
0278. The read-out cycle is more complex as it involves 
several different operations. FIG. 13 shows the sequence of 
events and the timing diagram during the read-out cycle. The 
read-out cycle essentially consists of a Series of “read and 
CDS row(n)” cycles 36, for all rows of the sensor array 12. 
Each “read and CDS row(n)” cycle 36 in turn consists of a 
“sample row data'38, a “pixel CDS'40, and a series of 
“column CDS” cycles 42. During the “sample row data” 
period 38, first signal hold is set high, and the data is 
Sampled and held by its corresponding capacitor. In the next 
phase, the entire row of pixels is reset and the reset value is 
Sampled and held by its associated capacitor. The row 
decoder circuit is designed Such that it Supports the resetting 
of only one row of pixels during the read-out cycle, while it 
globally resets the pixel array during the integration cycle. 
The pixel CDS 40 is inherently done during this same cycle. 
0279. During each of the “column CDS” cycles 42, first 
the Signal cro is set high to provide the off-set component of 
the column circuits, and then cro is set low to transfer the 
Sampled signal and reset values to the output. This operation 
is repeated for all the columns in the Sensor array 12. 
0280 Row Decoder 
0281 Turning to FIG. 14, a row decoder 44 is respon 
Sible for providing multiplexing Signals for the rows, and 
also controlling the behaviour of the reset and tx Signals. The 
decoding is performed by a NOR-NAND structure 46. 
0282. The dec enable signal controls the behaviour of the 
reset and tx signals. When dec enable is low, the entire row 
decoder is disabled and none of the rows are activated. At the 
Same time, the reset and tX signals will take a global role and 
can be active on all rows. 

0283 As the row decoder 44 implements a N-2N 
decoder, it can be used in a random access mode. 

0284 Level shifter buffers 48 are used to translate the 
logic levels from VDD to VCC (in this design from 1.8 V to 
3.0V). FIG. 15 shows one of the level shift buffers 48. The 
level shift buffer uses a basic feedback level shifter, which 
is properly ratioed to avoid any potential latch-up during fast 
transitions. In this circuit except for the two inverters, all 
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other transistors are designed with the high Voltage option. 
Notice that output PMOS transistor 50 has been intention 
ally made weaker than NMOS 52, to remove any possible 
overlap between the outputs from two consecutive rows 
when Switching from one row to the next. 
0285 Biasing 
0286 The only circuits that require biasing are the col 
umn circuits 30. There are four biasing voltages that need to 
be generated: two for the input buffer (biasm and biasp), and 
two for the output buffer (biasm out and biasp out) (See 
FIG. 11). 
0287 FIG. 16 shows the generator circuitry, comprising 
basic resistor-based bias generators. 
0288 Layout Design 
0289. The layout design of the sensor is described in this 
Section. The most important part of the layout design is the 
pixel design, and the interacting layouts Surrounding the 
pixel array. 

0290 A VSS ring, which also has the Psubstrate tap, 
surrounds the pixel array. This is to ensure that the NMOS 
transistors within the pixel array receive the best possible 
Substrate biasing, as there is no PSubstrate tap inside the 
pixels to conserve area. 
0291 Pixel Layout 
0292. The layout of the pixel should be such that the 
effective photodetector area is maximised. In the following 
Section we present the layout design of the four different 
pixel Structures that have been Selected as alternative can 
didates for use in the Jupiter design. 
0293 Photodiode with Capacitor 
0294 FIG. 17 shows a layout of a 10 um pixel using a 
photodiode and also having the capacitor for compensating 
the reset Voltage drop as described above. 
0295) The photodiode is an NWell-Psubstructure, includ 
ing a central NWell connection, from which the silicide layer 
is removed (except where the contact to M1 is formed). The 
VCC supply voltage runs both horizontally and vertically to 
produce a mesh power Structure, which reduces the imped 
ance of the Supply planes significantly. 
0296. The read, reset, tx and txb signals run horizontally. 
The out Signal runs vertically. The capacitor has been 
highlighted in the figure. It is formed by the parasitic 
capacitance between M4 and M5. “txb” runs on M5, and has 
been widened where the capacitor is formed. The bottom 
plate which is on M4 is connected to the Storage node 
through a set of Stacked Vias. For the Specific value required 
for the capacitor, it turns out that the implemented capacitor 
coverS all the active area of the transistors, and therefore it 
also provides a natural Shield for these circuits. 
0297 For the illustrated 10 um pixel, the fill factor is 
approximately 87%. 
0298 Photodiode Without Capacitor 
0299 FIG. 18 shows a layout of a 10 um pixel using a 
photodiode. The pixel is almost identical to that shown in 
FIG. 17, without the capacitor. There is no M4 below the 
area where txb has been widened, and therefore no capaci 
tance is formed. 
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0300 Photo-BJT With/Without Capacitor 
0301 FIG. 19 shows a layout of a 10 um pixel using a 
Pdiff-NWell-Psub BJT as the photodetector. The layout is 
very Similar to those using a photodiode. The pixel circuit is 
identical to that used in the photodiode based pixels, and 
therefore it will not be described here again. 
0302) The Pdiff area in this case has been maximized to 
increase the emitter area. The Silicide has been removed 
from the Pdiff area, except where the emitter contact is 
made. 

0303 Power Routing 
0304. A VSS ring which also has the Psubstrate taps 
surrounds the pixel array. This is to ensure that the NMOS 
transistors within the pixel array receive the best possible 
Substrate biasing, as there is no PSubstrate tap inside the 
pixels. A VCC ring also Surrounds the array, mainly to 
ensure that VCC is supplied from all sides of the array to the 
pixels. 

0305) The VCC supply in the pixels runs both horizon 
tally and Vertically, to produce a low impedance Supply 
mesh. The power routing to the row and column decoders 
are provided using the top metal layers from M3 to M6. 
0306 Light Shielding 
0307 The most critical circuits in any image sensor that 
may be affected by the incoming light are the row and 
column driving circuits, simply because they are physically 
close to the pixel array and therefore will be exposed to light. 
In order to avoid any potential problems, all the circuits in 
the current design are covered by metal layers. Notice that 
the design rules do not allow the use of a single continuous 
layer of metal, and therefore multiple overlapping metal 
layerS have been used to cover the circuits in the preferred 
embodiment. 

0308. It is also worth mentioning that in the 800 nm + 
range of input wavelength, only NMOS transistors can 
potentially be affected by the light, as the PMOS transistors 
are inside an NWell and have an intrinsic barrier for the 
photo-generated carriers, which are generated deep in the 
silicon bulk. Nevertheless, all circuits have been shielded in 
the preferred embodiment. 
0309 
0310 FIG. 20 shows the block diagram of the image 
sensor. The sensor consists of an MXN pixel array 54, an 
array of N row decoder circuits 56, an array of M column 
decoder circuits 58, and a bias circuit 60. 

Interface 

0311. The size and the number of pixels can be designed 
according to the required specification. 
0312) 1.6.2. Operation 
0313 This section describes basic steps to operate the 
Sensor. The image Sensor only Supports one operation mode, 
which is the normal mode. 

0314. In order to operate the sensor in the normal mode 
the following steps are be followed: 

0315 1. Set all the digital input signals to low. 

0316 2. Apply the appropriate VDD, VCC, and VSS 
Supply Voltages 
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0317 3. Set the Enable bias input to high, and wait for 
at least 1 us. This Step may be bypassed if the 
Enable bias has already been set high. 

0318 4. Set the tx input to high. 
0319) 5. Set the reset input to high. This will reset all 
pixels in the array. 

0320 6. Wait for the desired integration time. 

0321) 7. Set the tx input to low. This will close the 
shutter and Store the image at the Storage node. 

0322 8. Set the “row” address bus to the desired 
Starting address. 

0323) 9. Set the “col” input address bus to the desired 
Starting address. 

0324 10. Set the row dec enable and col dec enable 
both to high. 

0325 11. Set the signal hold to high. 
0326 
0327 
0328) 
0329 
0330) 16. Set the cro to high. At this time the two 
output signals, signal out and reset out, will have the 
column offset value. 

12. Set the signal hold to low. 
13. Set reset to high. 

14. Set reset hold to high. 

15. Set reset hold to low. 

0331 17. Set cro to low. At this time the two output 
Signals will have the pixel Signal and reset values. 

0332 18. Change the “col” address bus to the next 
desired value, and repeat the Steps from Step 16 to Step 
18, up to the last desired column address. 

0333) 19. Change the “row” address bus to the next 
desired value, and repeat the Steps from Step 11 to Step 
19, up to the last desired column address. 

0334 20. If the sensor is to be disabled, set all the 
digital inputs to low. However, if the Sensor is to remain 
enabled, set all digital inputs except Enable bias to 
low. 

