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ABSTRACT

Two 8 bit successive approximation analog-to-digital converter (A1C) designsand a 12 bit current mode incremental sigma
delta (3-A) ADC have been designed, fabricated, and tested. The successive approximation test chip designs are compatible
with active pixel sensor (APS) column parallel architectures with a 20.4 pm pitch in a 1.2 jun n-well CMOS process and a 40
pmpitchin a 2pm n-well CMOS  process. The successive approximation designs consume as little as 49 pW at a 500 Ktz
conversion rate meeting the low power requirements inherent in column parallel architectures. The current mode incremental
2-A Al test chip is desiened to be multiplexed among g columns in a semi-column parallel current mode APS architecture.

The higher accuracy ADC consumes S00 W at a 5 Ktz conver sion rate.
LINTRODUCTION

A key advantage to CMOS imagc sensors is the ability to integi ate 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 dig ital conversion . Sensor chip architectures placing analog to digital converters (ADC) in each column offer
parallel conversion of an entire row of pixeldata. This parailclismreduces 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 11z
frame rate is approximately 33 Kllz Overhead for transfeivine off-chip the resultant digitalimage 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 512.x51?, 1024x1024, and 2048X 2048 A PS with the above column parallel
architecture for focal plane All) conversion (1,5 pisec row access time assumed).

A design tradeoff in placing an ADC per column is the iow power requirement and increased physical size resulting from the
small column pitch (i O to 40 yum depending on the process technology). A small pitch can alsolead to column to column
variations in ADC response because of poor device matching. Tominimize these problems a compromise is possible, for
example, by multiplexing a single ADC per S columns.



Because both voltage mock and current mock active pixelsensors arc used, there is a need for both voltage and current mode
ADCs. Thetwo successive approximation ADCs presented below opcrate in voltage mode and the sigma-delta ADC
operates in a currentmode. The successive approximationdesigns physically fit into a per column architecture andthe
sigma-delta fits onto an 8 column pitch where its operation is multiplexed.

The design and test results for each ADC are presentedbelow.  Section 2 describes the operation and test results of a
successive approximation AIDC approach using switched capacitor op amp integrators. Section 3 presents a successive
approximation ADCbased on charge redistribution ona network of binary scaled capacitors. Scction 4 describes the
operation and test results of the current mode sigma-delta ADC.  Section S contains a summary of the three design
characteristics.

2. SWITCHED-CAPACIT ORSUCCESSIVE AI'TROXIMA''ION ADC

The successive approximation approach to analog-to-digital conversion is essentially a “ranging” algorithm. The new feature
in the successive approximation ADDCs presented below is the double sided approach to conversion. The ADCattempts to
add successive binary fractions of a reference voltage to either the pixel signal or met level until they are equal. in this way
if a comparison result is false, the Al XC saves a step by not having to remove the previously added reference fraction from
the signal. The ADC was designed for an AI'S sensor with a readout scheme where the pixel reset voltage is greater than the
pixelsignallevel as in [3]. The voltage levels at each step “i” itithe conversion arc shownin figure ? and are described by:
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Figure 2. Internal ADC sampled reset and
signal levels during conversion

2. | Design and operation

The first design approach uses two switched-capacitor integrators to performthe successive approximation analog to digital
conversion. This successive approximation method attempts to find the digital representation of the pixelsignal relative to
the pixel reset level. It does this conversion by successively adding, binary scaled fractions of a refercnce voltage to either
the readout pixel signalvoltage or pixel reset voltage untilthe two valuesare equal to within the desired accuracy or one
least significant bit (1 .SB).

The schematic of the ADC is shown infigure 3. The ADC has two inputs for pixel signal and resetlevels (VS and VR).
There is also an input for the ADC voltage reference range. Al input voltages are referencedto V-1 . The top op amp
integrator stores the pixel signal level and the bottom op ampintcgrator stores the reset level. Both integrators are inputs to a
comparator. During the @y interval the pixel signallevel, reset level, anti ADC reference arc sampled onto the 2.5 pF
capacitors C] and (?. The top and bottom integrators are reset to V-1 duting ®s anti @y, respectively. The signal level, VS-

V-1, is sent to the top integrator input daring, the Ds/Dis interval. With a 5 pl- op amp feedback capacitor, the integrator gain

is -]. “I'bus, the value V-l - VS is added to integrator output voltage. The reset level, V4-VR, is similarly added to the bottom
integrator output during the @/dy, interval. The reference level (Vref-V+) is stored on Cland C? during @y

