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A 640 x 512 CMOS Image Sensor with Ultrawide
Dynamic Range Floating-Point Pixel-Level ADC

David X. D. Yang, Abbas El Gamal, Boyd Fowler, and Hui Tian

Abstract—Analysis results demonstrate that multiple sampling exposuré time using a lateral overflow gate. This results in
can achieve consistently higher signal-to-noise ratio at equal or a compression of the sensor illumination to charge transfer
higher dynamic range than using other image sensor dynamic ¢ ,rye [2], [3]. Another approach that achieves consistently

range enhancement schemes such as well capacity adjusting, . : . - . . .
Implementing multiple sampling, however, requires much higher higher signal-to-noise ratio (SNR) is multiple sampling [4]

readout speeds than can be achieved using typical CMOS active Here a scene is imaged several times at different exposure
pixel sensor (APS). This paper demonstrates, using a 640 512 times, and the images are used to synthesize a high dynamic
CMOS image sensor with 8-b bit-serial Nyquist rate analog-to- range image. For this approach to work at reasonable capture
digital converter (ADC) per 4 pixels, that pixel-level ADC enables imes readout must be performed at speeds much higher than
a_highly flexible and eﬁ_icient implgmentation of multiple sam- normr’:ll APS speeds. In [5], an APS with two column parallel
pling to enhance dynamic range. Since pixel values are available "’ . .p : ' s P

to the ADC’s at all times, the number and timing of the samples Signal chains is presented. The sensor can simultaneously read
as well as the number of bits obtained from each sample can be out two images, one after a short exposure tifrend the other
freely selected and read out at fast SRAM speeds. By sampling after a much longer exposure time, e.g.Z732lwo images,

at exponentially increasing exposure times, pixel values with however, may not be sufficient to represent the areas of the
binary floating-point resolution can be obtained. The 640x 512 th, t too dark to b tured in the first i d
sensor is implemented in 0.35:m CMOS technology and achieves scene. at are 100 car ,0 € capire 'n 9 _|rs Image an
10.5 x 10.5 um pixel size at 29% fill factor. Characterization ~t0O bright to be captured in the second. It is difficult to extend
techniques and measured quantum efficiency, sensitivity, ADC the scheme to simultaneously capture more than two images,
transfer curve, and fixed-pattern noise are presented. A scene since more column parallel signal chains must be added
\rl1v||rt1|; ?ﬁ?ﬁfﬂbﬂiﬂﬂﬁrﬁzggewﬁﬁcﬁsg;nrﬁiclfa%%% éf 'gS%Z”QPfdat considerable area penalty. A third scheme for enhancing
Limits on achievable dynamic range using multiple sampling are dynamlc.range involves local shuttgrlng [_6]' Even though this
presented. scheme is conceptually appealing, it requires a large number of

. . . transistors per pixel to implement and a considerable amount
Index Terms—Analog-to-digital conversion (ADC), CMOS im- f t P .p t P truct the i

age sensors, digital cameras, dynamic range, image sensorsp postprocessing 1o recons .ruc. _e Image.

mixed analog—digital integrated circuits, pixel-level ADC, video ~ For CMOS sensors operating in instantaneous current read-

cameras. out mode [7], [8], a different approach is used. Here, the
photocurrent is fed into a device with logarithmic response,
e.g., a diode-connected MOS transistor to compress the sensor
transfer curve. Although this scheme can achieve very wide

YNAMIC range for an image sensor, commonly definedynamic range, the resulting image quality is generally poor
as the ratio of its largest nonsaturating signal to thg e to Jow SNR 8.

standard deviation of the noise under dark conditions, is often|n this paper, we demonstrate, using a 640612 image

regarded as synonymous to its quality. Since a sensor Willlsor with a Nyquist-rate pixel-level analog-to-digital con-
higher dynam|c can detect aIW|der range of scene |IIurr)|nat|%rter (ADC) implemented in a 0.36m CMOS technology,
than one with lower dynamic range, it can produce imaggsat a pixel-level ADC enables a highly flexible and efficient
with greater detall, if not greater quality. _ implementation of multiple sampling. Since pixel values are
Image sensor dynamic range is often not wide enough {gajlaple to the ADC’s at all times, the number and timing of
capture the desired scene illumination range. This is eSpRa samples as well as the number of bits obtained from each
cially the case for CMOS image sensors, which, in generghmpie can be freely selected without the long readout time of
suffer from higher readout noise than charge-coupled devicgss Typically, hundreds of nanoseconds of settling time per
(CCD’s). To enhance the dynamic range of CMOS imagg,y are required for APS readout. In contrast, using a pixel-
sensors, several approaches have been proposed. In [1],d0g) Apc, digital data are read out at fast SRAM speeds. This
dynamic range of a CMOS active pixel sensor (APS) i§emonstrates yet another fundamental advantage of pixel-level
enhanced by increasing well capacity one or more times durigg,c [9] in addition to achieving higher SNR and lower power
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In particular we consider sampling at exponentially in- ta N=Q,+Q
creasing exposure timeg, 27, ..., 2*7T. Each sampled pixel ‘ ‘
output is digitized tom bits using the pixel-level ADC. The

digitized samples for each pixel are combined intoran- % iph @ i £00) @ Q
0

bit binary number with floating-point resolution. The number

can be converted to a floating-point number with exponent

ranging from zero tok and anm bit mantissa in the usual Fig- 1. Sensor model.
way. This increases the sensor dynamic range by a factor of