0335 Disabling the Sensor 
0336. In order to disable the sensor at any time, the 
Enable bias, col dec enable, and row dec enable signals 
are set to low. The reset and tX signals should also be set to 
low, otherwise, the Sensor may dissipate power. 
0337 8-Bit ADC Design 
0338 ADC Architecture 
0339. The selection of appropriate architecture for the 
ADC is a critical Step in achieving reliable design, and 
silicon performance. A fully differential pipelined ADC 
design is used in the preferred embodiment. A redundant 
signed digit (RSD) structure is used because it presents an 
inherent Self-correcting function due to the redundant nature 
of the operation, and because it is relatively tolerant to offset 
error in comparators, which is the major Source of error in 
other ADC structures. 
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0340 FIG. 21 shows the structure of a pipelined RSD 
ADC 62. It consists of identical Stages, each of which has an 
analog input, an analog residue output and two digital 
outputs. 

0341 In an RSD based pipeline ADC, in the first step the 
input is compared against two levels. These two levels are 
often chosen at +Vref/4 and -Vref/4. If the input is above 
both levels the input is reduced by Vref/2 and then amplified 
by a factor of 2. If the input is between the two levels, the 
input is directly amplified. And finally, if the input is below 
both levels, the input is increased by Vref/2 and then 
amplified by a factor of 2. The input-output equations for 
one Stage of the pipeline are 

Vref Vref 
f (Vin > !) BP= 1, BN = 0 Vout –2(vin-Y) 
W. W W 

f (-Y < Wii < vil) BP= 0, BN = 0 Vout = (Vin- 'gl) 4 4 2 

Vref Vref 
f (vin - '') BP= 0, BN = 1 Vout –2(vin-Y) 

0342 Vin is the analog input, BP and BN are the digital 
outputs, and Vout is the analog residue output. 
0343. In order to convert the digital outputs of each stage 
we should remember that an output of BP=1, BN=0 means 
that this digit has a value of +1, BP=0, BN=0 has a value of 
0, and BP=0, BN=1 has a value of -1. For example the 
four-bit RSD number (+1)(-1)(0)(-1) is equal to 

0344) Notice that we can represent 3 as (0)(0)(1)(1), 
hence we have a redundant representation. 
0345 The RSD digital outputs from all stages are then 
converted to a two's complement number System. 
0346) 
0347 The ADC bit-slice can be implemented using 
Switched capacitor circuits. In this approach the input to 
each stage is first Sampled on two capacitors Cs (sampling 
capacitor) and Cf (feedback capacitor). At the same time the 
input is compared against two levels and the digital bits are 
extracted. In the Second phase, the capacitors are connected 
to an opamp to form an amplifier with a gain of 2. 

0348 For higher resolution ADCs (more than 8 bits) or 
for mixed signal designs, a differential approach is used, to 
reduce the effects of charge injection and Substrate coupling. 
0349 FIG. 22 shows the structure of one bit slice, and 
FIG. 23 shows the capacitor connections in three bit slices 
of the ADC in one cycle. 

Implementation 

0350 A critical component of the bit-slice is the opera 
tional amplifier 64. The gain, Speed, and power dissipation 
of the opamp determines the overall performance of the 
ADC. A fully-differential folded-cascode structure was cho 
Sen for this design for the following reasons. 

0351. Folded-cascode often does not require com 
pensation. 

0352. The gain of a folded-cascode opamp can be 
improved using gain-boosting techniques. 
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0353. The optimization of the opamp is simpler due 
to the Smaller number of transistors in the circuit. 

0354) The biasing of the opamp can be varied with 
out affecting the stability. Therefore, if a lower speed 
ADC is required the bias current can Simply be 
reduced to lower the power dissipation. 

0355 FIG. 24 shows a simplified circuit diagram of the 
folded cascode opamp 64. Not shown in this Figure is the 
common-mode feedback circuit, which forces the common 
mode Voltage at the output nodes to a predefined value. 
0356. This circuit is simplified for illustrative purposes 
and does not represent the Overall complexity involved in 
the design. In the following Sections the design of each 
major component is described and the justifications for using 
a particular circuit are explained. 
0357 Biasing 
0358. The biasing circuit provides biasing voltages that 
are used throughout the ADC bit-slices, and also in the PGA. 
The choice of the biasing Voltages is very crucial. In general 
a trade-off between area (size of bias transistors), and the 
power dissipation (the bias currents) should be made. FIG. 
25 shows the biasing circuit. The role of the bias voltages in 
the opamp are as follows: 

0359 biasn1. This voltage is used to determine the 
bias current in the input branch and the NMOS 
transistors, MN1 and MN2. 

0360 biasn2) This voltage is used for the folded 
cascode opamp, and determines the effective DC 
bias voltage across MN1 and MN2. 

0361 biasp1) This voltage is used to determine the 
bias current in PMOS transistors MP1 and MP2. 

0362 biasp2) This voltage is used for the folded 
cascode opamp, and determines the effective DC 
bias voltage across the PMOS transistors MP1 and 
MP2 

0363. In the actual implementation the sizes of the tran 
sistors have been optimized such that the VDS voltages are 
always at least 0.1 volts above the VDS,sat of the bias 
transistors in the folded structure. This is to ensure that these 
transistors are always in the Saturation region. 
0364. The input current to the bias generator is provided 
by the reference current generator described below. 
0365 Common Mode Circuit 
0366) The common mode feedback circuit (CMFB) 
forces the outputs of the folded opamp to have a predefined 
common-mode Voltage. This circuit effectively tries to 
change the biasing conditions through a feedback loop. FIG. 
26 shows the implemented CMFB circuit. 
0367 The differential output of the opamp is used in a 
capacitive divider to find the common mode Voltage of the 
output. This voltage is then fed back into two differential 
pairs, which control a current that is injected into the NMOS 
branch. The other input of the differential pairs is connected 
to the common mode voltage VCM. This feedback mecha 
nism effectively Sets the common mode Voltage at the output 
to VCM. The size of the capacitors Ccmfb in this circuit is 
only about 50 fR. 
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0368. The dynamics of the CMFB directly affects the 
dynamics of the opamp, and therefore during circuit opti 
mization special attention should be paid to the CMFB 
circuit. Also notice that the CMFB circuit has a different 
feedback loop, and therefore its dynamics are almost iso 
lated from the dynamics of the opamp. 
0369 Gain Boosting Amplifiers 
0370. In order to increase the gain of the folded cascode 
opamp, gain boosting Stages are required. The Overall gain 
of the folded cascode Stage without gain boosting is less than 
100. This is because the cascode transistors have minimum 
length (0.18 um) to achieve a high bandwidth for the opamp. 
To increase the gain of the opamp beyond the minimum 
requirement (which is at least 2N=2=256) the gain boosting 
Stages should have again of at least 10. This amount of gain 
can easily be obtained from basic OTAS, as shown in FIG. 
27. 

0371 These amplifiers have been implemented such that 
they can be turned off. In addition to the power Savings 
achieved by doing this, the output Voltage when the circuit 
is disabled will be set to a value that turns off the transistor 
that it is connected to. For example, during the off period the 
output of the top opamp in the figure will be pulled high to 
Vdd, and therefore the PMOS transistor driven by the output 
will be turned off. 

0372 This turning off mechanism reduces the pressure on 
the Voltage Source used to Set the common mode Voltage at 
the output of the opamp. In fact when the gain boosting 
amplifiers are turned off, the output of the opamp will be 
floating, and the output can be set to any desired value. 
0373) An important point in the design of these stages is 
that their bandwidth should be much more than the overall 
bandwidth of the main opamp, as otherwise they will form 
additional poles in the circuit and reduce the phase margin. 
The bandwidth of the opamp has been designed to exceed 
300 MHz. For an N-bit pipeline ADC the required band 
width is approximately 
0374. Therefore, a bandwidth of about 1 GHz is required 
for these amplifiers. This in turn translated into a large 
biasing current. A relatively large proportion of the power in 
the ADC is consumed by these amplifiers. 
0375 Clock Generator 
0376 The clock generator 66 produces all the clock 
phases necessary for the operation of the ADC 26. The 
circuit is essentially a two-phase clock generator, and extra 
clock phases are also generated. 
0377 FIG.28 shows the clock generator 66, each branch 
of which generates a Series of delayed clock phases. Each of 
these clock phases is used to control the Sequence of events 
in the pipelined ADC. Notice that the clock phases alternate 
between the stages of the ADC. 
0378 Reference Current Generator 
0379. As shown in FIG. 29, the reference current gen 
erator 68 uses a resistor R with a known value, and a 
reference Voltage. This circuit requires a well controlled 
resistor. In order to maintain good control over the bias 
current against resistor tolerance the resistor in the preferred 
embodiment has been implemented as a digitally Switched 
resistor ladder, as shown in FIG. 30. Each ladder consists of 
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16 equal resistors. The value of these resistorS is chosen Such 
that the total resistance in the middle of the ladder is equal 
to the required resistance. 
0380 Differential Comparators 
0381 For each stage of the ADC two comparators are 
required. FIG. 31 shows one of these differential compara 
tors 68. Each comparator 68 compares the differential input 
against a differential reference voltage (Vrefp/4 and Vrefn/ 
4). A switched capacitor structure 70 has been used in this 
design, which removes the need for generating the Vrefp/4 
and Vrefn/4 signals. 
0382. The switched capacitor structure 70 is followed by 
two croSS coupled differential pairs 72, which act as the main 
comparator Stages. 

