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ABSTRACT

Two 8 bit successive approximation analog-to-digital converters (ADC), an 8 bit single slope ADC, and a 12 bit current
mode incremental sigma delta (2-A) ADC have been designed, fabricated, and tested. The 20.4 pum and 40 pm pitch
successive approximation test chip designs are compatible with active pixel sensor (APS) column parallel architectures. A 64
X 64 photogate APS with this ADC integrated on-chip was fabricated in a 1.2 um N-well CMOS process and achieves 8 bit
accuracy. A 1K x 1K APS with 11 pm pixels and a single slope ADC in each column was fabrciated in a 0.55 um N-well
CMOS process and also achieves 8 bit accuracy. The successive approximation designs consume.as little as 49 uW at a 500
KHz conversion rate meeting the low power requirements inherent in column parallel architectures. The current mode -A
ADC test chip is designed to be multiplexed among 8 columns in a semi-column parallel current mode APS architecture. It
consumes 800 pW at a 5 KHz conversion rate.

1. INTRODUCTION

A key advantage to CMOS image sensors is the ability to integrate readout electronics on the same focal plane as the sensor
as shown in figure 1. Through the use of standard CMOS technology there is available a wide variety of approaches to
analog to digital conversion"*>***’_ Sensor chip architectures placing analog to digital converters (ADC) in each column
offer parallel conversion of an entire row of pixel data. This parallelism reduces the requirement for high speed ADCs
(figure 1). For example, the minimum conversion speed of an ADC in each column of a 1024 x 1024 image sensor operating
at a 30 Hz frame rate is approximately 33 KHz. Overhead for transferring off-chip the resultant digital image data can
increase this speed requirement but can be overcome using either pipelined data transfer during the conversion or a high
bandwidth digital output port.
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Figure 1. Frame rate vs. ADC speed for a 512x512, 1024x1024, and 2048x2048 APS with the above column parallel
architecture for focal plane A/D conversion (1.5 usec row access time assumed).

A design tradeoff in placing an ADC per column is the low power requirement and increased physical size resulting from the
small column pitch (10 to 40 pm depending on the process technology). A small pitch can also lead to column to column
variations in ADC response because of poor device matching. To minimize these problems a compromise is possiblé, for
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example, by multiplexing a single ADC per 8 columns.

Because both voltage mode and current mode active pixel sensors are used, there is a need for both voltage and current mode
ADCs. The two successive approximation ADCs presented below operate in voltage mode and the sigma-delta ADC
operates in a current mode. The successive approximation designs physically fit into a per column architecture and the
sigma-delta fits onto an 8 column pitch where its operation is multiplexed.

The design and test results for each ADC are presented below. Section 2 reviews one of the first approaches used in column
parallel ADC architectures™’ and presents a 1K x 1K image sensor using this ADC. Section 3 describes the operation and test
results of a successive approximation ADC approach using switched capacitor op amp integrators. Section 4 presents a
successive approximation ADC based on charge redistribution on a network of binary scaled capacitors. Also presented is a
64 x 64 CMOS APS with this ADC implemented on chip. Section 5 describes the operation and test results of the current
mode sigma-delta ADC. Section 6 contains a summary of the four design characteristics.

2. SINGLE SLOPE ADC
An advantage in using single slope ADCs in a column parallel architecture is the simplicity of its design. Each analog level

in the ADC range is stepped through and compared to the input signal (figure 2). When the signal first exceeds this level, a
count corresponding to the analog step is latched. For an 8 bit ADC 256 comparisons must be made. An on-chip

ramp (256 steps)

latch counter value

Figure 2. Single slope ADC ramp and signal levels during conversion

multiplying digital-to-analog converter (MDAC) is used to generate the ramp input. To increase its accuracy, the MDAC can
be made relatively large compared to the ADC size because it can reside outside the column. Because of the large number of
comparisons, this conversion method is slower than other methods.