2" while providing m bits of resolution for each exponent Tq jljustrate how this model is used to analyze dynamic
range of iIIuminatiqn. An important advantage of this sch_emf?,ange and SNR, we first analyze SNR and dynamic range for
over other dynamic range enhancement schemes [1], is t§afensor operated in the conventional current integration mode.
the combined digital output is linear in illumination. This no§, the following two subsections, we analyze dynamic range
only provides more information about the scene but also ma SNR for the well capacity adjusting and multiple sampling

it possible to perform color processing in the standard Way.hemes. In Section II-C, we compare the two schemes.
Yet another advantage of this scheme is that the sensor outpyf, integration mode, fo(¢) is simply min{itine, gmax}

data_rate can be significantly reduced. As we de_monstratevmere duex > 0 is the maximum well capacity. This is
Section 1ll, we do not need to output the fult bits from plotted in Fig. 2

ea::h sarcr;pt)le. Itn f?Ct’t "; tlhoehserllsorhreﬁpontie S I!near, WeDynamic range is the ratio of the sensor’s largest nonsat-
only need to output a tota &, which IS the minimum urating input signal, i.e., input signal swing, to its smallest

re?ll'l;:;e?.emainder of this paper is organized as follows Idetectable input signal. The input signal in our case is the
pap 9 ) otocurrent,,. For integration time,,, the largest nonsat-

Section Il, we present SNR and dynamic range analysis res@rgtmg input signal is given biima. = (guax/fit) — ia. The

[4], which demonstrate the advantage of multiple Samplmg'nallest detectable signal,;., is not as well defined. Clearly,

over the well capacity adjusting scheme. In Section Ill, wi tbe | h so that it be discriminated f
describe the implementation of multiple sampling in a CMO must be large enough so that It can be discriminated from

image sensor with our recently developed pixel-level mufe: = 0. The convention, which is very (_)pt|m|st|c,_|s to assume
tichannel bit-serial (MCBS) ADC [9]. In Section IV, we tha_\tzmin is equal tp the _standard deviation of the input-referred
describe the design and operation of a 64812 image sensor "0IS€ When no signal is present. _
with pixel-level MCBS ADC implemented in a standard digital 0T ¢ sufficiently belowguas /tinc, the integrated shot noise
0.35um CMOS process. In Section V, we describe how wis Nas zero mean and variang€ipn + ia)tin:. Since Q;
characterized the sensor and present the measured quarfiIfif?- are uncorrelated, the total average noise povfgr=
efficiency (QE), sensitivity, ADC transfer characteristics, anféph T %a)tinc + o7. To find the equivalent zero mean input-
fixed pattern noise (FPN). In Section VI, we present a multipféferred noiseV;, we redraw the model as shown in Fig. 3.
sampling example, where a scene with measured dynaM{g assume thaiy, is very small compared to the signal
range exceeding 10000 : 1 is sampled nine times at expon@Rd thereforefo(i + Vi) & fo(i) + N; fo (i) evaluated at (in
tially increasing exposure times to obtain a 16-bit image witlean square), provided the derivative exists. Thus, the average
floating-point resolution. We discuss the limits on achievabrRower of the equivalent input-referred noise

dynamic range using multiple sampling.

2 2
g, g,
L B,

TNy B R
f(/)(L)2 tint
II. ANALYSIS OF SNR FOR IMAGE SENSORS
WITH ENHANCED DYNAMIC RANGE Setting iy, t0 z€ro, We geti, = 1/tim\/qiating + 02,

The purpose of this section is to motivate the use of multipgnd the sensor dynamic range
sampling to enhance an image sensor dynamic range. We do

so by showing that using multiple sampling dynamic range DR = 'i@ax _ Gmax — tating .
can be enhanced without adversely affecting SNR. This is in tmin \/@igting + 02

contrast to using well capacity adjusting to enhance dynamic

range. In this case, increasing dynamic range comes at thdVe define the SNR,,.,), which is a function ofiyy, as the

expense of potentially unacceptable reduction in SNR.  ratio of the input signal poweg,, to the average input-referred
In [4], we analyzed the SNR and dynamic range for CCDOise powero—,%,i. For the sensor in integration mode, we get

and CMOS image sensors that operate in the integration mode

with and without enhanced dynamic range using the model oL (ipntint)”

. . . SNR(LPh) = " - s
depicted in Fig. 1. The model expresses the output charge q(iph + 1a)tint + 02
@ from a pixel as a function of the photogenerated signal
ipn > 0, dark current, > 0, and noiseV, which is the sum of ~ This is plotted in Fig. 4 for a sensor Withy.x = 1.25x 10°
integrated shot nois@, and read nois€),.. Transfer function electrons,s, = 20 electrons, and integration timg,; = 30
fo describes the relationship between the photodetector currarg for three different dark currentg = 1, 5, and 15 fA.

1 and the output charge (not including noise). Note that even though the average noise power increases with

for iph < imax~
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Fig. 2. fo(i) versus: in integration mode.
i N; Charge
‘ ¢ qmaz """""""""""""""""""""""""""""""""" :
. I
ph @ @ foD) @ 5
thigh
tillumination
Fig. 3. Sensor model with input-referred noise. :
« " Qma:co ;IOW
ol Gmaz = 125000 "”/-’Jgillumination
o, =20e" : Time
131 Line
sof tin: =30ms
= Fig. 5. Charge versus time for well capacity adjusting scheme.
Sl
jast . . o .
Z high dynamic range, which is a single number, can be equally
=r 7 regarded as a good measure of quality. This is, however,
not necessarily the case when dynamic range enhancement
or ] schemes are employed, as we will show in the following
subsections.
- HASFA15£A ]
o A. SNR for the Well Capacity Adjusting Scheme
107" 107" 107 10" 10 107

ipn(A) The well capacity adjusting scheme described by Knight [2]
and Sayag [3] and implemented by Decker [1] compresses the
sensor’s current versus charge response curve using a lateral

_ _ ) overflow gate, e.g., the reset transistor gate in a CMOS APS.

