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A 10000 Frames/s CMOS Digital Pixel Sensor

Stuart Kleinfelder, SukHwan Lim, Xingiao Liu, and Abbas El Gantallow, IEEE

Abstract—A 352 x 288 pixel CMOS image sensor chip with per-

_ADS . : P \:\ n_ My Digital
pixel single-slope ADC and dynamic memory in a standard digital ADC > Memory Readout
0.184+m CMOS process is described. The chip performs “snap-
shot” image acquisition, parallel 8-bit A/D conversion, and dig- <«+——— DPS Pixe| ——»

ital readout at continuous rate of 10000 frames/s or 1 Gpixels/s

with power consumption of 50 mW. Each pixel consists of a pho- Fig. 1. Simple DPS pixel block diagram.

togate circuit, a three-stage comparator, and an 8-bit 3T dynamic

memory comprising a total of 37 transistors in 9.4x 9.4 zm with a

fill factor of 15%. The photogate quantum efficiency is 13.6%, and rate applications that require high-speed capture such as sensor

the sensor conversion gain is 13.kV/e™. At 1000 frames/s, mea- dynamic range enhancementand motion estimation [8]—[10].
sured integral nonlinearity is 0.22% over a 1-V range, 'ms tm- " 1ha main drawback of DPS is that it uses more transistors per

poral noise with digital CDS is 0.15%, and rms FPN with digital . . .
CDS is 0.027%. When operated at low frame rates, on-chip power pixel than conventional analog image sensors and therefore can

management circuits permit complete powerdown between each h?‘Ve Ie}rggr pixel sizes. Since there is a Iovyer bqund on pra(_:tical
frame conversion and readout. The digitized pixel data is read out pixel size imposed by the wavelength of light, imaging optics,

over a 64-bit (8-pixel) wide bus operating at 167 MHz, i.e., over and dynamic range, this drawback quickly disappears as CMOS
1.33 GB/s. The chip is suitable for general high-speed imaging ap- technology scales down to 0.%& and below. Designing image

plications as well as for the implementation of several still and stan- : . : .
dard video rate applications that benefit from high-speed capture, sensors in such advanced technologies, which will be needed

such as dynamic range enhancement, motion estimation and com-fOr implementing true camera-on-chip systems, is challenging
pensation, and image stabilization. due to the scaling of supply voltage and the increase in leakage

currents [12].

In this paper, we describe a 35288 CMOS DPS with
per-pixel ADC and digital memory fabricated in a standard
digital 0.18:m CMOS technology. The goals of our design are:
. INTRODUCTION 1) to demonstrate a DPS with bit-parallel ADC and memory per

EVERAL CMOS image sensor architectures have bedle! (our earlierimplementations [8], [11] employed a shared
Sdeveloped in recent years. Whereas most of these arcpji-Serial ADC and a 1-bit latch per:22 block of pixels); 2)
tectures, for example, the passive pixel sensor (PPS) [1] éﬁdevaluate thg scalability anq performance of image sensors
the active pixel sensor (APS) [2]-[4], have analog readoutgIPlemented in a standard digital 0.181 CMOS process;
the more recently developed digital pixel sensor (DPS) [ to demonstrate the s.peed potential of DPS, in par_ucular,
employs an analog-to-digital converter (ADC) per pixel an rea}ch or e_xceed continuous 10000 frames/; operation and
digital data is read out of the image sensor array (see Fig. 1).'ﬁjﬂsf°'taln 1,Gp'X?|S/S t_hfoughpW? and 4) to_ prqwde a pIatfor.m
DPS architecture offers several advantages over analog im% ehexpenm_entln_g with algorithms a_nd C|rcu|ts_ t.hat exploit
sensors. These include better scaling with CMOS technolo -speed imaging and embedded plx_el—level digital memory.
due to reduced analog circuit performance demands, andlggeveral high-speed CMOS APS chips have been reported.

Index Terms—ADC, CMOS image sensor, digital pixel sensor,
high-speed imaging, image sensor, memory.

