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Bojan To. Turko 

Lawrence Berkeley Laboratory 
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ABSTRACT 

A new fast serial readout system for CCD imaging 
devices is described. Clock frequency of up to 65 MHz 
and 1 "s 1 ine transfer time make possible frame rates 
of approximately 500/s. A basel ine stab;] i zed vi deo 
amp1 ifier and fast peak stretcher also make possible 
high resolution frame readout with excellent dynamic 
range. It uses a fast dump readout sequence which 
clears the analog registers prior to the image charge 
transfer from the photoe1ements. The charge of any 
preset pixel can be individually extracted, its peak 
stretched, and the noise distribution measured by a 
multichannel pulse-height analyzer. Photographs of 
test pattern readouts at high clock frequencies are 
shown and the effect of clock and frame readout rat'es 
and temperature on noise distribution have been 
measured. 

INTRODIJCT ION 

State-of-the-art charge-coup led devi ces (CCD) for 
solid state area image sensing offer, at the rated 
readout clock frequencies, a signal dynamic range in 
excess of 1000:1 with virtually no geometric distor­
tion. The dark noise level can be made very low by 
cooling the device, making possible imaging at very 
low light levels. Typically, the photoe1ements are 
arrayed in a rectangular matrix, frequent 1 y with an 
aspect ratio close to that of a standard video frame. 

Each CCD photoelement integrates the charge gen­
erated by the photons during the time between succes­
sive frame readouts. The transfer rif the charge from 
all the photoelements into analog charge transport 
regi s ters takes place s imu ltaneous ly at the begi nni ng 
of each frame. The signals from the frame are then 
read out serially line by line first into a horizontal 
shift register by a sequence of vertical transport 
clocks, and then through ~ charge sensitive amplifier 
by a series of horizontal clock pulses. The amplifier 
video output can be made compatible with the standard 
television format by choosing an appropriate charge 
transport clock frequency. A relatively low clock 
frequency is sufficient for readout rates not exceed­
ing 30 frames/second. 

CCD imaging devices can be used in many applica­
tions where high resolution and dynamic range, low 
noise and virtually no spatial distortion are re­
quired. In general, however, they have not been able 
to reach hi gh frame readout rates, due to the 1 imi ted 
bandwidth of their video ampl ifier and difficulty of 
driving charge transport clocks at high frequencies. 
The present work aims to improve this situation. 

. A fast readout system app1 ied to the Fairchild 
Corp. CCD 222 image sensor is described. Although the 
device is rated for a maximum clock frequency of 
20 MHz, the results show an excellent linearity and 
dynamic range at the frequencies exceeding 50 MHz. At 
high light levels the charge integration time can be 
short which allows such rates, keeping the noise level 
low even at room temperature. High resolution imaging 
at high frame rates of up to 500/sec is thus possible. 
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Critical for the operation of the readout are clock 
drivers capable of charging large CCD stray capaci­
tances at high frequencies, and a high-frequency video 
output processing amplifier. The digital circuits of 
the system allow operation at any clock frequency up 
to 65 MHz (supplied by an external source) without the 
need for adjustment. This makes the system easi 1y 
adaptable to many applications. 

GENERAL DESCRIPTION 

The basic blocks of the system are shown in Fig. 1 
and a general 1 ayout of the CCD 222 image sensor in 
Fig. 2. The sensor has 488 lines of 380 discrete 
photoelements each. The size of each element is 18 x 
12 "m. Each photoelement has an access to one of the 
380 vertical transport registers. The register is 
divided into 244 compartments, each one alternately 
serving a pair of even and odd adjacent photoelements. 

The charge integrated in the photoelements is 
transferred into the registers by the combination of 
three clock pulses. When the photogate pulse tiP is 
low for the duration the vertical transport pulse tlVl, 
the charge from all odd photoelements is transferred 
into the registers (Fig. 3A, top line). Similarly. 
when 6P is low during the pu 1 se 6V2, all the charge 
from even photoelements is transferred. The charge in 
the registers is shifted by one step upwards each time 
all three clock pulses occur simultaneously. The 
charge in the top compartment of the vert i ca 1 reg i s­
ters is transferred into the corresponding compartment 
of a horizontal transport register (Fig. 2) after each 
vertical shift. 

A pair of horizontal clock pulses 6Hl and ."H2 
shift the charges of a whole line down the register in 
380 steps, past the senSing electrode of a floating 
gate amplifier, into a sink diode. Each vertical 
transfer step, followed by 380 horizontal steps, thus 
makes one line of the video frame. The frame is com­
posed of two fields, one by reading out even and the 
other odd photoelements (note, this is similar to 
interlaced beam scanning of conventional TV). 

