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(57) ABSTRACT

An 1maging device comprising an array ol pixels fabricated
using a microelectronic technology such as CMOS 1s dis-
closed. The imaging device provides information regarding
rapid increases 1n incident radiation. The sensor 1s sensitive to
a variable quantity to be imaged, such as visible or non-visible
radiation, and a signal representative of the quantity 1s output.
The quantity 1s measured over a monitoring period, and the

timing of the incidence may also be output.
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IMAGING ARRAY WITH ENHANCED EVENT
DETECTION

This invention relates to an imaging device, 1n particular to
an 1maging device comprising an array of pixels fabricated
using a microelectronic technology such as CMOS.

There are a number of types of imaging devices including
charge coupled devices (CCD), photodiodes, and charge
injection devices. CCD’s in particular have a number of
advantages which make them particularly suitable for imag-
ing devices. CCD’s work by storing the charge generated by
radiation on the imaging device and then transferring the
charge to an output stage, located on the periphery of the
s1licon substrate. Although CCD’s provide good image qual-
ity, they are limited in the amount of processing they can
perform and their performance falls off at high speed due to
the inherently serial process and the need for a high band-
width output stage. In addition, the standard CCD i1s incom-
patible with CMOS processing which means that 1t 1s difficult
to fabricate on-chip electronics for processing the CCD sig-
nals.

Inthe early 1990’s anew architecture was developed which
1s Tully compatible with CMOS. This 1s known as active pixel
sensor (APS) architecture and 1s described, for example, 1n
U.S. Pat. No. 5,471,515. The basic APS architecture 1s shown
in FIG. 1 of the accompanying drawings, and can be fully
tabricated in CMOS.

FIG. 1 shows the circuitry associated with a single pixel 1
of a pixel array forming part of an 1maging device suitable for
imaging electromagnetic radiation. Each pixel comprises a
sensor, such as a photodiode or photogate (a photodiode PD 1s
illustrated) together with a small number of MOS transistors
for processing the signal output from the sensor. Typically,
these comprise a reset transistor MRS'T connected in series
with the photodiode PD between the supply lines, a source
tollower transistor MIN which receives at its gate electrode
the output of the photodiode PD, and a pixel select transistor
MSEL which receives the output ifrom the source follower
transistor MIN, and selectively passes 1t to an output terminal
3 which 1s connected to a column bus (not shown). A current
source I,, ., located outside the pixel, provides operating
current for the source follower.

The reset transistor MRST 1s used to reset the photodiode
PD to the positive supply voltage or to other, user-controlled,
positive voltage. Following a reset, radiation incident on the
photodiode PD results 1n a corresponding reduction 1n poten-
tial at the gate of the source follower transistor MIN 1n accor-
dance with the strength of the radiation. All of the outputs of
the pixels 1n a column are connected to a common column
bus, but only one pixel at a time 1s selected in each column,
using the switching action of the pixel select transistor MSEL
which receives a switching signal at terminal SEL which 1s
passed to 1ts gate to switch the transistor on and off. Usually
switching 1s controlled in such a way that all of the pixels 1n
cach row of the array are read out simultaneously in parallel,
the signals from each pixel being passed to a respective col-
umn bus for passage to external circuitry (not shown) which
carries out the signal processing.

More recently still, the APS circuit 1s output to an on-pixel
ADC (analogue to digital converter) which converts the ana-
logue output of the APS circuit into a digital code which 1s
stored 1n an on-pi1xel memory for later readout. An example of
such an arrangement 1s described 1n a paper entitled “A 10000

Frames/s CMOS Digital Pixel Sensor” at page 2049 of IEEE
Journal of Solid-State Circuits, Vol 36, No 12. The basic
digital pixel sensor (DPS) design 1s 1llustrated 1n FIG. 2, to
which reference will now be made.

5

10

15

20

25

30

35

40

45

50

55

60

65

2

As before, the circuit of FIG. 2 represents that of a single
pixel 1 within an array of pixels. The analogue part of circuit
comprises a photodiode PD, a reset transistor MRST which
have the same functions as described above, and a transier
transistor Tx which acts to selectively transfer the signal at the
cathode of the photodiode to an ADC 1n the form of a ramp-
driven comparator 2. The reset transistors and transfer tran-
sistors 1n each pixel are switched from reset and row transfer
lines 9 and 8 respectively, both of which are common to all
pixels in the array.

