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Abstract—Digital still cameras are becoming a widely used alter-
native for conventional silver-halide cameras. This paper presents
first the concept of frame-transfer CCD imagers designed for con-

TABLE |

OVERVIEW OF CCD IMAGERS FORDSC RRESENTED INTHIS PAPER

P . . FXA101 F FXA1022 FXA1023

sumer digital cameras. Next, the different modes of operation are ~ >57¥e° 1012 XA1013 XA
explained in detail and compared with alternative approaches. Fi- 5% 3 3 1z L7
nally, extensive evaluation results on four different imagers using e diagonal || 11.0mm 11.0mm 8.0mm N 2.8mm1
this new concept are presented. It will be demonstrated that the ff“;‘“,“““ ;6100“2?’1 ioloo"miol ;6:0“3;’ 3(;00" 2060
flexible modes of operation, the high dynamic range, and excellent % CHIDOIMI | SARIDER L SIRIDEIHI - 2O Oum

. . h . Color filters RGB Bayer RGB Bayer RGB Bayer RGB Bayer
optical properties of FT-CCDs make them very suited for this type ,
of electronic Imaglng microlenses no yes yes yes

’ Storage lines 298 250 260 260
Index Terms_charge Coup|ed devicesl C0|0r’ image Samp”ng, Chip size HxV | 9.49mmx9.32mm | 9.49mmx8.67 mm | 7.75mm>6.72mm | 8.50mmx7.38mm

image sensors, sensitivity.
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HE global market of consumer digital still cameras (DSCs)

has grown from 2.5 million cameras in 1997 to 10 million
in 2000. Imaging resolutions have increased from 125 k pixel:
in 1995 (Casio QV10 DSC) to 5M-pixels in 2001 [1].

The demand for increasing resolution and low imager cost re
quires a decrease of the pixel size to limit the image diagonal t
about 10 mm (2/3" optical format). Pixel areas have decrease
more than a factor of five, from about 747.4 um? in 1/3"
VGA sensors in 1995 to 3.163.15,m? in 3 M-pixel sensors
in 2000 [2]. Pixels as small as 2:42.4 ym? have been demon-
strated [3]. .

In a DSC, the primary function of a CCD (or CMOS) imager
is to replace the silver-halide film as image capture medium<}:;
In addition, camera functions such as autofocus and exposure
control, previously handled by additional sensors, can now big. 1. Basic concept of a frame-transfer CCD imager optimized for DSC
performed by the solid-state imager in combination with a digPplications.
ital signal processor (DSP). Finally, the imager, together with
an LCD display, can replace the optical viewfinder. VII), an overview of the four different imagers that were man-

It will be illustrated that the CCD concept presented here #actured (Section VIII) and full evaluation results on these
well suited to fulfil all of the above requirements. CCDs (Sections IX through XIl). Table | gives the major de-
The paper focuses on the following topics: the concept ofségn data for the four devices.
FT-CCD imager optimized both for best quality still-imaging
and for optimal camera functions (Sections Il and Il1), detailed Il. CONCEPT OFFT-CCD IMAGER FORDSC
description of several modes of operation (Sections IV throughThe pasic architecture of a FT-CCD imager for DSC is pre-
sented in Fig. 1 [4]. It contains an image section, a storage sec-
tion with a reduced number of lines, a readout register, and an
Manuscript received June 26, 2001; revised November 12, 2001. The reviewtput amplifier. The primary function of the CCD is to gen-
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—— - | S adopted, using two layers of thin transparent membrane polysil-
icon with vertical shunt wiring [3]. The vertical npn-structure
ensures good highlight handling: blooming is prevented by
using the n-substrate as a vertical overflow drain (VOD) [5].
A profiled n-channel CCD doping structure results in a high
k| charge capacity [6]. Fig. 5 shows the resulting potential profile
| versus depth in silicon, both under the center of the two “high”

