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1. Introduction

This application note describes the operation and structure of the Philips FT18 frame transfer
CCD image sensor. It is provided as atool to aid in the design of camera modules using the FT18.
Therefore the sensor is described in greater detail than the data sheet provides. Basic timing design is
developed out of the sensor information. Block diagrams explain how to construct a Pulse Pattern
Generator, including drivers, level shifting circuitry, sensor DC-voltages and the pre- (and post-)
processing for the sensor. Some detailed schematics are also provided in the design example section
which give some recommendations for operating the device. The mechanical dimensions of the FT18
will help to develop the proper opto-mechanical interface.

2. The FT 18 Sensor

2.1 Features
High resolution of 1024 x 1024 active pixels

Can operatein 21024 x 2048 (H x V) interlaced and a 1024 x 1024 true progressive scan
mode

Vertical binning is possible. (1024x512)
Operates in frame transfer mode

7.5mm sguare pixels provide cost effective compromise between resolution and full well
capacity

One output register clocked at 40MHz allows 30 frames per second in 1Kx1K progressive
scan mode

Bi-directional output register allows single axis mirror readout
Vertical antiblooming handles overexposure and highlights

Low dark current, high dynamic range, high fill factor

2/3 inch image diagonal allows the use of standard off-the-shelf lenses

Electronic shutter capability

2.2 Structure

The FT18 isaprogressive scan frame transfer sensor. The active image area of 1K x 1K pixels
contains sguare pixels of 7.5mm. The FT18 can aso function asa 1K x 2K interlaced sensor. The
sensor consists of 4 main areas: the image area, storage area, horizontal register and output buffers.

The device has one bi-directional output register located bel ow the storage region. For normal
image display the image lines are shifted to the left and read out of the left output buffer. To produce an
image mirrored about the vertical axis, the right output buffer is used.

Frame Transfer Mode:

© 1997 Philips Electronics 3 3922-496-90651
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Normal operation of aframe transfer device includes capturing an image in the image area
during afixed integration time and then transferring the image into the storage section where it can be
read out. While one image is integrated in the image area, the previous image now located in the storage
region isread out line by line through the horizontal output register.

Each line in the register is shifted pixel by pixel towards the left or right output buffer and is
converted into avoltage at the output of the CCD. The image should not be transferred to the storage
region until al lines of the previous image are readout. Figure 1 shows the main areas of the device and
some of the control signals.

|mage

Al.. A4 —
Area
B1..B4
Left Output Right Output
Buffer Buffer

C1,C2,C3

Figure A: FT18 Structure

2.3 Image Section
© 1997 Philips Electronics 4 3922-496-90651
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The image section of the device contains 1024 active image lines as well as a number of lines
and pixels which are not active or image producing. The additional lines placed above and below the
active lines are either black reference lines or contour lines. Contour lines are sometimes referred to as
dummy lines. Black reference lines are located above and below the image lines and are covered with
an aluminum light shield. They are used by the video processing el ectronics to establish areference
with which to compare the output video signal. This process of re-establishing a zero signal referenceis
also known as black clamping. The dummy or contour lines are found between the image and black
lines. They may contain some charge in them due to reflections and partial exposure in the transition
area of the light shield and active image area.

Horizontally, each line also contains a number of overscan and black reference pixels. If the
black level must be refreshed faster than twice per frame, then the black pixels may be sampled.
Overscan pixels are essentially the same as contour lines. They arise due to the transition from the
active image area to the shielded black pixels. The diagram below shows the location of the various
components of the image area. The signal lines or image gates labeled A1,A2,A3 and A4 control the
operation of the image section.

Image Area Summary
Number of active pixels per line: 1024
Number of total pixels per line: 1072

Number of black reference pixels per line: 40 (2x20)
Number of overscan pixels per line: 8 (2x4)

Number of active lines: 1024

Number of black reference lines: 8 (top), 11 (bottom)
Number of dummy lines: 4 (top), 1 (bottom)
Number of total lines: 1048

Number of gates per pixel: 4,inthe order A2, A3, A4, Al
First gate at the top: A2

Last gate at the bottom: Al

8 Black Reference Lines 4 Contour Lines

4 4
Image Area
1 Contour
Line
11 Black
4 Overscan Pixels Reference Lines

20 Black Reference Pixels

Figure B: Image Area

2.4 Storage Section

© 1997 Philips Electronics 5 3922-496-90651
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The storage section of the FT18 is an exact copy of the image area. It contains an identical
number of pixels and lines. This enables the image to be transferred to and temporarily stored in the
storage areawhileit isread out. Control of the storage section is reserved for the storage gates labeled
B1,B2,B3, and B4. All image lines, black reference lines and pixels, as well as contour lines and
overscan pixels are transferred to the storage region. The storage areais covered with an aluminum

light shield to prevent additional exposure during the image readout.

Storage Area Summary:

Number of active pixels per line: 1024
Number of black reference pixels per line: 40 (2x20)
Number of overscan pixels per line: 8 (2x4)

Number of total pixels per line: 1072

Number of total lines: 1048

Number of gates per pixel: 4,inthe order B2, B3, B4, B1
First gate (top), last gate (bottom): B2,B1

/)

4 QOverscan Pixels
20 Black Reference Pixels

Figure C: Storage Area

2.5 Horizontal Register

© 1997 Philips Electronics 6
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The horizonta register contains an identical number of pixels as there are columnsin the
image and storage area. This allows the register to accept a complete line of pixels for readout.
Additional dummy pixels are required in order to physically attach the output buffer to the output shift
register. As the horizontal readout starts these additional dummy pixels give the output buffer time to
stabilize before active image data can be sampled.

The register can operate in two different modes: shifting all pixelsto the left or shifting pixels
to the right. The output gate (OG) is connected to a DC-voltage as indicated in the data sheet. Control
of the output register is assigned to the register gates labeled C1, C2, and C3. The detail which
describes the gate sequence at both ends of the register is shown below. A definition of the “blocking
gate” (shown in Figure 4) isincluded in a subsequent section of the application note.