The comparator 2 has two 1nputs: a {irst input for recerving,
the analogue signal from the photodiode PD wvia a transier
transistor 1x, and a second input to which 1s applied a con-
tinuously cycling ramp voltage VvV, from acommon line 10.
The comparator performs a ramp-ADC and changes its out-
put state at a time representative of the amplitude of the
analogue signal from the photodiode. This change of state 1s
passed to a disable mput of an n-bit register 3, where n=8 by
way of example. The 8-bit D input of the register 3 receives a
continuously cycling value which 1s coded by a digital code,
for example the Gray code. The digital code 1s applied via a
common 8-bit data bus 4 from a common Gray code generator
(not shown). One cycle of the output of the Gray code gen-
erator, represented as an analogue wavetorm, is illustrated 1n
FIG. 4C, and will be seen to comprise areset from a high level
to a low level, followed by a ramp which rises 1n 2” steps back
to the high level. In the present example the ramp would
comprise 2°=256 steps but a lesser number than this is shown,
for clarity. An 8-bitrepresentation of this waveform is applied
to the 8-bit bus 4 and thus to the 8-bit D 1mnput of each of the
registers 3 in the pixel array. The rising digital value on the bus
4 1s written to the register at each clock pulse until the register
receives a signal at 1ts disable mput from the output of the
comparator 2. This disables the register for the rest of the
cycle and the value held 1n the register 1s thus the last value
which was written. This value 1s stored 1n the register until 1t
can be read out.

Thus, 1t will be seen that, 1f the continuously cycling Vv,
signal 1s synchronised with the Gray code cycling signal then
the digital value stored 1n the register 3 1s representative of the
amplitude of the analogue output of the photodiode PD inte-
grated over the mtegration period.

Data 1s read out from the 8 bit Q output of the register 3 onto
an 8-bit column databus S viaa switch S__, which 1s controlled
by a signal along the dotted line 6. Since, 1n practice, all pixels
in a row are read out simultaneously the read signal applied to
switch S__, 1s also simultaneously applied to the correspond-
ing switches in the other pixels 1in the same row, viaarow read
line 7. In practice, of course, the switch S_, 1s realised 1n
CMOS.

A timing diagram, i1llustrating the events occurring over a
full frame, 1s shown in FI1G. 3. The frame commences with the
application of acommon reset voltage rst to the cathode of the
photodiode PD. This 1s achieved by switching the transistors
T, and MRST on simultaneously from their respective control
lines 8 and 9 which applies to the photodiode cathode the
supply voltage V ,,,, or some other user-controlled positive
voltage. The transistors T, and MRST are now switched off to
start the integration phase, during which radiation recerved by
the photodiode PD acts to reduce the voltage by an amount
dependent on the amount of radiation received during the
integration phase. At the end of the integration phase, the
transfer transistor T 1s again briefly switched on to transter
the voltage at the photodiode cathode to the node 11, and
hence to the input of the comparator 2. In practice the voltage
transierred to node 11 will probably be affected by charge
sharing as between the capacitance of the photodiode and the
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capacitance at node 11, this latter being due to stray capaci-
tance and the input capacitance of the comparator 2. This
eifect will be assumed to take place, to a greater or lesser
extent, 1n the various circuits to be described herein; however
it will be understood by those skilled 1n the art that the voltage
transierred to node 11 will be representative of the charge on
the photodiode PD which 1n turn 1s representative of the
amount of radiation received by the photodiode over the
integration period. The transistor T, having switched off
again, the node 11 1s floating, and 1ts stray capacitance holds
the transierred value for sufficiently long for the comparator
2 to act upon 1t; 1f necessary a physical capacitor can be added
here to ensure that the value 1s held for suflicient time.

FIG. 4 1llustrates the operation of the comparator 2 and
register 3 over a single ADC phase, which follows the inte-
gration phase. FIG. 4B represents the variation over the ADC
phase, ofthe V,,,  signal on line 10. the voltage at node 11 1s
represented by the horizontal line V, ;. FIG. 4C represents the
output from the comparator which will be seen, 1n this
example, to have been latched to a logic 1 level at the begin-
ning ol the ADC phase. As the voltage V crosses the

ramp

voltage V, , the output of the comparator changes state from 1
to 0.

At the moment at which the comparator output changes
state from 1 to 0, the register 1s disabled as explained above,
and stores the Gray coded register value 1n the register at that
instance of time.

It will be seen that, for an 8-bitregister, the ADC phase thus
lasts for 256 clock cycles which typically corresponds to a
time period of about 6 us.