L i —— . rymski et al. [13] describe a 1024 1024 APS, followed
elimination of read-related column fixed-pattern noise (FP \/ column-level 8-bit ADCs that achieves over 500 frames/s.

and column readout noise. More significantly, by employin o -
g Y, DY €MPIOYINF e 2 dout and digitization are performed one row at a time and

i‘gncggoann;n;nﬁmho_;y S(ta de;C?taﬁ)':;e;ag?ﬁssrgl\igeEﬁrl?:i;g‘/egch digitized row is read out over a 64-bit wide output bus.
gn-sp 9 P IOlgully pixel-parallel image acquisition (“snap-shot” acquisition)

:en(;[?l forlh;‘ghr—]speedd“s_nap—_shot"dllg_;ltatll|mag|ng.Trgs b7e r‘eménd short shutter durations are important requirements in
raditional high-speed imaging applications (e.g., [6], [7]) an igh-speed imaging to prevent image distortion due to motion.

enables the implementation of several still and standard vid? ese requirements, however, cannot be achieved using the

standard APS architecture used in [13]. To address this limi-
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TABLE |
CHIP CHARACTERISTICS
Technology 0.18um 5-metal CMOS
Dat input cofums o/ drivers Die size 5 X 5 mm

Array size 352x 288 pixels

= "EE Number of transistors 3.8 million

|+

;; '5 Readout architecture 64-bit (167 MHz)

] ARDEIRE il memsor SITAY a Max output data rate >1.33 GB/s

B B Max continuous frame rate | > 10,000 frames/s

g' -.g Max continuous pixel rate | > 1 Gpixels/s

] E. Pixel size 9.4 x 9.4um
Photodetector type nMOS Photogate
Number of transistors/pixel | 37

a, row baffer, E4-Bii
L Sensor fill factor 15%
n dala

use of nonlinear ADC transfer functions, for example, for com-
pression of dynamic range and contrast stretching. To the left of
the sensor array is the readout control periphery that includes a
row select pointer for addressing the pixel-level memory during

ar- . . . X
allel per-pixel A/ID conversion scheme demonstrated here ?g_adout. To the right of the sensor array is the bias generation

sults in a high digitization rate (of up to 5 gigaconversions p(g_;\nd power-down circuits, which are used to digitally control the

second) that is independent of array size. This is a key advgﬁ_r-pixel ADC and memory sense-amp biases. The analog ramp

tage of DPS over APS employing column-level, chip-level, ogjgnal input to the array needed for the per-pixel ADCs is sup-

off-chip ADCs where digitization rates do not scale Iinearlywitlﬁ’Iied by an off-chip DAC. . oo .
the number of pixels in the array. Below the sensor core are the digital readout circuits which

The rest of the paper is organized as follows. In Section [[iclude column sense-amps for reading the pixel-level memory

we describe the DPS chip architecture and main charactefi§d an output multiplexing shift register. The pixel values are
tics. In Section I1l, we describe the details of the pixel desigféad out of the memory one row at a time using the row select
In Section IV, we discuss the chip operation including the di0inter and column sense-amps. Each row is then buffered and
ferent imaging modes. In Section V, we describe the test seffpelined so that as one row is being shifted out of the chip,
and chip characterization results including ADC performanci€ following row is read out of the memory. A 64-bit wide par-
quantum efficiency (QE), dark current, noise, and digital noigdlel-in, serial-out shift-register bank was used instead of a large
coupling. Sample images are provided in Section VI. Finalljultiplexer, since in a shift register data moves in small incre-
in Section VII, we discuss the performance limits of DPS, inhents, reducing local capacitance and drive circuit performance

cluding pixel size scaling and achievable readout speeds. requirements. With each clock cycle, eight 8-bit pixel values
are read out in a continuous stream with no waits or gaps be-

tween rows. An entirely closed-loop clocking system is used to

II. DPS CHIP OVERVIEW ) ) f )
] o o assure clock and data integrity. The 64-bit output bus is clocked
A photomicrograph of the DPS chip is shown in Fig. 2 ang; 167 MHz for a 1.33-GB/s readout rate.

the main chip characteristics are listed in Table I. The chip con-|, the lower left corner of the chip is the readout control
tains 3.8 million transistors on @65 mm die. The sensor arraypjock. Since the chip is to be clocked at upwards of 167 MHz,
is 352 288 pixels in size, conforming to the CIF format. Eack a5 important to keep off-chip high-speed controls to a min-
pixel is 9.4,m on a side and contains 37 transistors including,,m_ The control block generates all the signals needed for
a photogate, transfer gate, reset transistor, a storage capagitfout from a single frame reset followed by a single contin-
and an 8-bit single-slope ADC with an 8-bit 3T-DRAM. The, o5 clock burst. A 6-phase clock generator using feedback to
chip also contains test structures that we used for detailed chagsre correct margins is used to drive the shift registers. During
acterization of APS and DPS pixels [16]. The test structures Cgii, testing or experimental operation, the control block can be
be seen in the upper center area of the chip. bypassed and a set of auxiliary input controls used. Almost all
~ Fig. 3 shows a block diagram of the DPS chip. At the centgigita| circuitry in the periphery of the chip was designed using
is the sensor array. The periphery above the sensor core cgisic logic to permit arbitrarily low clock rates.