ipn, SNR monotonically increases, first at a rate of 20 dBs pghe voltage applied to the overflow gate determines the well

decade when read noise dominates, and ultimately at 10 d$acity. During integration, well capacity is monotonically
per decade as shot noise dominates. Also note that the sefséifeased to its maximum value. The excess photogenerated
with the highest dynamic range, i.e., the one correspondiBbarge is drained via the overflow gate. For example, assume

to ¢4 = 1 fA, is also the one with the highest SNR. Thusthat well capacity is adjusted only once at timefrom q,,,,,.6

if we consider SNR to be a good measure of image quality full capacityq..... Fig. 5 plots the average collected charge

Fig. 4. SNR versusyy,.
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Fig. 6. fo(i) versusi for (a) well adjusting and (b) dual sampling.

versus time for two input photocurrent values. Note that when =
the collected charge reachegs.xf, e.g., the high illumina- sof ! g
tion case in the figure, the output charge is clipped until s mee = 125000 I e
time ¢,. o Fr=2e v

In this case the relationship betweeérand @ is plotted tint=30ms E,/
in Fig. 6(a). Note that the slope decreases beyordi, = 7 *[ #=1A
(maxf/t1, which results in the compression of the response. 2 %

In order to compute SNR and dynamic range, we need to§ P

compute the input-referred noise pow%. It is importantto
note that the input-referred noise power is not simgy/t;

int,

since the relationship betweérand (@ is nonlinear. -

It can be easily shown that or o
J e Well capacity adjustmen
X 1 Mt Dual sampling
SNR(th) 0 L L > x L
, o 4o 10 107 _1e” 10" 10"
Lphtint ipn(A)

4 YR 27
q(Lph + ‘d)tmt + oy 0 Fig. 7. SNR versus,,;, for both well capacity adjusting (solid line) and
if 0 <ipp < maxV i dual sampling (dotted line). DRE: 32.

_ 1
i]%h(tint - t1)2
(J(iph + id)(tint - tl) + 0’% ’

if anaac

plotted versus,,;, using the same sensor parameters as before
(1 — 6) and assuming thay = 1 fA, 8 = 7/8, andt; /iy, = 255/256.
—iq <dpn < - 4. In this case, DRE: 32 and DIP= 1/256, i.e., around 24 dBs.
¥ ! e o The DIP poses a theoretical limit on how much dynamic range
NOW, imax = (Gimesc(1 — 6)/tine — £1) — 44, aNdiy;y, is the CaN be enhanced via this method since the dip can become so
same as before. Thus, for smal| dynamic range is enhancedarge that SNR reaches close to 0 dB in the middle, making

by a factor the concept of dynamic range very misleading.
The analysis can be extended to any number of well capacity
1-6 adjustmentsk. In this case, led < 8, < 1,1 < i < k, be the
DRF = t resulting fractions of the well capacity corresponding to the
1= tint adjustments and < ¢; < #;,; be the adjustment times. It can

be shown that dynamic range expands by
At 41, assuming that shot noise dominates, $\R dips

by a factor (Jmax(l - ek)
i —tr Y 1—6
t1 DRF = 1](llztmax . . ~ ty
DIP = <1 - ) mex iy 1-
int tint tint

which is inversely proportional to the dynamic range enhance-It can be shown that as dynamic range is increased, the
ment factor (DRF). This is illustrated in Fig. 7, where SNR ifinal SNR(¢ ,,,,x ) degrades by the same factbr 6. relative
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to peak SNR when no dynamic range enhancement is used.
Moreover, the sum of the SNR dips, expressed in dB’s, is
) . . sof- LA
approximatelyj101og; (1 — tx /tine)|, Which is always greater Gmaz = 125000 < e
than DRF expressed in dB’s. g, =20 e”
tin=30ms
m ig = 1A
Z
Dual sampling has been used to enhance the dynamic rang§
for CCD sensors, charge modulation device (CMD) sensors® =t
[10], and CMOS APS sensors [11]. A scene is imaged twice,
once after a short integration time and again after a much 1ot
longer integration time, and the two images are combined

B. SNR for the Multiple Sampling Scheme

into a high dynamic range image. Conceptually, the short  of ——  Well capacity adjustment] ]
integration time image captures the high illumination areas | | ----- Muttiple sampling
before the well saturates, and the long integration time image -8 5 o or o0 v e
captures the low illumination areas after adequate integration ion(A)

P!

time.
To analyze dynamic range and SNR for dual sampling, vié. 8. SNR versus,,;, for both well capacity adjusting (solid line) and

again use our simple model. We consider sampling,afa Multiple sampling (dotted line). DFR= 256.

and ti,, for @ > 1. Fig. 6(b) plots fo(¢) versusi for dual

sampling. Note that, unlike the previous two casf;) iS can be widened without degrading SNR. Intuitively, multiple

not a one-to-one function. sampling achieves better SNR because the effective well
It is easy to compute capacity is essentially the full well capacity independent of
. 242 illumination level, whereas for the well adjusting scheme,
_ phimt = the effective well capacity decreases as illumination level
q(ipn + ia)tine + 07 increases. For the example in Section II-A [Fig. 6(a)], for
if 0< iy < Gmaxt iy t > (qmax0/t1), the' eﬁectiye well capacity is onky,,x(1—8).
SNR(i ) = Lint To demons_trate t_hls,_ in Fig. 8 we pIot_SNR verségsfor both _
! i}%h(tim — )2 well capacity adjusting and for multiple sampling assuming
qiph + a) (tine — 1) + 02’ k =8, iy = 30 ms, and the same sensor parameter values
= Gonne(1 — 6) as before. !n the well .capacny gdjustlng case, the Qgpacny
if 2ROTT Gy <y < T gy, levels®; = i/10 and adjustment timet = 1 — 1/10 x 2°~*
. 31 bing — U1 for: =1, 2,..., 8 are chosen so that the resulting average
SiNCEimax = (max/tint —iq aNdiyy is the same as before,chargefo(-) versusiyy, curve assumes af-law companding
the dynamic range enhancement factor shape. The sum of the SNR dipsis31 dBs, and SN ax)
P degrades by 7 dB. Both schemes achieve DRF 256.
y — g Note that multiple sampling achieves around 10 dB higher
DRF = q;gxi ~ a, for smalli,. SNR. Moreover, SNR for the well adjusting scheme dips by
o — more than 10 dB in the middle. This clearly demonstrates