The final phase 1n each frame sequence 1s the read phase,
during which the pixels in each row are read in turn 1n the
manner described above until the whole array of pixels has
been read. The frame sequence then repeats 1 a cyclic man-
ner.

The lower part of FIG. 3, indicated by the “eye” symbol,
represents the period when the sensor 1s blind to the incident
radiation (shaded areas), and when it sees the radiation (clear
area).

It will be seen that the voltage amplitude transferred to
node 11 at the end of the integration phase 1s representative of
the integral of the radiation incident on the photodiode over
the whole of the integration period. It g1ves no information as
to how the radiation changes over the period—{ior example
whether the radiation 1s a steady value over the period, or
whether 1t 1s subject to a sudden increase, such as might
indicate the occurrence of an external event such as a charged
particle or photon splash incident on the photodiode.

The present invention seeks to provide an 1imaging device
in which information as to increases, primarily rapid
increases, of incident radiation during the integration period
of the photodiode 1n each pixel can be detected. Such 1nfor-
mation can then be used, for example, to enable the timing of
such increase to be measured. Another application might be to
provide an indication as to whether a particular pixel needs be
read out during a particular frame: 1f no rapid increases are
detected to have occurred during the integration period, 1t
may be safe to skip that pixel during the readout of that frame,
thus potentially reducing the frame period (and enabling a
faster frame rate), as well as improving the ratio of “blind” to
“seen” time 1n the operation of the pixel array (see above).

According to the invention there 1s provided an 1maging
device comprising an array of pixels in which, for each pixel,
there 1s provided:

a sensor which 1s sensitive to a variable quantity to be
imaged and for outputting a signal representative of the varia-
tion 1n said quantity during a monitoring period;

10

15

20

25

30

35

40

45

50

55

60

65

4

a comparator having a first input and a second 1nput;

means for connecting the output of said sensor to said first
input 1n such a way that said comparator continuously moni-
tors said Output signal; and

means for applying a reference voltage to said second
input;

said comparator being such as to change 1ts output state at
the point 1n time at which the amplitude of said output signal
crosses said reference voltage level.

The quantity to be imaged may be any quantity which may
be 1imaged and 1s susceptible to being measured by a sensor to
produce a signal representative of the variation 1n the quan-
tity. Examples are radiation, particularly electromagnetic
radiation 1including X-ray radiation, and also including
charged particle radiation, (e.g. electron radiation), neutron
radiation, and electric potentials or time variation of electric
potentials.

The mvention 1s particularly useful in the detection and
measurement of sudden external events, such as the detection
of individual electrons or bursts of photons or particles but 1t
1s not limited to this use.

The sensor may be any device suitable to provide an output
which 1s sensitive to the variable quantity to be imaged. A
common application will be 1n the detection of electromag-
netic radiation, both visible and non-visible (for example 1n
the infrared or ultraviolet domain). The use of a converter
layer put 1n front of the sensor will also improve its efficiency
in detecting shorter wavelengths, like X- or gamma-rays, as
well as neutrons. The sensor could also be made so that 1t 1s
highly, possibly tully, efficient to charged particles. Static or
dynamic electric potentials could also be imaged. For the sake
of stmplicity, 1t will be assumed herein that the radiation to be
detected 1s visible light and, for this purpose, a photodiode or
phototransistor 1s suitable.

The reference voltage applied to the second mnput of the
comparator may be a d.c. voltage which remains unchanged
over time. Thus 1t during the monitoring period, there 1s a
sudden increase of radiation incident on a particular pixel,
this will be retlected as a sudden change 1n the amplitude of
the sensor output signal which, provided that the reference
voltage 1s set to an appropriate level, can be detected as
described above by the comparator, and appears as a change
of state of the comparator output. The word “hit” 1s used
herein as a shorthand way of indicating the occurrence of an
external event which 1s detected by the sensor and causes the
output of the comparator to change state. Of course, 1t 1s quite
possible, 1n any single monitoring period, that no hit waill
OCCUL.

It will be understood that the point 1n time at which the
amplitude of the sensor output signal crosses said reference
voltage level represents the timing of the hit with respect to
the beginning of the monitoring period. Thus 1t will be seen
that the output of the comparator provides two corresponding
pieces ol mformation: first that a hit has occurred and sec-
ondly the timing of that hit with respect to the beginning ot the
monitoring period. Both these pieces of information can be
used, together or separately, 1in the subsequent circuitry.