4 | 4 r#m gates and under the center of the two blocking gates, during
- S integration, for an “empty” pixel. Electronic shuttering is
Fig. 2. Concept of full-resolution readout. performed to define the start of the exposure time by giving a

positive pulse on the n-substrate (VNS). while all four image
- gates are at the low level. This completely removes the local
potential maximum, as shown in curve (3) of Fig. 5, ensuring
that all electrons previously collected in the image pixels will
be drained to the n-substrate. The storage cell is identical to the
image pixel, except for the light shield and a higher dose of the
p-well, to prevent charge loss to the n-substrate. The storage
' electrodes are labeled B1-B4. The readout register also uses a
F ! H ] four-phase structure, using the same two layers of thin polysil-
Je— m - - icon. The output amplifier is a three-stage source-follower.

e e I

Fig. 3. Concept of subsampled continuous video readout. IV. OPERATION IN FULL-RESOLUTION MODE

The pulse diagrams for full-resolution image capture and
section is not required in this mode of operation, as the gengsadout are shown in Fig. 6. At the start of the exposure cycle,
ated image is shielded from light during readout by the camesg electronic shutter action is performed: all image gates are
mechanical shutter, Fig. 2. Typical pixel rates are 18 to 25 MHgjrned to the low level and a positive pulse is given to the
allowing frame rates of five to ten images/s. n-substrate (Vns). During image capture, two image gates are

The secondary function of the CCD is to generate scene @t the high voltage level, the two other gates are at the low
formation which can be used, prior to the capture of the full-refevel. At the end of the exposure time, the mechanical shutter
olution image, for camera functions such as autofocus, autoglgses and the charge packets are transferred from the image
posure, and electronic viewfinder. For most of these auxiliagaction, through the storage section, to the readout register. The
functions, the maximum full-resolution image capture rate ghage and storage electrodes are fully synchronised. The next
five to ten images/s is not sufficient and the use of a mechanigalegration cycle can start with a new electronic shuttering as
shutter is not obvious. A significantly higher image capture ratgon as the last image line has been moved into the storage
of 20 to 40 images/s can be obtained by performing on-chip d&faction. The storage cells are not reset; two storage gates
reduction by decreasing the vertical resolution. In this new mogdes high and the higher p-well dose maintains a sufficient
of operation, first a full-resolution image is integrated. Thetarrier to the n-substrate. At 25 MHz pixel clock, five to ten
during the frame shift, the vertical resolution is reduced by sulil-resolution images/s can be generated.
sampling at the image-to-storage transition. The image with re-Note that one single progressive-scan image is readout, con-
duced vertical resolution is then stored in the storage section apgy to most high-resolution IL-CCDs, where two consecutive
read out through the camera DSP to e.g., a LCD monitor or usgékrlaced fields need to be read out to overcome the limited

for autofocus and autoexposure information. Fig. 3 summarizgsarge capacity of the interline CCD registers (“frame interline
this new functionality. The presence of a storage section alloygde™).

continuous video output: one image is read out of the storage
section, while the next image is being integrated in the image

part of the device. The camera mechanical shutter remains open,
the captured image is shielded from light once it is transported!n monitor mode, after the image exposure, the collected
into the storage section. This paper will show how the flexibilitgharge from selected lines of the image section is rapidly
of this vertical subsampling action that can be selectively turn&@nsported to the storage section, while the charge from the

on at the image-to-storage transition, is an important featureQfier image lines is removed to the n-substrate. This on-chip
CCDs for DSC. reduction of the vertical resolution is referred to as “subsam-

pling.” Typical subsample ratios for the devices considered
here are 2:10, 2:12 or 2:14; i.e., the charge of two out of every
ten, twelve or fourteen lines is transferred to the storage section,
Fig. 4 shows a top view and a cross section of the imagige charge of the remaining eight, ten, or 12 lines is dumped
pixel of the CCD imager. For the devices discussed hete,the n-substrate at the image-to-storage transition during the
the square pixel has a dimension betweenxd511 ym? and frame shift. A typical vertical clock frequency is 1.5 MHz.
3.6x 3.6 um?. A four-phase electrode (Al..A4) structure isAbout 20..40 images per second with 250 lines resolution can

V. BASIC OPERATION IN MONITOR MODE

Ill. BAsICc CELLS OF AFT-CCDFORDSC
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Fig. 4. Basic image pixel structure.