O‘G oG
17/ 20]4] 1024 4] 207 |

< 0G| €3] C2| C1 %@ @CZ C3| C1[/C3| OG

blocking gate blocking gate

Figure D: Horizontal Register

Horizontal Register Summary:

Number of register cells (active video): 1024

Number of register cells (overscan): 8 (2x4)

Number of register cells (black reference): 40 (2x20)
Number of dummy cells: 14 (2x7)
Number of register cells (total): 1086 (1072+14)
Number of phases per cell: 3,intheorder C3, C2, C1
Last clocked gate to the left/right: C3

3. Operating the Sensor

© 1997 Philips Electronics 7 3922-496-90651
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3.1 The Potential Well

The sensor is able to convert incident photons into charge packets, which represent image data.
The voltage levels applied to the image gates allows the charge packets to be collected and their
position within the CCD controlled. These packets or pixels are defined by the A1-A4 image gates.

Each pixel consists of four poly silicon gates The image area gates are labeled A1-A4. These
gates determine the behavior of a pixel. Depending on the applied gate voltage, a potential well
(bucket) or electron barrier forms beneath the gate.

All Philips CCD image sensors are buried channel devices combined with a vertical
antiblooming feature. Buried N-channel devices allow the accumulated charge packets to travel beneath
the silicon surface. Charge packets which travel deeper in the silicon are not easily trapped by the Si-
SOy interface states. This resultsin higher speed devices as well as devices with much better transfer
efficiency. The vertical antiblooming structure allows the device to withstand an overexposure
condition which would ordinarily result in blooming. Thisis a condition where excess charge (pixel
sites generating electrons >> Qmax) spills over the channel stop barriers and blocking gate barriers into
adjacent pixel sites.

The shape of the potential curve in the potential diagram shown in figure 5 isinfluenced by the
applied gate voltage as well as the structure of the device. The drawing illustrates the potential profile
in Volts versus depth in the silicon substrate for various applied gate voltages. Curve 1 represents an
empty well under a positive biased gate during integration. Electrons generated in the upper part of the
silicon will be collected in the potential well, electrons generated deeper will be absorbed into the n-
type substrate. Holes are collected in the p-well. A blocking gate or barrier gate is biased during
integration at OV, as depicted by curve 2. The small potential well undernesth this gate produces an
active barrier gate. Electrons generated underneath the active barrier gate will be collected into
neighboring potential wells. If all gates of the image cells are biased to 0V, there will no longer be any
potential well in the silicon, and no electrons can be stored. Curve 3 shows this situation. The non
collecting behavior of apixel can be reinforced by biasing all gatesto -5V as shown in curve 4. In this
case all electronswill flow to the substrate.

The behavior of a CCD is not only influenced by the gate voltage, but also by the DC-voltages
VNS for the n-substrate and VPS for the p-well. Theinitia approach isto set VPS and VNS to their
typical voltage levels as given in the data sheet. To optimize the sensor performance VPS isfixed at the
typical value while VNS is alowed to vary.

A higher VNS-voltage leads to better antiblooming performance, but decreases the well
capacity and the light sensitivity. On the other hand a lower VNS-voltage increases the well capacity,
but lowers the antiblooming performance. The optimum adjustment is achieved, when VNS is set as
low as possible, while at the same time guaranteeing the specified antiblooming performance.

To verify this condition, alight level corresponding to the specified overexposure limit is
projected onto the sensor. The VNS is adjusted while the first shielded lines above and bel ow the image
section are monitored for charge content. Proper antiblooming is achieved when the shielded lines are
void of charge. Thislight level can be computed using the following equation:

light level = overexposure x full-well capacity / responsivity

© 1997 Philips Electronics 8 3922-496-90651
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\ n-channel | p-well | n-substrate
T
CCD-gate  oxide Depth

Figure E: Potential Well Diagram

3.2 Integration

Integration takes place in the image area only. Applying the specified voltage levels to gates
A1l - A4 dlows pixel sitesto be formed. Applying the typical high voltage level (10V) (typica low
voltage level plus typical voltage swing) to a gate resultsin a potential well being formed beneath it,
and permits the collection or integration of electrons. When the typical low voltage level (OV) is
applied to a gate, this gate forms a barrier underneath the gate and is therefore blocking (active barrier).
The typical voltage levels can be found in the data sheet in the table clock conditions.

To form acell, neighboring pixels have to be separated from each other. Channel stops prevent
electrons from moving to the left or to the right, thus forming the pixel boundaries in the horizontal
direction. Vertically one gate is set to its low voltage level in order to prevent electrons from moving up
or down this column. Thefirst gate at the top of the image section is an A2-gate, the last gate at the
bottom is an Al-gate. For the FT18 sensor the normal operating mode during integration has 3 gates
integrating (A2,A3,A4 set to 10V) and one gate (the A1 gate) functioning as the blocking gate.

Channel Stop\ A4(10V)
Cell/Pixel ALV
A2(10V)
Cell/Pixel A3(10v)
A4(10V)
T AL(0V)
A2(10V)
Image Area A3(10V)

© 1997 Philips Electronics 9 3922-496-90651
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Figure F: Cell/Pixel Definition

Some applications may find it beneficial to perform integration under two gates instead of
three. Thisleads to alossin sensitivity, but increases the vertical MTF. The changesin thetiming are
not discussed in this application note, but can be derived from the information presented. When
integration under two gatesis desired, either AL/A4 or A2/A3 can be used as blocking gates, the other
two gates are integrating.

3.3 Interlacing

Interlacing can be implemented in order to produce images with higher vertical resolution.
Two fields can be captured in succession and displayed interlaced on a monitor, i.e. onefield iswritten
to al the odd lines of the monitor, the next field to all the even lines.

Interlacing with the FT18 can be reaized in two ways. The first method involves the
implementation with 3 gates integrating for each field. During field 1 integration, the A4 gate blocks
while the rest integrate. And for field 2, the A2 gate is set low as the blocking gate while the rest
integrate. The result is an interlaced image which has the same sensitivity as a 1Kx1K progressive
scanned image, however the interlacing is implemented in such away that the lines of each field
overlap. The overlap resultsin alessthan ideal verticall MTF for a 1IKx2K scan.

The second approach involves integration under only two gates for each field. During field 1
Al and A2 could serve as the integrating gates while gates A3 and A4 block. Field 2 would then be
integrated by A3 and A4 while A1 and A2 serve as the blocking gates. The second technique will result
in alower sensitivity however the vertical MTF will improve because the lines of field 1 and 2 do not
overlap. An interlaced application exampleisnot given in this note.