. . o ~that multiple sampling enjoys better SNR than well capacity
As in the case of well capacity adjusting, SNR dips iadjustment at the same DRF. In fact, if we include fixed pattern
the middle. For the same DRF, however, the dip is smallgfpise, well barrier thermal noise, and quantization noise in our

Moreover, the final SNR..x) is always equal to the peakanalysis, it can be shown that the difference in SNR in favor
SNR without dynamic range enhancement. of multiple sampling is even greater.

Fig. 7 plots SNR versus,y, for a = 32, ¢, = 30 ms and

assuming the same sensor parameter values as before. . M ULTIPLE SAMPLING USING IMAGE

The analysis can be extended to multiple sampling in gen- SENSOR WITH PIXEL -LEVEL MCBS ADC
eral. Fork-+1 samples at;n. /2%, tine /271, oo, tint /2, tint), . . _ _
we get In this section, we describe how pixel-level MCBS ADC en-
ables a flexible and programmable implementation of multiple
2% Gnax iy sampling to enhance dynamic range. In the following section,
DRE — tint ¢ o we describe the implementation of a 640612 CMOS image
FLLL sensor with the pixel-level MCBS ADC.
Lint The operation of the MCBS ADC is described in detall

in [9]. The ADC is bit serial, and each bit is generated by
performing a set of comparisons between the pixel values and
We have shown that using the well adjusting schema, monotonically increasing staircase RAMP signal. The bits
SNR degrades as dynamic range is increased. On the oftem be generated in any order and independent of other bits.
hand, using the multiple sampling scheme, dynamic ranfata are read out of the image sensor in bit planes instead

C. Multiple Sampling Versus Well Capacity Adjusting
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Voltage TABLE |
DiGITIZED VALUES FOR THREE ILLUMINATION LEVELS
C?/de Nlumination | z;z9Z3z4 | Exponent Mantissa
me / I 1111 2 11
11
L/ 5 L 0101 1 10
I3 0001 0 01
10
TABLE I
0 I QUANTIZATION TABLE FOR THE m = 2, k = 2 EXAMPLE USING A GRAY CODE.
z EacH GRAY CoODEWORD Is FIRST DECODED INTO A BINARY NUMBER AND THEN
00 / REPRESENTED BY AFLOATING-POINT NUMBER. THE ILLUMINATION
Is MEASURED AS THE VOLTAGE AT T', ASSUMING Vinax = 1. NOTE

THAT DIGITAL DYNAMIC RANGE HAS INCREASED FROM4:1 70 16:1
T 2T 47 Time

Fig. 9. Pixel output voltage and its digitized value versus time. nummg tioiiRange I(;xoﬂ(c)ag4 Bmzt)rx(') r(l)u(r)n = DON Exmanent Ma(;xt(;ssa
% - % 0001 0001 1 0 01

i Z_3 0011 0010 2 0 10

of the conventional raster-scan format. Each ADC channel g_ ki 0010 0011 3 0 11

is implemented using only a 1-bit comparator and a 1-bit ig—g 0111 0101 5 1 10

latch. The signals required to operate the ADC'’s are globally ¥ (1)1(1)8 ?éii 171 ; i(l]

generated and shared by all channels. BT 1000 1111 15 2 11

An image sensor with pixel-level MCBS ADC can imple-

ment multiple sampling in a very general manner. Since the

signals are available to the ADC's at all times and all ADC's ~ OutPut

operate in parallel, the number of samples, exposure times, ig

and the number of bits read out from each sample can be

freely chosen. Here, we consider the implementation of mul- =

tiple sampling using exponentially increasing exposure times £ 11

T, 2T, 4T, ..., 2¥T. Each sample pixel output is digitized 2

to m bits. The digitized samples for each pixel are combined §

into anm+ k bit binary number with floating-point resolution. g7

The number can be converted to a floating-point number with g" 5

exponent ranging from zero toand amm-bit mantissa in the

usual way. This increases the sensor dynamic range by a factor g

of 2%, while providingm bits of resolution for each exponent 1

range of illumination. IZ3i 5 % Iz 1 Humination

The m bit samples from each pixel can be combined o .
into anm + & bit number by simply scaling the last bit Fig. 10. lllumination to output DN transfer curve corresponding to Table II.
sample before the pixel saturates by a factor’of'2?!, where
1 <1< k+1isthe sample index. We do not, however, neelikts the bit values for each illumination and the corresponding
to output all of them bits from each sample. In fact, if thebinary floating-point representation. This scheme can be easily
sensor photon to output voltage response is linear, only a ta¢atended to any exponehtand mantissan. The first sample
of m+ k bits, which is the minimum required number of bitsjs digitized to m bits; then only the least significant bit is
need to be read out from thle samples. generated from each consecutive sample, and they are simply