2.1 Overview and test results of a 1K x 1K CMOS APS with on-chip single slope ADC

A 1K x 1K APS array with single slope ADCs per column and a
ramp generator (MDAC) on-chip was fabricated in a 0.55 um
CMOS N-well process with 11 pm pixels. A 200 x 200 window
image from the 8 bit digital readout port is shown in figure 3. A
photograph of the 13.7 mm x 14.8 mm chip is shown in figure 4.
The 1K x 1K APS array contains decoders for addressing rows and
columns for window of interest readout of the array. Row decoders
and row logic are placed on both sides of the array to speed up
access to the array. In addition to the digital ADC readout mode, the
sensor also contains an analog readout signal chain at the top of the
array. The sensor with photo-diode pixels contains 3.6 million
transistors and the sensor with photo-gate pixels contains 4.6 million
transistors. The chip is powered from a 3.3V power supply.

Figure 3. Digital output from a 1K x 1K CMOS
APS sensor with on-chip single slope ADC

112 /SPIE Vol. 2745



A

Figure 4. Photograph of the fabricated 1K x 1K APS with on-
chip single slope ADC and ramp generator.

The per column 8 bit ADCs were characterized through a test port to the input of each ADC. Off chip counters are used as
inputs to the ADC latches and MDAC circuit. For ADC characterization the 8 bit digital output of the ADC was passed
through an off chip 8 bit DAC for convenient display on an oscilloscope and capture by the host computer test system. The
test system also generates the signal input to the ADC through the test port.

For slow conversion speeds (1KHz) the single slope ADC is accurate to 8 bits. The transfer curve of the ADC is shown in
figure 5. At higher speeds the ramp introduces errors into the conversion. At a 12.5 KHz conversion rate, the ADC has 6
bits of accuracy. Additional characteristics are listed in table 2. For these tests the ADC-DAC output range is 0.9V, the ADC
reference is 0.4V, and the gain of the input stage to the ADC is 0.5.

8 bit resolution @ 1KHz conversion rate
1200
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Figure 5. Transfer curve for one of the column parallel single slope ADCs
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3. SWITCHED-CAPACITOR SUCCESSIVE APPROXIMATION ADC

The successive approximation approach to analog-to-digital conversion is essentially a “ranging” algorithm. The new feature
in the successive approximation ADCs presented below is the double sided approach to conversion. The ADC attempts to
add successive binary fractions of a reference voltage to either the pixel signal or reset level until they are equal. In this way
if a comparison result is false, the ADC saves a step by not having to remove the previously added reference fraction from
the signal. The ADC was designed for an APS sensor with a readout scheme where the pixel reset voltage is greater than the
pixel signal level as in [8]. The voltage levels at each step “i” in the conversion are shown in figure 6 and are described by:

Vsi = Vs +b; \;'ff o 1-—- ‘
—V : """"""
Vri= Vi1 +b; 2',°f :
reset | :
b =0 if Vg <Vsiy
=1 if VR,i-l > VS,i-l Signal

Figure 6. Internal ADC sampled reset and
signal levels during conversion

3.1 Design and operation

The first design approach uses two switched-capacitor integrators to perform the successive approximation analog to digital
conversion. This successive approximation method attempts to find the digital representation of the pixel signal relative to
the pixel reset level. It does this conversion by successively adding binary scaled fractions of a reference voltage to either
the readout pixel signal voltage or pixel reset voltage until the two values are equal to within the desired accuracy or one
least significant bit (LSB).

The schematic of the ADC is shown in figure 7. The ADC has two inputs for pixel signal and reset levels (VS and VR).
There is also an input for the ADC voltage reference range. All input voltages are referenced to V+. The top op amp
integrator stores the pixel signal level and the bottom op amp integrator stores the reset level. Both integrators are inputs to a
comparator. During the ®qy interval the pixel signal level, reset level, and ADC reference are sampled onto the 2.5 pF
capacitors C1 and C2. The top and bottom integrators are reset to V+ during @5 and @, respectively. The signal level, VS-
V+, is sent to the top integrator input during the ®¢/®;s interval. With a 5 pF op amp feedback capacitor, the integrator gain
is -1. Thus, the value V+ - VS is added to integrator output voltage. The reset level, V+-VR, is similarly added to the bottom
integrator output during the ®y/®y; interval. The reference level (Vref-V+) is stored on C1 and C2 during ®ggg.