3.4 Black Reference

The FT18 sensor contains a number of black reference pixels and lines. The image area
diagram of figure 2 illustrates the locations of the black references. There are 8 black reference lines at
the top of the image areaand 11 at the bottom. Restoring the black level can be accomplished at some
point in the video processing stage of the electronics. If arestoration isrequired faster than every frame,
then the 20 black pixels located to the left and right of each line may be used.

3.5 Charge Storage

© 1997 Philips Electronics 10 3922-496-90651
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The pixel structure in the storage areais similar to that in the image area. The charge from
each pixel in theimage areais contained in the storage area by the B1...B4 gates. The same principles
apply to charge storage as for the integration of the image. When the typical high voltage level (typical
low voltage level plustypical voltage swing) is applied to the gate, a potential well forms undernesth
the gate, the typical low voltage level forms an active barrier. Storing the charge packetsin the FT18
storage area is accomplished by keeping B2...B4 high and gate B1 low . Thefirst gate in the storage
section isaB1-gate, the last gate is a B1-gate as well.

If interlacing is employed, then the storage region should store charge using the same scheme
selected for interlacing in the image section. Pay close attention to the waveforms as the charge
transitions from the image region to the storage region to assure that the information is not corrupted
during the transfer. The complete charge packets can be stored under only two active gates in the
storage section of the CCD. This might be a desirable way to operate the CCD because dark current
generation islower under two storage gates than it would be for three. More than two blocking gates
should not be used, because it would leave just one storage gate. One gate does not have the ability to
store a compl ete charge packet.

3.6 Charge Pumping

Charge pumping (CP) is an optional technique involving the consecutive pulsing of the image
gates (temporarily inverting the area under each gate ) to the minimum low level in order to reduce dark
current build up.

Interface states in the semiconductor bulk and at the Si-SiO, interface are responsible for the
generation of dark current. Pulsing each gate causes these states to be filled with holes or emptied of
electrons. These holes are likely to recombine with electrons possessing the energy to fill an interface
state but not enough energy to become free electrons.

Controlling the temperature of the device will result in substantial reductions in the dark
current generation. The dark current will reduce by half for each 8 degrees C of cooling. However not
all applications can implement cooling. Therefore charge pumping is economical and easy to implement
for cooled as well as ambient applications.

To refill (re-empty) the interface states, the charge pumping pulse is repeated every line
blanking period. The length of a charge pumping pulse depends on the timing implemented and on the
read out frequency. Because charge pumping takes place during the line blanking period the time
required to keep each gate low can be very short. In this caseit is useful to apply avoltage level
between the minimum low voltage level and the typical value to the gates during charge pumping to
obtain satisfactory results. The low voltage change can be realized with the help of one additional pulse
(in this example the pulse is named ALOWCP).

A2 L]
A3 -
A4 -

Al

ALOWCP

© 1997 Philips Electronics 11 3922-496-90651
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Figure G: Charge Pumping

3.7 Charge Reset or Electronic Shutter

Chargereset (CR) is used to drain all integrated electrons in the image area to the substrate.
All A-gates are set simultaneously to the typical charge reset low voltage level. The charge flows
towards the silicon substrate. Charge reset can be done after each frame transport to completely empty
the image area of any remaining charges. This eliminates possible smear artifacts generated during the
previous frame shift and resets each frame at the beginning of the integration period. The best results
are obtained by allowing the gatesto stay low for a period of time greater than or equal to the minimum
charge reset time.

A2 |

A3
A4

Al

ALOWCR

Figure H: Charge Reset

Il

Charge reset is often referred to as el ectronic shuttering. The technique can be used to shorten
integration periods thus producing various electronic shutter speeds. Charge which is already integrated
can be dumped by a charge reset to begin a new shorter integration period during the same frame time.
In this case the charge reset should be performed during the line blanking period, because the charge
dumped to the substrate will influence the readout of the image in the storage area.

Two charge reset methods can be offered. The first method has all four A-gates set to the
typical low voltage level (0V), while for the minimum charge reset time a 10V CR-pulseis applied on
top of the n-substrate voltage VNS. The second method uses al four A-gates set to the minimum low
voltage level (-5V) for at least the minimum charge reset time. The ALOWCR-pulse can be used again
to switch the low voltage level from the typical to the minimum value. All Vaues are specified in the
data sheet under clock conditions and performance.

3.8 Frame Transport

© 1997 Philips Electronics 12 3922-496-90651
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The frame transport is the transfer of the complete image from the image area to the storage
area. It takes place during the video frame blanking period. Special attention should be paid to the
frame transport, because the image and storage area interact with each other during this operation.

Transporting the charge packets through the image and storage area is done by controlling the
voltagesonthe Al... A4 and B1... B4 gates. During integration A2...A4 are highand Alislow.
Shortly (5n%) before the frame shift starts A2 is set low, so that the charge packet is contained under
two gates, A3 and A4. When starting the image gates AL/A2 are low and A3/A4 are high, in the storage
section the gates B1/B2 are low and B3/B4 are high. First A1/B1 are set high, then A3/B3 low, A2/B2
high, A4/B4 low, A3/B3 high, AL/B1 low, A4/B4 high, A2/B2 |low and so on. The charge packet has
moved down one line. During the frame transport the A-pulses and the B-pulses are clocked identically.
This assures that the image is transferred intact to the storage region. To reach a sufficient overlap
during the transport, a duty cycle of 5:8 isused, for 5 time units the pulse is high, for three time units it
islow. The delay from pulse rising edge to edge is 2 time units or 90°.