tains an 8-bit gray code counter, an auxiliary code input, and
multiplexers and tristate column data drivers that are used to
write data into the memory within the pixel array. The column
multiplexers can be used to substitute arbitrary patterns for theThe pixel circuit is shown in Fig. 4. It consists of a photo-
standard gray code during data conversion. This facilitates th&te circuit, a comparator, and an 8-bit memory. The photogate

Fig. 2. DPS chip photomicrograph. The chip size is 5 mm.

speeds that are independent of frame rates. The massively

Ill. PIXEL DESIGN
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Fig. 3. DPS block diagram.

Bias 2 &>—

Bias 1 signed to provide gain sufficient for ten bits of resolution with an
Reset V jias 1 o—

input swing of 1 V and a worst-case settling time of 80 ns. This
Pixel Reset >—{+  Ramp provides the flexibility to perform 8-bit A/D conversion over a
g = ET i 0.25-V range in under 2ps, which is desirable for high-speed
j lb | and/or low-light operation. In our earlier implementation [8],
" | | the pixel-level comparator was configured as a unity feedback
amplifier during reset to perform autozeroing. Since in this im-
@ — ‘{ ‘E ‘E plementation, we needed very high gain-bandwidth product at
S . low power consumption and small area, we chose to run the
ensor Comparator 8-Bit Memory e . -
comparator open loop and sacrifice an autozeroing capability.
Fig. 4. Pixel schematic. To cancel the high comparator offset voltages, we rely on dig-
ital correlated double sampling (CDS). Due to the low operating
circuit consists of an nMOS photogate, a transfer gate, a re¥etage and the desire for a large input swing, we could not use
transistor, and a sample capacitor. We decided to use a ph@gascode architecture. Instead, we used a three-stage architec-
gate to achieve high conversion gain and because preliminéitte, with a CMOS inverter as the third stage to saturate the
process data indicated that native photodiodes have unacceptput voltage levels.
ably high leakags. We implemented the photogate circuit usingThe pixel-level memory was implemented using 3T dynamic
the standard thick oxide (3.3 V) transistors (denoted by * in thmemory cells with a single read/write port to achieve small
figure), normally used in I/O circuits, to avoid the high gate andrea and high-speed readout. The memory was designed for a
subthreshold leakage currents of the thin oxide (1.8 V) transisaximum data hold time of 10 ms. This required the use of
tors. Implementing the photogate and reset transistor using thiakger than minimum gate length access transistors and holding
oxide transistors also makes it possible to use higher gate vditte bit lines at around,yy/» to combat high transistor off-cur-
ages than the nominal 1.8-V supply to increase voltage swingents. Writing into the memory is locally controlled by the
The comparator consists of a differential gain stage andcamparator. During readout, single-ended charge-redistribution
single-ended gain stage, followed by a CMOS inverter. It is deelumn sense-amps, located in the periphery and not shown
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] !-"'. '_!_"‘_ur" "._ [.ﬂll'_ = :"_ ".. I. A. A/D Conversion Operation
== Ry 4 2 Fig. 6 illustrates the per-pixel single-slope A/D conversion
L eENER s 1 eE'EF seven & o g. per-p 9 p

technique used in our chip. The globally distributed voltage

Fig.5. DPS pixel layout (X 2 pixel block shown). Pixel size is 94 9.4pm. famp is connected to each pixel’s comparator inverting”(*
input. The noninverting (+”) input on each comparator is di-

. i . re?tly connected to the sense node. The globally distributed gray

n the.flgure, are used for robustness against t'he. eﬁeCtsc%ded counter values, shown as a stepped “digital ramp,” are si-

capacitive coupling between the closely spaced bit lines. multaneously applied to the per-pixel memory bit lines.