After the inputs are read into the ADC, ®py turns off and the first comparison is performed to determine the sign bit
(typically 0 for the image sensor). The comparator is activated when the STRB* signal goes low. Otherwise both comparator
outputs are 0. If the signal side is greater than the reset side, the comparator output into the shift register is a 0. In this case,
the feedback from the comparator output sets the switches on the front end to steer the reference on C2 to the integrator on
the reset side holding the lower output voltage. Because C1 is cutoff from C2 during this time, the gain of the integrator is
-0.5 (=2.5pF/5pF). Thus, (V+-Vref)/2 is added to the integrator output. For correct operation V+ > Vref so that the voltage
is increased on integrator with the lower output voltage.
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During the second comparison, the MSB is determined and stored in the shift register. Before this comparison is performed,
the feedback path from the comparator is shut off disconnecting the inputs to the integrator. During the comparison half the
charge on Cl1 is transferred to C2. The resulting voltage across on C2 is (Vref-V+)/2. Subsequently, C1 is cutoff from C2,
the comparison is made, and (V+-Vref)/4 is transferred to the output of the integrator with the lower output voltage (reset
side if the original pixel signal is more than 1 MSB larger than the reset level, otherwise to the signal side).

Figure 7. Successive approximation ADC circuit using switched capacitor integrators

The binary scaled fraction of the reference voltage is always added to the integrator with the lower voltage stored on it. The
integration and comparison steps are performed until the desired number of bits is achieved. A shift register per column
stores the comparator output for readout of the digital word at the end of the conversion.

One of the key components in this design is the switched capacitor integrator. To achieve at least 8 bit resolution, an op amp
with a gain of 60 dB (1,000) is requiredl. The op amp used in this design is a single stage folded cascode op amp.

3.2 Test results

The ADC was characterized using a 1V ramp to drive the input from a computer controlled data generator/acquisition board.
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Figure 8. Transfer curve for a successive approximation ADC implemented with switched
capacitor circuits.
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The analog input was incremented in 1mV steps and 500 ADC output samples at each step were acquired. ADC output was
passed through a digital-to-analog converter (DAC). The analog output of the ADC/DAC was connected to the computer
acquisition board where it was measured. The DAC has an offset voltage of 0V and a -1V reference.

The ADC was characterized at different speeds and power levels. Because of the application of this ADC to the column
parallel architecture of a CMOS image sensor, the maximum power dissipation desirable from the ADC is approximately 150
to 200 uW. At these power levels, the ADCs in a 1K x 1K image sensor consume 150 to 200 mW.

For a power dissipation of 175 pW and 8 bit resolution, the maximum conversion rate is 50 KHz or 20 pseconds/conversion.
The maximum 1K x 1K sensor frame rate for this conversion speed is approximately 45 Hz. Integral non-linearity (INL),
differential non-linearity (DNL), and ADC noise were measured (Table 2). The ADC noise is determined from the worst
case standard deviation calculated from the 500 samples taken at each input step. Based on the non-linearites, the effective
ADC accuracy is 5 bits. The ADC operating at a 10 KHz conversion rate worked at a minimum power of 27 pW. Its
effective accuracy is also 5 bits. The transfer curve for the ADC operating under best case conditions at 10 KHz and 134 Y
power level is shown in figure 8.

Stand alone op amps on the test chip were characterized at various power levels. The op amp had a gain of 74 dB and
consumed 70 pW. At a low power dissipation level of 20 pW, the op amp had a gain of 80 dB. However, at the low bias
current levels, the op amp slew rate limited the ADC speed.

4. BINARY SCALED CAPACITOR SUCCESSIVE APPROXIMATION ADC

This approach to ADC design uses a dual networks of binary scaled capacitors to sample pixel signal and reset voltages.
These capacitor networks are connected to the input of a comparator. After clamping these levels on the top plate of the
capacitors, the bottom plates are successively connected to the ADC reference voltage. The voltage increase on the top plate
is proportional to the relative size of the capacitor to the total capacitance of the network. The comparator output determines
which side sees an increase in the top voltage similarly to the switched capacitor integrator approach. This method of using
binary scaled capacitors to perform analog to digital conversion is similar to [9]. This ADC uses the same new feature as the
switched capacitor design presented in the previous section where a double sided approach is used to increase converter
speed.