shift cycle 3units 5 units

- TEYEE =Ty
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A2 \\/\\\/ \/ \\ /\ /\\i—f\/\\/\ /N_F/\\/\\/\\/’I_F\\/\ /\\/
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V-V IENANSNNA NSNS \//‘1—F\\/\\ \/q—t\\/\\/\/\\\‘—gf\j
Al NN EEERNSSSONNEEE SN — Image
A2 ST RS  BRSS \;_r\/\ XY Area
A3 SR NN ST\ INASS
A4 SKIRTEIRIEEIIAIEY.... RS0 RBRS \\1_?
B1 RRIXA R SN
B2 L R AR AR Storage
B3 L IKRSS RRSSL KXE Area
B4 L GTL R K
B1 | S /NI oo Nl
B2 [ L R ISSENNS
B3 L L RESSL NS | shift towards
B4 L L R \\ﬁ—é/f horizontal

register
222 charge

Figurel: Frame Transport

In the image area the typical high (10V)and low voltage (0V) levels are applied to the gates
during integration, then during the frame transport, the high level of the A and B clocks can be switched
to amaximum of 12V. Thisresultsin a higher Qmax and is atrick which can be used to get additional
performance from the device. Thesetri- level clocks (0V,10V,12V) do not have to be implemented and
amuch simpler electronic design results if standard clocking is implemented (0V,10V). The storage
area uses the typical low voltage level and the typical high voltage level (10V) also. The low voltage
level for the A- and B-pulses remains at the typical low voltage level, when the frame transport occurs.

The number of shift cyclesis equal to the number of linesin the storage area, 1048. To
maintain the typical well capacity Qmax , it is recommended to transport the charge no faster than the
typical transport speed as specified in the FT18 data sheet. The maximum frame transport frequency
corresponds to a sensor operating at 30 frames per second, while the typical valueis used in 25 frames
per second applications.

3.9LineTransport
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The line transport operation transfers charge from aline in the storage area (using the B-gates)
to the horizontal register (C-gates) during the line blanking period. The shift mechanismisidentical to
that of the frame transport, changing the gate voltages from low to high and vice versato move charge
from one location to the next. It is recommended that the maximum high voltage level (12V) for the B-
pulses be used during the line transport.

It is assumed that the gate voltages of B1 islow when storing an image. The last gate in the
storage section is a B1-gate. To shift exactly one line, the following settings are applied: B2 is brought
low, B1 high, B3 low, B2 high, B4 low, B3 high and B1 low then B4 high. The moment B1 goes low,
the charge is completely shifted into the horizontal register. The horizontal register takes over the
charge packets from the last line of the storage area and starts shifting them towards the output buffer.

packet n-1

| 5 units |
B1 KR shift towards
B2 KK QLA | hortzonta

) register
B3 KKK BUnits  RELRREIAL

B4 SN RRXXK

B1 Y\\/\\/\\/\\/\\/\%/Qi

c1 LR _

c2 (\/\\/\\/\/\\A\A\A\A\AH\HHH; ?rgﬂég’gﬁf"
c3 (I

4 chage ~ Packetn
t

Figure J: Line Transport / Vertical Transport of 1 Line

3.10 Horizontal Transport, Output Buffer and Output Signal

Horizontal Transport:

During the line blanking, gates C1 and C2 are set high, gate C3 islow. The horizontal register
receives the charge packets under the gates C1 and C2, when the line transport takes place. The C3 gate
isused as ablocking gate. After aline is transported into the horizontal register, the charge packets of
thisline are shifted towards the output amplifier. The horizontal transport discussed here refersto
shifting towards the | eft through the left output buffer. This results in an image readout whichisa
normal view (not mirrored). To shift the packets to the right output buffer (horizontal mirror view), the
pulses on gates C1 and C2 interchange

The maximum transport frequency is given in the data sheet as 40MHz. This clock frequency
should be used to operate the device at 30 frames per second. The 36 MHz operating condition applies
to sensors operating at 25 frames per second. The duty cycle used for the horizontal transport is 3:6 (or
50%), for 3 time units the pulseis high, the other 3 unitsit is low. The delay from one pulse to the next
is 2 time units or 120°.

The transport mechanism is again similar to the shifting in the image and storage region. The
difference hereis that the output register is operated as a 3 phase CCD register. Changing the gate
voltages in adefined order forces the charge packets to move. After gate C1 and C2 receive the charge
packet, C1 goes low, then C3 high, C2 low, C1 high, C3 low, C2 high and so on. The charge has moved
exactly one pixel to the left. Producing the clocks for the output register can be the trickiest part of the
cameradesign. Section 5.2 of the application note describes a techniques which can be used to generate
fast C pulses using time delays. Operating the CCD at its limits, using a 40MHz pixel clock, makes it
very difficult to generate the C pulsesin a programmable logic device. Therefore a discrete solution is
most practical. The other slower logic can be implemented easily in EPLDs.
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Figure K: Horizontal Transport Towards Left Output Buffer

Output Buffer:

The output buffer is shown schematically below. The output gate (OG) is connected to a DC-
voltage (typically 5.4V). The typical value can be found in the data sheet. The output gate voltage
produces a barrier that prevents the charge packets from flowing onto the floating diffusion while the
C3 gate is high. When this C3 gate is brought low the charge packet flows to the floating diffusion node
and produces a voltage output which is proportional to the number of electronsin the packet. (
DV=ng/C)

RD

L
I

OG|C3 |C2 |C1 |C3 |C2 |Cl1 |C3 !

Horizontal Register

SFS

FigureL: Functional View of Output Buffer, Floating Diffusion, Horizontal Register

The FT18 data sheet defines the low voltage levels and voltage swings of the C-pulses. The
output buffer is athree stage source follower. The floating diffusion converts the charge into a voltage
which isthen amplified and buffered. SFD is the DC-drain voltage of the source follower, SFS the DC-
source voltage. VCS controls the current source of the first and second stage of the amplifier. It is
recommended that the typical values shown in the data sheet be used.

Reset Gate:
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Thereset gate (RG) input pin is connected to a MOS-transistor gate. If RG is high, the charge
on the floating diffusion is drained towards reset drain (RD), which is connected to a positive DC-
voltage. The recommended voltages for all DC bhiases can be found in the FT18 data. The pulse on RG
is derived from the C-pulses. It has awidth of approximately 1/6 Tp (Trg). For a 40MHz shift
frequency Tpis 25ns, therefore timing of the RG-pulse in relation to the C-pulsesis very critical and
needs a carefully designed circuit.

When RG is brought high the electrons on the FD are drained off. This occurs before anew
charge packet is shifted onto the floating diffusion (when C3 goes low). The reset gate pul se causes
cross talk with the output signal of the CCD. This can be seen in the output waveform and is depicted
below in figure 13. More information on RG crosstalk and its elimination can be found in the discussion
of pre-processing.