The comparator and pixel-level memory circuits can be . ) )
i . : At the beginning of conversion, the ramp voltage is lowered
electrically tested by applying analog signals to the sense nqde .
N . ) . 10 just below the lowest expected sense node voltage, which
through the “Reset Voltage” signal, performing A/D conversion ) ; .
sets the comparator output to high. This enables the per-pixel

using the normal input ramp and the on-chip gray-code 98 emory to begin loading the gray code values. The ramp is

erator, and then reading out the digitized values. In this way, i, | il it d4s th t volt Simult

except for the photodetectors, the DPS chip can be electricgﬁyn s;/vet;;] ineéarly l:jn o e>f[cee s the reset voltage. - '"I]U ta- N

tested and characterized without the need for light or optics. neously, e gray code counter SWEeps across an equivalen 'se
of values (256 for eight bits). As the ramp crosses each pixel’s

Fig. 5 shows the layout of a2 2 pixel block. The four large d | ) tches | dh
squares are the photogates, which are sized and spaced eqﬁgl e node voltage, its comparator output switches low, and the

in the horizontal and vertical dimensions. The fill factor of thigrey code value present at that moment s latched in the pixel's

pixel is 15%. The silicide layer, which is opaque, was blockdg€mory- At the end of conversion, each pixel's memory con-

from the photogates. The three-stage comparators are seen Haé% an 8-bit gray coded value that is a digital representation of

the top and bottom of the pixel quad. The digital memory is IdtS input voltage. _ . N
cated in the two sections near the center of the quad. The smallghlthough using a linear ramp is the typical approach, itis pos-

squares are the capacitors, with the transfer and reset transist§t§ to use alternative ramp profiles such as piecewise linear or

nearby. exponential curves that compress or expand different illumina-
The pixels are mirrored about the horizontal axis in order #Pn ranges. It is also possible to change the gain of the A/D

share the n-well and some of the power and bias lines. With dgnversion by changing the voltage range of the analog ramp.

ital CDS as discussed in Section IV.C, we did not observe ak}fie may also use alternate sequences for the digital inputs using

offset FPN due to mirroring. A small layout asymmetry, howevethe auxiliary inputs.

has resulted in odd/even row gain FPN. Memory bitlines (metal

3) and digital ground (metal 1) run vertically over the memorB. Single Frame Capture

while analog signal (metal 2) and power distribution (metal 4) _. . P . .

run horizont%llygon to(p of the)compgrators. Metal 5 CO\(/ers mos)tF'g' 7 depicts a S."T‘p"f"’t‘d timing dlggram for the DPS. chip.

of the array and acts as a light shield. Pixel array analog and eration can be_d|V|ded into four main phases_: reset, _mtegra—

ital grounds are kept separate in order to reduce noise couplff: A/D conversion, and readout. The reset, integration and

from the digital memory into the sensitive analog component§/P conversion phases occur completely in parallel over the en-
tire array, i.e., in “snap-shot” mode, thus avoiding image distor-

tion due to the row by row reset and readout of APS. To min-
imize charge injection into the sense node, which causes high

In this section, we describe the details of the DPS chip opeféPN, a shallow reset signal falling edge is used. Sensor integra-
tion. First, we describe the A/D conversion operation. Next, wn is limited by dark current or signal saturation on the long
discuss the basic imaging modes of operation including singdad and by internal time constants on the short end. Practical
frame capture, digital correlated double sampling, high-speksver and upper bounds on integration time were found to be
operation, and multiple image capture. under 10us to well over 100 ms.

IV. SENSOROPERATION
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Fig. 7. Simplified DPS timing diagram.
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Fig. 8. Comparator bias generation with powerdown.

After integration, per-pixel single-slope A/D conversionis si€. Imaging Modes

multaneously _perform_ed for all pi)fels,_as d_iscussed in the pre-the DPs chip operation is quite flexible. The timing and
vious subsection. Typical conversion time is/25 and can be ger of different phases can be easily programmed for dif-
as low as 2Qus at the highest frame rates. After conversiofe ent imaging applications. Fig. 9 illustrates some of the pos-

readout commences. The readout of one frame is completedjyo imaging modes of the chip. Mode (A) is the single frame