B2 low. Charge packet Q2 eventually arrives under the last A4
image gate. When the A4 gates are pulsed low, charge packet
1 under center of integrating gates Q2 will be drained to the n-substrate, using the VOD structure.
This is essentially the same action as electronic shuttering,
except that it is performed only locally, at the image-storage
3 during electronic shutter transition. Several precautions were taken in the design to avoid
mixing of Q2 with either Q1 or Q3 at this stage, as can be seen
from Fig. 9 where a top view of one column of the imager at
the image-to-storage transition is shown. The length of the
“blocking gates” [A3 and (B} B2)] was increased to ensure
good and equal separation forward (to Q1) and backward (to
Q3) and the length of the last A4 gate was increased so that it
Depth in silicon [A.U.] —» can hold the maximum charge packet Q2 even with A3, B1 and
B2 ‘low’. In addition, the n-channel and p-well layout under
Fig. 5. Potential profile in FT-CCD imager: 1) under center of integrating4 \were modified to ensure a local potential maximum and a

tes; 2) und ter of blocki tes; and 3) in electronic shutt dition, .
gates; 2) under center of blocking gates; and 3) in electronic shutter con HSmaller barrier to the substrate. When Q2 has been dumped, the

2 under center of blocking gates

“— Potential [A.U.]

exposure time '

electronic shutter vertical transport following charge packet Q3 is transferred to the storage section
., / action . andreadout by synchronising again the B clocks with the A clocks, etc.
¥ Fig. 10 shows the corresponding pulse waveforms. The RGB
Al - Bayer color filter pattern is maintained. During the combined
;; frame shift and subsampling, the ‘electronic shutter pulse’ is
A2 - applied to the n-substrate, as it is required to dump the charge
Tt packets at the image to storage transition. Because of this
A3 I.l pulse, the maximum charge capacity in monitor mode is about
Il 25-40% smaller than in full resolution mode: the overflow bar-
A4 |_| rier (Fig. 5) for charge packets that are not dumped is reduced.
H : However, the dynamic range still exceeds the requirements for
Vas n ; this mode of operation.
Mechanical " open I closed I
shutter H VI. ALTERNATIVE SUBSAMPLE SCHEMES

In literature, other vertical subsampling schemes have been

Fig. 6. Pulse diagrams for full-resolution imaging. proposed. Only the approach most used in IL-CCDs for DSC
will be shown for comparison Fig. 11, [7], [8]. Most of these

be generated at 25 MHz readout frequency. Fig. 7 presents alagh-resolution CCDs for DSC have four-phase interline regis-
view of one column of the imager, near the image-to-storagers. One four-phase cell of the interline register is designed per
transition, as a function of time. Fig. 8 shows the corresponditgo photodiodes, which implies that interlaced readout is re-
pulse waveforms for the image and storage clocks. For illuguired in full resolution mode. After the mechanical shutter has
tration, a 1:2 subsample ratio is shown. Charge packet Qlclssed, first the photodiodes of all odd lines are read into the
transported to the storage section and stored under gatesir@8rline register by a high pulse on the V1 clocks and readout
and B4. Then the storage clocks are halted, with gates B1 andhe conventional method. To obtain the second field, the V3
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Fig. 7. Top view of one column of the CCD imager during subsampling. The horizontal axis is a time scale.
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Time

the concept of Fig. 11 is the lack of flexibility: the subsample
Fig. 8. Pulse pattern for image and storage electrodes during subsamplingscheme is completely determined by the design.

clocks are pulsed high to read out the even lines. This four-phase Vil. ADVANCED MODES OFOPERATION

interlaced approach is chosen for optimal charge capacity. Tdn the concept presented here, the subsampling is defined by
obtain subsampled images, the V1 and V3 electrodes of the fhe pulse patterns applied to the image and storage electrodes,
terline register are split into several parts (e.g., V1A, V1B; V3Mot by the design. As a consequence, a wide range of possibili-
V3B). This allows the readout of a reduced number of lines onles exist to reduce the vertical resolution at the image-to-storage
in progressive-scan readout mode. The major disadvantage tansition. This can generate interesting features for the DSC
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previous image VIIl. OVERVIEW OF CCD IMAGERS
frame shift and  electronic shutter frame shift and . ]
sub-sampling  action integration sub-sampling Table | already showed the overview of four different CCD
/ imagers for digital still cameras that are presented here. Table Il
Al shows the typical operating conditions for these sensors.
A2 IX. EVALUATION RESULTS
A3 In this section, the evaluation results of the imagers described
above will be presented. All aspects of sensor performance rel-
Ad evant to the use in DSC camera systems will be presented.