Te
C1l | | \ |
c2 L \ \ \
c3 | TRG‘ | \ | \
RG — [ [
CCDout___ 11 [ R Ny
| SON S
e

Figure M: The Reset Gate Pulse

The output signal of the CCD contains a small delay relative to the RG and C3 pulses. Thisdelay is
introduced by the output buffer and is approximately 5 - 7ns.

The Output Sgnal of the CCD:

The output signal of the CCD is depicted here as it can be seen on an oscilloscope. It hasto be
processed by a pre-processing circuit to eliminate noise and demodulate the video signal. The signal
can be divided into three main parts, the cross talk from the reset gate pulse, the reset hold level, which
is used as a zero electron reference for the pre-processing and the actual video signal.

Reset Gate Cross Talk

/

Reset Hold

Signa

Figure N: Output Sgnal

3.11 Pixel Binning
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Pixel binning is supported vertically by the FT18 sensor but not horizontally. Binning can be
done vertically by shifting two linesinto the horizontal register during the line blanking, instead of only
one (see chapter 3.9). The charge storage capacity of the output register can reliably store 2 lines of
charge. More lines can be binned if the total charge capacity of the output register can accept them.
After the line transport is complete, the horizontal shift transports the charge packets to the output
buffer.

=} I MONS SN B AN NNV
B2 NI RIINONININEN | shift towards
B3 w/,\\/x\/\\/,\\/\\ horizontal
B4 AN /\¥ N //\\/\k/\\ register

Bl RO R

C1 SENANANIAN /\\//(\\/(\\/(\\/(\\/{\\_, \ ]

c2 A S SRR AN horizonial
= ransport

C3 0

I charge

Figure O: Vertical Pixel Binning

The output register of the FT18 does not contain a summing gate, therefore traditional
horizontal binning is not supported. The following technique may be incorporated to accomplish
horizontal binning , however, external circuitry must be utilized. Adding a high speed sample and hold
amplifier between the output buffer and the CDS preprocessor will alow horizontal binning to be
implemented. First, the reset gate (RG) pulse is applied while the S& H isin sample mode. The CDS
preprocessor then samples the reset level. Thefirst pixel isread out of the buffer followed by the
second pixel. The S& H is placed in hold mode at the output level produced by the two pixels. Then the
CDS samplesthis signal level and amplifies the difference between it and the reset level. The RG pulse
is chosen in away that the duty cycle of the actual video signal is again 50%. The delay caused by the
output buffer is the same as mentioned before without the binning. Trg is 1/6Tp with Tp = 25ns. The
delay is caused by the output buffer of the CCD as already mentioned in section 3.10.
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Figure P: Horizontal Pixel Binning
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4. Application Example
4.1 Definitions

The FT18 can be operated at many different frame rates. When you consider the various
requirements for frame rate and horizontal readout frequency, the number of design examples can
become enormous. As adesign example, a common operating mode is selected. As an application
example, the situation where the CCD is scanned at 30 frames per second is presented. This readout
mode demonstrates the device operating at it’s targeted performance specification.

To begin the design some items require definition.:
Format: 1024 x 1024 progressive scan
Readout: through the lower left output (normal video)

During integration: A1 serves as the blocking gate, while the integrating gates are A2...A4,
Gate voltage levels: low voltage level of OV, high voltage level 10V

During Storage: B1 serves as the blocking gate, B2..B4 Transfer the image charge
Gate Voltage levels. low voltage level OV, high voltage level 10V

Neither horizontal nor vertical binning will be implemented
Charge pumping: pulse width 700ns, applied with -5V low voltage level, 12V high level
Charge reset: pulse width 3.875ns, applied prior to each integration with -5V voltage level

Black reference: Restored before active frame video readout. Scan line 49.
: Frame transport: 1048 lines with a speed of 714kHz, low voltage A- and B-pulses OV, swing
12v
Horizontal output register: pixel clock 40MHz, low voltage 3V, swing 5V
Reset gate (RG): low voltage 0V, swing 10V
Sensor DC-voltages:. typical values as given in the data sheet
Synchronization pulses: VD, HD (° SSC), FDV, LDV
Processing pulses: PB, BLC, BPC, ALOWCP, ALOWCR, AHIGH, BHIGH, SSC (° HD)

4.2 Design Overview

The design of a camera modul e as described here using the FT18 consists of six different
blocks. The PPG isresponsible for generating all the timing of the sensor pulses as well as pulses for
processing and synchronization purposes. The sensor needs a number of DC-voltages, which have to be
generated. To prevent the sensor from being destroyed adjustabl e voltages should be limited to the max.
and min. limits specified in the data sheet. The DC-values must never exceed the maximum voltage
ratings with respect to VPS and VNS, even when turning on the camera.
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The pre-processing is necessary to demodulate the video signal and suppress reset and
amplifier noise. Different pre-processing constructions are possible, e.g. correlated double sampling or
soft clamp pre-processing (described later). In order to optimize the performance of the FT18 careful
design of the pre-processing circuitry is essential. All implementations should follow best design
practices for high speed circuits, regardless of which construction is chosen. The post-processing
requirements are application dependent and can even be implemented in the digital domain. Some of
the post processing functions include variable gain, black level control, white and black clipping, and in
some cases sync insertion.

The following pulses are based on the application definition given in chapter 4.1, several
synchronization and processing pulses are offered. The shape of these pulses depends on the application
and on the camera design, not all of these pulses are necessarily needed, others may have to be added.
But the description of the sensor together with the application note timing makes an adaptation rather
simple.

Processing / Synchronization Pulses

PPG
FT18 Pre-Processing Post-Processing [~ Video Signal
Seror Sensor
DC-Voltages Processing
DC-Voltages
Figure Q: Block Diagram of Application Example
Sensor pulses:

ClL..C3 the 3 gates of the horizontal register
RG the reset gate of the output buffer
Al.. A4 the 4 gates of the image section
Bl...B4 the 4 gates of the storage section

Synchronization pulses:

HD Horizontal Drive (Same as SSC)
VD Vertical Drive

FDV Frame Data Valid

LDV Line DataValid

Processing pulses:
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SSC  dtart/stop C (determines horizontal transport, high ® new lineis
shifted into the horizontal register, low ® horizontal transport takes place

PB pre-blanking (determines active, black and timing/overscan pixels)
BLC  Black line clamp, determines black reference line per frame

BPC  Black pixel clamp, determines black reference pixel per line

ALOWCP Switches low voltage of A-pulsesfrom OV to -5V during

Charge Pumping
ALOWCR Switches low voltage of A-pulsesto -5V for Charge Reset
AHIGH Switches the high voltage of the A pulses from 10V to 12V during

frame shift and charge pumping.