To illustrate how we save bits during readout, consider appended to the first sample during decimation. Thus, as long
example withk = 2 andm = 2, i.e., where we sample aas the sensor photon to voltage response is linear,@nlyk
scene three times &, 27°, and 4" and digitize each sample bits need to be read out, which is the minimum required. This
to 2 bits of resolution. Fig. 9 plots the output pixel voltagéurther reduces readout time. Often more bits need to be read
versus time for three constant illuminatiods, /-, and I3, out from the samples to correct for sensor nonlinearity, offset,
assuming linear photon to voltage response, and saturatiowl noise.
voltage Viyax. The voltage is sampled after exposure times Table Il provides the complete quantization table and cor-
T, 2I’, and 4. Each sample is digitized to 2 bits using binaryesponding illumination to digital number (DN) transfer curve
code as shown in the figure. The first sample is digitized for the m = 2 andk = 2 example. Note that we use a Gray
z129, €.0., 11 forl;. The second is also digitized to 2 bits.code instead of the binary code in this case. The transfer curve
Since the second sample is twice the value of the first, thas2plotted in Fig. 10. The exponentially increasing step sizes
bits arezqx3 if the sample is not saturated, i.e:,Vi.x, and indicate that the ADC indeed has a floating-point resolution.
11 if itis. In either case, the ADC only needs to generate tidote that the ADC output is a linear function of illumination.
least significant bitcz. Similarly, for the third sample at4,  This is in contrast to schemes such as well capacity adjusting
only the least significant bit, needs to be generated. Table Wwhere the response is not linear. One important advantage
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bility. Since the ADC input (node N5 in Fig. 11) can be

reset to any voltage via RAMP, the ADC can be fully tested

without any light or optics. To test the ADC, the photodetectors
are disconnected by turning off the select transistors. The
= g3 e comparator/latch pair input is then set to the desired RAMP
H L ! Bt value by turning on M4. The set value is then guantized and
. % e ' read out. By stepping the ADC input through its entire input

range, the ADC transfer curve can be obtained without any

.
}_

S0 4 pixels sharing a comparator/latch pair | Mc is first reset, and the current from the pixel and transistor
H L Reset ! M7 is integrated. The sensed bit is latched using a flip-flop.
The tristate inverter is part of a 10 : 1 mux. The signals required
L I 1 | to operate the ADC's including RAMP and BITX are globally
= 81 M4 BITX . _ L T
_E L NS vad.| generated by off-chip DAC and digital control circuitry.
a l An essential feature of the sensor design is electrical testa-
%% M5 —— ;

light or optics. This not only greatly simplifies testing of the
ADC itself but also makes characterizing the image sensor
easier, since the only remaining unknown parameters are the

B | photodetector and the S/H capacitances.
;o Out Q A photomicrograph of the image sensor chip is provided

DEF * M7 =% 1 in Fig. 13. The main chip characteristics are summarized in
Table III.
Ref

]Sense L
Sense amp and column mux =
.

Fig. 11. Pixel block and column sense amplifier circuit.
V. CHARACTERIZATION OF THE 640 x 512 IMAGE SENSOR

of linearity is that color processing can be done in the In [12], we described techniques for characterizing image
usual way. sensors with Nyquist-rate pixel-level ADC. In this section,

we briefly review this work and provide the characterization
results for our 640x 512 image sensor.
IV. A 640 x 512 CMOS MAGE SENSOR Techniques for characterizing CCD image sensors have
In this section, we describe the circuit design and operatibeen developed over many years. An excellent description
of a 640 x 512 image sensor with pixel-level MCBS ADCof these techniques is provided by Janesick [13]. His paper
implemented in a 0.3m standard digital CMOS process. describes the CCD transfer concept and how it is used to
To achieve acceptably small pixel size, each ADC is multcharacterize such parameters as charge transfer efficiency, QE,
plexed among four neighboring pixels. A circuit schematic dinearity, gain, offset, signal-to-noise, nonuniformity, dynamic
four pixels sharing an ADC is depicted in Fig. 11. The 1-bitange, and mean time to failure. Since the signal path for
comparator/latch circuit is described in [9]. An antibloomin@€MOS image sensors is quite different from CCD’s, the CCD
transistor is connected to each photodetector to avoid bloomicttaracterization models and techniques cannot be directly used
during multiple sampling. The four photodetectors are coffer their characterization. In [14], we extended the Janesick
nected to the ADC via an analog multiplexer controlled bgnethod to CMOS APS. The modifications account for the
S0, S1, S2, and S3. All ADC's still operate in parallel bubhonlinearity, pixel gain variations, and read noise of APS.
serve one quarter image at a time, as shown in Fig. 12. Néte[15], we modeled APS FPN as an outcome of the sum
that there is a timing skew equal to the ADC conversion timaf two uncorrelated components, a column component, and a
between consecutive quarter images. To achieve reasongikel component. The paper shows how the model parameters
small skew, the ADC time is set to equal one-seventeerdhe estimated from measurements of the image sensor outputs
of the integration time. As shown in Fig. 12, before A/Dunder uniform illumination.
conversion is performed, the charge collected by each pho-Characterizing CMOS image sensors with pixel-level ADC
todetector is sampled onto a sample/hold (S/H) capacitor M5.quite challenging. The method in [14] cannot be used since
After ADC, the S/H capacitor and the photodetector are regetrelies on estimating shot noise statistics, which requires
via the Reset signal, which causes the comparator to operateig#tizing pixel output values to 12 or more bits of resolution.
an op-amp in unity-gain feedback. Autozeroing is performedur image sensor provides no facility for directly reading
during reset since the comparator offset voltage is stored out the analog pixel values before ADC is performed, and
the photodetector capacitance in addition to the reset voltagee ADC resolution is limited to a maximum of 8 bits. The
This autozeroing feature in effect performs correlated douldéectrical testability feature described in Section IV can be
sampling, which significantly reduces FPN, andf1noise. used to alleviate this problem, however.
The column sense amplifier shown in the figure is designed forln the next subsection, we describe how we characterize the
high speed, low noise, and power. A charge amplifier is useddensor signal path, and provide measured results. In Section V-
minimize bitline voltage swing. To sense the bitline, capacit®, we present an FPN model suited for our image sensor
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Fig. 12. A frame consists of four staggered quarter frames.