0383. The reason for using two stages is that the input 
capacitors are relatively Small to reduce the loading on the 
opamps in the bit slice. This in turn dictates the use of 
Smaller input transistors for the first Stage, and therefore, the 
available gain from only one Stage would be low. The Second 
Stage ensures that the overall gain is high enough to avoid 
metastable States. 

0384. The output of output from differential pairs is 
passed to a latched RS flip-flop 74, which ensures that the 
output does not change before and after the decision has 
been made, and also to make Sure that the two outputs are 
always inverted, which may not be the case if a meta-stable 
State OccurS. 

0385 Common Mode Generator 
0386. In order to generate the common mode and refer 
ence Voltages necessary for the operation of the ADC a 
common-mode generator is designed. 
0387. The common mode voltage is derived from an 
inverter with self feedback. The advantages of this circuit 
are its simplicity, and automatic tracking of the Supply 
Voltage and process corners. The Switch is used to cut off the 
feedback during the Sleep mode, to avoid power dissipation 
(see FIG. 32). 
0388 Reference Voltage Generator 
0389. An opamp-based circuit using resistors in the feed 
back loop is used to derive the Vrefp and Vrefn, as shown in 
FIG. 32. The reference voltages Vrefp and Vrefn can be 
obtained as: 

Vref Wrefp = Wom + - - 

Vref 
Wrefit = Vcm- - - 

0390 For a reference voltage of 1.0 volt, we will have 
Vrefp=Vcm+0.50, and Vrefn=Vcm-0.50. 
0391 The Vref reference voltage is generated by a band 
gap generator Set to output 1.0 volt (see below for more 
detail). 
0392 The opamps used in this circuit are based on a 
wide-range OTA design, to achieve medium gain and high 
Stability in the presence of large capacitive loading. Note 
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that the Vrefp and Vrefn are used to as input to the opamp 
in the Second phase of conversion. They are also heavily 
decoupled using large MOS capacitors to reduce the bounc 
ing on these voltages. The circuit is shown in FIG. 33. 
Miller compensation has been used to ensure stability. The 
current design is Stable with capacitive loads of more than 30 
pF. 
0393 Bandgap Voltage Generator 
0394. The bandgap generator produces the main refer 
ence voltage from which the Vrefp and Vrefn voltages are 
derived. It is also used for generating the reference current 
used in the bias circuit. 

0395 FIG. 34 shows the structure of the bandgap gen 
erator. The resistor values have been chosen to produce an 
output voltage of approximately 1.0 volt. This means that the 
bandgap generator is in fact out of balance and the output 
Voltage will be temperature dependent. This is in fact a 
desirable feature for this design. At higher temperatures the 
dynamic range (or Voltage Swing) of all circuits in the chip 
will reduce. 

0396 Therefore, if the reference voltage is constant, the 
required dynamic range of circuits will be higher than what 
they can achieve. For example, the dynamic range at the 
output of the image Sensor will be lowered at higher tem 
peratures. With a constant reference Voltage, the reference 
levels for the ADC will be constant, and therefore, the ADC 
will be forced to provide more dynamic range than required. 
0397. However, if the reference voltage has a negative 
temperature coefficient, then the biased circuits will be 
automatically adjusted to lower biasing currents and Volt 
ages, and the amount of dynamic range discrepancy will be 
reduced. 

0398. The opamp used in the bandgap generator is a three 
stage wide-range OTA, as shown in FIG. 34. This choice is 
to increase the gain of the opamp and increase the Supply 
rejection. Compensation is necessary in this opamp. A 
nested miller compensation has been used, to reduce the size 
of the compensation capacitors. 
0399 Programmable Gain Amplifier 
0400. At the input of the ADC a digitally programmable 
amplifier has been implemented. This PGA can have gain 
values from 0.5 to 8 in steps of 0.5. The structure uses a 
Switched capacitor design. The Simplified Schematic dia 
gram is shown in FIG. 36. In the first phase the input is 
Sampled onto capacitors Cs. Also other capacitors are pre 
charged to known values. In the Second phase the capacitors 
are connected to the opamp and form an amplifying Stage. 
In the first phase of the clock the Switches connected to (p1 
are closed, and in the Second phase those connected to p2. 
04.01 Using charge conservation equations we can find 

Vouip - Woutn = 

CS ... CS ... 
(Voffsetp - Voffsetn) + (Vinp(1) - Winn(1)) - (Vipio) - Winn(2)) 

0402 where Vinp(1) and Vinn(1) are the input values 
during (p1, and Vinp(2) and Vinn(2) are the input values 
during (p2. 
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0403. This particular structure has been chosen to facili 
tate correlated double sampling (CDS) in the image Sensor. 
During CDS, in the first phase of the clock the signal value 
is present, and in the Second phase the reset value. The 
values are Subsequently Subtracted. 
04.04 The capacitor Cf in this design is 100 ft. Capacitor 
Cs is a linearly selectable capacitor as shown in FIG. 37. In 
this figure CS1 represents a unit capacitance of 50 ft. 
04.05 PGA Opamp 
0406. The opamp used in the PGA is very similar to that 
used in ADC bit slices. There are however, two main 
changes in this opamp. One is the use of larger transistors, 
mainly to increase the bandwidth of the opamp, and the 
other is the use of a basic miller compensation Structure at 
the output branch, as shown in FIG. 38. The source of 
instability in the PGA is from several factors. The first is the 
larger gain-bandwidth product required in the opamp. This 
brings the poles at the output branch close to other poles in 
the circuit, Such as those at the output of the gain boosting 
OTAs. Also the size of the feedback capacitors is relatively 
Small, to limit the total input capacitance when the gain is to 
its maximum. The compensation Structure tries to bring the 
poles at the output of the gain boosting OTAS down, and also 
adds a Zero (by adding the Series Rcompresistor), to cancel 
one of the poles. 
0407 Synchronizer 
0408. The outputs from the bit slices are generated in a 
pipeline. During each phase of the clock one bit Slice 
generates an output. In order to Synchronize the outputs, 
Synchronizing latches are used. These latches are in fact half 
of a D-flip flop, and are driven by Phil O and Phi2O) clock 
phases (see FIG. 38). The final latches are clocked by 
Phi2O). This means that the output will be valid after the 
negative edge of Phi2O), and it can be sampled safely on the 
negative edge of the input clock. 

04.09 Before the last latch there is a code correction 
logic, which is described in the next Section. 
0410 Output Code Correction 
0411) The RSD output of the pipeline ADC is often 
needed to be converted to more conventional binary repre 
Sentations, Such as two’s complement or signed representa 
tions. 

0412 AS RSD is a redundant representation, and in a 
pipeline ADC different representations of the same value 
may occur because of errors in the comparator, the proceSS 
of converting the RSD to a binary number is referred to as 
code correction. 

0413. The RSD to binary conversion is relatively simple. 
If we represent a 7-digit RSD number as C.C.C.C.C.C Co= 

where each digit is represented by two binary values (B. 
B), in which -1 =(01), 0=(00), and +1=(10). Then a two's 
complement number can be obtained by Subtracting a binary 
number formed by B, from B, 
0414) NNsNNNNNo= 
BBs BBB2B Bio-Big Bns BB, B2B, Bo 
0415. The resulting number will range from -127 
(10000001) to +127 (01111111). 
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0416) Therefore, the RSD to binary conversion requires 
only a Subtractor. This Subtractor has been implemented as 
part of the Synchronizer, and is inserted before the last latch 
in the Synchronizer. 

0417 Calibration 
0418. The calibration of the ADC can be performed using 
different algorithms. The preferred design has Support for 
either a digital offset calibration, an analog offset calibration, 
or a multi-stage digital gain and offset calibration. 
0419 Before describing the different calibration meth 
ods, we should mention that for an 8-bit ADC the gain 
errors, which mainly result from the capacitors, can be leSS 
than /256. This can be achieved by using a basic common 
centroid structure for the capacitors. Therefore, gain error 
will not be a contributing factor in the overall ADC errors. 
0420. Also if an application requires only one ADC and 
an offset of 1% can be tolerated, then offset calibration will 
not be necessary. 
0421 Digital Offset Calibration 
0422 This algorithm simply measures the offset of the 
whole ADC. This is done by shorting the differential inputs 
of the ADC together and measuring the digital value. In 
order to reduce the quantization effects the measurement is 
done on multiple samples (for example, 128 Samples). 
0423. The offset value is then digitally subtracted from 
the output of the ADC during normal conversion cycles. 
0424 Notice that this method of calibration is sufficient 
for an 8-bit ADC; as mentioned before the gain error can be 
controlled well below the required /256. 
0425) Analog Offset Calibration 
0426. This algorithm relies on using a calibration DAC. 
This time the PGA is also involved in the calibration process 
(this is a feature of the current design), and therefore this 
algorithm will present a better solution, specially if the PGA 
is Set to high gain values. 
0427. In this algorithm, the differential inputs of the PGA 
are shorted together and the output of the ADC is recorded. 
ADAC is connected to the offset bias inputs of the PGA. The 
value of the DAC is changed in a feedback loop such that the 
output of the ADC becomes zero. 
0428 The input applied to the DAC is then recorded as 
the offset correction value. 