BHIGH Switches the high voltage of the B pulses from 10V to 12V during
frame shift and line transport.

4.3 Calculations

The pulse timing for this application example will be computed based on the selection of the
40MHz pixel clock and the defined pulse width limits and shift frequency limits for the FT18. To begin
the timing design the line time and frame time are first computed.

To compute the line time the following intervals have to be added. Readout times for the
compl ete output register as well as a blanking interval are added together. The output register contains
1024 active pixels + 40 black reference pixels + 8 overscan pixels + 7 dummy pixels. This adds up to
1079 pixel clocks. A period of 153 clocks is reserved for horizontal blanking. The total including
blanking equals 1232 pixel clocks.

The frame frequency can be computed in the same way. The frame rate is computed by adding
the time to readout the storage region plus the amount of time required to shift the image to the storage
region (the shift time is computed in section 4.6 as 58688 pixel clocks or 47 lines + 784 clocks). The
frame time expressed in terms of horizontal line time is 1048 lines from storage region + 48 linesto
perform frame transfer = 1096 lines.

line time= 1232/40MHz

= 30.8n¥/line

b theline frequency is 32.467kHz
frame frequency =1/ (1096linesx 30.8n¥/line)

= 29.62Hz

4.4 Horizontal Timing
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The horizontal timing describes the synchronization, processing, and A- and B- pulses as they
are generated relative to the line timing. A video line including blanking consists of 1232 pixels or has a
length of 30.8 rs. The drawing shows where the rising and the falling edges of the pulses appear with
respect to the number of pixels per line. ‘*’ Indicates PB isdelayed 2 pixels due to video processing
delays with respect to the SSC pulse.

In the timing diagram below, the following explanations are in order.

CR(A1-A4) - Refersto the state of the image gates as they perform a charge reset operation. The pulse
edges rise and fall during the line blanking in order to limit the disturbance on the activeimage asiit is
readout.

An(CP) - lllustrates the charge pumping sequence implemented by the image gates during the line
blanking period. Obviously, charge reset and charge pumping cannot occur at the same time. One or the
other takes place. Usually charge reset is assigned priority over charge pumping.

B(n)LTR - Describes the storage gate pul se sequence which transfers an image line from the storage
section to the serial output register. See figure 10 also.

1232
1128 1138 1148 1158 1168 1178 1188 1198 1208 1218 1228 10 20 30 40 5 60 70 8 9 100 110 120 130 140 150 160 170 180

vo __ __ __ __ _  ___________
HD/SSC 153 .
pPB* 5] 151
BLC ____ ] 2 160 L
BPC 162 20
CR(AL-A4) 2 153
AL(CP)
A2(CP) 120 2
A3(CP) R
A4(CP) o I
BI(LTR) Pl T
B2(LTR) 0 |2
B3(LTR) w2 |
BA(LTR) B Lo |

Figure R: Horizontal Timing

4.5 Vertical Timing

The vertical timing describes the pulses for each frame. A frame including blanking consists of 1102
lines, this resultsin aframe time of 32.62ms. The following drawing shows when the rising and the
falling edges of the pulses appear in relation to the video lines. The **’ again indicates the pulse which
has a delay of 2 pixels caused by the video processing. The black filled area shows the frame transport
from the image to the storage area.
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4.6 Frame Transport or Vertical Transport

The frame transport timing diagram is illustrated in the previous figure. The transport pulses
are derived from the pixel clock by dividing it by 56. This gives atransport frequency of approximately
714K Hz. The transport waveform has a period of 1/714KHz = 1.4uSec. This corresponds to 56 pixels.
To generate the required 5:3 duty cycle the pulse must be high for 35 pixel clocks and low for 21
clocks. The transport timeis:

(H=30.8us = 1232 clocks)
Transport = 1048 x 56 = 58688 pixel clocks or 47H + 784 clocks

4.7 Fast C Pulse Timing - C1, C2, C3and RG

The SSC pulse can be used to control a multiplexor. The mux allows selection of thefast C
pulses or the fixed C pulse levels. The implementation is pictured schematically in section 5.2. When
SSCislow the register shiftsaline out of the CCD. When the SSC pulse is high the C pulses assume
the state required to accept line data from the storage region. The SSC pulse is synchronized through a
DFF which is clocked with the C1 pulse. The synchronization assures that the transfer remains
uncorrupted by pulse misalignments.

Selecting an EPLD with fast propagation delays (in the <=7nsec range) will assure that the
SSC pulse will remain synchronized to the C pulses. Timing glitches or waveforms which lose there
phase relationship in the operation of the output register produce poor images. Special care should be
given to this portion of the design.

‘,7
R ‘ 1079 Pixels

W UUUUOUIrrrrrr Uy Y
MMM ummrm

(Il Tels sl Tulslilslslalelsl Laad 1515181851 [Blh
1 9121 11213141112 1023110241 11 2 1 3 | 4 19

d - dummy pixels, b - black pixels, a- active pixels, t - timing or overscan pixels

Figure T: Pixel Timing of the Horizontal Transport
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Each line consists of 1079 pixelsin the following order: 7 dummy pixels, 20 black pixels, 4
timing pixels, 1024 active pixels, 4 timing pixels, 20 black pixels. The total number of pixel clocks per
lineis 1232, and the blanking period is 153 pixels. Again the clock humbers add up to equal the line
time as a check. During the line blanking period C3 islow (blocking gate), and C1 and C2 are high.

In the shifting mode the following items are important. A charge packet appears on the
floating diffusion when C3 goes low. The reset gate (RG) pulse first discharges the floating diffusion
and then it is ready to accept the next charge packet. The duty cycle of the C-pulsesis 3:6 (50%) while
the duty cycle of the RG-pulseis 1:6 (pulse width of ~4ns). At atransport frequency of 40MHz the
resulting shift cycle is 25ns. The delay from one C-pulse to the next is 25/3ns = ~8.3nSec (phase shift
is2/6 or 120°).