Row Decoders

640 X 512

Pixel Array

Sense Amps & Latches

LALLM B

N AEALAL YA L RONENENREEETEEEECOE S PN NS
Anwar avarm.w i 8 o arniimisare minnimin YT L s e e

Fig. 13. Die micrograph of 64 512 image sensor.

TABLE 11l
MAIN CHARACTERISTICS OF640 X 512 AREA IMAGE SENSOR

Technology 0.35 um, 4-layer metal, 1-layer poly, nwell CMOS

Sensor size 640 x 512 pixels

Pixel size 10.5 pm x 10.5 pm

Photodetector n-well to p-sub diode

Sensor area 6720 um x 5376 um

Fill factor 29%

Transistors per pixel 5.5 (22 per four pixels) . i .
Package 180 pin PGA Fig. 14. A 640x 512 image of the EIA 1956 resolution chart (uncorrected
Supply voltage 3.3V and unprocessed).

Sensor power consumption | 80 mW

Signal swing 0.5-2.5V

Maximum frame rate
Dark current

250 frames/s (@ 8-bit resolution)
1.3 mV/sec (160 pA/cm?) at 25°C

A. Signal Transfer Characteristics

architecture and provide estimates of the model
from measurements of the sensor.

A description of the experimental setup we used to char-
acterize our image sensor is provided in [9] and will not be
parametegpeated here. The image sensor is fully functional, and we are
able to obtain high-quality images using our setup. Fig. 14 is
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Fig. 15. Measured ADC transfer curve.

an 8-bit image of the EIA 1956 resolution chart obtained fromeed to be quantized to at least 12 bits so that quantization
our image sensor. The image was not corrected or proceseeise is significantly lower than shot noise. Our pixel-level
before printing. ADC produces only 8 bits, and it would be difficult to extend
To measure the photon to DN transfer curve, we irradiatés resolution to the needed 12 bits or higRerowever,
the image sensor with constant monochromatic illuminati®ince we already know the ADC transfer curve, the only
at 610 nm. To find the transfer curve, we varied integratiamknown factor needed to determine sensitivity is the sense
time rather than illumination. We read out the image sensnode capacitance, which is the sum of the capacitance of the
DN output after 21 linearly increasing integration times 7Hhotodetector and its parasiti€;, and the S/H capacitor and
33, 59,..., 534 ms. The experiment was repeated 256 timdts parasiticsCs,y (see Fig. 11). Using the provided process
and the results were averaged to remove temporal noidata, we estimated the sample/hold capacitance, which is the
The averaged transfer curve is quite linear. Therefore, wate capacitance of M5, to be 22.6 fF and its parasitics to be
can simply express the signal path g&f (DN/ph) as the around 2 fF. Thu€’s,y is estimated at 24.6 fF. Since we used
product of QE ¢ /ph), sensitivity (V£~), and ADC gain an n-well/p-sub photodiode, no process data were available to
Gapc (DN/V). In theory, the ADC gain is entirely determinedus. Fortunately, we were able to estimate the ratio of the two
by the DAC and is equal to 256 divided by the DAC’'sapacitance€’;/Cs,y experimentally as follows.
input signal swing. The measured DAC'’s input swing is 2 V, We ganged up two photodiodes, by simultaneously turning
and its transfer curve shows 16 bits of linearity. Thereforen SO and S1, and obtained the signal transfer curve and
Gapc = 128DN/V. In practice, however, we must verifyits corresponding signal path gai#,. We repeated the ex-
that the ADC is linear. To do so, we used the electricaleriment by ganging up three photodiodes and then all four
testability feature described in Section IV to obtain the AD@hotodiodes to obtain the corresponding signal path gains
transfer curve shown in Fig. 15. Note that it is quite lineaand G4. Using the linear capacitor charge to voltage relation,
and that its slope is 136 (DN/V). The discrepancy betweewe get the four relationsiCy + Cs/u)G; = k, for i = 1, 2,
the true Gapc = 128DN/V and the measured ADC gain3, and 4, wherek = ¢QFE x Gapc. We used least squares
using electrical testing, which is 136, stems from the fact that estimate the two unknowns,;/Cs,y andk. The estimate
during electrical testing, resetting introduces charge injectiofi C;/Cs,y was 0.275, which gives an estimate of the total
error that is proportional to the reset value. This makes tsense node capacitanCg +Cs,y of 31.37 fF and an estimate
gain of the measured ADC transfer curve larger than its traé¢ the sensitivity of 5.1:V/e™.
value. This effect was verified by switching the select signals Dividing signal path gairiz; by the product of the estimates
to inject varying amounts of charge and observing that tloé sensitivity andG4pc, we found thatQ E = 3.23%. Since
gain varies accordingly. only 29% of the pixel is exposed to light while the rest is

To estimate QE, we need to know the sensor sensitivit
Q y'ZOur ADC resolution depends on the comparator gain. In our image sensor,

EX_iSting tgchniques [13]' [14] e_Stimate SenSitiVity U_Sing Sh%e gain is not large enough to support 12 bits or higher. Comparator gain can
noise statistics. For these techniques to work, the pixel valugsincreased by adding another stage, i.e., an inverter.
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TABLE IV
MEASURED PARAMETERS OF THE IMAGE SENSOR
Pixel size 10.5 pm x 10.5 ym
Fill Factor 29%
Photodetector area 7.8% of a pixel

Photodetector capacitance 6.8 fF
Sample and hold capacitance | 24.6fF

Signal path gain 2.09x1075 DN/ph
Sensitivity 5.1 pV/e~
ADC gain 128 DN/V
Quantum efficiency 11.3% for exposed area and 42% for detector area @ 610 nm
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Fig. 16. Measured average spectral response of the image sensor.

