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ABSTRACT

Two 8 bit successive approximation analog-to-digital converters (ADC) and a 12 bit current mode incremental sigma delta
(2-A) Al )C have beendesigned, fabricated, and tested. The 2.0.4 pm and 40 pmn pitch successive approximation test chip
designs are compatible. with active pixel sensor (Al'S) column parallel architectures. A 64 x 64 photogate Al’ Swith this ADC
integrated on-chip was fabricated in a 1.2 um N-well CMOS process and achieves 8 bit accuracy. The successive
approximation designs consume as little as 49 pW at a 500 KH; conversion rate mecting the low power requirements
inherent in column parallel architectures. The current mode 2-A ADC test chip is designed to be multiplexed among 8§
columns in asemi-column parallel current mode APS architecture. It consumes 800 pW at a5 KHz conversion rate.

LINTRODUCTION

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. Throughthe use of standard CMOS technology there is available a wide variety of approaches to
analog to digita conversion”> %7 Sensor chip architectares placing analog to digital converters (ADC) in each column
offer parallel conversion of an entire row of pixel data. '1'his parallelism1 educes the requirement for high speed ADCs
(figure 1). Yor example, the minimum conversion speed of’ an ADC in each column of a 1024 x 1024 image sensor operating
at a30 11z frame rate is approximately 33Ktz Overhead for transferring ofi~chip the resultant digital image data can

increase this speed requirement but can be overcome using, cither pipelined data transfer during the conversion or a high
bandwidth digital output port.
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Figure . Frame rate vs. ADC speed for a 512x512, 1024x1024, and 2048x2048 APS with the above column parallel
architecture for focal planc A/D conversion (1. Spsec row access time assumed).

A design tradeoff in placing an ADC per column is the low power requirement and inc.r’ eased physical size resulting from the
small column pitch (10O to 40 pm depending on the process technology). A small pitch can also lead to column to column
variationsin Al )C response because of poor device matching. ‘1 ‘o minimize these problems a compromise is possible, for
example, by multiplexing a single ADC per § 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
opcrates in a current mode. The successive approximation designs physicaly tit into a per column architecture and the
sigma-delta fits onto an § column pitch where its operation is multiplexed.

The design and test results for each ADC are presented below. Section ? describes the operation and test results of a
successive approximation Al )C approach using switched capacitor op amp integrators.  Section 3 presents a successive
approximation Al dC based on charge redistribut ion on a network of binary scaled capacitors. Also presented is a 64 x 64
CMOS APS with this ADCimplemented on chip. Section 4 describes the operation and test results of the current mode
sigma-delta A1C. Section 5 contains a summary of the three design characteristics.,

2, SWITCHED-CAPACITOR SUCCESSIVE APPROXIMATION ADC

‘[" he successive approximation approach to anal og-to-digital Conversion is essentially a“ranging” al gorithm. The new featare
in the successive approximation AIXCs presented below is the double sided approach to conversion, The ADC attempts to
acid successive binary fractions of a reference voltage to cither the pixel signal or reset level until they arc equal. in this way
if acomparison 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 [S]. The voltage levelsat cach step “i” in the conversion are shown in figure 2 and are described by:
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Figure 2. Internal ADC sampled reset and
signal levels during conversion

2.1 Designand 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 {ind the digital representation of the pixel signal relative to
the pixel resetlevel. 1t dots 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 arc equal to within the desired accuracy or one
least significant bit (1.SB).

The schematic of the ADC is shown in figure3.  The ADC has two inputs for pixel signal and reset levels (VS and VR).
Ther e is adso an input for the ADC voltage reference range. All input voltages arc referenced to V+4.The top op amp
integrator stores the pixel signa level and the botlom op amp integrator stores the reset level, Both integrators are inputs to a
comparator. 1 during the ®on interval the pixel signal level, resct level, and Al )C reference are sampled onto the 2.5 pk
capacitors C1 and C2. The top and bottom integrators arc reset to V- during &g anti 4»,, respectively. The signal level, VS-
V-, is sent to the top intc.grater input during the /@5 interval. With a s p¥ op amp feedback capacitor, the integrator gain
is-1. ‘1'bus, 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 @/, interval. The reference level (Vref-V+) is stored on Cland C2 during @