5. Pulse Pattern Generator

5.1 Block Diagram

The structure of the Pulse Pattern Generator is shown in the block diagram below. The definition of the
pulse pattern generator in this instance will include the digital pulse generator (EPLD) and the
associated circuitry required to generate all of the sensor pulses (i.e. the level shifters, buffers and
drivers). An Erasable Programmable Logic Device (EPLD) is used to generate the pulses, with the
exception of the fast pulses C1...C3, and RG, which are high frequency pulses (max. 40MHz) and
therefore in this case too fast for the EPLD to synchronize.

40MHz .
Oscillator CL.C3 RG Buffer Divee = RG.S
CLA.C3A
Multiplexer Driver/
CLK LA SSC+* Level Shifter = Cls8.GS
Synchronize
SSC
ALOWCR,CP, A,BHIGH
EPLD i
[ Driver/
-AL.A4 Bufer otageSwitch | ALS-A4S
-B1..B4 L
] Driver/
Control -HD,VD Buffer oltage Switch = BLS.B4S
Input ftgﬁg&'iﬁg\ﬁgh ™  Buffer — Synchronization Pulses
AHIGH, BHIGH
™ Buffer Processing Pulses

Figure U: Block Diagram of Pulse Pattern Generator

The control inputs might consist of pins which decode to various exposure time settings, inputs which
turn on line binning as well as inputs which determine additional features unique for each application.
The block diagram represents atypical configuration and is intended primarily to familiarize first time
camera designers with the basic operating requirements for Philips' CCD image sensors.

5.2 Sensor PulsesC1- C3
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The fast C-pulses are generated from the 40MHz oscillator using delay lines. Because the horizontal
register has 3 phases, the delay is computed to be 1/40MHz/3 = 8.33ns. This delay produces pulses with
the overlapping waveforms shown in figure 11. The clock input for the EPLD (CLK) is derived from
the phase C1_A. Theinverter comes from the AC logic family. Silicon delay lines can be purchased
from manufacturers such as Dallas Semiconductor, Data Delay Devices and ESC Electronics Inc.

delay line delay line
40MHz 100 100

—
Oscillator 8ns % —

; '
CLK CLA C2A C3 A

Figure V: Generation of C-Pulses

The pulse C1_A and the SSC pulse generated by the EPLD are synchronized with aflip-flop to achieve
a smooth transition from the line transport state to the line shifting operation. The multiplexor switches
the voltage levels from +5V (C1, C2) and OV (C3) to the 40MHz shift cycles. Both devices preferably
come from the AC logic family.

—d's SSC** B (F;’;'
CLA cl e [ —
ssc 1D CLA B
TR C2A — c2B
+5V CA - — c38

+5v

NS

Figure W: Synchronization of SSC-Pulse/ Multiplexing C-Pulses
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The drivers need to be able to drive the gate capacity of ~85pF, while maintaining the proper pulse
shape and a swing of 5V. This can realized with the TI CDC204 low skew clock drivers. Devices can
be connected in parallel to increase drive capacity. To reach the specified high and low voltage level for
the three C pulses, diodes clamp the pulsesto VCH. The level shifting moves the high voltage level to
8V and the low voltage level to 3V. C1_S, C2_Sand C3_S can be connected directly to the sensor pins
C1, C2 and C3 respectively.

> 100n

Cl1B —1 } } CLS
> 100k |
> 100n

c2B —1 } } c2.s
> 100k
>©T 100n

C3B — >@J } } C3 s

100k

Figure X: Driver / Level Shifter C-Pulses

5.3 Sensor Pulse - RG

The RG-pulseis generated from the C-pulses C2 and C3, using a simple AND from the AC logic
family. To shift the RG-pulse and adjust the pulse width, additional short delays can be used, which
then delay the pulses C2 and C3 to get an equal propagation delay for the C pulses and RG.

C2 A dday — &
st —— RG_A

C3_A —— delay

FigureY: Generating RG
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The driver configuration generates the voltage swing of 5V or 10V to drive the capacity of the reset
gate (RG). The RG pulseis clamped to the high voltage level VRGH. The RG pulse should encounter
the same delays caused by multiplexors, buffers and drivers as the C pulses C2 and C3 which generated
RG. Therefore additional circuitry may be necessary to fine tune the delay.

5or 10V
100n
RGA — Driver — RGS
100k
%7 BAS28 0
100n
1k
VRGH
VL IN V2 IN
33n 33n
BSV52R BAS28
»—{ 22p BSR12
IN ouT
»—{ 22p BSV52R
BSR12
BAS28

Figure Z: Driver / Level Shifter for RG

5.4 Sensor PulsesAl- A4 and B1-B4

The circuitry “ A” shown in figure 27 switches the low voltage level for the A-pulses from OV to -5V
during charge pumping and charge reset. Drawing “B” illustrates a possible switching implementation
of the high voltage level from 10V to 12V. This would occur during the frameshift operation and would
apply to the A and B clocks. A 2-channel analog multiplexor can be used as the switching device.

The A and B digital pulse patterns are generated within the EPLD as depicted in figure 27 “ C” . After
the pulses are buffered, adriver delivers the voltage swing for the individual gate capacities (~3.75nF).
The driver recommended is the Elantec EL7212C inverting MOSFET driver. The non-inverting version
isthe EL7202C. If inverting drivers are selected then the digital pulse pattern must be inverted in the
design stage or if true logic is implemented inverting buffers should be used between the EPLD and the
MOSFET drivers. In total 8 drivers are needed. The Elantec drivers are dua channel devices.
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*Additional logic is required to gate ALOWCP and ALOWCR prior to the mux control input
Logic selected depends on the active level of the mux control pin.

Figure AA: Generation of A- and B-Pulses

5.5 Synchronization Pulses and Processing Pulses

The EPLD generates the synchronization pulses and the processing pulses. All pulses are buffered using
the 74HCT541. The synchronization pulses HD and VD can be used to synchronize a frame grabber or
amonitor to the video signal. The processing pulses PB, BLC, and BPC are applied to the processing
circuitry. AHIGH, BHIGH and ALOWCR,ALOWCP are switching pulses which affect the image and
storage gate levels. The pulse SSC is not buffered, it is applied directly for synchronization with the C1-
pulse.