around 75.s. capture scenario we detailed in the previous subsection. At low
Fig. 8 shows the bias generation circuits for the pixel-levepeeds, each phase can be kept completely separate so that, for
comparators, including the power-down circuitry. It consists @xample, noise coupling due to digital readout need not influ-
two sections, each with a current mirror, a transmission gate agrtce the sensor reset, integration or conversion. Mode (B) is
a pull-down transistor. The comparators and the sense ampsueed to implement digital correlated double sampling by con-
turned on only during A/D conversion and readout phases bgrting and reading a “reset frame” right after reset. The dig-
raising the Power Enable control. Power cycling is not essentidized reset frame is subtracted from the the digitized image
but since full frame conversion and readout can be accomplistemime externally. This is a “true” CDS operation, albeit dig-
in as little as 10Qus, it can save several orders of magnitude afal in nature, in the sense that the two frames are taken after
power when the chip is running at low frame rates and henttee same reset. Since a full frame conversion and readout can
low A/D conversion/readout duty cycles. be completed in 10@s or less, more frames can be converted
The current mirrors divide down the external referencemsd read out during a single exposure time. This is denoted by
(Biasl, Bias2) by a factor of 100 in order to reduce thmode (C) in Fig. 9. For example, in a typical 30 ms exposure
impedance of the external references for higher noise imntime, tens or even hundreds of frames can be converted and
nity. The transmission gates, operated by Power Enable ardd out. This “oversampling” can be used to implement several
its complement, control whether the current mirror outputs am@age enhancement and analysis applications such as dynamic
connected to the pixel array. When they are not connectedsage enhancement, motion estimation and compensation, and
pull-down transistor in each bias section connects the bias linegge stabilization. At the highest speeds, one can overlap and
to ground, which shuts off the current source transistors pipeline phases to maximize integration time and thus reduce
the two biased comparator stages. The circuits were desigrthe, amount of illumination needed, as illustrated in mode (D).
based on the loading of the 352288 pixel array, to power For example, at 10 000 frames/s, the combined reset, A/D con-
down or up within 100 ns. version and readout time closely approaches the full frame pe-
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(A) Single sample:
|Reset "] Integrate i ADC [+ Read |

(B) Correlated double sample:
1 Reset H ADC H Read H integrate H ADC H Read |

(C) Multiple sampling:
| Reset H Integrate H ADC H Read H Integrate H ADC H Readh

|-' ' *| Integrate H ADC H Read H Integrate H ADC H Read ‘

(D) Continuous high speed operation with overlapping read:
Reset]*{ Integrate

Read

ADC

Fig. 9. Basic DPS operation schemes.

riod. By overlapping integration with readout of the previou 'A
frame, integration time can be increased from close to zero#¥

about 75us out of the 10Q:s frame period. Fig. 10. DPS chip test support board,

V. TESTING AND CHARACTERIZATION in high-speed imaging applications [15]. To maximize the col-

The DPS chip has been tested and characterized and shégted light, a variable focal length (*zoom”) lens 6f1.2 max-
to be fully functional. In the following subsections, we brieflimum aperture was used. Targets were typically imaged from a
describe the test setup for the chip, present the electricdistance of 18 inches. Since close focus and large lens apertures
optical, and noise characterization results, and show rest§ult in shallow depth of field and critical demands on image
demonstrating that digital readout noise has little or no effetane alignment, micrometer adjustments on lens placementand
on the imaging performance of the chip. focusing were provided.

A. Test Setup B. Electrical and Optical Characterization Results

Achieving our goals of 10000 frames/s and 1 Gpixels/s Table Il summarizes the DPS characterization results. Of
operation required an output data rate of over 1.33 GB/s particular interest is the measured average power consumption
well as nanosecond-level real-time control over the chip. Sinogéonly 50 mW at 10 000 frames/s. The pixel-level comparators
this data rate exceeds that of common contemporary computensume around 30 mW of static power, while the digital
systems, we assembled a rackmounted system centered argaadout circuits consume around 20 mW of dynamic power.
a high-speed digital pattern generator and logic analyzer tfdte poor imaging performance of the standard Q#8CMOS
controlled the chip and other test hardware and downloadetbcess resulted in high dark signal of 130 mV/s and low QE
the chip’s output data to a PC. Additional hardware includesf 13.6%. With conversion gain of 13;vV/e~, sensitivity was
a high-speed programmable pulse generator and several pust over 0.1 V/lux/s. Dark current and QE can be significantly
grammable analog waveform generators. The pulse generamaproved with minor process modifications that should not
was used to drive the DPS chip’s readout clock and tiségnificantly affect pixel area or chip performance. The ADC
waveform generators were used for the analog ramp, PG, TilRtegral nonlinearity (INL) was measured over the maximum
and Pixel Reset. As mentioned earlier, the DPS chip includeseful input range of 1 V, at a typical 1000 frames/s, without
sequencing circuits to reduce the off-chip control demandwmrrelated double sampling, and averaged for all pixels. It was
This on-chip capability, combined with the test equipmeriound to be 0.22% or 0.56 LSB. We also found that reducing
hardware, made it possible to only use the simple passive téwt swing to 0.9 V improves INL to 0.1% or 0.25 LSB.
board depicted in Fig. 10 to interface to the DPS chip. To determine dark current, conversion gain, and QE of the