After the inputs arc read into the ADC, Oy turns off and the first comparison is performed to determine the sign bit
(typically O for the image sensor). The comparator is activated when the STRB*signal goes low. Otherwise both comparator
outputsare O. If the sighal side is greater than the reset side, the comparator cutput into the shifl register is a O. 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 C 1 is cutofl from C2 during this time, the gain of the integrator is
-0,5 (=2.5pl/Spk). Thus, (V+4-Vref)/2 is added to the integrator output. I‘or correct operation V<> Vrcf so that the voltage
is increased 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 shot off disconnecting the inputs to the integrator. During the comparison half the
charge cm C 1 is transferred to C2. The resulting voltage across on C2 is (Vref-V+ )/2, Subsequently, Clis cutoff from C2,
the comparison is made, and (V-t -Vref)/4 is transferred to the output of the integrator with the lower output voltage (reset
side if the original pixel signal is more thanIMSRB larger than the met level, otherwise to the signal side).

[SX | Slreg
A _l
@, C.+
pA | Q
VR o
q"ai [é s
Veef - [} 1
d'uN
1{ cl c2C
i
v+

g, 1

i5

J
[l;

b

a r l CcK
it

o,

It
cs
>

%/

SIRB

.

i

- [I;at;)n s } Lo (

| |
[ {? [ ik | sk mf&{ 1 H

Pm@1¢ } e

|
A
[Shm Regi ste; l

‘ot

| GN[}

|

v

|

Figure 3. Successive approximation A IX circuit using switched capacitor integrators

The binary scaled fraction of the reference voltage is always added to the integrator with the lower voltage stored onit, The
integration and comparison steps are performed until the desired number of bits is achieved. A shift register percolumn
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. T'o achieve at least § bit resolution, an 13p amp
with a gain of 60 dB (1,000) is rcquircd'. The op amp used in this design is a single stage folcés’d cascode pp amp.

2.2 Test results
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The AINC was characterized using a 1V ramp to drive the input from a computer controlled data generator/acquisition board.
The analog input was incremented inlmV steps and 500 Al DCoutput 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 connceted to the computet
The DAC has an o ffset voltage of OV and a -1 V reference.

acquisition board where it was measured.
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Figure 4. Transfer curve for a successive approximation ADC implemented  with switched

capacitor circuits.



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
10 2.00 ;tW. At these power levels, the ADCsin alK x I K image sensor consuine 150 to 200 m W.

For a power dissipation of 175 W and 8 bit resolution, the maximum conversion rate is 50 K} 1z. or 20 pscconds/conversion.
The maximum | K x 1 K sensor frame rate for this conversion speed is approximately 451 Iz. Integral non- linearity (INI .),
differential non-] incarity (13NI.), and ADC noise were measured ('L'able 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 eflective
ADC accuracy is 5 bits. The ADC operating at a 10 Kz conversion rate worked at a minimum power of 27 pW. lts
effective accuracy is also 5 bits. The transfer curve for the ADC operating under best case conditions at 10 K} 1z and 134 nW
power level is shown in figure 4.

Stand alone op amps on the test chip were characterized at various power levels. The op amp had a gain of 74 dI3 and
consumed 70 pW. At a low power dissipation level of 20 uW, the op amp had a gain of 80 d13. 1 lowever, 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.
‘1 hese capacitor networks arc 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 AIC 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 sccs an increase in the top voltage similarly to the switched capacitor integrator approach. This mecthod of using
binary scaled capacitors to perform analog to digital conversion is similar to {4]. This ADC uses the same new feature as the
switched capacitor design presented in the previous scction where a double sided approach is used to increase converter
speed.

3.1Design and operation

PHIS BS1 RO1 BS1I0  BOI0O BCST  BCOI BCSS  BCOS
L
el T e T o )

R
1
1 t

&

cr | . S S O P
CB - — | A=d- T N B R - -
(rﬁ 3 RS
.- b [nml ¢ ———h(?l{% qvu(rk% -
[ o STRB
I'HIR il il il _
RO A _ e Lens Tom

1 - sl SN, —_T,, j,, - -—

Figure S Binary scaled capacitor successive approximation A DC

The block diagram of the dual sided binary scaled capacitor successive approximation ADC is shown infigure 5. Bach of
the latches (11S//9-111{//0) contains a switch either to ground or to the Al )C voltage reference as shown in figure 6. If the
enable to the latch BS#n on the signal side is active and the comparator output is high (reset input>signalinput at the
comparator), the bottom plate of the capacitor is switched from O to Vreference. If the same enable to the latch BR#in on the
reset side is active and the comparator output is low (signalinput>reset input at the comparator), the bottom plate of the
capacitor is switched from O to Vrcferencc. The latch connectedto 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:

Crora= CHCRACAACI8AC/64CR24CI64 -t C/12.8 4 0256-1 C/512:1.998C.