0429 Multistage Digital Gain and Offset Calibration 
0430. This more elaborate algorithm will remove the gain 
and offset errors from all Stages, through a Successive 
algorithm. This algorithm is often suitable for ADC resolu 
tions of more than 8 and less than 12 bits. 

0431. The algorithm works as follows: 
0432 1. The input to the last stage (LSB) of the ADC is 
Set to Zero, and the digital values are measured. This is 
repeated for Several cycles (typically 128). The measured 
value represents the offset for this Stage. 

0433 2. The input to the last stage is set to the mid 
reference range ((Vre?p-Vrefn)/2). The output is then mea 
Sured for Several cycles. The offset measurement values 
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from Step 1 are included during this phase. The gain error 
can be found from the measurements. 

0434 3. Step 1 and Step 2 are recursively repeated for the 
next bit slices until the MSB. The offset and gain errors from 
the previous LSB bit-slices will be used in the calculation of 
offset and gain errors of each Stage. 
0435. During a normal operation, the gain and offset 
values obtained during the calibration process will be used 
to correct the digital outputs of the ADC. 
0436 Layout Design 
0437. The layout design of the ADC will directly affect 
the performance of the ADC. Considering the ADC is a 
mixed-signal design by nature, it is important to take into 
account the interaction between the digital and analog 
circuits and try to minimize any possible croSStalk affecting 
the analog circuits. While during the circuit design we 
addressed this issue by using a fully differential architecture, 
here we describe techniques used to complement the circuit 
design. 
0438 Floorplan 
0439. The placement of the blocks in the ADC is such 
that the most critical circuits, which are the PGA and the first 
Stage(s) of the ADC are further away from the main Source 
of digital noise, i.e. the clock generator. The last Stages of the 
ADC are least Sensitive to digital noise. The biasing and 
reference generator are the farthest block to the clock 
generator. In fact most of the short range Substrate coupling 
noise will be absorbed by the ADC stages before reaching 
the biasing circuits. 
0440 Signal Routing 
0441 The signal routing is also designed to minimize the 
interaction between the bias and clock signals. The bias 
Signals are routed on one Side of the ADC blocks, and the 
clock signals on the other. Also inside each block the bias 
and clock Signals run through Separate channels, further 
minimizing the interaction between Signals. 
0442. In areas where the bias and clock signals cross over 
each other, appropriate shielding has been used to remove 
any potential crosstalk. 
0443) Power Routing 
0444 The VDD and VSS supply voltages Surround the 
ADC. They run on two separate metal layers, which form a 
parallel plate capacitor to enhance Supply decoupling. Inside 
each bitslice the power lines from the two Sides are joined 
together to form a mesh. In most blocks there are MOS 
capacitors used to locally decouple the Supply Voltage. 
0445 Bandgap Generator 
0446. The compensation capacitor of the bandgap gen 
erator is formed using MiM structure. 
0447 The resistors are formed using poly without sili 
cide. The input of the opamp has a common centroid 
Structure to reduce mismatch, although mismatch is not a 
critical parameter for this bandgap generator. 
0448 Biasing and Reference Circuits 
0449) This layout is located at the bottom end of the ADC 
floorplan, and as Such it contains the two wide metal lines for 
the supply voltages. The width of these lines is 18 um. 
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0450 ADC Bit Slice 

0451. The main capacitors in each bitslice of the ADC are 
formed in a common centroid. All bias and reference Volt 
ages are decoupled using large MOS capacitors. Supply 
decoupling capacitors are also used close to the logic 
circuits. 

0452 PGA 
0453 The gain setting capacitors of the PGA are formed 
in a Semi-centroid structure to improve matching. Bias lines, 
including Vrefp and Vrefn are decoupled using large MOS 
transistors. 

0454) Section D-ADC Design 

0455) 

0456. The block diagram of the ADC 14 is shown in FIG. 
40. The ADC 14 consists of a PGA 28, seven stages of 
pipeline RSD ADC 70, a clock generator 72, a bias generator 
74 and a synchronization and code correction block 76. 

Interface 

0457. The following table sets out the function of the pins 
of the ADC 14. 

Name Type Function 

Enable Digital Input Active-high enable input. 
When this input is 
high, all blocks will be 
enabled. When this input 
is low all blocks will 
go into the sleep mode. 
The clock input is also 
gated to avoid any power 
dissipation. 

clock Digital Input The input clock. 
inp Analog input The positive input to 

the PGA. 
inn Analog input The negative input to 

the PGA. 
inp2 Analog input The positive offset 

input to the PGA. 
inn2 Analog input The negative offset 

input to the PGA. 
gain 3:0 Digital Input Four bits controlling 

the gain of the PGA, 
from 0.5 to 8, in steps 
of 0.5. A value of “OOOO 
sets the gain to 0.5, 
and a value of “1111 
sets the gain to 8. 
Four bits setting the 
bias resistor for the 
ADC. A value of “OOOO 
sets the bias resistor to 
876 Ohm, and a value of 
"1111 sets the bias 
resistor to 14 KOhim. The 
default value should 
be “1OOO. 
These signals disconnect 
one bit slice of the 
ADC from the previous 
stage and prepare it for 
digital calibration. The 
LSB bit slice does not 
have such a feature. 
Set the value used during 
calibration for a bit 
slice which has been 

adc bias3:0 Digital Input 

disable6:1 Digital Input 

test8:1 Digital Input 
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Name Type Function 

disconnected from 
previous stage. 

bo 7:0 Digital 8-bit ADC output. 
Output 

WDD Supply VDD voltage nominally 
set at 1.8 V 

VSS Ground Ground voltage set at 0 V. 

04.58 Normal Operation 
0459. In normal operation the following conditions 
should be met: 

0460) Enable input should be set high. 
0461) “test” and “disable” signals should be all set to 
low 

0462 “gain” is set to the desired value 
0463 Clock is running up to a maximum frequency of 
20 MHZ. 

0464 Timing in Normal Operation 
0465. The timing diagram of the signals during the nor 
mal operation is shown in FIG. 41. The input will be 
presented in two phases of the clock. In the first phase, when 
clock is high, the input is Sampled. Typically during this 
phase the inputs carry the offsets from the previous circuit, 
and therefore they are almost the Same. In the Second phase 
of the operation, when clock is low, the input is Sampled 
again. This time the inputs carry the actual signal values. 
Notice that the inputs do not necessarily need to be differ 
ential. 

0466. The output will be generated four clock cycles 
later. The latency between the time that Reset(x) has been 
introduced to the time that the output can be safely read is 
five and a half clock cycles. Notice that as this ADC is 
pipelined, it does not have any end-of-conversion indicator. 
0467 Sleep Mode 
0468. In sleep mode, the enable input is set to low. In this 
mode all blocks will be disabled. 

0469 Calibration Modes 
0470 Notice that the calibration modes are not controlled 
by the ADC, and as such any design that uses this ADC shall 
implement the relevant control logic to perform any of the 
desired calibration techniques. 
0471) Digital Offset Calibration 
0472. In order to perform digital offset calibration the 
following StepS should be taken 

0473 1. Enable input is set to high 
0474) 2. test6:1 is set to “000000” 
0475 3. disable6:1] is set to “100000" 
0476 4. Clock is running up to a maximum frequency 
of 20 MHZ 

0477 5. The inp and inn inputs of the PGA should be 
COnStant 
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0478 6. During the first 8 clock cycles no operation is 
performed 

0479. 7. For the next 64 clock cycles the digital outputs 
are added together 

0480 8. The final output is then averaged, by a right 
shift operation by 6 bits. 

0481 9. The resulting value can be stored and Sub 
tracted from Subsequent ADC output during normal 
operation. 

0482 Analog Offset Calibration 
0483. In order to perform analog offset calibration the 
following Steps should be taken: 

0484 1. Enable input is set to high 
0485 2. test6:1] is set to “000000" 
0486 3. disable6:1] is set to “000000" 
0487. 4. Clock is running up to a maximum frequency 
of 20 MHZ 

0488 5. The inp and inn inputs of the PGA should be 
COnStant. 

0489. 6. During the first 8 clock cycles no operation is 
performed 

0490) 7. For the next 64 clock cycles the digital outputs 
are added together 

0491 8. If the result is not zero then the an appropriate 
input is applied to the “inp2” and “inn2” offset inputs 
of the PGA. For this purpose a DAC is required, which 
should be provided by the calibration control mecha 
S. 