covered by a metal shield, QE relative to the exposed ar@ad APS FPN as the sum of two components: a column and
is around 11.3%. Moreover, since the photodetector its@lfpixel component. Each component is modeled by a first-
occupied only 7.8% of the pixel area, QE relative to theorder isotropic autoregressive process, and the processes are

photodetector is 42%. assumed to be uncorrelated. For our pixel-level ADC image
Table IV summarizes the measured parameters for the &Hhsors, FPN is due to the variations among the photodetectors
x 512 image sensor. and the variations among the ADC'’s. Photodetector variations

The spectral response of the image sensor was obtainedabg caused not only by the random variations in the photode-
repeating the procedure we used to estimate QE at differémttors but also by the systematic variations due to layout
wavelengths. Fig. 16 plots the measured average spectsymmetries resulting from multiplexing. Since each block of

response from 400 to 800 nm. 2 x 2 pixels shares an ADC, each quadrant of the image sensor
array is completely symmetrically laid out. However, there
B. Characterizing FPN and Temporal Noise are very small, unavoidable differences between the quadrant

EPN is th iation i tout pixel val d it layouts, which cause quadrant output offsets. Following a
Ui |ts edvartlatljon.m oug)y tplxe va utes! un terhunl O"Mimilar methodology to [15], we model FPN as an outcome
tiumination, due-to device and interconnect mismalches acrQss, v, gimensional random process, which is the sum of
an image sensor. In a CCD image sensor, FPN is only due\%)

ariations in the photodetectors. which are uncorrelated atﬁp uncorrelated processes, one representing the ADC FPN
varatl ! P » Wi unc ) 08d the other representing the photodetector FPN. For each
can thus be modeled as a sample from a spatial white no

. . rant, we represent ph r FPN n me of
process. For a CMOS passive pixel sensor (PPS) or A adrant, we represent photodetecto as an outcome of a

ite noise procedplus a quadrant offset. We assume that the
there are many more sources of FPN. In [15], we model I:)fo r processes are uncorrelated. We model the FPN due to the

SWe used an n-well/p-sub photodiode. As a result, much of the exposed
area had to be used to satisfy the well spacing rules. 4This is supported by results for both CCD FPN and PPS pixel FPN.
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TABLE V
EsSTIMATED FPN WUNDER DARK, 30% AND 78% FRuLL WELL SIGNAL LEVELS

1831

In our sensor, temporal noise is negligible compared to
guantization noise. To see this, note that at 8 bits of resolution

Ouadrant offset &, (ON) :));rk 390? full well T:?gf““ well and assuming 2 V of signal swing, the standard deviation of
00 |-010 0.42 quantization noise is around 2.3 mV. Our image sensor has
0.0 |[0.07 1.61 a well capacity of around 90008s. Even at the maximum
0.0 [0.04 1.86 signal value, the shot noise standard deviation is around 300
ﬂl};’g’gelf;ft;r(g%? X(DN) g:g g:(l]g 3'82 e~. Using our sensitivity estimate of 54V/e~, the 300e~
total FPN F (DN) 00 |0.22 2.09 correspond to 1.5 mV, which is significantly smaller than
a 0.02 | 0.021 0.028 guantization noise. Noise from other sources such as k/TC,
% 0.13 | 0.126 0.058 1/f is much smaller than 306~. Hence, quantization noise

dominates. This conclusion is corroborated by measurements

] _ ) ~of our sensor.
ADC'’s as an outcome of a first-order isotropic autoregressive

process.

Mathematically, we represent FPN for pixgl j) as VI.

In this section, we describe how the image sensor imple-
ments multiple sampling, present a multiple sampling example,

. ) . . and discuss the limits on achievable dynamic range using
wheregq is the quadrant index of the pixed, is the quadrant multiple sampling.

offset, {X; ;} is the white noise process representing pho- 1q perform multiple sampling, a scene is imaged one quarter
todetector FPN, andlY; /7, 1;/21} is the process representinggrame at a time, as illustrated in Fig. 12. Before capturing a
ADC FPN, which we assume to be a first-order isotropigyarter frame, the sensor is reset. Sample and hold is used
autoregressive process of the form to ensure that the signal does not change during ADC. Each
quarter sample image is read out one bit plane at a time [16].
The quarter images are then combined to form a quarter frame,
and the quarter frames are merged into a high dynamic range
frame.

A scene with measured dynamic range of more thah 10
rf? illustrated in Figs. 17 and 18. The scene was sampled nine
times, atl’ = 3.3 ms, Z, ..., and 256", and a 16-bit image

; ‘ ' was reconstructed. Since we cannot print grayscale images of
a parameter that characterizes the dependendy;pfy, ;2 more than 8 bits, we display four 8-bit slices of the image in

on its four neighbors. . o . N .
Thus, to characterize FPN for our sensor, we need It:(#gthﬂ. The first is a plot of the eight most significant bits

estimate the ADC FPN parametesé and a, and the pho- of the 16-bit image, where only the roof and the front of the

dollhouse are seen. The second was obtained by brightening
2
todetector FPN parametefs, andos., for the four quadrants. tthe image by eight times. Several objects inside the house

The F; ;s are qbtamed by reading out .the plxel .OUt.puare revealed. These objects become more visible in the third
values multiple times under the same uniform |IIum|nat|orim(,;lge after the original image was brightened by 32 times.

temporally averaging the values for eaqh pixel to get e fourth image was obtained by brightening the image by
averaged pixel valug;, ;, and then subtracting off the overall256 times. A table and a man hiding in the dark area next to

average pixel output’” from eachv;, ;. Since the ADC’s can the house appear. Fig. 18 is an 8-bit plot of the log of the 16-

be dir_ectly ch_aracteized, tthi/ﬂ: rj/21'S are obtained by image. Note that all the objects can be seen in this image,
resetting all pixels td/, reading out the ADC output valuesgpeit |ess clearly.