“1’bus, 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 targest capacitor used is 4 pk.

The latches on the signal side contain the final binary WOKI at the Sample | me

end of the conversion. Because the charge redistribution 011 the e -

top plates is relatively fast compared to the charge transfer in the i ,J} o 'F kst -:I s
switched capacitor integrator approach, the ADC conversion rate - Tt f - ‘l )
is higher. Also, it consumes less power and is less sensitive to R I >0 ”DT |[ |
process non-uniformities because no op amps arc required. ; - T 1

1 lowever, placing a total of 16 pl of capacitance percoluinn e ' VKRR GND
consumes a large amount of silicon area. i “ 4! H

Also included in the ADC are 5 capacitor bit cells for storing the ool e
comparator offset. This offset is calculated at the end of each
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conversion by enabling the CB switch. When this switch is  cf s ’)» kS1 7.'1-— o)
enabled both inputs to the comparator are set equal so that the _ Rewtline -GN .
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 Test results

The ADC was characterized in a similar manner as the op amp integrator successive approximation ADC. A1.2V 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 7. Transfer curve and DNL error at 500 K11z 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 K11z conversion rate is shown in figure 7. The
effective accuracy of the ADC at a 500 KHz rate is 5 bits (Table2). The ADC operated as high as 833 K1z with the same
accuracy except for 4 input levels that generated large DN 1, and INI, errors.  The ADC consumed 49 pW at the 500 Kllz
speed. The power dissipation is primarily from the comparator and CV’f component in ¢harg ing the capacitor network.

The maximum frame rate for a 1K x1K sensor using this 500KHz ADCconversionrateis 279z, The frame rate will be
less depending on the bandwidth and timing of the sensor’s digital output port.

4. CURRENT MODE SECOND ORDERINCREMENTAL SIGMADEL TAADC
Oversampling methods for ADC design are attractive because they avoid many of the difficulties with conventional methods

for A/D and DA conversion, Conventional converters require high precision analog circuits. On the other hand
oversampling converlers, can use simple and relatively low precision analog, components. This current-mode approach uses




no MOS op-amps or linear capacitors. The main building block is a current topic.r cell. Though they require fast and
complex dig ital signal processing stages, their robustness is suited for fast growing V1.SI technology.
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Figure 8 Typical 2-A event sequence .o ‘ ST
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A first-order X-A ADC requires 21 cycles to perform a n-bit A/1> conversion. The accumulator and comparator outputlevels
are shown infigure 8. Typically the comparator output is used toincrement a counter that at the end of the conversion/
contains the digital number representation of the analog input. Conversion speed can by significantly increased by cascading /
two first order stages, resulting in an incremental X-A ADC topBIBgy. The architecture of the current-mode  scconci-order
incremental 2-A modulator is based on tbc one reported in [5].

4.1 Design Overview

Figure 9 shows a block diagram of the current-mode .
sccond-order incremental 2-A modulator. The three /A
main building blocks arc the current integrator, {
current comparator, and the digital to analog current

converter. There arc two loops, connected in cascade. r
Output of the comparator, “a” for the first comparator Fin - >6> N J ‘ )[
anti “b” for the second one, becomes “ 1” if the output

of the integrator, 1, is greater than the reference J/
current lor. Otherwise it is “O”. A D/A converter in
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Figure 9. Block diagram of the second order sigma-delta ADC

Tile basic building block of these components is the
current copier Ccll. The principle of a current copier
cell, also called a dynamic current mirror, is shownin
figure 10. A single transistor My, is combined with 3

switches Sy, Sy andSy that arc implemented by
.- ’ . . | | [P
means of additional transistors, and a capacitor C.In oy e

the first phase (phase O), Mill operates as the input ' o s,

device'of a mirror, with its gate and drain connccted v
to the input current source.  When equilibrium is Sy o sx) o
reached, capacitor C at the gate is charged to the gate Yy
valtage V required to obtain 11, ‘1g. The value of I ' [ Mo +

is thus stored as a voltage across C. In the second v /I\ ¢ v T
phasc (phase 1), M,,, operates as the output dcvice of l

a mirror, with its drain disconnected from the gate Figure 10. Current copier cell in memorize mode (left) and
output mode(right).