The high-speed image capture required special attentionQB®S pixel, our chip included single pixel APS and DPS test
the optical test setup. An optical device mounting rail was ussttuctures that can be individually accessed and whose sense
to hold the test board as well as various optical components sundte voltages can be directly readout. The test structures are
as an integrating sphere, testimage projection hardware, lenslescribed in detail in [16]. For completeness, we provide the
and objects used as imaging targets. lllumination was genegsults that are relevant to the DPS chip.
ally provided by two standard tungsten light sources of up to The measured quantum efficiency curve for the photogate
1000 W, with Fresnel lenses. This level of illumination is typicak shown in Fig. 11. The maximum QE is around 13.6% at
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TABLE I 100
DPS HIP CHARACTERIZATION SUMMARY . ALL NUMBERS EXCEPT FOR
POWER CONSUMPTIONARE AT 1000 FRAMES/S 90~
) & gof
Power used at 10K fps 50 mW, typical g
S~
ADC architecture Per-pixel single-slope < 70F
ADC resolution 8-bits E 60}
ADC conversion time, typical | ~ 25us, (~ 20us, min.) Z:i 50
B "c [
ADC range, typical 1V &5
D L
ADC integral nonlinearity | <0.22% (0.56 LSB) £ 40
(o3
Dark current 130 mV/s, 10 nA/cm?® 2 301
. <
Quantum efficiency 13.6% A oot
Conversion gain 13.1 pV/e™ ) l . .
Sensitivity 0.107 V/lux.s 9'5 2 25 8 35
Gate voltage (V)
FPN, dark w/CDS 0.027% (0.069 LSB)
Temporal noise, dark w/CDS | 0.15% (0.38 LSB) Fig. 12. Measured photogate leakage current as a function of gate voltage.
14 T T 1.2 T T T T T T T
12f s i
%S 10}
>, 208
Q <
g sr o0
£ <
% .2 06r 1
z 6 E
=4 o
- o}
2 . Z 0.4t
=] o 4
<
2 0.2 N
o0 500 600 700 800 900 %8 06 04 02 0 o0z 04 06 08 1
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Fig. 11. Measured quantum efficiency. Fig. 13. Normalized gain versus TX bias voltage.

wavelegth of 600 nm. The major reason for the low QE is the . oL . .
high recombination rate in the highly doped substrate. owever, AD,C Ilnea.nty IS sll_ghtly comprom|sed at h'g,h frame
The measured dark current density was found to increase Ef€S: Since integration continues during A/D conversion.
perlinearly with reverse bias voltage as shown in Fig. 12. Since )
lowering PG voltage was also found to have little effect on QE: Témporal Noise and FPN
[16], we typically operated PG at 2.1 V or less. Correlated double sampling is perhaps the simplest example
We found that the transfer transistor of the photogate circuif how multiple image acquisitions within one integration can
suffered from high off-current in spite of using a thick oxidemprove image quality. With digital CDS, FPN due to com-
transistor. We performed an experiment to find out the transfgarator offset and reset transistor threshold voltage and reset
gate voltage needed to turn it off. Fig. 13 plots the normalizedmporal noise are greatly reduced. In Fig. 14, two images ren-
quantum efficiency of the photogate device for TX voltage frordered using the same scale, show fixed pattern noise with and
1V downto—0.6 V. During the experiment, the reset voltage iwithout correlated double sampling (performed digitally off-
kept at 1.15 V and PG is pulsed between 0 and 2.1 V. It is clechip). On the left one can see significant noise that is primarily
that the transfer gate cannot be turned off unless the gate voltdge to random variations in the pixel-level ADC comparator
(TX) is negative. offset voltages. This random pattern of noise tends to be less vi-
Since the transfer gate cannot be turned off using nonnegatglly objectionable than column fixed pattern noise, common
TX voltages, we often operated the photogate as a photodiodeaiyypical analog APS designs, that results in streaks. On the
setting both PG and TX voltages to optimum fixed voltages. Waght is the result after external digital CDS. The FPN has been
found that QE in this mode is only slightly lower than when opreduced from 0.79% to 0.027%, rms, a reduction by nearly a
erating in the normal photogate mode. In this photodiode modactor of 30. The final FPN number is abaiyt15th of an LSB.
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Start with normal CDS acquisition:

(0) [ResetHADC+Re_agH Integration HADC+Read]
lterate with added multi-captures during integration:

(10) {Reset{ ADC+Read]H Integration with 10 ADC+Reads |+ ADC+Read |

(20) |Reset ™ ADC+Read Integration with 20 ADC+Reads H ADC+Read |

(100) |Reset ] ADC+Regd_H Integration with 100 ADC+Reads | ADC+Read

Fig. 16. Digital read-induced noise experiment.
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Fig. 14. Images of fixed pattern noise (a) without digital CDS and (b) witF oer 1
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o
2]
T

—°~ Fixed Pattern Noise, Dark
—— Temporal Noise, Dark
—— Fixed Pattern Noise Light
—— Temporal Noise, Light

Noise, %RMS
2

e
w
T

.
02t .
— o
0.1 L L ! L L | ! | L
0 10 20 8 40 50 60 70 80 9 100
(@) (b) Number of Captures

Fig. 15. Images of temporal noise (a) without digital CDS and (b) with digit@'aiig. 17.

Plot of digital noise coupling results.
CDS.

Fig. 15 shows two images of temporal noise, with and witho@ﬁer the 24 ms integratiop. Readout speed.was setat 1.33 GB/s
CDS, using a 1-ms integration time, in the dark. In this case, tRB the total A/D conversion and readout time was 2é(er
images show the variability in pixel values over time, with Fpgapture. With 100 captures within the 24 ms integration, the chip

removed. Using digital CDS, temporal noise has been reduckas continuously converting and reading out during the integra-

from 1.6% to 0.15% rms, which is less thay of an LSB. tion period, with no gaps. The entire experiment was repeated
twice: once in the dark and once using light from a stabilized
D. Digital Noise Coupling light source and an integrating sphere to provide stable, uniform

Since DPS operation involves per-pixel digitization, digita"lumma“on'

. . L A . The results are plotted in Fig. 17. It is evident from the data
pixel readout and high-speed I/O switching during mtegra‘uonmt the noise curves are essentially flat: anv trend is insianif-
it is important to investigate the impact of digital coupling on . y flal- any tr IS Insigni

o . . icant compared to the baseline (with no multicapture) noise

the sensor performance. This is an especially important qu(%s- |
tion given the ability of the DPS architecture to take hundre '
of image samples within a single integration. To examine this
issue, we devised the experiment explained with the aid of
Fig. 16. The experiment was conducted under worst-case nois€ig. 18 shows an image acquired from a 1000 frames/s (in-
conditions, where the total integration time was minimized artdgration time just under 1 ms) video stream. Except for digital
the time spent converting and reading out was maximized @DS, no other processing was performed on the image. While
the point of being continuous. the image is of a stationary subject, the chip was operated in

The experiment consisted of 11 sets of measurements. In tieatinuous video mode. It highlights the image quality that can
first set we performed a reset followed by an A/D conversidme obtained at these speeds, even with a small array size and fill
and a readout, integrated for 24 ms, and then performed a fifedtor. Note the subtle aliasing patterns in the finely engraved
A/D conversion and a readout. Digital CDS was performed drair and downsampling of the background engraving due to the
the two captures to increase the sensitivity of the measuremetas: spatial resolution of the sensor.
This is our baseline measurement that should include the leasfFig. 19 shows four frames (1, 11, 12, and 31) from a contin-
amount of digital coupling noise. The remaining 10 measuraeus 10 000 frames/s video sequence. They show a model air-
ments were performed wittD, 20, . . . , 100 additional captures plane propeller rotating in front of a stationary resolution chart.
(i.e., A/D conversions and frame readouts) within the 24-ms ifithe propeller is rotating at about 2200 rpm, which results in the
tegration time, respectively. Digital CDS was performed in eacfisible blade rotating by about 40The scene is lit from two
case, using the first and last samples immediately before aides, forming two shadows that follow the propeller. At this

VI. SAMPLE IMAGES
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Fig. 18. Sample image using 1-ms integration.
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Fig. 20. Fill factor versus pixel size for different technology generations.