4.1 Design and operation
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Figure 9. Binary scaled capacitor successive approximation ADC

The block diagram of the dual sided binary scaled capacitor successive approximation ADC is shown in figure 9. Each of
the latches (BS#9-BR#0) contains a switch either to ground or to the ADC voltage reference as shown in figure 10. If the
enable to the latch BS#n on the signal side is active and the comparator output is high (reset input > signal input at the
comparator), the bottom plate of the capacitor is switched from 0 to Vreference. If the same enable to the latch BR#n on the
reset side is active and the comparator output is low (signal input > reset input at the comparator), the bottom plate of the
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capacitor is switched from 0 to Vreference. The latch connected to the largest capacitor C contains the sign bit. When the
sign bit is 1, the voltage on the signal side increases by Vref x (C/Ctotal) where:

Crorar = C + C/2 + C/4 + C/8 + C/16 + C/32 + C/64 + C/128 + C/256 + C/512 = 1.998C.

Thus, the operation is similar to the integrator approach where Vref/2 is added to the signal side after the first comparison if
the signal is greater than the reset level. The value of the largest capacitor used is 4 pF.

The latches on the signal side contain the final binary word at the ™ sampie Line oD _‘L

end of the conversion. Because the charge redistribution on the —

top plates is relatively fast compared to the charge transfer in the l Frsr

switched capacitor integrator approach, the ADC conversion rate

is higher. Also, it consumes less power and is less sensitive to i [’:r l I

process non-uniformities because no op amps are required. h-l

However, placing a total of 16 pF of capacitance per column ﬁ VREF__{ GND

consumes a large amount of silicon area. i Py

Also included in the ADC are 5 capacitor bit cells for storing the —'__'—0—>°—0—>°-J J“[J_hl-l F_I

comparator offset. This offset is calculated at the end of each ¢

conversion by enabling the CB switch. When this switch is ¢F s _‘]_l' RST ——x

enabled both inputs to the comparator are set equal so that the _ ResetLine GND _l_

offset can be measured and stored for off chip correction. Figure 10. Bit cell latch/switch to the capacitor bottom
plates for the signal and reset sides

4.2 ADC Test results

The ADC was characterized in a similar manner as the op amp integrator successive approximation ADC. A 1.2V input ramp
with 256 steps was used to drive the ADC input. Noise measurements were based on 200 samples at each step.
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Figure 11. Transfer curve and DNL error at 500 KHz conversion rate for the successive approximation ADC
implemented with a binary scaled capacitor network.

The transfer curve and the differential non-linearity plot of the ADC at a 500 KHz conversion rate are shown in figure 11.
The effective accuracy of the ADC at a 500 KHz rate is 5 bits (Table 2). The ADC operated as high as 833 KHz with the
same accuracy except for 4 input levels that generated large DNL and INL errors. The ADC consumed 49 pW at the 500
KHz speed. The power dissipation is primarily from the comparator and CV*f component in charging the capacitor network.

The maximum frame rate for a 1K x 1K sensor using this S00KHz ADC conversion rate is 279 Hz.  The frame rate will be
less depending on the bandwidth and timing of the sensor’s digital output port.
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4.3 Test results from a CMOS APS imager with on-chip ADC

A variation in the ADC design using only a single bank of capacitors on the signal side was integrated with a 64 x 64 CMOS
active pixel image sensor. The operation of the adc is similar to the double sided capacitor approach but operates only on the
signal level during conversion (figure 12).

signal

Figure 12. Timing of internal ADC sampled reset and signal levels
during conversion for a single bank of capacitors on the signal side.

This design was fabricated in a 1.2 pm N-well CMOS process with linear capacitors. The 8 bit ADC size is 24 pym x 2.2
mm. The photogate pixel is 24 um x 24 pm. An 8 bit image from a 64 x 32 window from the sensor is shown in figure 13.
A decoder is used to address rows and columns in the array to generate the window of interest readout. A photograph of the
3.0 mm x 5.0 mm chip is shown in figure 14.