and connected to the output node. It sinks an output
currently, that is controlled by the same gate voltage

V and thus is equal to I.
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4.2 Operation ) i
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The de.tailed operation of the converter based on the block A v t A‘
diagramin figure12 is as follows: Eachintegration period !l o ]l 3
consists of 4 phases (figure 1 1). Phase 1 is used to sample \ ’ o [ 1 ‘

the input current. For the first integration period “i", the
register inthe first integrator is zero. Thus, during phase 1
only the input current is memorized at integratorif 1‘s
summing current copier. During phase 2, the output of the summer is copied to integrator! 1's register. 'base 3 is used to
compare the summing current copier to the reference current. If this copier cell current is gt-eater than the reference, al is a
“1". in phase 4 the output of theintegratori 1's register is memorized by integrator#2’s summing current copier. If a, is a
“" the reference currentis subtracted from the outputof the first integrator's register. D uring the beginning of integration
period “i1 17 starting with phase 1, integratorf 1 memorizes the swin of the output of its register andtheinputcurrent. If a; is
a “I' the reference current is also subtracted from this sum.
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Figure 12. Current mode sigma-delta ADC

The timing for the secondintegrator is the same as the firstintcgrator except the above operations are offset by one phase.
IDuring phase 1 (following the phase 4 cycle during which integratortf 1's register output was memorize) the current from
intcgrator//2’s SUM ming current copier is copied to integrator#f2’s register.  During phase 2, the comparison takes place
between the summing current Copier and tile 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 sununing copier niemorizes the sum of the output
of its register and the output of integrator// I’sregister. in addition, the reference currentis subtracted if tile output of the
comparison during phase 2 was resultedin b, equal to “17.

The expressions for two integrator’s summing current copicr cells at the end of “p” integration cycles arc:
el
Iy, [r3l=p-1, - La, 1y

j= 1

- D) p Ll . Ll

Is2Ip,2]= '(] 2) ! Ay - 2_4“1"(/” Dl - Z,b/'lrt:/
i1 il

At the end of p intcgration cycles the digitalrepresentation of the signs delta output is determined by:

pi

p-l
DN = Za,-(/r i} >_‘b,
i1 i-2

The digital filter consisting of a counter and accumulator is used to generale the digital number. The relationship between

resolution of the ADC and number of integration cycles p (number of times the input currentis sampled) is shownintable 1.
T'he digital filter for the test chip was implemented o ff-chip.
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4.3 Test results

p
The ADC was testedusing 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) rat i)
acquisition board. The input current ramp consisted of 4096 steps of 4nA 6 2
cach. At cachinputstep 20 samples were acquired. The DC current bias was 7 T 17
40 pA. ‘The transfer curve is shown in figure 13. s T T 24
- - T
The 12 bit ADC consumed a total of 800 W when operatingata 5Ky lz | 107 | 46 6
conversion rate.  I'rom differential rlor]-linearity measurements the accuracy TN T T esT T
of the ADC is 10 bits. S T S 9 T
77777777 3 129
4 T s

Table 1. Relationship between ADC
resolution and integration cycles “p”
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Figure 13. Transfer curve and DNL error at 5 KHz conversion rate for 12 bit incremental sigma delta Al ).

5. SUMMARY

Column parallel architectures of CMOSactive pixel sensors require low power compact analog-to-dig i) 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. Table 2 lists their characteristics Yor voltage mode APS sensors, the 8 bit
successive approximation ADC using binary scaled capacitors achieves the highestspeedand accuracy. 1This ADC’s new
feature OF using dual capacitor banks to achieve high speed cnables the development of high frame rate sensors. The current
mode sigma delta converler has the highest accuracy of the ADC designs,  Its inherent robustness makes it ideal for
application inhighaccuracy CMOS image sensors.




[ Resolution Accuracy conversion | power
~ ] units: Bits units: #1.SBs rate dissipation
ADC TYPL ' | DNIY INLY | NOISE | Kliz aw | size o
op-amp S.A. 8 3 6.5 2 50 175 20.4 um x 1.94 mm
8 3 59" | 2.9 10 134 | (withoutshiflregp))___
8 2|5 225 | 10 g 27 T
binary scaled 8 5 35 | 1.9 | 500 | "49 " |40pmx42mmn
capacitor S.A. | 8 ¥ o7 21* | 833 N ]
current mode | 12 2 10 2.5 5 800 80 pm x 3.6 mm
incremental 2-A o

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

Table 2. Summary of ADC designs and test results
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