Both fields can be combined into a single frame by 
transferring the even and odd fields at the same time 
into the vertical registers (Fig. 3B). If."P is low 
during both 6Vl and ."V2 clock pulses, the charge of 
the two adjacent even and odd photoelement pairs are 
added in the same segment of the vertical register. 
The vertical resolution of the image is reduced in 
half, and the frame readout rate doubled. 

This system allows for one more readout mode, 
especially suitable in imaging with pulsed light 
sources. Although the surfaces of all CCD regi s ters 
are made opaque, some 1 ight penetrates the barriers, 
creating undesired charges that will get superimposed 
upon the image. I n the "f as t dump" mode of the read­
out sys tem, the continuous readout of frames can be 
interrupted at any time upon the receipt of a command 
(Fig. 3C). One fast dump cycle is generated for each 
such command, which consists of a sequence of vertical 
transfer pulses only. All the charge in the vertical 



registers will be quickly cleared since no time is 
spent for horizontal transfer. The following regular 
readout cycle will thus start by the transfer of the 
image into the vertical registers free of any residual 
charge. 

The great increase of the frame transport rates is 
due to the des i gn of new clock dr i vers. The vert i ca 1 
transport cycle can be reduced to 1 ~s from the typi­
cal 7 ~s. The drivers have to charge the 15000 pF and 
12000 pF resp. of stray capacitances of the photog ate 
and vertical clock ports up to 10 volts. The first two 
lines of a frame are shown in Fig. SA. The horizontal 
clocks have to charge a stray capacitance of 200 pF to 
IOV. Only a few mi 11 iwatts of stand-bY power is re­
quired by the driver clocks. The dissipation increases 
with the readout frequency. The low dissipation and 
small size of the drivers reduces cool ing problems of 
the sensor, allowing a very compact package. Two 
pairs of horizontal clock pulses at the beginning of a 
line are shown in Fig. 5B. 

DIGITAL AND LOGIC CIRCUITS 

The digital circuits provide proper timing for the 
clocks and control the operation of the video ampl i­
fier. All the timing is referred to the reference 
clock oscillator. Either a fixed frequency internal 
oscillator or an external variable frequency reference 
can be used. The required frequency has to be twice 
the desired 1 ine frequency of the horizontal clock. 
The simplified diagram in Fig. 4 shows the basic blocks 
that generate the proper sequence of pulses for each of 
several modes of video frame readout. 

In the continuous readout mode, the frequency 
divider Bl is enabled, feeding two preset counters. 
The horizontal counter HC defines the number of pixels 
of each 1 ine and the width counter WC the pause be­
tween the 1 ines. The vertical transfer clock pulses 
are generated during the pause. The pause width can 
be optimized for a given clock frequency and for an 
individual CCD chip to minimize the vertical transfer 
time. The horizontal counter is normally preset to 
380 steps, sufficient to shift all of the regular line 
charges. The line can be lengthened by presetting to 
more than 380 steps for a study of the register trans­
fer efficiency and the video amplifier response. 

The WC and HC counting is controlled by the binary 
B2, which toggles once for each 1 ine. The transition 
of B2 advances the preset vertical counter VC, which 
counts the number of vertical lines of the frame. 
Again, by presetting VC to more than 244 steps, the 
efficiency of the vertical CeD register transfer and 
the video ampl ifier can be inspected. Since the sig­
nal should be discharged after the readout of the last 
244th 1 ine, any residual charge in the following 1 ine 
is a measure of the register transfer efficiency. 

Four adjustable timers TI-T4 are fired in series at 
the beginning of each line. They define the widths and 
separation of the vertical transfer pulses ~P, ~Vl and 
~V2. The gates GI-GJ and the binary B5 ensure that the 
timing of these pulses conform to the selected mode of 
operation, as shown in Fig. 3. The clocks for the two 
1 ine drivers con troll ing the CCD horizontal register 
are selected by the gates G4 to Go. An additional clock 
output is provided by the latch L2 and gate G7 for the 
strobing an external video digitizer. Also, a frame 
trigger output signal is generated by the latches and 
gate L3, L4 and G4 at the beginning of each new frame. 

The fast dump cycle, described earlier, can be ini­
tiated at any time by an external pulse, or man~ally. 
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The leading edge of this command stops the frame in 
progress by generating a clear signal that resets all 
the latches and stops the frequency divider. The 
trailing edge of the command sets the latch LI, which 
in turn res tarts the clock. The binary L2 is reset, 
and, for the duration of the dump cycle, keeps the 
horizontal counter HC preset to one, meaning that each 
horizontal 1 ine is shortened from its original 380 
clOCk pulses to one pulse. The first frame after the 
start pulse has only vertical transfer pulses and no 
horizonal pulses. Al so, the transfer of the charge 
from the photoelements into the vertical register is 
inhibited. 