The ADC integrated on-chip was operated without using the offset correction bits. In this mode the ADC has less than 2
LSBs of fixed pattern noise across the 64 column parallel ADC array. This corresponds to a maximum of 7 mV of variation
in the comparator input offset voltage from column to column.

The ADCs were characterized through a test port connected
directly into the ADC input. At a 70 KHz conversion rate,
the measured INL was 1 LSB and the DNL was 0.8 LSB.

Although the single sided capacitor network approach is
slower than the double sided approach, it requires much less
area. The accuracy is also better because the capacitor
matching requirement between the two banks is eliminated.

Figure 13. 64 x 32 APS image with on- Figure 14. Photograph of fabricated 64 x 64 active pixel
chip successive approximation ADC. sensor with on-chip successive approximation ADC.
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5. CURRENT MODE SECOND ORDER INCREMENTAL SIGMA DELTA ADC

Oversampling methods for ADC design are attractive because they avoid many of the difficulties with conventional methods
for A/D and D/A conversion. Conventional converters require high precision analog circuits. On the other hand
oversampling converters, can use simple and relatively low precision analog components. Unlike the voltage mode approach
for sigma delta modulation in [2], this current-mode approach uses no MOS op-amps or linear capacitors. The main building
block is a current copier cell. Though they require fast and complex digital signal processing stages, their robustness is suited
for fast growing VLSI technology.

Iref

R [ B e e

Iin

Figure 15. Typical Z-A event sequence

A first-order Z-A ADC requires 22 cycles to perform a n-bit A/D conversion. The accumulator and comparator output levels
are shown in figure 15. Typically the comparator output is used to increment a counter that at the end of the conversion
contains the digital number representation of the analog input. Conversion speed can be significantly increased by cascading
two first order stages, resulting in an incremental =-A ADC topology. The architecture of the current-mode second-order
incremental Z-A modulator is based on the one reported in [10].

5.1 Design Overview

D/A

Figure 16 shows a block diagram of the current-mode
second-order incremental =-A modulator. The three
main building blocks are the current integrator, current comparator
comparator, and the digital to analog current I
converter. There are two loops, connected in cascade. mﬁ@"_) .[ :F >3
Output of the comparator, “a” for the first comparator
and “b” for the second one, becomes "1" if the output
of the integrator, I, is greater than the reference current + D/A
Iger- Otherwise it is "0". A D/A converter in the
feedback loop outputs -Izgr if the output of the
comparator is "1", otherwise it outputs no current.

comparator
[ 7 b
The basic building block of these components is the
current copier cell. The principle of a current copier
cell, also called a dynamic current mirror, is shown in Figure 16. Block diagram of the second order sigma-delta ADC
figure 17. A single transistor M, is combined with 3
switches Sy, Sy, and S; that are implemented by means
of additional transistors, and a capacitor C. In the first
phase (phase 0), M,, operates as the input device of a
mirror, with its gate and drain connected to the input
current source. ~ When equilibrium is reached,
capacitor C at the gate is charged to the gate voltage V
required to obtain I =1I,. The value of I, is thus stored
as a voltage across C. In the second phase (phase 1),
M, operates as the output device of a mirror, with its
drain disconnected from the gate and connected to the
output node. It sinks an output current I, that is

Figure 17. Current copier cell in memorize mode (left) and
output mode(right).
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controlled by the same gate voltage V and thus is equal to I,
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5.2 Operation
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The detailed operation of the converter based on the block l AL A
diagram in figure 19 is as follows: Each integration period ; Lo :
consists of 4 phases (figure 18). Phase 1 is used to sample ol | e |
the input current. For the first integration period “i”, the et it
DA T DAZ

register in the first integrator is zero. Thus, during phase 1
only the input current is memorized at integrator#l’s
summing current copier. During phase 2, the output of the summer is copied to integrator#1°s register. Phase 3 is used to
compare the summing current copier to the reference current. If this copier cell current is greater than the reference, a, is a
“1”. In phase 4 the output of the integrator#1’s register is memorized by integrator#2’s summing current copier. If a; is a
the reference current is subtracted from the output of the first integrator’s register. During the beginning of integration
period “i+1” starting with phase 1, integrator#1 memorizes the sum of the output of its register and the input current. If a, is
a “1” the reference current is also subtracted from this sum.