0492 9. The steps are repeated until the digital output 
is Zero. 

0493 10. The resulting value can be stored and applied 
to the “inp2” and “inn2 input of the PGA during the 
normal operation. 

0494 Digital Multistage Gain and Offset Calibration 
0495. In order to perform digital offset calibration the 
following Steps should be taken: 

0496 1. Enable input is set to high 
0497 2. The PGA gain is set to “0000", and the 
differential inputs to the PGA shall remain constant 
during the calibration process. 

0498. 3. Clock is running up to a maximum frequency 
of 20 MHZ 

0499 4. test6:1] is set to “000000" 
0500 5. disable6:1] is set to “111111” 
0501) 6. During the first 8 clock cycles no operation is 
performed 

0502 7. For the next 64 clock cycles the digital outputs 
are accumulated and Stored. This value represents the 
offset value. 

0503 8. test6:1] is set to “000001". 
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0504 9. During the first 8 clock cycles no operation is 
performed. 

0505) 10. For the next 64 clock cycles the digital 
outputs are accumulated and Stored. Subsequently the 
offset value measured in Step 7 is subtracted from this. 
The gain error is then calculated from the resulting 
value. 

0506 11. Step 4 to Step 10 are repeated for the next bit 
slices, while the values of test and disable are shifted by 
one bit. 

0507 The gain and offset values will be used during the 
normal operation to digitally correct the output code from 
the ADC. 

0508) Section E-Callisto Image Processor 
0509 Callisto is an image processor designed to interface 
directly to a monochrome image Sensor via a parallel data 
interface, optionally perform Some image processing and 
pass captured images to an external device via a Serial data 
interface. 

0510 Features 
0511 Parallel interface to image sensor; 
0512 Frame store buffer to decouple parallel image 
Sensor interface and external Serial interface; 

0513 Double buffering of frame store data to elimi 
nate buffer loading overhead; 

0514 Low pass filtering and sub-sampling of cap 
tured image, 

0515 Local dynamic range expansion of Sub 
Sampled image; 

0516. Thresholding of the sub-sampled, range-ex 
panded image; 

0517 Read-out of pixels within a defined region of 
the captured image, for both processed and unproc 
essed images; 

0518 Calculation of Sub-pixel values; 
0519 Configurable image sensor timing interface; 
0520 Configurable image sensor size; 
0521 Configurable image sensor window; 
0522 Power management: auto sleep and wakeup 
modes, 

0523 External serial interface for image output and 
device management; 

0524 External register interface for register man 
agement on external devices. 

0525) Environment 
0526 Callisto interfaces to both an image sensor, via a 
parallel interface, and to an external device, Such as a 
microprocessor, via a Serial data interface. Captured image 
data is passed to Callisto acroSS the parallel data interface 
from the image Sensor. Processed image data is passed to the 
external device via the Serial interface. Callisto's registers 
are also Set via the external Serial interface. 
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0527) Function 
0528 Black-Box Description 
0529) The Callisto image processing core accepts image 
data from an image Sensor and passes that data, either 
processed or unprocessed, to an external device using a 
Serial data interface. The rate at which data is passed to that 
external device is decoupled from whatever data read-out 
rates are imposed by the image Sensor. 
0530. The image sensor data rate and the image data rate 
over the Serial interface are decoupled by using an internal 
RAM-based frame store. Image data from the sensor is 
written into the frame Store at a rate to Satisfy image Sensor 
read-out requirements. Once in the frame Store, data can be 
read out and transmitted over the Serial interface at whatever 
rate is required by the device at the other end of that 
interface. 

0531 Callisto can optionally perform some image pro 
cessing on the image Stored in its frame Store, as dictated by 
user configuration. The user may choose to bypass image 
processing and obtain access to the unprocessed image. 
Sub-Sampled images are Stored in a buffer but fully pro 
cessed images are not persistently Stored in Callisto; fully 
processed images are immediately transmitted across the 
Serial interface. Callisto provides Several image process 
related functions: 

0532. Sub-sampling; 
0533 Local dynamic range expansion; 
0534) Thresholding: 
0535 Calculation of Sub-pixel values; 
0536 Read-out of a defined rectangle from the pro 
cessed and unprocessed image. 

0537) Sub-Sampling, local dynamic range expansion and 
thresholding are typically used in conjunction, with dynamic 
range expansion performed on Sub-Sampled images, and 
thresholding performed on Sub-Sampled, range-expanded 
images. Dynamic range expansion and thresholding are 
performed together, as a Single operation, and can only be 
performed on Sub-Sampled images. Sub-Sampling, however, 
may be performed without dynamic range expansion and 
thresholding. Retrieval of Sub-pixel values and image region 
read-out are Standalone functions. 

0538. The details of these functions are provided below. 
0539 Functions 
0540) 
0541. This document refers to pixel locations within an 
image using an X-y coordinate System where the X coordi 
nate increases from left to right acroSS the image, and the y 
coordinate increases down the image from top to bottom. It 
is also common to refer to pixel locations using row and 
column numbers. Using the X-y coordinate System used in 
this document, a pixel’s row location refers to its y coordi 
nate, and a pixel’s column location refers to its X coordinate. 
The origin (0,0) of the x-y coordinate System used is located 
at the top left corner of the image. See FIG. 43. Pixel 
coordinates define the centre of a pixel. 

Image Coordinate System 

0542. The term “raster order” is also used in this docu 
ment and refers to an ordering of pixels beginning at the top 
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left corner of the image, moving left to right, and top to 
bottom. Callisto assumes that pixels from the image Sensor 
are received in this order: pixel at location (0,0) is received 
first, then the next pixel to the right, continuing across the 
line. All lines are processed in this order from top to bottom. 
This assumption means that there is no coordinate transla 
tion between input and output. According to the example 
shown in FIG. 43, raster order would be p1, p.2, p3, p4, p5, 
p6, p7, p8, p9, p10, p11, p12, p13, p14, p15, p16, p17, p18, 
p19, p20, p21, etc. . . . 

0543 All image coordinates are relative to the image 
Sensor window and not the image Sensor itself. 
0544 
0545. The captured image is sub-sampled by passing a 
3x3 window over the entire image. The “motion” of the 
window over the image is simply left-to-right, top-to-bot 
tom. 

Image Sub-Sampling 

0546) Each 3x3 window produces a single pixel in the 
output image, thus producing an image that has nine times 
fewer pixels than the original image (see FIG. 44). The nine 
pixels in the window are averaged to obtain the output pixel: 

0547 The algorithm for producing the sub-sampled 
image is: 

foreach 3x3 window loop 
outputPixel = 0; 
foreach pixel in the window loop 

outputPixel += pixel; 
end loop; 
write (1/9) * outputPixel; 

end loop; 

0548. In the case where there is insufficient pixel data to 
form a complete 3x3 window, along the right and bottom 
edges of the original image if its width and height are not 
multiples of 3, then pixels along the edges of the image will 
be replicated to fill the 3x3 window. 
0549 FIG. 45 shows how pixels are replicated during 
Sub-Sampling when the Sub-Sampling window goes beyond 
the edges of the image. 
0550 Local Dynamic Rang Expansion 
0551. The local dynamic range expansion function is 
intended to be used to remove the effects of variation in 
illumination. In particular, it allows thresholding to be 
performed using a fixed threshold. 
0552. The general algorithm for dynamic range expan 
Sion is: for each pixel, a histogram of the pixels in a window 
of Specified radius about the current pixel is constructed. 
Then the value which a specified fraction of the pixels in the 
window are less than is determined. This becomes the black 
level. The value which a specified fraction of the pixels are 
greater than is also determined, and this becomes the white 
level. Finally, the current pixel is mapped to a new value as 
follows: if its original value is less than the black level it is 
mapped to 0. If its value is greater than the white level it is 
mapped to 255. Values between black and white a mapped 
linearly into the range 0-255. 
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0553. In Callisto, the radius of the window is fixed at 2, 
which approximates to a 5x5 rectangle. The fractions used 
are 2% for both the black and white levels. Since 2% of 25 
(55 pixels) is 0.5, it suffices to determine the minimum and 
maximum pixel values in a window when determining black 
and white levels. Callisto's algorithm works by passing a 
5x5 window over the image, with the pixel being processed 
situated in the centre of the image (see FIG. 46). When the 
pixel being processed is no closer that 2 pixels from the top 
or bottom, and 2 pixels from the left or right of the image, 
there are Sufficient neighbouring pixels to construct a full 
5x5 window. When this condition does not hold there are not 
enough pixels to construct a 5x5 window, and in this case 
dynamic range expansion is performed on the available 
pixels; in FIG. 47 there are only 16 of 25 pixels available in 
the window for the pixel being processed, So only these 16 
are considered in calculating the dynamic-range-expanded 
value for the pixel being considered. 
0554 For each pixel being processed, a window around 
that pixel is constructed as described above. For all the 
pixels in that window, including the pixel being processed, 
both the minimum and maximum pixel values are recorded. 
The new pixel value is calculated by mapping linearly into 
the range 0 to 255 according to the max and min values in 
the current window. That is: 

newPixel Value=255* (pixelValue-min)/(max-min) 