multiple times, temporally averaging the values for each ADC, Thig example demonstrates that using multiple sampling,
and subtracting off’. To estimate the model parameterg,r sensor can achieve 16 bits of dynamic range, i%§.; 2
o and a, we first estimatesi- and covariancefly (1, 0) we now discuss the limits on achievable dynamic range.
using the estimators given in [15]. Now we can estimate theFjrst, it is important to distinguish between dynamic range,
photodetector FPN and the quadrant offset as as the ratio of the sensor’s largest nonsaturating signal to the
standard deviation of the noise under dark conditions, and
digital dynamic range, where the noise under dark conditions
includes quantization noise and is therefore lower. Since the
Each quadrant offset is estimated as the difference betweeroifgput of our sensor is digital, we focus on digital dynamic
average pixel output™* and the overall average pixel outpukange. For our sensor, the standard deviation of the noise under
V,ie,A, =V?-V. The quadrant FPN variance$;, are dark conditions is much smaller than that of quantization noise,
estimated using a standard variance estimator. and therefore the digital dynamic range is simplyt2:1,
Table V lists the estimated FPN results under dark condithere m = 8 is the maximum ADC resolution, and + 1
tions and at illuminations corresponding to 30% full well ané the number of samples. To achieve higher dynamic range,
78% full well. we need to increask, i.e., sample as many times as possible.

HIGH DYNAMIC RANGE VIA MULTIPLE SAMPLING

Fi ;=X 5+ 8q+Yig21, 121

Yriy2, ris2 = alYriga1-1, 1721 + Yris2141, 1721
+ Yris21, 1i/21-1 + Yig21, 13/2141)
+ Urif21,15/21

where thelUT; 1, 15/21 are zero mean uncorrelated rando
variables with the same varianeg, and0 < a < 1/4 is

Xij+8q =L j = Yris,15/21-



1832 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 34, NO. 12, DECEMBER 1999

(@) (b)

(© (d)

Fig. 17. Four slices of the 16-bit image. (a) Most significant 8-bit. (b) Image brightened eight times. (c) Image brightened 32 times. (d) Image
brightened 256 times.

The maximum number of sampling timés,.., however, is exposure time increases, the fraction of the available signal
bounded by a lower bound on the shortest sampling flipg  voltage swing decreases by the accumulated dark charge.
and an upper bound on longest sampling tiri#& 277,.... The Since we requiren bits of resolution from each sample, the
lower bound on7%,;, is dictated by the requirement that thedecrease in available signal voltage swing must be less than
m-bit conversion and the sensor readout for the first samg@e™ of the available voltage swing. Our total signal swing
must be completed before the second sample. In [16], it ¥, ~ 2 V. Therefore, form = 8, we require that at
shown that the ADC requires™2— 1 binary comparisons t0 Ty, Vaark < 7.8125 mV. The dark signalD in mV/s is
complete a conversion; hen@,in > (2™ — Dtcomp + t»  1.31. ThereforeZ;ax = Vaar/D = 6 s. Combining the two
where t.omp iS the comparison time, which depends on thieounds, we get tha2*~-< < 6400, i.e., that the maximum
comparator’s gain-bandwidth product, andis the readout digital dynamic range is<1.6 x 10°: 1.

time for m bits. In our implementationtcom, ~ 3.3 ps for The maximum sampling timé;,.,, may also be limited

m = 8 bits, and the total readout time for 8 bits= 100 s, by the user, e.g., for video applications. In this case,
which yields T,in =~ 0.9375 ms. The upper bound on the2*m=x = T,../Tmin. For example, for 30-f/s operation,
maximum sampling timé&;,,. is set by the dark current. As T, = 33/4 ms (the factor of four accounts for multiplexing),
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Fig. 18. Eight-bit log of the 16-bit image.

2fmax = 8.8, and the digital dynamic range is 2048:1all times and all ADC’s operate simultaneously, the number
i.e., 11 bits. and timing of the samples, as well as the number of bits for

Finally, dynamic range can be extended further by resettif§Ch Sample, can be freely chosen and read out at fast SRAM

. - speeds.
to achieve lower{,,;,. For example, to lower the minimum P

ling ti h f ding th In particular, we demonstrated that by sampling a scene at
sampling time tdl’,in/2, we reset the sensor after reading t gxponentially increasing exposure times, very wide dynamic

first sample, then take the second sample afigrs, the third range pixel values with binary floating-point resolution can
after 205, and so on. be obtained. Moreover, the ADC'’s in this case only need to
VII. CONCLUSION output the minimum number of bits required to synthesize the
We have shown that multiple sampling achieves consistenfl{gh dynamic range image. We presented new modeling and
higher SNR at equal or better dynamic range than using wefjaracterization techniques especially suited for image sensors
capacity adjusting. However, implementing multiple samplingfith Nyquist-rate pixel-level ADC. Using these techniques,
requires readout speeds that are much higher than can'fsemeasured the image sensor QE, sensitivity, ADC transfer
achieved by CMOS APS. We demonstrated using a:6&12 Curve, and FPN. The results show that the sensor response
image sensor that pixel-level ADC enables a highly flexibl§ duité linear, which greatly simplifies the synthesis of high
and efficient implementation of multiple sampling to enhandynamic range images from multiple samples. The sensor
dynamic range. Since pixel values are available to the ADC#§0 has very low ADC FPN due to autozeroing and the



1834 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 34, NO. 12, DECEMBER 1999

sharing of the main ADC control signals. In conclusion, thi
paper demonstrates yet another important advantage of
use of pixel-level ADC—the ability to programmably enhanc
dynamic range with no loss in SNR.
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