After the inputs are read into the ADC, ®onturns off and the first comparison is performed to determine the sign bit
(typically O for the image sensor). The comparator is activated whenthe STRB* signal goes Jew. Otherwise both comparator
outputs arc O. If the signal side is greater than the reset side, the comparator output into the shift register isa O. In this case,




the feedback from the comparator output sets the switches on the front end to steer the reference on C2to the integrator on
the reset side holding the lower output voltage. Because Cl is cutoff from C2 during this time, the gain of the integrate]- is
-0.5 (- 2.5p¥/5pF). ‘1’bus, (V4-Vref)/2 is added to the integrator output. For correct operation V4> Vref so that the voltage
isincreased on integrator with the lower output voltage.

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. 1) uring the comparison half the
charge on Clis transferred to C2. The resulting voltage across on C2 is (Vref-V+ )/?. Subsequently, C1is cutoff from C2,
the comparison is made, and (V--Vref)/4is transfersed to the output of the integrator with the lower output voltage (reset
sideif the original pixel signal is more than 1 MSB larger than the reset level, otherwise to the signa side).
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Figure 3. 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 shiftregister per column
storm 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 again of 60dB (1,000) isrequired’. The op amp used in this design is a single stage folded cascode op amp.

2.2 Test results

The AlC was characterized using a1 V ramp to drive the input from a computer controlled data generator/acquisition board.
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Figure 4. Transfer curve for a successive approximation ADC implemented  with switched
capacitor circuits.



The analog input was incrementedin] mV steps and 500 ADC output samples a each step were acquired, ADC output was
passed through a digital-to-an alog converter (DAC). The analog output of the A1XC/IYAC was connected 1o the computer
acquisition board where it was measured. The DAC hasan offset voltage of OV anda-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 Al YC isapproximately 150
10 200 uW. At these power levels, the ADCsinalK x 1 K image sensor consume 1 SO to 200 mW.

For apower dissipation of 17S W and 8 bit resolution, the maximum conversion rate is 50 KHz or 20 puseconds/conversion.
The maximum 1K x 1 K sensor frame rate for this conversion speed is approximately 4S 1 1z Integral ~lcm-linearity (IN | ),
differential non-linearity (IDNI.), and ADC noise were measured ('Jable ?). The ADC noise is determined from the worst
case standard deviation calcu fated 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 1 0 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 Ktlz anti 134pW
power level is shown in figure 4.

Stand @one op amps on the test chip were characterized at various power levels. The op amp had a gainof 74 dB and
consumed 70 uW. At a low power dissipation leve} of 20 pW, the op amp had a gain of 80 dB.1 low'eve], at the low bias
current levels, the op amp slew rate limited the ADC speed.

3. BINARY SCALED CAPACITOR SUCCESSIVE APPROXIMATION ADC

This approach to ADC design uscs 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. Afler clamping, these levelson 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 sces anincrease in the top voltage similarly to the switched capacitor integrator approach. ‘I’his 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 inthe previous section where a double sided approach is used to increase converter
speed

3.1 Design and operation
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Figure 5. Binary scaled capacitor successive approximation ADC

The block diagram of the dual sided binary scaled capacitor successive approximation ADC is shown in figure 5. Fach of
the latches (BS#/9-BR#/0) contains a switch either to ground or to the ADC voltage reference as shown in figure 6. If the
enable to the latch BSiin 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 O to Vreference. If the same enable to the latch BR#n cm the
rc.set side is active and the comparator output is low (signal input > reset inputat tile comparator-), the bottom plate of the



capacitor is switched from O to Vreference. The latch connected to the largest capacitor C contains the sign bit, When the
sign bitis 1, the voltage on the signal side increases by Vref x(C/Clotal) where:

Cioa=C 4 €2 + C/4 + CI8 + C/16 + ¢/324C/64 + C/128 + C/256 4 C/512=1.998C.

Thus, the operation is similar 10 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 p¥.