A. Pixel Evaluation

Vns J ||' I:
o Charge Capacity: The charge capacity of CCDs with small

Mech. : (open) pixels is an important competitive issue, as it determines (to-
shutter C 5 gether with the noise floor) the dynamic range of the image. For
exposure time : “movie applications” (camcorders, security cameras), eight-bit

dynamic range is often sufficient. However, for high-quality
photo prints, a dynamic range in excess of ten bits is desirable.
Contrary to movie applications where photon shot noise is not
relevant because of temporal averaging, it becomes a significant
cameras in which the CCD is used. A few examples are pigsue for CCDs with small pixels. As an example, a CCD with

Fig. 10. Pulse patterns for total imaging cycle in subsampling mode.

sented here. a maximum charge capacity of 15000 electrons will be set to
operate at a working point (average exposure level) of 10000
A. Fast Autofocus on the Center of the Image electrons or less. The photon shot noise will be the square root

o 0 .
Fig. 12 shows an example of fast autofocus on the center of(}t:lm, i.e., 100 electrons, or already at least 1% of the signal
of the image. Only_ the middle 60 'mage lines are transferredTable IV shows the maximum charge capacity in still picture
to the storage section. The preceeding lines are dumped at the". : .
. . : and in monitor mode for the four CCDs presented here, using
image-to-storage transition by subsampling. When the charge”, . : - . X
: . e typical operating conditions mentioned in Table III.

from the selected lines has been stored in the storage section,.” | . N L ;
the contents of the subsequent lines are cleared by the electroni ighlight Handling: Efficient highlight handling through

. X d , y Yelical anti-blooming is an essential requirement for imagers
shutter action. This mode allows a very high frame rate, e.g.,

25 MHz pixel clock and 2000 pixels/line, 120 frames/s of 6 F DSC cameras. The vertical npn structure'shown in Fig. 4
an handle 1009 overexposure without blooming.

I|n_es can be ob_talned. _Sele_ctlng different, multlp!e areas to O%'Electronic Shutter:In a FT-CCD sensor with a vertical n-p-n
tain autofocus information is of course also possible. The sar%e
5

rincinle can be used for aUtoeXDoSUTe Measurements on pre ructure, all charge can be drained instantaneously to the n-sub-
P P ) P Preifite by setting all the image electrodes to the low level and ap-
fined lines of the imager.

plying a pulse to the n-substrate. For the imagers presented here,
a5V positive pulse on the n-substrate during.®0s sufficient
to completely empty all pixels.

At low light levels in full resolution mode, the exposure time Dark Current: In CCDs used in continuous video applica-
can be increased to match the illumination of the scene, withdigns, such as camcorders, the exposure time can never exceed
any other constraint than the maximal level of dark current thidite field time of the PAL or NTSC display, thus 1/50 s or 1/60
is acceptable. However, in monitor mode, an image capture rates the maximum integration time. However, for still imaging
between 15 to 30 images/s is required for comfortable viewirggplications, like for conventional silver-halide cameras, expo-
on an LCD monitor. This of course limits the exposure timsure times up to 1 s or longer should be possible. This requires
to 1/15 or 1/30 s. To increase the sensitivity in monitor modevery low dark current level in the CCD pixels. The dark signal
for low exposure scenes, vertical charge binning is possible [8om the FT-CCD imager is very low: typically 0.02 nA/ém
Fig. 13 shows the principle of sensitivity increase by subsamt 30°C. An overview of the dark signal charge at 26 and
pling with a 2:6 subsample ratio combined with charge bir60°C at 1/15s exposure time is given in Table V. Since the dark
ning: charge from “blue” and “red” lines is added selectivelycurrent generation is significantly influenced by the electrical
Only one column of the imager is shown. First the charge frofields in the pixel and since the doping profiles in the different
two odd lines is added {3), while the charge from line 2 is pixels are not entirely identical, no clear relation between pixel
dumped, then the two next even lines are addegt @) while area and dark current generation can be observed.
the odd line five is dumped. The RGB Bayer color filter pattern Note that in a FT-CCD, the dark current generation is very
is maintained in the resulting image, which contains 2/6ths lwfw and equal during exposure and readout: both operations use
the original number of image lines but is composed from the ithe same basic CCD cell. In an IL-CCD, the pinned photodiodes
formation from four out of six image lines. Table 1l shows thean have an extremely low dark current [10], but the narrow
possible binning factors as a function of subsample ratio. interline registers have a high doping concentration to obtain

