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ABSTRACT

Two charge-scaling successive approximation A/D converters for column-parallel
data processing in CMOS active pixel image sensors (Al’S) are presented. The converters
arc designed in a thin but long fashion to fit a pitch size of 40 pm for 2.0 pum technology
and 24 pm for 1.2 um technology. Designed for commercial and industrial applications,
each in column A/D converter achieves 8 bit resolution and accuracy with a signal swing
of 1V. Maximum conversion rate exceeding 200 kllz enables high speed digital readout
beyond 200 frames/see for large format 1 K x 1 K CMOS image sensors. A prototype
device of 64 X 64 APS image array with 8 bit digital output was demonstrated up to 1

kH1z frame rate, and with column-wise non-uniformity less than 2 1.SBs.
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. INTRODUCTION

CMOS active pixel image sensors (Al'S) have recently emerged asa low cost
aternative to charge-coupled devices for many applications '"**. The CMOS APS features
good quantum efficiency, low read noise, high dynamic range, random accessibility, and
100% compatibility with on-chip CMOS circuits for control, timing ' and analog-to-
digital conversion. ‘I’histechnology enables digital camera-on-a-chip which requires on-
focal-plane A/D converters. Column-parallel single slope “’”, and 2~A 'Y A/D converters
have been previously reported. These architectures are relative] y slow, This paper presents
the first application of faster column-parallel successive approximation A/I> converters to
CMOS Al' S sensors.

Figure 1illustrates the chip configuration of the digital sensor, It is a semi-parallel
structure featuring one A/ converter in each column. On-focal planec A/I) conversion
eliminates the necessity for on-chip large analog drivers, reducing chip power
consumption and total system noise. The semi-parallel A/ID conversion scheme further
alleviates the problem compared with a fully serial scheme (one A/ converter per chip)
because of much lower operating bandwidth o f the converters’ . For instance, a 1K x 1K
sensor operating at typical video frame rate requires a 30 M1z conversion rate for single
converter per chip. On the other hand, employing the column-parallel architecture, the
ADC conversion rate can be reduced to 30 kHz while maintaining the data output rate at
30 MHz. The semi-parallel scheme is thus suitable for many higher frame rate, low power
applications, especially in interfacing with on chip digital signal processing and
computation necessary for smart sensing techniques.

Two different A/ conversion agorithm arc discussed in Section 11, and designs
based on them are presented in Section 1ll. The performance of these converters IS
compared in Section 1V. A CMOS imager array incorporating one of the A/n converter
implementation wasbuild. The test results on the digital imager is presented in Section V,

11. A/l) CONVERSION” ALGORITHMS

Typical CMOS APS employs a correlated double sampling readout ‘]], Once a row

in the array is addressed, reset and signal levels of a given pixel arc sampled consecutively

on two separate column capacitors, The actual light induced signal is the difference of




these two voltage levels. Successive approximation A/ conversionis then performed by
matting the two levels progressively converge towards each other in a binary-scaled
fashion. “I’here are two different ways to make them converge. The graphic illustration
using the progression of the signal and reset levels in the two different approaches are
shown in Figure 2. In the single sided approach, the voltage on the reset bus is held
constant while the signal bus is successively charged up by binary-weighted voltage. The
voltage reduces back to its previouslevel every time it exceeds the reset level. The

agorithm is mathematically expressed as the fol 10 wing:
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Where i =1to 10 for a 10 bit converter. In the double sided approach, the progressively
smaller weights are added to whichever bus has the lower voltage. Voltage on both bus
lines increase while they are converging. The algorithm is mathematicall y represented by

the following:
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111. DESIGN AN]) OPERATION OF THE A/l) CONVERTERS

Figure 3 is the schematic block diagram for the single sided successive
approximation A/n converter. It is similar to the charge redistribution A/I> converter first
introduced by J. L.McCreary and P. R. iays designed to have 10 conversion unit
cells for 10 bit resolution, although it is possible to operate at a lower resolution. A single
capacitor, which holds the reset level, and a bank of binary-weighted capacitors, which
hold the signal level, are connected to the input of the comparator. The digital word from
the comparator is fed back to the bit cells, B 1 through B 10, progressive y as they arc
scanned through BS1to BS 10 by a shift register. The comparator is a nomina cross-




coupled differential pair that performs reset and comparison in astrobed fashion. A
single bit ccl] consists of a latch and a pair of switches that connect the bottom of the
capacitor to either GND or the reference voltage (V) depending on whether the latched
word is “O” or “1”. At the beginning of the conversion, all bit cells are resctand the
bottom of the capacitors are connected to GND. Sensor reset and signal level are then
sampled on the capacitors. Switching the bottom plate of the capacitor of value C charges
the signal levelup by a binary-weighted voltage of V_(C/C_). The following strobe
feeds back a “1” if the comparator determines the signal level to be still lower than the
reset level, and the signal level is retained at the increased voltage. Otherwise a “O” is
fed back and the signal level is restored to its previous value. This bit word is latched in
the bit cell and the conversion proceeds to the next MSB. Two strobe cycles are needed
for one bit conversion in this operation.