0555. Unless the max and min values are the same, in 
which case the new pixel value is set to 255. The algorithm 
described in pseudo code: 

foreach pixel in image loop 
construct 5x5 window; 
min = 255; 
max = 0; 
foreach pixel in 5x5 window loop 

if pixel a max then 
max = pixel; 

end if: 
if pixel < min then 

min = pixel; 
end if: 

end loop; 
if max = min then 

pixel = 255; 
else 

pixel = 255* (pixel-min)/(max-min); 
end if: 

end loop; 

0556. Thresholding 
0557. Thresholding is a simple function that converts an 
8-bit pixel value into a 1-bit pixel value based on the 
comparison of the 8-bit pixel value with a pre-defined 
threshold value, stored in a Callisto register. This is the 
pseudo-code that describes the algorithm: 

foreach pixel in image loop 
if pixel c= threshold then 

pixel = 1; 
else 

pixel = 0; 
end if: 

end loop; 
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0558 Combining Thresholding and Dynamic Range 
Expansion 

0559) Let's assume that t is the threshold value, and that 
V is the pixel value being dynamic-range-expanded, and that 
a is the dynamic-range-expanded pixel value. Thresholding 
requires the following comparison: 

0560 Substituting the dynamic range expansion equation 
yields: 

255* (v-min)/(max-min)>=t 
0561 And by re-arranging: 

255* (v-min)>=t(max-min) 
y-min >=(t/255)*(max-min) 
vs=((t/255)*(max-min))+min 

0562 By combining dynamic range expansion and 
thresholding a complicated divide (a divide by max-min) is 
replaced with a simple constant divide. The divide may be 
eliminated altogether by requiring the user to specify t/255 
rather than just t. This equation holds true when min=max. 
0563) Sub-Pixel Read 
0564 Sub-pixel read allows the user to ascertain the grey 
level value at an arbitrary location which lies between pixels 
in the captured image, i.e. Sub-pixels. 
0565 FIG. 48 shows the location of the desired sub-pixel 
with respect to actual image pixels. Sub-pixel coordinates 
are expressed as 8.4 fixed point values. The values dx and dy 
in FIG. 48 simply refer to the fractional portion of the 
Sub-pixel coordinates. The grey Scale value V for the pixel 
shown, which lies between pixels v00, V10, v01, V11 is 
calculated as follows: 

0566. To reduce the interrupt processing overhead on the 
processor, Callisto Supports calculating many Sub-pixel Val 
ues in a Single command. When Callisto begins a Sub-pixel 
read operation it is told how many Sub-pixel values to 
calculate, placing all the interpolated pixel values into a 
Single message on the Serial interface back to the processor. 
0567 Unprocessed Image Region Read Function 
0568. The image region read function of Callisto allows 
the user to read all the pixel values out of a defined 
rectangular region of the unprocessed image in a Single 
operation. The region size and location may be arbitrarily 
Set. Image data is returned in raster order. 
0569. The unprocessed image read function operates on 
the data in the image frame Store, i.e. the unprocessed image. 
Because the image region to be read may be at an arbitrary 
location, and of arbitrary size, it is possible to define a region 
that exactly fits the image. That is, using this function it is 
possible to read back the entire image in the frame Store, 
unprocessed, thus providing a bypass path of the image 
processing functions. It would also be possible to read the 
entire image in various ways using this function: 

0570) A set of tiles; 

0571) A set of bands; 

Feb. 3, 2005 

0572 Line by line; 
0573) etc. 

0574) Processed Image Region Read Functions 
0575 Like the unprocessed image read, the processed 
image, or a part of it, may be read by the user. Image data 
is returned in raster order. 

0576. The user may specify what part of the processed 
image they want to read by defining a rectangular region. 
The coordinates used to Specify this region lie in the 
processed image So that the region defined is aligned to a 
3x3 boundary in the unprocessed image. The user has two 
choices as to the type of image processing to be performed. 
Either: 

0577 Sub-sample only; or 
0578. Sub-sample+expand dynamic range--thresh 
old. 

0579. Out of Image Bounds 
0580 For image region read functions Callisto allows the 
user to arbitrarily Specify the position and size of the region 
independently of the size of the image. This creates the 
possibility that the Some or all of the Specified region may 
lie outside of the image. Callisto does not perform any 
bounds checking in this regard. If the user does specify a 
region where all or parts of it lie outside the region, pixel 
values returned for those parts of the regions outside the 
image will have undefined values. 
0581. There are no side effects or consequences of speci 
fying regions that are not wholly within an image other than 
that the pixel values returned cannot be predicted. 
0582) Direct Writing to Frame Store Buffer 
0583 Callisto writes valid pixel data on the image sensor 
interface to the frame Store buffer; this data normally comes 
from an image Sensor. Callisto provides a mode of operation 
which allows the user to directly write pixel data into the 
frame store buffer by sending Callisto a “write to frame 
Store” message. By putting Callisto into the appropriate 
mode-Setting the FrameWrite bit in the configuration reg 
ister-the user is able to write data, four pixels at a time, 
directly into the frame store buffer by sending Callisto a 
FrameStoreWrite message. For the first write of a frame the 
user must Set the S bit in the message to 1. Once a message 
is sent the user must wait for a FrameStoreWriteAcknowl 
edge message before Sending the next FrameStoreWrite 
meSSage. 

0584 Callisto uses the ImageSensorWindow setting to 
determine when a complete frame has been written into the 
frame store buffer. 

0585) Serial Interface 
0586 The serial interface to Callisto is used for several 
purposes: 

0587 Processor issuing Callisto commands. 
0588 Processor issuing register access commands 
(read and write). 

0589 Callisto returning register data as a result of a 
register read command. 
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0590 Callisto returning image data. 

0591 Error signalling and recovery. 

0592 High level image sensor frame synchronisa 
tion. 

0593. Frame store write. 
0594 Message Types and Formats 

0595. There are six Callisto message types, as set out in 
the following table: 

Message 
Message Type Message 
Type Code Source Comment 

Register b'OOO Processor Used to access 
aCCCSS Callisto's registers. 

Can either specify 
a read or a write. 

Callisto b'OO1 Processor Used to tell 
command Callisto to perform 

an image processing 
function. Can be 
either: 
Unprocessed image 
region read 
Processed image 
region read 
Sub-sampled image 
region read 
Sub-pixel read 

Register b'O10 Callisto Message containing 
data the data requested by 

a register read 
request from the 
Processor. 

Command b'O11 Callisto Message containing 
data data produced as a 

result of executing 
a command. 

Frame b'1OO Processor & Messages used for 
synchroni- Callisto high level software 
sation frame processing 

synchronisation. 
Frame store b'101 Processor Allows the user to 
write write data directly 

into the frame store 
buffer via the 
serial interface. 

Frame store b'110 Callisto Acknowledges the 
write frame store write 
acknowledge message indicating 

to the user that 
another frame store 
write message may be 
issued. 

0596 All messages consist of a constant message marker 
byte, common to all messages (used for message Synchro 
nisation), followed by a control byte, specific to each 
message type, followed by a varying number of data byes 
depending on the message type. The message marker byte is 
Set at Ox7E. 

0597. Note that all unused bits in the control byte should 
always be set to 0. 

0598 FIG. 49 shows the general format for Callisto 
meSSageS. 
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0599. The following table shows a summary of the con 
trol byte arrangements for each of the message type: 

Message Control Byte 

Type Bit 7 Bit 6 BtS Bit 4 Bit 3 Bit 2 Bit 1 Bit O 

Register b'O E W N1 NO T2 T1 TO 
aCCCSS 

Callisto b'O b'O P C1 CO T2 T1 TO 
command 
Register data b'O E I N1 NO T2 T1 TO 
Command data b'O b'O I C1 CO T2 T1 TO 
Frame b'O b'O b'O S1 SO T2 T1 TO 
synchroni 
sation 
Frame store b'O b'O b'O b'O S T2 T1 TO 
write 
Frame store b'O b'O I b'O ER T2 T1 TO 
write 
acknowledge 

0600 The following table shows control byte field 
descriptions: 

Field Description 

T2:O Message Type 
b'000 - Register Access 
b'001 - Callisto Command 
b'010 - Register Data 
b'011 - Command Data 
b'100 - Frame Synchronisation 
b'101 - Frame Store Write 
b'110 - Frame Store Write Acknowledge 

C1:0 Command Type 
b'00 - Unprocessed Image Read 
b'O1 - Sub-pixel Read 
b'10 - Sub-sampled Image Read 
b'11 - Processed Image Read 
Number of Bytes 
Defines the number of data bytes (minus one) 
contained in the message: 
b'00 - 1 byte 
b'O1 - 2 bytes 
b'10 - 3 bytes 
b'11 - 4 bytes 
b'00 - For a register read 

E External 
Used to indicate that a register access 
command is for an external device connected 
o Callisto's external register bus. 