The binary L2 is again set at the beginning of the 
new frame, allowing the horizontal counter to be pre­
set to 380 counts per line. The regular frame sequence 
is resumed again. 

The circuits, consisting mostly of low power 
Shottky TTL chips, work up to a horizontal clock fre­
quency of 70 MHz. An external sinusoidal reference of 
twice the line frequency and about 2V RMS is required. 

VIDEO SIGNAL PROCESSING 

The charge clocked past the CCD floating gate is 
sensed by an on-chip gated ampl ifier (Fig. 2). The 
gate bias ~BE is synchronous with the horizontal clock 
pulses ~Hl, and the charge reset between the lines to 
the external bias level by the clock pulses ~R. The 
reset pulse ~R is synchronous with the vertical trans­
fer pulse ~V1. At low horizontal clock frequencies 
the amp Ii fi er samp 1 e-and-ho 1 d c i rcu i tis strobed dur­
ing the positive portion of the bias clock Signal, 
upon which the video Signal is superimposed. The 
response of the circuit is too slow for the clock fre­
quenci es exceedi ng 15 MHz. The CCD sampl e-and-ho 1 d 
gate is therefore biased open at all times, making the 
video amp 1 ifier "transparent" for all the charge 
sensed by the floating gate. Two pixels of a line at 
10 MHz from the ampl ifier output are shown in Fig. 6. 
Sharp feed-through transients from the fast square bias 
clock are seen superimposed upon them. 

A fast dc coupled video amplifier was designed. No 
coupling time constant adjustment is therefore neces­
sary for reading out frames of different durations •. 
The video ampl ifier consists of a level shifting pre­
amplifier and a main amplifier (Fig. 1). Also, an 
optional baseline stabilizer is incorporated. Once 
during each line of the frame, at the time the floating 
gate is being discharged to the reference bias, the 
video ouput level is strobed in a fast track-and-hold 
c i rcu it. The I eve lis compared 1'1 i th the reference 
bias voltage, correcting the video ampl ifier basel ine 
if it has shifted. 

At higher i:lock frequenci es the video output be­
comes a series of sharp pulses with the amplitude 
proportional to the light intensity (Fig. 8). Most of 
the commercial "frame grabbers" do not have the band­
width that would allow the digitizing of such wave­
forms within an acceptable error margin. A fast peak 
stretcher was bu i lt that senses the amp I itude of each 
pixel in the video signal and retains this level unti I 
discharqed shortly before the arrival of the next one 
(Fig. 9A). The video signal stays flat long enough to 
match the frame grabber's required acquisition time, 
minimizing the analog-to-digital conversion error. 

An additional feature of this system i5 the Single 
pixel selector circuit (not shown in Fig. 4). This 
circuit generates a strobe pulse once during the course 
of each frame. at the time the preset pixel in the 
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preset 1 ine is reached. This strobe can be used to 
control the fast peak stretcher. All pixels in the 
frame wi 11 then be suppressed except for the selected 
one (Fig. 9B). The long triangular pulse thus gene­
rated can be digitized by a multichannel pulse-height 
analyzer. Dynamic range and noise distribution of the 
video signal can be measured with a high resolution 
and accuracy in this manner. 

TEST RESUL TS 

Prel iminary tests of the new CCD image readout 
system on the Fairchild Corp. CCD 222 488 Ii' 380-ele­
ment area image sensor are shown. A sl ide with an 
accurate test pattern (Fi·g. 7) was focused on the 
sensor surface. The slide was rotated until the rows 
of test bars were perpendicular to the horizontal 
lines of the frame. One 1 ine. which runs across the 
middle row of test bars. was selected and displayed at 
three selected pixel clock frequencies of 20. 50 and 
70 MHz respectively (Fig. 8). The' left column of 
photographs shows the top' portion of the video wave­
form in the range between the "dark" and "saturation" 
levels. The dark levels were obtained by exposing the 
photographs for the second time with the CCD 1 i ght 
off. The peaks of the waveform show three rows of the 
test pattern bars. 

The central portion of the line is further expand­
ed in the right column of Fig. 8. Three first groups 
of four "bars each are clearly resolved. The other 
groups are blurred since the width of the bars became 
smaller than the. width of the. individual CCD pixel 
(12 11m). The bottom photograph. although taken at the 
frequency of 70 MHz. well beyond the expected opera': 
tion range. of the system circuitry~sti 11 .shows two 
sets of bars resolved. 