EPLD
\AH CTSMH CTSMH CTSMH CTSMH CTSMH CTsMH CTMH CT5\4\4H CT541
HD ALOWCR BHIGH

ALOWCP AHIGH

Figure BB: Synchronization / Processing Pulses

6. Sensor DC-Voltages

To generate the sensor DC-voltages |ow noise operational amplifiers with or without buffering should
be used. The voltage levels should neither exceed the minimum nor the maximum value. All voltages
have to provide the specified maximum current. No maximum ripple peak to peak value is given in the
data sheet, but in general it can be said that the better the voltage performance, the better the sensor
performance. All sensor DC-voltages should be decoupled by a 100nF capacitor near the sensor pin.
The voltages VNS and VPS need an additional decoupling capacitor of about 1uF.
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Figure CC: Sensor DC-Voltages

Two possible examples are given. One shows the SFD voltage, which is a high current voltage of some
mA’s. The other isthe RD voltage and therefore a rather low current voltage of several hundred’s of m
A’s. Additional diode protection clamps to guard against violating the minimum and maximum ratings
are not shown but recommended..

Caution! Prevent VPS from rising above RD and prevent RD from rising above either SFD or
VNS (Nsub). Thismust also be guaranteed when the power of the camera is switched on.
Schottky diodes can be used to clamp the bias voltagesto assur e the maximum voltage limitsare
not exceeded.

7. Pre-Processing

The pre-processing can be realized in many different ways. The figures show three different processing
techniques, an inverting buffer with asimple low pass filter, a soft clamp pre-processing and a
correlated double sampler.

Caution! Never load the output of a sensor directly with remote electronics. Instead use a buffer
circuit as close as possible to the sensor output. The pre-processing schematics which follow use a
fast transistor and threeresistorsto construct an emitter follower buffer. Measure the output
signal after thisstage!
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Inverting Amplifier and Low Pass Filter:
The reset and amplifier noise is not suppressed. The performance is rather poor. The low pass filter
limits the video bandwidth to 20MHz or half the pixel frequency.

SFD

CCD Output Sign
BFR92A Low Pass Filter

2k2 Inverting
amplifier

Figure DD: Smple Pre-Processor

Soft-Clamp Pre-processing:

The output isfirst buffered and then amplified to increase the amplitude of the output signal. The soft-
clamp circuitry suppresses 1/f- and reset-noise. Thisis done by clamping the reset hold level into the
series capacitor before the pixel information passes this capacitor. The combination of the low pass
filter and notch filter limits the bandwidth of the video signal (pre-processing out) to 20MHz and
suppresses the 40MHz clock carrier.

SFD

100

CCD Output Signal Inverting

Amplifier Soft Clamp

}]— notch filter —— '°¥¥|E;$ | pre-processing out
CIampJ ]

BFR92A

2k2

Figure EE: Soft Clamp Pre-Processing

Correlated Double Sampling:
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The output signal isfirst amplified. Then the signal is sampled twice by the correlated double sampler
or CDS. Thefirst sampleis taken during the reset hold period, the second when the actual signal is
present. The op-amp amplifies the difference between the CCD signal output and the reset hold level. In
this way the reset noise or crosstalk and the 1/f noise are suppressed.

A correlated double sampler is available in chip form from e.g. Kodak (KASP-140G, KASP-305M ) as
well as from other |C manufacturers. The maximum sampling frequencies of such devices vary,
however, some are capable of processing at 40MHz. The exact sample pulse widths and shapes should
be obtained from the respective data sheets. CDS functions can always be constructed using discrete
devices and / or high speed sampling amplifiers.

SFD

A 100
CCD Output Signal BFRO2A  PreAmplifier  sampler Sample2

H /Hj;%

Samplel H
Y el

pre-processing out
2k2

HH

Figure FF: Correlated Double Sampler

8. Post-Processing Block Diagram

The post-processing can be implemented in either analog or in the digital domain. Post processing
implementation are functions which tend to be unique for each application, therefore, detailed
application information is not given in this application note.

black level gain level gamma
| black i output — analog video signal
pre-processed | gan \ analog video sign
video signal shifter driver
A/D- digital
pre-processed | — digital video signal
video signal Converter processing

Figure GG: Post-Processing Block Diagram

9. M echanical Dimensions
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Information regarding the pin-out of the FT18 sensor can be found in the data sheet. The figure shown
contains critical dimensions which are crucial to centering the optical system relative to the CCD
package.
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Figure HH: Package Mechanical Dimensions

The optical format of the FT18is2/3". The flange distance between the lens and the surface of the
CCD depends on the lens used. It is 12.5mm for CS-mount or 17.52mm for C-mount lenses. The
distance between the cover glass and the CCD surface is 0.505mm +/- 10%. To compute the flange
distance more precisely, the following cal culation can be made.

f=s+d3
‘f” = flange distance, ‘s’ = 12.5mm for CS-mount or 17.52mm for C-mount, ‘d’ = cover glass thickness

Ideally, the opto-mechanical interface should be designed in away that it is possible to align the sensor
in x- and y-direction with the lens. If thisis not possible, then the optical axis of both CCD and lens
should be centered as accurately as possible for best imaging results. Assure that the plane of the lens
and CCD are parallel. The area between the lens interface and the CCD should be shielded from light
and painted black to avoid image contamination due to light reflections.

10. Philips CCD Applications Engineering Support
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Philips CCD Applications Engineering support can be obtained at the following facilities. For
the United States, Canada, Central and South America please contact Philips Components Group. For
Europe, Asia, Africaand Australia contact Philips Professional Imaging.

Philips Semiconductors Image Sensors:

Prof. Holstlaan 4 (WAG 05)
5656 AA Eindhoven

The Netherlands

phone: +31-40-2744418
fax: +31-40-2744090

Philips Components Group (PCG):

- CCD Applications Lab -
100 Providence Pike
Slatersville, Rl 02876
USA

phone:  +1-401-762-3800
fax: +1-401-767-4493
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