W Write 
When set to 1 in a register access message, 
indicates a register write. 

P Parameters 
When set to 1 indicates that a Callisto 
Command message contains command 
parameters also. 

I Interrupt 
When set to 1 in a message from Callisto, 
indicates that the state of one of the COR bits 
in the status register has changed. 

S1:0 Synchronisation Message Type 
b'OO - Ready For New Frame (from processor) 
b'O1 - Finished Frame Processing (from processor) 
b'10 - Received New Frame (from Callisto) 

S Start Of Frame 
In a Frame Store Write message indicates first 
write of a frame. 

ER Frame Store Write Error 
In a Frame Store Write Acknowledge message 

N1:0 
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-continued 

Field Description 

indicates that the previous Frame Store Write 
could not be performed because the 
FrameWrite bit in the configuration register 
was not Set. 

0601 Callisto Interrupts 

0602 All messages from Callisto contain an interrupt (I) 
bit in the control byte to indicate that the state of one of the 
COR (clear on read) bits in the status register has been set 
and that the user should examine the Status register. Once 
this condition has occurred and Callisto has Set an I bit in a 
message, it will continue to Set the I bit in Subsequent 
messages until the Status register has been read. 

0603 Register Access Message Type 

0604 Callisto's registers are accessed by messages sent 
to it on its Serial interface. The message consists of a control 
byte, an address byte and 0 to 4 data bytes. FIG. 50 shows 
the format of register access messages. For registers whose 
width is greater than a single byte, least Significant bytes will 
appear in the message first. Using the example message in 
FIG. 50 as an example of writing to a 32 bit register, data 
byte 0 would be written to bits 7:0 of the register, data byte 
1 to bits 15:8, data byte 2 to bits 23:16 and data byte 3 to bits 
31:24. 

0605) The following table shows the the control byte 
format for register acceSS messages: 

Field Bits Width. Description 

T2:O 2:O 3 Type. Type of message. Set to “000 
for register access. 
Number Write Bytes. Indicates the 
number of bytes of data to be written 
during a register write, less one, where 
“OO indicates 1 byte and “11” indicates 
4 bytes. Set to “OO for read. 
Write. If this bit is set to 1 indicates a 
register write. Setting to 0 indicates a 
read. 
External. If set to 1 indicates the 
register operation is for an external 
device, otherwise a Callisto register 
aCCCSS. 

Not Used. Should be set to 0. 

N1:0 4:3 2 

N/A 7 1. 

0606 Callisto Command Message Type 

0607. The user asks Callisto to perform its tasks by 
Sending it messages which specify which operation to per 
form. These command messages consist of a control byte, 
followed by Zero or one parameter byte-count bytes 
(pbcount), followed by a number of parameter bytes as 
Specified by pbcount, or as implied by the command type. 
FIG. 51 shows the format for the command message. 
pbcount is Set to the number of parameter bytes less one, So 
a value of Zero Signifies that there will be one parameter 
byte. 
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0608. The following table shows the control byte format 
for Callisto command messages: 

Field Bits Width. Description 

T2:O 2:O 3 Type. Type of message. Set to "001 
for Callisto command. 
Command Type. Specifies the type 
command: 
“00 Unprocessed image read 
“O1 Sub-pixel read 
“10 Sub-sampled image read 
“11” Processed image read 
Parameter. When set to 1 indicates 
that this command has its parameters 
included in the message. Otherwise 
use parameters defined by Callisto 
register settings. 
Not Used. Should be set to “OO. 

C1:0 4:3 2 

N/A 7:6 2 

0609) Number of pbcount Bytes per Command: 

Number of pbcount 
Command Type bytes 

Unprocessed image read 
Processed image read 
Sub-sampled image read 
Sub-pixel read 

0610 Register Data Message Type 
0611. These messages are sent from Callisto back to the 
processor, as a result of a register read message being 
received by Callisto. The message consists of a control byte, 
a register address byte and up to four bytes of data. See FIG. 
52. Using the example message in FIG. 52 as an example of 
reading from a 32 bit register, data byte 0 would be taken 
from bits 7:0 of the register, data byte 1 from bits 15:8, data 
byte 2 from bits 23:16 and data byte 3 from bits 31:24. 
0612 The following table shows the control byte format 
for register data messages: 

Field Bits Width. Description 

T2:O 2:O 3 Type. Type of message. Set to “010 
for register data. 
Number Data Bytes. Indicates the 
number of bytes of data, less one, 
where “00” means 1 byte and “11” 
means 4 bytes. 
Interrupt. Indicates that some event 
has occurred which has changed the 
status register. An indicator that 
software should examine the status 
register contents. 
External. If set to 1 indicates the 
original register read for an external 
device, otherwise a Callisto register 
access and set to 0. 
Not Used. Should be set to 0. 

N1:0 4:3 2 

N/A 7 1. 

0613 Command Data Message Type 
0.614 I. These messages return data back to the processor 
as a result of processing a command. The message com 
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prises a control byte, two data count bytes, followed by a 
number of data bytes as Specified by the data count bytes. 
See FIG. 53. The data count bytes specify how many bytes 
of data are in the message, less one, so that a value of 0x0000 
means that the message contains a single byte of data. Count 
byte 0 is the least significant byte of the two bytes. 
0615) II. 
0616 III. The following table shows the control byte 
format for command data messages: 
0617) IV. 

Field Bits Width. Description 

T2:O 2:O 3 Type. Type of message. Set to “011 
for image data message. 

C1:0 4:3 2 Command Type. Specifies the type 
command for which this is the data 
being returned: 
“00 Unprocessed image read 
“O1 Sub-pixel read 
“10” Sub-sampled image read 
“11” Processed Image Read 

I 5 1. Interrupt. Indicates that some event 
has occurred which has changed the 
status register. An indicator that 
software should examine the status 
register contents. 

N/A 7:6 2 Not used. Should be set to “00. 

0618. The command type field C indicates the type of 
command that was executed to produce the result data in the 
image data message. The interrupt I field indicates that Some 
event has occurred during processing and that the contents 
of the Status register should be examined. 
0619 Format of Command Data 
0620 Data returned in command data messages is always 
pixel data, i.e. pixel values. In the case of image region read 
commands, that pixel data is returned in raster order. In the 
case of the Sub-pixel read command the pixels are returned 
in the order in which their corresponding coordinates were 
Supplied. Except for the processed image region read com 
mand, all pixel data is 8 bit. In the case of the processed 
image region read command the pixel data returned is 1 bit 
and padded So that Start of lines occur on byte boundaries. 
0621. The pixel values returned as a result of executing a 
processed image read command are Single bit values. These 
values are packed into bytes So that each byte contains 8 
pixel values. Image line boundaries always correspond to 
byte boundaries, and in the case where the image width is 
not a multiple of 8, the last byte of a line will be padded with 
a defined bit value So that the next line begins on a byte 
boundary. The value of the padding bit is defined in the 
Callisto configuration register. FIG. 54 shows how single bit 
pixel values are packed for an image that is 132x132 pixels 
wide. 132 bits requires 16 full bytes, and 4 bits of a 17th 
byte. The diagram shows that the full image requires 2244 
bytes and that each of the 132 lines consists of 17 bytes. 
Pixels are packed in raster order using the least significant 
bit first. 

0622 Frame Synchronisation Message Type 
0623 These messages are intended to be used for soft 
ware frame processing Synchronisation. There are three 
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different forms of this message, as shown in the following 
table: 

Frame 
Sync 

Frame Sync Type Message 
Message Type Code Source Comment 

Ready for new b'OO Processor Indicates to Callisto that the 
frame processor is ready to process 

a new frame. Callisto will send 
a “received new frame 
message in response. 

Processor Indicates to Callisto that the 
processor has finished 
processing the current frame 
when the current command 
has finished execution. This 
unlocks the frame buffer and 
allows new image sensor 
frames to be written. 

Received new b'10 Callisto This is the response to the 
frame “ready for new frame 

message and indicates that 
Callisto has a new frame 
ready for processing. 

Finished frame b'O1 
processing 

0624 

Frame sync message - control byte format 

Field Bits Width. Description 

T2:O 2:O 3 Type. Type of message. Set to “100 
for frame sync message. 
Frame Sync Type. Indicates the type 
of frame sync message: 
“OO - Ready for new frame 
“O1 - Finished frame processing 
“10 - Received new frame 
Interrupt. Indicates that some event 
has occurred which has changed the 
status register. An indicator that 
software should examine the status 
register contents. This bit only appears 
in messages from Callisto. i.e. when 
Frame Sync Type is “10”. 
Not used. Should be set to "00. 

S1:0 4:3 2 

N/A 7:6 2 

0625) Frame Store Write Message Type 
0626. This message type enables the user to write pixel 
data directly into the frame store buffer. To be able to 
perform this function the “WriteFrame bit in the configu 
ration register must be set first. This message consists of the 
0x7E byte, a control byte and four bytes of pixel data, 
Supplied in raster order. 