At low clock frequencies the CCD 222 ampl ifier has 
time to settle. as the Fig. 6. taken at 10 MHz. shows. 
Assuming the exponential response of the amplifier to 
the step change of charge. caused by the floating gate 
bias clock change. the pixel ampl itude would decrease 
as 

v=(vo+vs)exp(-nT/o) 

where va is the video ampl itude at the dark level 
including the reset clock feed-through. Vs is the 
increase of the signal when the pixel is illuminated. 
o is the discharge time constant and T the period of 
horizontal clock. The unwanted contribution of the 
Signal Vs of an arbitrary pixel to the signal of the 
~th following pixel will be vsexp(-nT/o). For a 
clock frequency of 50 MHz (T=20 ns) and 0=10 ns (found 
experimentally). the fraction of vs' superimposed 
upon the ampl itude oJ the three following pixels would 
amount to l3.5. 1.83 and 0.24 per cent resp. Appro­
priate corrections should be made when data is analyz­
ed in hiqh resolution image digitizing. particularly 
at high frequencies. . 

Linearity of response of CCD 222 to light intens­
ity at high clock frequencies was also measured. The 
amplitude of a selected pixel was digitized (Fig. 98) 
by a multichannel pulse-height analyzer in a manner 
described earl i er. An incandescent 1 i ght source was 
used. The pi xe 1 amplitude above the dark I eve I as a 
function of the light source voltage at a 32 MHz clock 
frequency is shown in Fig. 10 (Curve E). The change 
of slope at the high intensity end indicates the be­
ginning of the CCD saturation region. 

A set of calibrated neutral density filters was 
used for the attenuation of 1 i ght. and corresponding 
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reduction in amplitude digitized. Measurements taken 
at four different initial 1 ight intensities. shown in 
Fi g. 10 (Curves A to E. upper sca 1 e). demonstrate an 
excellent 1 inearity of the CCD ampl itude response to 
1 ight intensity. covering a range of three decades. 
The top measured point In the Curve A Is off due to 
the beginning of the saturation region. as indicated 
by the Curve E. 

The pulse-height analyzer also provides distribu­
tions of pixel amplitudes as a function of light in­
tensity. pixel clock frequencies. frame readout rates 
(i.e. dark current inte~ration time) and temperature. 
Figure 11. taken at 26 C. 40 MHz and frame rate of 
3.6 ms. shows three distributions at different light 
intensities and one in the dark. The distributions 
result from the superposition of dark noise, video 
amplifier and stretcher noise, and to some extent the 
contribution of the 60 cycle ground currents due to 
the dc coupl ing of all components of the measuring 
system. The distributions broaden as the frame read­
out rate is decreased, due to the increase of integra­
tion time of the dark current noise. The frame read­
out at high rates thus offers a possibility of the 
high resolution imaging at room temperatures. provided 
that the image intensity is high enough for the given 
integration times. 

CONCLUSIONS 

The measurements on the CCO 222 area image sensor 
show the new fast frame readout system described here 
extends the useful range of the device to well over a 
50 MHz clock range, permitting readouts of 500 frames 
per second. Normally they are rated at 20 MHz maxi­
mum. The excellent 1 inearity and dynamic range are 
not much impaired at the high rates, making high 
resolution imaging at high frame rate possible even at 
room temperature due to shortened dark noise integra­
tion time. The measurements, performed so far, indi­
cate a possibil ity of operating the device at even 
higher readout frequencies. 
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Fig. 1. Block diagram of fast CCO image readout 
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Fig. 2. Basic components of Fairchild Corp. CCO 222 
488 x 3BO-element area image sensor. 
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A. Sequence of vertical charg~ transport 
clocks at the beginning of a frame (~ven and 
odd fields combined). B. Horizontal 
transfer clock pulses at the beginning of a 
line at 50 HMz. 
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Two pixels of the video output of CCO 222 
image sensor at 10 MHz clock frequency • 
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Fig. 7. Slide with a pattern for testing CCD image 
sensor. 
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Fig. 8. One line of a video frame at 20, 50 and 70 
MHz pixel frequency with the pattern 
(Fig. 7) focused on ceo 222. Expanded line 
(right column) shows three sets of four bars 
each of the test pattern. Remaining sets 
are blurred as the bars grow smaller than 
CCD pixels. At 70 MHz, only two groups of 
bars are resolved. 
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Fig. g. A. Fraction of video line at 40 MHz. 
Bottom: video amplifier output. Top:· video 
peak stretcher output. B. Fraction of a 
I ine at 40 MHz. Bottom: video ampl ifier 
output. Middle: single pixel strobe. Top: 
single pixel amplitude at the output of 
video peak stretcher. 
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Fig. 10. Single pixel amplitude vs. light source 
voltage calibration at 32 MHz clock 
frequency (curve E, bottom scale). 
Linearity test with calibrated filters of 
pixel amplitude vs. attenuation at four 
points in the range between saturation and 
dark levels (curves A to 0, top scale). 
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Fig.lI. Single pixel amplitude distributions at 
26°C, 40 MHz clock and 3.6 ms frame rate at 
three light intensities. First distribution 
on left is at dark level. 
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