In the double sided implementation (Figure 4), both signal and reset capacitors
arc binary-weighted. Two latch cells instead of one as in single sided design are used for
each bit cell. At each strobe of the comparator, a differential output is fed back to the
sequentially selected bit cell so that the bottom plate of one capacitor is connected to V_,
and that of the other to GND. The voltage at the lower voltage bus is then raised up by
the binary-distributed amount of V_, while that at the other bus remains the same. The
latched digital data on both sides arc complementary and data from either side can be
used as the digital representation of the original analog signal,

Five correction bit cells, which arc the same sizes as the five 1.SBs, arc
implemented in the double sided design. After a crowbar (CB) short between the signal
and reset buses, the similar conversion process stores the converted comparator offset
voltage as the correction bits. The first bit serves as a sign bit which determines an
addition or subtraction of the correction bits relative to the original digital words. The DC
offset of the comparator is the major contribution to the column-wise fixed pattern noise
(FPN) and is compensated to afirst order by using this offset correction method.

Double sided converter needs only one strobe cycle for each bit of conversion, It
operates much faster than single sided design. On the other hand, it needs much more
chip area because an equal amount of capacitance has to be connected to the reset bus and

each unit cell consists of two latches. Furthermore, it requires extra component matching




between the capacitors connected to the two bus lines in order to get the same conversion
accuracy.
111, EXPERIMENTAL RESULTS OF THE CONVERTERS

Two different converters have been fabricated using different technology, The
double sided design used 2 pm n-well double poly technology and has a 40 pm pitch, The
single sided design used 1.2 pm n-well single po]y technology and has a 24 pim pitch. In
these long, thin designs, special caution has been taken to minimize the chip areain the
limited pitch space available for routing.

The converters are characterized using static linearity testing technique in which
the converters operate as in typical image sensor readout. The performance of the two
design is summarized in Table 1 along with their design parameters. All the measurement
are taken at the conversion rate of 50 kllz, corresponding to over 4011z frame rate for a
1024 x 1024 sensor array. The maximum conversion rate quoted is that at which the A/n
converters are operational to 5 bit accuracy. Measurement indicates that at the same
conversion rate below 20() k} 1z, accuracy of the single sided design is better than that of
the double sided design as theoretically predicted, since the component matching
dominates the settling time in limiting the conversion accuracy at lower speed. For
commercial video applications at lower conversion rate, the single sided design is a better
choice because of higher accuracy and smaller chip arca. The double sided design is the
better choice for higher speed readout applications in which a conversion speed beyond
200 k1 17. isrequired. Figure 5 shows the linearity test results for the single sided design at
50 kHz data rate. Both the DN1. and INI. are less than +11.SB.

Table 1- Summary of the testresults of the A/I) converters
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V.64 X 64 CMOS DIGITALIMAGE ARRAY

A prototype digital sensor using single sided A/ converters was implemented. It
isa64 x 64 element array fabricated through MOSIS using standard 1.2 pm n-well CMOS
technology. The photomicrograph of the chip is shown in Figure 6. It consists of a photo
gate pixel array ', acolumn A/l > converter array with shift register cent rol circuit, and
sensor row and column addressing circuits. The column A/D converters occupies about
589% of the chip core areain this small array. This percentage will drop dramatically to 8%
as the array size increases to 1024 x 1024. The total dyc size of the fabricated army is 3
mm x 5 mm,

The sensor chips were tested at up to 1 kllzframe rate. Quantitative
measurements were taken at 100 kpixel /see (24 full fran~cs/see) readout rat c. Figure 7
shows araw image of 32 x 64 elements captured at 100 kI 17, pixel rate. There iS no visible
degradation in image quality compared to a similar sized CMOS APS with analog output.
The sensor demonstrates random access and windowing capabilitics. The image data
retains 8§ bit resolution up to 1kt1z full frame rate, The column-wise I'PN is measured to
beless than21.S11s.

V. CONCLUSION

Two different implementation of column-parallel charge-scaling successive
approximate ion A/ID converters were designed, fabricated and test d, The single sided
design has advantages on accuracy and chip area, while the double sided design on speed.
They are both suitable for regular video applications while the double sided
implementation has special use for high speed imaging, possibly up to 1kt Iz frame rate for
alK x 1K sensor.

A prototype CMOS APS with column A/ converters has been demonstrated,
images with 8 bit accuracy were achieved up to 1kframes/sec (4 Mpixcls/see) readout
rate, Column-wise non-uniformity of the sensor iswithin 2 I .SBs (0.8% of the 1 V sensor
saturation). It is possible to digitally correct the I'PN to under 1 I.SB using the on-chip

offset correction,
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FIGURE CAPTIONS

Fig. 1. Sensor structure with on-chip ADC.

Fig. 2. Voltage progression in (@) single, (b) double sided A/I> conversion.

Fig. 3. Schematic diagram of the single sided A/n converter.

Fig. 4. Schematic diagram of the double sided A/ID converter.

Fig. 5. Nonlinearity test results of the single sided A/D converter at 50 ki 1z
conversion rate,

Fig. 6. Chip photomicrograph.

Fig. 7, Raw image taken at 100 kpixcls/see,
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