B. Vertical Binning
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Fig. 12. Readout scheme for autofocus with FT-CCD for DSC.

Image Section

a sufficiently large charge capacity. The resulting higher elec-
trical fields and the absence of an inversion layer at the interface
cause a much higher dark current generation. Table VI com-
pares, for FT- and IL-CCD, the relative values of the dark cur-
rent generation for integration (pinned photodiode for IL-CCD)
and for readout (interline register for IL-CCD), as found in [11].
Though IL-CCDs have a lower dark current during exposure,
clearly, for high-resolution IL-CCDs the interline-register dark
current will be a serious problem with increasing resolution,
as the readout time will also increase: at 18 MHz readout fre-
guency, it takes about 1/7 s to read out one field (2.5M-pixels) o ]
of a 5M-pixel IL-CCD (frame interline mode). Fig. 13. Readout scheme for binning in monitor mode.
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B. Evaluation of Optical Response vertical direction is shown in Fig. 14. Shown is the response for
Introduction: The optical response of the CCD image pixela photon at each position in the pixel: The collection depth for
was extensively evaluated. Spectral response characteristiestrons is at a maximum in the center of the pixel. In the di-
(RGB curves), angular response and the gain obtained by thetion of charge transport, the sensitivity decreases under the
use of on-chip microlenses are presented in detail. blocking gates, as can be understood from the potential dia-
Application of On-Chip MicrolensesA schematic represen- grams of Fig. 5. In the other direction, the sensitivity is reduced
tation of the sensitivity of the FT-CCD pixel in horizontal ando zero under the metal-1 wiring, in the p-channel stops.
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TABLE 1l
POSSIBLEVERTICAL BINNING FACTORS INMONITOR MODE sensitivity
Sensor type || Subsampling ratio | Achievable vertical binning
FXA1012 1:50r2:10 x1,x2,x3
FXA1013 1:7 or 2:14 x1, x2, x3, x4 RN ]
2R J
FXA1022 || 1:60r2:12 x1, %2, x3 R
FXA1023 1:70r2:14 x1, x2, x3, x4
2 g
20 2.
@ _-
TABLE Il = Ed
OPERATING CONDITIONS FORCCD IMAGERS PRESENTEDHERE
Z e
. Loon gy o
Rea d_out register Clock Swing 5V 000097649222025929999099999990442909904299.
membrane contact 0 max
Image and storage clock frequency || 1.2MHz poly-Si-1 ®
Read-out register clock frequency || 25MHz membrane gy metal-1
poly-Si-2 (light blocking)
TABLE IV Fig. 14. Sensitivity as a function of position within a 4«M4.1 m? pixel.

MAXIMUM CHARGE CAPACITY (IN NUMBER OF ELECTRONS FOR
DIFFERENT PIXEL SIZES

Sensor Type FXA1012 FXA1013 FXA1022 EXA1023
Pixel size S1pmx35.1pm | 41lpmx4.lum | 3.9umx3.9um | 3.6umx3.6pum
Full-resolution mode || 35 000 30 000 30 000 28 000
Monitor Mode 20 000 18 000 18 000 17 000

TABLE V

DARK SIGNAL OF CCD IMAGERS FORDSC AFTER 1/15S EXPOSURETIME
ool dal
Code FXA1012 | FXA1013 | FXA1022 | FXA1023
Dark current electrons per pixel, 25°C || 4 3 3 4 feo-lapared micrales slroclurs sithoul gaps
Dark current electrons per pixel, 60°C || 30 20 20 30
1 WD 1 2 i
L0 E1  FT40 kiewr = ulass = op
TABLE VI

COMPARISON BETWEEN FT-CCD AND IL-CCD FOR THE RELATIVE
DARK CURRENT CONTRIBUTIONS FROM INTEGRATION AND FROM
ReEADOUT (FROM [11])

Fig. 15. Cross section of 43 4.1 m? pixel with color filter and microlens.