Frame Rate (frames/s)

—°~ Current DPS
10°F — Fast Off-chip
—5— Fast On-chip

Fig. 19. 10000 frames/s image sequence (frames 1, 10, 20, and 30 are sho\ 10/ 2 s 1I06

. L Array Size (pixels)
speed, neither CDS nor power cycling is used, and each frame’'s
reset and integration is overlapped with the readout of the prig. 21. Projected frame rates versus image sensor array size for the current
vious frame’s data [mode (D) in Fig. 9], as explained earlier. THPS implementation, using faster output throughput, and_usmg fa_ster memory.
. - . . OQutput frame rates are reported for the first two cases while on-chip frame rate
overall image quality appears to be satisfactory for high-spegQeported for the third.

motion analysis and other high-speed video applications.

memory would be significantly decreased. However, since our
pixel layout is metal limited, using 1T DRAM is not expected to
In this section, we discuss the scaling and performance limigduce the overall pixel size. In more advanced processes, using

VIl. PERFORMANCELIMITS

of the DPS architecture. 1T DRAM may yield smaller pixel designs. But since memory
occupies a fraction of the pixel, such improvements will at best
A. Pixel Size be marginal.

The DPS chip we described has a 9.9.4 um pixel with
15% fill factor. The low fill factor is in part due to the use of B
photogate. The fill factor using a photodiode would be around The architecture of the DPS chip we described can be
25%. In Fig. 20 we plot estimates of pixel size versus fill factagasily scaled to larger array sizes and/or higher speeds than
assuming the use of a photodiode for CMOS technologies dottrose demonstrated by our implementation. Throughput can
to 0.1 m. be increased by employing high-speed memory (e.g., [17])

Our implementation employed a 3T type DRAM because aind high-speed 1/0O techniques (e.g., [18]) without the need
its simple design and compatibility with standard digital CMO® speed up the per-pixel ADCs, since their throughput scales
process. The memory occupies around 28% of the pixel aréaearly with array size. Fig. 21 plots three curves comparing
If a 1T DRAM were used instead, the area occupied by theojected frame rates versus array size: the first assumes our

Frame Rate
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current implementation, the second assumes an 1/O throughpla#] N. Stevanovic, M. Hillegrand, B. J. Hostica, and A. Teuner, “A CMOS
that is five times faster than the current implementation, and ~ image sensor for high-speed imaging,”Rmoc. IEEE Int. Solid-State
the third is the int | f te i the highset f t Circuits Conf, Feb. 2000, pp. 104-105.

€ third Is the Interna ram_e rate, 1.e., the highset irame rq ﬁS] R. G. Root and P. Falkos, “Repetitively pulsed plasma illumination
from the sensor to an on-chip memory or processors assuming  source improvementsProc. SPIE vol. 3642, pp. 104-115, Feb. 1999.

a state-of-the-art high_speed pixe|_|eve| memory. [16] H. Tian, X. Q. Liu, S. H. Lim, S. Kleinfelder, and A. El Gamal, “Active
pixel sensors fabricated in a standard 0:18MOS technology,Proc.
SPIE vol. 4306, Jan. 2001.
VIIl. CONCLUSION [17] O. Takahashet al, “A 1 GHz fully pipelined 3.7 ns address time 8
k x 1024 embedded DRAM macro,” irroc. IEEE Int. Solid-State Cir-

A digital pixel sensor implemented in a standard digital[18] (li/lljItliuclfa)l?;h::;balzoiongGi?fglaz)S multi-channel transmitter and
CMO_S 0‘18_”m process Wa_s described. The 3.8 _m|II|on re;:eiver chip setFor ultra-high resolution digital display,’Rroc. IEEE
transistor chip has 352 288 pixels. Each 9.4 9.4 um pixel Int. Solid-State Circuits ConfFeb. 2000, pp. 260-261.
contains 37 transistors implementing a photogate circuit, an
8-bit single-slope ADC, and eight 3T DRAM cells. Pixel reset,
integration, and A/D conversion occur in full frame parallel
“snap-shot” fashion. Data is read out via a 64-bit-wide bus at
167 MHz for a peak data bandwidth of 1.34 GB/s. The DPS ch
achieved continuous 10000 frames/s operation and sustai
1 Gpixels/s throughput, while using only 50 mW of powel
With further scaling, significant additional per-pixel memory
processing power, and speed will inevitably become practic
further enhancing the capabilities of the DPS approach.
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