Figure 19. Current mode sigma-delta ADC

“1”

The timing for the second integrator is the same as the first integrator except the above operations are offset by one phase.
During phase 1 (following the phase 4 cycle during which integrator#1’s register output was memorized) the current from
integrator#2’s summing current copier is copied to integrator#2’s register. During phase 2, the comparison takes place
between the summing current copier and the reference current. No events occur during phase 3. During the beginning of the
next integration period for the second integrator starting with phase 4, the summing copier memorizes the sum of the output
of its register and the output of integrator#1’s register. In addition, the reference current is subtracted if the output of the
comparison during phase 2 resulted in b; equal to “1”.

The expressions for two integrator’s summing current copier cells at the end of “p” integration cycles are:
p-1
]Zl[p’3] =p ]in _Zai 'IrLf
i=1
p-1 p-1

IE [Paz]_(p l)p I _Za (P 1) ref_zbi'lnf

i=1 i=1
At the end of p integration cycles the digital representation of the sigma delta output is determined by:
p-l

DN = zg (p=i)+ )b

i=1 i=2
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The digital filter consisting of a counter and accumulator is used to generate the digital number. The relationship between
resolution of the ADC and number of integration cycles p (number of times the input current is sampled) is shown in table 1.
The digital filter for the test chip was implemented off-chip.

5.3 Test results
p
The ADC was tested using a computer controlled current source and the resolution | (oversampling
output data from the off-chip digital filter was read by the computer data n (bits) ratio)
acquisition board. The input current ramp consisted of 4096 steps of 4nA 6 12
each. At each input step 20 samples were acquired. The DC current bias was 7 17
40 pA. The transfer curve is shown in figure 20. 8 24
9 33
The 12 bit ADC consumed a total of 800 pW when operating at a 5 KHz 10 46
conversion rate. From differential non-linearity measurements the accuracy 11 65
of the ADC is 10 bits. 12 92
13 129
14 182
Table 1. Relationship between ADC
resolution and integration cycles “p”.
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Figure 20. Transfer curve and DNL error at 5 KHz conversion rate for 12 bit incremental sigma delta ADC.

6. SUMMARY

Column parallel architectures of CMOS active pixel sensors require low power compact analog-to-digital converters. Two
types of successive approximation ADC designs and a current mode sigma delta ADC design for integration into CMOS
active pixel sensors were demonstrated. A 1K x 1K CMOS APS with a single slope ADC and a 64 x 64 CMOS APS with a
successive approximation ADC per column of the array were also demonstrated. Table 2 lists their characteristics. For
voltage mode APS sensors, the 8 bit successive approximation ADC using binary scaled capacitors achieves the highest
speed and accuracy. This ADC’s new feature of using dual capacitor banks to achieve high speed enables the development
of high frame rate sensors. The current mode sigma delta converter has the highest accuracy of the ADC designs. Its
inherent robustness makes it ideal for application in high accuracy CMOS image sensors.
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Res Accuracy Conv. | Power | Power/ CMOS | Size
(Bits) | (LSBs) rate dissip. | Conv. rate |process

ADC TYPE DNL' | INL' | NOISE | KHz pW | uW/kHz (um)

single slope 8 0 0.8 0.65 1 24 24.0 0.55 |11 umx 1.43 mm
8 2 5 3.8 12.5 34 2.7

op-amp S.A. 8 3 6.5 2 50 175 35 1.2 20.4 ym x 1.94 mm
8 3 5.9 2.9 10 134 134 (without shift reg.)
8 2 5 2.25 10 27 2.7

double sided scaled | 8 5 3.5 8 500 49 0.1 2.0 40 um x 4.2 mm

capacitor S.A. 8 4* 5* 21* 833 55 0.07

single sided S.A. 8 0.8 1 70 1.2 24 um x 2.2 mm

T current mode 12 2 10 25 5 800 | 160.0 20 |80pumx 1.92mm
incremental X-A

* removing selected non-linear data points
* units are +/-

Table 2. Summary of ADC designs and test results.
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