TABLE VII
INCREASE OFSENSITIVITY AND REDUCTION OF CROSSCOLOR BY USE OF
MICROLENSES ON3.9x 3.9 #m? AND 3.6 X 3.6 um? PIXELS

Relative Dark Current | FT-CCD | IL-CCD

Integration (Pixel) 1 0.2
Readout 1 50 3.9%x3.9um? | 3.6x3.6um”
pixel pixel
To maintain a sufficiently high sensitivity, microlenses Sensitivity Increase

were applied on pixels smaller than<® pm?2. Their primary Blue 20% 35%
purpose is to focus the light onto the center, most sensitive part, Green 35% 45%
of the CCD image pixel, [9]. Fig. 15 shows a cross section of a Red 35% 40%
4.1x 4.1 um? pixel with color filters and microlens. Table VII Cross-Color
shows the increase in sensitivity (for white light, 3200K, IR without microlens | 10% 1%
filtered) and the decrease of cross talk (expressed here as .
Gr-Gr difference at 600 nm illumination, see further) for both a with microlens 1.5% 2%

3.9x 3.9 um? pixel and a 3.6« 3.6 um? pixel obtained by the

use of on-chip microlenses. The measurements were perforniC camera. A wide angular response of the image pixels al-

with a parallel light beam perpendicular to the CCD surfactaws the use of a less expensive, more compact lens [11]. Fig. 17

Fig. 16 shows the improved RGB response by the applicatishows the measured angular response for x 39 ;:m? pixel

of microlenses on a 3.9 3.9 um? pixel. FT-CCD with microlenses and results obtained on a similar,
Angular ResponseThe angular response of a CCD imageommercially available, IL-CCDX means a rotation around

pixel is very important since it determines the design of thtbe vertical axis, such that the light is directed to neighboring

camera lens, typically the most expensive part of the complgtixels across the channel stods. means a rotation around
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3.9x3.9 um2 pixel with and without microlenses

TABLE VIII
EVALUATION OF SUBSAMPLING EFFICIENCY BY COMPARISON OFCOLOR RATIOS

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 49, NO. 3, MARCH 2002

100
S Color ratios Ggr/B | Gp/B-| R/B
< 751 Full-resolution mode || 0.92 | 0.91 | 0.17
@ . At
z . NN Sub-sampled mode || 0.92 | 0.91 |0.18
S 50 e e N o2 -
= g S T,
2 / O ’o T
= _.- AN A . .
gg 254 /S 4 R ¥4 N Linearity per color plane
& . R L . (CCD with 3.6x3.6um” pixels)
0 T T T T T > Red
400 450 500 550 600 650 700 — (R)
=
Wavelength (nm) $ = Green
= (G_R)
E:geIZLG Increase in sensitivity by application of microlenses o339 m? g ~Green
B (G_B)
&
2 -e-Blue
=
_ (®)
Relative angular response (FT- & IL-CCD)
120 0 20 .40 60 80
’_‘ /O_Wl Integration Time [ms]
¥ 100 3 i n 3 ——FT CCD:
4 30 />7r ,-’ L4 ﬂ‘\\x\ X Fig.18. Linearity measurement. The signals from the four color planésR,
g F " || =—FT CCD: G 5, and B are shown as a function of the exposure time.
g 604, 2 | \ Y
; f' ; Y v - IL CCD: TABLE IX
Z 40 9 v X POWER CONSUMPTION OFDIFFERENT CCDs
S 0l & —=- JL CCD:
= ¢ ‘--.,___0 Y Code FXA1012 | 1/2” 2M IL-CCD
o V clock swing 12v 8V
25 20 -15-10 -5 0 5 10 15 20 25 -
illumination angle [°] H clock swing SV sV
Monitor mode, 15 im/s || 170mW 165mW
Fig. 17. Angular response plot for 3:93.9 um? FT-CCD and IL-CCD Full resolution, 5 im/s || 170mW 190mW
pixels, both with microlenses. -
H clock swing 3.3V 3.3V
. ) . . ) . ) ) Monitor mode, 15 im/s | 130mW | 140mW
the horizontal axis, directing light to the neighboring pixels at Full resolution, 5 im/s || 140mW | 150mW

the other sides of the blocking gates. Without microlenses, the
IL-CCD typically would have a light-sensitive area of about 2
um?. This explains the stronger degradation of response as a X. OUTPUT AMPLIFIER

function of the angle of the incident light. Due to the presence The output amplifier is a three-stage source follower [9], [12].