Frame store Write message - control byte format 

Field Bits Width. Description 

T2:O 2:O 3 Type. Type of message. Set to “101 
for frame store writes. 

S 3 1. Start of Frame. Setting this bit 
indicates that the message contains the 
first byte of a new frame. 

N/A 7:4 4 Not Used. Set to b'000. 
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0627 Frame Store Write Acknowledge Message Type 
0628. This message acknlowledges a frame store write 
message, notifying the user that another frame Store write 
message may be issued. The message consists of a 0x7E byte 
and a control byte. 

Frame store Write message - control byte format 

Field Bits Width. Description 

T2:O 2:O 3 Type. Type of message. Set to “110 
for frame store writes. 

ER 3 1. Error. This bit is set by Callisto when a 
FrameStoreWrite message was 
received but the configuration register 
bit WriteFrame was not set. 

N/A 4 1. Not Used. Set to b'O. 
I 5 1. Interrupt. indicates that some event 

has occurred which has changed the 
status register. An indicator that 
software should examine the status 
register contents. 

N/A 7:6 2 Not Used. Set to b'00. 

0629) 13. Callisto Commands 
0630 Callisto is able to perform four operations: unproc 
essed image read, processed image read, Sub-Sampled image 
read and Sub-pixel read. 

0631 Commands are issued to Callisto by sending it 
command messages. Arguments or parameters for com 
mands may be specified in one of two ways. The first is to 
Set command-Specific Settings in the appropriate register, as 
defined in the “Operation” chapter. The second method is to 
Supply the parameters with the command itself. In this case 
a slightly different form of the command is used to indicate 
to Callisto that it should use parameterS Supplied with the 
command and not from a register Setting. 

0632 Telling Callisto to use arguments supplied with the 
command rather than those Specified in its registerS is done 
by Setting the P bit in the command message control byte to 
1. 

0633 Overlapping command execution with command 
transmission is not Supported; while Callisto is busy execut 
ing a command it cannot receive any new commands. The 
user should be careful not to issue a new command until the 
previous command has finished execution, indicated by the 
processor receiving the corresponding command data mes 
Sage. If commands are received while Callisto is busy 
executing a command it will enter an error State and indicate 
this to the processor via the serial interface. See Section for 
details. 

0634. The following sections describe the individual 
commands and how to construct the command message to 
perform them. 

0635 Unprocessed Image Read 

0636. This command tells Callisto to return all of the 
pixel data within a defined region of the unprocessed image. 
This command doesn’t require any parameter count bytes 
following the control byte as it has a fixed number of 
arguments. This command expects two arguments 
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(expressed as two bytes): TopLeftX, TopLefty. An example 
message for this command is shown in FIG. 58. 
0637. The actual execution of this command relies on an 
additional two parameters: SizeX and SizeY. These two 
parameters must be specified in the appropriate register. 
Note that this command always expects two arguments, and 
it is illegal not to have the P bit set. 

Different forms of unprocessed image read command: 

Has Control 
Parameters Byte Value Comments 

No b'OOOOOOO1 Illegal form of this 
command. Pbit must 
always be set and 
arguments supplied. 

Yes b'OO1OOOO1 Valid form of this 
command. 

0638 Processed Image Read 
0639. This command tells Callisto to return all the pixel 
values in the defined region of the processed image. This 
command requires four arguments (expressed in four bytes) 
if supplied: TopLeftX, TopLefty, SizeX and SizeY. The size 
parameters are in processed image units, and TopLeftX and 
TopLefty are expressed in processed image coordinates. 
This command returns pixel values from the processed 
image after Sub-Sampling, dynamic range expansion and 
thresholding, so all pixels are single bit values. FIGS. 59a 
and 59b show two example formats of this command. 

Different forms of processed image read command 

Has Control 
Parameters Byte Value Comments 

No b'OOO11OO1 Size and TopLeft 
arguments taken from 
Callisto register. 

Yes b'OO111OO1 Size and TopLeft 
arguments supplied with 
command. 

0640 Sub-Sampled Image Read 
0641. This command is identical to the processed image 
read command except that the processed image in this case 
has not had dynamic range expansion and thresholding 
performed. This means that the pixels returned are 8 bit 
values. Everything else about this command is the Same. 
FIGS. 60a and 60b show two example formats for this 
command. 

Different forms of Sub-Sampled image read command 

Has Control 
Parameters Byte Value Comments 

No b'OOO1OOO1 Size and TopLeft 
arguments taken from 
Callisto register. 
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-continued 

Different forms of sub-sampled image read command 

Has Control 
Parameters Byte Value Comments 

Yes b'OO11OOO1 Size and TopLeft 
arguments supplied with 
command. 

0642) Sub-Pixel Read 
0643. This command tells Callisto to calculate the Sub 
pixel values at the Specified Sub-pixel coordinates. This 
command has only one form and its arguments must always 
be Supplied in the command message. This command has 
one pbcount byte following the control byte which indicates 
how many coordinate bytes are contained in the message. 
pbcount defines the number of coordinate bytes less one 
i.e. two (b'00000010) means 3 bytes-and must represent a 
number of bytes that is divisible by 3. FIG. 61 shows the 
format for a sub-pixel read command with 8 sub-pixel 
coordinates. 

Different forms of sub-pixel read command 

Has Control 
Parameters Byte Value Comments 

No b'OOOO1OO1 Illegal form of command. 
Must have arguments 
supplied. 

Yes b'OO101001 Valid form of command. 

0644 Callisto Command Processing 
0645. The commands processed by Callisto are embed 
ded in messages input using the Serial interface. In normal 
circumstances Callisto processes commands immediately 
upon receipt using whatever image data is in its frame Store 
buffer at the time. There are however some boundary 
conditions that cause Callisto to not follow this “normal' 
behaviour. These conditions occur at frame boundaries. 

0646) Initially, after reset, the frame store buffer will be 
empty, and Callisto will be disabled and will not process 
received commands. Once Callisto is enabled, and when the 
frame Store buffer contains a complete frame, command 
execution begins and further writing to the frame Store buffer 
is disabled. This condition continues until Callisto receives 
a finished frame processing message. This indicates that 
processing of the current frame has finished. At this point the 
frame Store buffer is unlocked, and command execution 
locked until the next frame window is written into the buffer. 
FIG. 62 shows the state transitions and states for command 
execution and frame Store writing. 

0647 Frame Store Buffer 
0648. The frame store buffer is where image data from 
the Sensor is Stored while Callisto is performing image 
processing operations on that data. The frame Store buffer is 
considered to be either “locked” or “unlocked'. In its 
unlocked State, the frame Store buffer is able to accept image 
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data from the image Sensor, while in its locked State it is not 
(see FIG. 62 above). The frame store buffer becomes locked 
when the currently defined Sensor window is completely 
written into the buffer, and not when all the data from the 
image sensor has been received. FIG. 63 shows when the 
buffer is locked. 

0649 Issuing Callisto Requests 

0650 For requests that return data, i.e. Callisto com 
mands, register reads and ready to receive a new frame, the 
processor may only have a Single request outstanding at any 
one time; the processor must wait until it has received the 
data output of the current request before issuing a new 
request. 

0651) For requests that do not return any data, e.g. 
register writes, the processor does not have to wait and may 
issue these requests at whatever rate it wishes. 

0652 Callisto is unable to honour a command request if 
its frame Store buffer is not full, as this will result in an image 
data underflow error. Callisto can proceSS register access 
requests and frame Synchronisation requests when the buffer 
is not full. 

0653 Command Execution Performance 
0654) Output Data Rates 

0655 For all commands except sub-pixel read, the output 
data as a result of executing a command is produced without 
interruption at the full Serial interface rate. In the case of the 
Sub-pixel read command, the Sub-pixel values returned as a 
result of command execution is produced without interrup 
tion at one third the full serial interface rate. The reason for 
this is that the calculation of each Sub-pixel byte value 
requires a three-byte coordinate value, Callisto must wait for 
the full coordinate to be received before it can calculate the 
Single-byte result. 

0656. The exception to the above is the case of a pro 
cessed image and Sub-Sampled image read commands when 
the regions used are Small. In this case the output data rate 
falls below 100% of the full serial interface data rate. Table 
shows the output data rate for region widths less than 10 
pixels, and heights less than 8 pixels, expressed as a per 
centage of the full Serial data rate. 

Data output rates for Small region sizes 

Output Data 
Region Width Region Height Rate 

O-9 8+ 50%-60% 
10+ O-7 45%-50% 
O-9 O-7 20% 

0657. Latency 

0.658. The table below shows execution latencies for each 
command expressed in number of Serial clock cycles. 
Latency times are measured from the receipt of the Start bit 
for the first byte of the message that contains the command, 
to the transmission of the start bit for the first byte of the 
message that contains the command response. 
























