The latches on the signal side contain the final binary word at the Sample Tine
end of the conversion. Because the charge redistribution on the

top plates is relatively fast compared to the charge transfer in the ::L

switched capacitor integrator approach, the ADC conversion rate e

is higher. Also, it consumes less power and is less senditive to e ID ) D ,
process non-uniformities because no op amps are required, T g :
} Jowever, placing a total of 16 pIof capacitance per column 1

consumes a large amount of silicon area. IS o GH

Also included in the ADC are 5 capacitor bit cells for storing the o -{>¢>‘*'~[><»—T I l o {U}

comparator offset, This offset is calculated at the end of each

conversion by enabling the CB switch. When this switch is o s ﬁ kST
enabled both inputs to  the comparator ae set  equal S0 _that the  kesetline gnp

offset can be measured and stored for off chip correction. Figure 6. Bit cell latch/switch to the capacitor bottom

plates for the signal and reset sides
3.2 ADC Testresulis

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.

input(V)
12 105 09 0.75 0.6 045 0.3 0.15
0.2 N T I g,
~ 0
E/ \
5 02
(<3
5 .04 -
[
@]
g -06-
g o8-
&)
< ’1' \ - ——t . .
(] N ~t w [<23 (@) o < [{e]
B 2 R _ . m o © o o © o o B
8 bit resolution @ 500 KHz conversion rate Step Number

Figure 7. Transfer curve rind DNL error at 500 KHz conversion rate for the successive approximation 4DC implemented
with a binary scaled capacitor network.

The transfer curve and the differential non-linearity plot of the ADC at a500 KHz conversion rate are shown in figure 7.
The effective accuracy of the ADC at a500 KHz rate. is 5 bits (I'able 2). The ADC operated as high as §33 KHz with the
same accuracy except for 4 inputlevels that generated large DNI. and INL. errors. The ADC consumed 49 pW at the 500
K Hz speed. The power dissipation is primarily from the comparator and CV2f component in charging the capacitor network.

The maximum frame rate for a 1 K x 1 K sensor using this 500 KHz ADC conversion rate is 2791 1z.  The frame rate will be
less depending on the bandwidth and timing of the sensor’s digital output port.



3.3 Test results from a CMOS APS imager with on-chip ADC

A variation in the ADC designusing only a single bank of capacitors on the signal side was integr ated 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 8).
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Figure 8 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 @ 1.2 jun N-well CMOS process with linear capacitors. The 8 bit ADC size is 24 pm x 2.2
mm. The photogate pixel is 24 pmx 24 pm. An 8 bitimage from a 64 x 32 window from the sensor is shownin figure 9. A

decoder is used to address rows and columns in the array to gencrate the window of interest readout, A photogs aph of the
3.0 mm x 5.() mm chip is shown in figure10.

‘1 'he AlC integrat cd on-chip was operated without using the offset correction bits. in this mode the ADC has less than 2
1.SBs of fixed pattern noise across the 64 column parallel ADCarray, ‘Ibis corresponds to a maximum of 7 mV of variation
in the comparator input offset voltage from column to column

‘1 he Al )Cs were characterized through a test port : e e e
connected directly into the ADC input. At a 70 Kllz Ao e TS
conversion rate, the measured INI. was Il .SBand the : ‘

DNI.was 0.8 1.SB.

Atlthough thesingle 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
climinated.
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Figure 9. 64x 32 Al'S image with on- Figure 10. Photograph of fabricated 64 x 64 active pixel
chip successive approximation ADC, sensor with on-chip successive approximation ADC.



4. CURRENT MODE SECOND ORDER INCREMENTAL SIGMA DEL.TA ADC

Oversampling methods for ADC design are attractive because they avoid many of the difficulties with conventional methods
for A/l) andl )/A conversion. Conventional converters require high precision analog circuits. On the other hand
oversampling converters, can usc simple and relatively low precision analog, components. ‘1" his 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 V1.SI technology.

Figure 11. Typical Z-A event sequence

A first-order 2-A ADC requires 2" cycles to perform a n-bit A/l) conversion. 'The accumulator and comparator output levels
are shown in figure 11. 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 2-A Al )C topology. The architecture of the current-mode second-order
incremental 2-A modulator is based on the one reported in [ 10].