of the interline register between the photo diodes, the anguigfa canacitance of the floating diffusion detection node was
response ik direction drops even faster and is asymmetrical,inimized and the gain was maximized to achieve the highest
The small initial increase of response for the FT-CCDAN 1 ,sgiple conversion from charge to voltage. A conversion factor

direction is thought to be caused by a small change in reﬂectigpthe output node of 3pV/electron was realized, with a band-
and absorption in the pixel stack for nonperpendicular i”Cide\Wﬁdth of 85 MHz.

light. The wide angular response of the FT-CCD allows the use

of compact, less expensive, telecentric camera lenses. XI. SYSTEM LINEARITY

Excellent system linearity is essential for reconstructing a
color image from a CCD imager over a 12 bit dynamic range.

The most efficient method to measure the subsamplir}rgef overallfystem to_bs: coPS|dered”f0raC_CD|r_nagerlsthe lin-
earity from “photons in” to “mV out.” The linearity was char-

erformance consists in comparing the RGB response in._ °. . .
?ull resolution mode and in mgnitorgmode The senrfsor WEglcterlzed by measuring the output voltage of the different color

illuminated with blue-green light. With “perfect” subsampling p?anes (RG 5, Gr, B) as a function of exposure time under

charge dump at the image to storage transition should emptygf stant uniform white illumination. Fig. 18 shows the result:

pixels for 100%, and no charge mixing between the “dumpe € linearity is very good.
and the “conserved” lines should occur. Thus, the sensitivity
ratios Green/Blue and Red/Blue should be identical in subsam-
pled mode and in full-resolution mode. As can be concludedFor portable applications, power consumption should be as
from Table VIII, this is the case for the imagers discussed hetew as possible. For a CCD, power is consumed for driving

C. Evaluation of Subsampling Efficiency

XIl. POwWER CONSUMPTION
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Fig. 19.

Image obtained with 3M-pixel 1/1.7" FT-CCD.

(8l
the electrodes (image, storage, and readout register) and in the
output amplifier. The use of nonoverlapping membrane polysil- 9
icon gates [3] assures low overlap capacitances, thus signif-
icantly reducing the C< V2 power consumption [8]. When
scaling the pixel to below 5.& 5.1 :m?, special care was taken [10
to limit the capacitances. Table IX compares the power con-
sumption for the 1/2" 2M-pixel FT-CCD with a 1/2" 2M-pixel [11]
IL-CCD (with a four-phase vertical IL-register and two-phase
horizontal clocks). For the calculation, the image rate was keft.2]
constant (implying different exposure times when changing the
image resolution). The capacitance values were measured for
the FT-CCD, for the IL-CCD, the “typical” data sheet values
were used. Shown are the power consumption in monitor mode
at 15 images/s and in full-resolution mode at 5 im/s. The power
consumption is the sum of the power dissipated to drive the
clocks (Cx V?) and the total power required for the output am
plifier, including the power dissipated in the off-chip load re
sistor (V x ). Values are given for 3.3 V and 5 V amplitude
of the horizontal clocks (and reset gate) pulses. Note that 1
high maximum charge of FT-CCD pixels combined with th
small detection node capacity generates a large voltage sw
on the detection node. This implies that with current proce /
tolerances, when using 3.3 V reset-gate (RG) pulse height, the
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transition is very well suited for digital still camera applica-
tions. The large charge capacity ensures a high dynamic range,
even at pixel sizes of 3.63.6 um?. The flexibility of the
vertical subsampling allows extra features for the DSC camera.
Fig. 19 gives an image obtained with the 1/1.7” 3M-pixel CCD.
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