4.1 Design Overview

Figure 12 shows ablock diagram of the current-mc)de i E/A)/Zl T
second-ordu incremental -A modulator. The three S
main building blocks are the currentintegrator, current comparator
comparator, and the digital to analog current I ]

converter. There arc two loops, connected in cascade. N *”'“‘96'}-9 } 1 {' - 28

e —

output of the comparator, “a” for the first comparator
and “b” for the second one, becom% “1" if the output I
of the integrator, 1, is greater than tbc reference current pa— D//AA—%.: o =
L Otherwise it is “O” . A 1)/A converter in the L.

feedback loop outputs -lgg. if the output of the comparata
comparator is* 17, otherwise it outputs no current. J J | Ji[ »

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 12. Block diagramof the second order sigma-delta ADC
figure 13. A single transistor M,, is combined with 3

switches Sy, Sy, and S, that are implemented by o ; Iy=1g
means of additional transistors, and a capacitor C. In I
the first phase (phase O), M,, operates as the input
device of amirror, with its gate and drain connected to
the input current source.  When equilibrium is sy ;1D ﬁx) [ ip y
reached, capacitor C at the gate is charged to the gate ' !
voltage V required to obtain I;,=1,. The value of 1, is | [ Yo b
thus stored as a voltage across C. in the second phase v T\ ¢z l /I l l

(phase 1), M, operates as the output device of a - _l_h, — L

mirror, with its drain disconnected from the gate and Figure 13. Current copier cell in memorize m ode (left) and
connecled to the output node. It sinks an output output mode(right).




current 1, that is controlled by the same gate voltage V and thusis equalto],
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The detailed operation of the converter based on the block | A \ A
diagram in figure 15 is as follows: Fach integration period | L l l
consists of 4 phases (figure 14). Phase 1 is used to sample 1 [ ' Lo [ f .'
the input current. For the first integration period “i”, the 1. - R A 2“'

l‘cgistcr in the first integrator is zero. ‘1'bus, during phase i
only the inputcurrent is memorized at integrator/ 1’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 curt ent.  If this copier cellcurrent is greater than the reference,a, is a
“1“. in phase 4 the output of the integratordf 1's register is memorized by integrator//2’s summing current copier. 1f a, is a
« 17 the reference current is subtracted from the output of the first integrator’'s register. 1) uring the beginning, of integration
period “i+ 1" starling, with phase], integrator// Imemarizes the sum Of the output of its register and the input current. ]f a, is
a“ 1" thereference current is aso subtracted from this sum.

Figure 15, Current mode sigma-delta A DC

‘1 he timing for the second integrator is the same as the first integrator except the above operat ions are offset by one phase.
D uring phase 1 (following the phase 4cycle during which integrator#/1°s register output was memorized) the current from
integrator//2’s summing current copier is copiedtointegratorf/2’sregister.  During phase 2, the comparison takes place
bet ween the summing current copier and the refer ence curr cnt. No events ¢ ceur during phase 3. During the beginning of the
next integrat ion period for the second integrator starling, with phase 4, the summing copier memeorizes 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”.

T*he expressions for two integrator’s summing current copier cells at the end of “p” integration cycles are:

p-l
]X][,)’B] =pe ]in - Zai ‘]r(]
i1
-1 p-1
»-1)-p & . -~
halp21= 0 ST 2 (pe D dy s Dby
’ i1 i1

At the end of p integration cycles the digital representation of the sigma delta output is determined by:
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The digital filter consisting of a counter and accumulator is used to generate the digital number. The relationship between
resolut ion of the Al YC and number of integration cycles p (number of times the input current issampled) is shown in table 1.
The digital filter for the test chip was implemented off-chip.

4.3 Testresults

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 cach input step 20 samples were acquired. The DC current bias was 7 17
40 pA. The transfer curve is shown in figure 16. 8 2%
9 33
The 12 bit ADC consumed a total of 800 pW when operating, at a 5SKHz 0 46
conversion rate.  Yrom differential non-linearity measurements we accuracy |77 1 Gs
of the ADC is10 bits. 17 07
13 129
14 182

Table 1. Relationship between ADC
resolution and integration cycles 'j)”
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Figure 16. Transfer curve and DNL error at 5§ KHz conversion rate for 12 bit incremental sigma delta ADC.

5. 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 64x 64 CMOS AJ S with a successive. approximation Al)( per column of the
array was also demonstrated. Table 2 lists their characteristics. Ior voltage mode Al'S sensors, the 8 bit successive
approximation ADC using binary scaled capacitors achicves the highestspeed and accuracy.  This ADC’s new feature of
using dua 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.