Thus, 1n one embodiment, the output from the comparator
1s stored 1n a memory means as a value, conveniently a digital
value, representative ol the timing of the hit. This can be
realised 1n a manner somewhat similar to that described
above, namely by using a counter to generate a constantly
changing value—increasing or decreasing from a known
reset value—which can be stored 1n the memory means 1n the
event of a hit in the manner described above. This changing
value continuously cycles, being reset at the beginning of
cach monitoring period. Thus, during the monitoring period,
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the output from the counter changes 1n steps over the course
ol the period for example using the Gray code as described
above. The occurrence of a change of state of the comparator
output disables the memory means so that the digital value at
that instance of time 1s stored 1n to the memory until 1t can be
read out.

It 1s anticipated that, once a hit has been detected, the
continuous monitoring of the sensor output will cease for the
rest of that frame. This means, however, that only a single hit
can be detected 1n each frame period which may be sufficient
for most applications, but, where the ability to detect more
than one hit per frame 1s required, the imaging device can be
modified to include multiple memories so that the timings of
multiple hits within a monitoring period can be stored in
separate memories. In addition, means are required to reset
the pixel immediately after each hit, this in itself requiring a
short period—typically 1 us—during which the pixel 1s
“blind”. The cycling digital value (Gray code) applied to the
memories could also be reset at each hit, or it could be left
alone, 1n which case all detected hits will be timed with
respect to the reset at the beginning of the frame.

It will be seen that the pixel circuitry described above will
be capable of providing an accurate timing of relatively large
increases in radiation which cause a steep change in the
potential at the second input to the comparator. However, 1t
the change 1s not so steep, representative of radiation of lower
intensity, but 1s nevertheless sullicient to eventually reach the
level of the reference voltage, then the comparator will still
output a signal representative of the timing of the event, but
the measurement will have an inferior resolution to the case
where the change in potential 1s steep. To counter this, the
reference value may be such as to change with time 1n such a
direction as to meet the changing potential of the sensor
output signal. For example 11, during the monitoring period,
the sensor output falls from a high at the beginning of the
period, the reference voltage can be such as to rise to meet the
talling sensor output potential, thus bringing forward 1n time
the point at which the state of the comparator output changes.
Clearly this change has to occur in a known manner so that the
subsequent circuitry can appropriately analyse the result; for
example the reference voltage can change linearly, logarith-
mically or 1n some other manner. Preferably, however, the
reference voltage 1s changed according to a law which tends
towards making incident radiation having a particular value in
intensity space have the same value as 1ts corresponding value
in time space. In this way, the resolution of the device can be
made substantially the same whatever the intensity of the
incident radiation.

It has already been noted that the invention 1s directed
towards detecting whether, during a particular monitoring,
period, there are any hits and, if so, the timing of those hits
with respect to the beginning of the period. This 1s distinct
from the pixel described in relation to FIG. 2, in which what
1s measured 1s a signal whose amplitude 1s representative of
the output of the photodiode over a monitoring period—
usually referred to as the integration period—and which in
turn 1s representative of the amount of radiation incident on
the photodiode over that period.

It 1s often the case that both these pieces of information are
usetul and accordingly, 1n a further embodiment of the mven-
tion, means are provided to selectively apply to the second
input of the comparator a constant reference voltage or a
cyclic ramp voltage and switch means are provided at the
output of the comparator to direct the comparator output
cither to a first memory means operable to receive a value
representative of the timing of the crossover of said compara-
tor, or to a second memory means operable to recerve a value
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6

representative of the amount of radiation incident on the
sensor over an integration period. Thus 1t will be seen that the
pixel can be switched from “timing” mode to “amplitude”
mode, and vice versa. Timing circuitry, external to the pixel
array, controls the operation of the switch.

The timing of such a circuit can be arranged 1n different
ways. The most likely 1s that, following a reset at the begin-
ning of each frame, the pixel 1s switched to “timing” mode in
which the output of the sensor 1s continuously monitored. If a
hit occurs then a digital value representative of the timing of
the crossover 1s stored in the first memory means in the
manner described above. At the end of the monitoring period
the pixel 1s switched and the amplitude that the sensor output
signal had reached at the end of the monitoring period 1s
applied to the first mput of the comparator, whilst to the
second 1nput, a ramp voltage 1s applied, 1n the manner
described above 1n relation to FI1G. 2, which ramp voltage will
eventually cross the held voltage at the first input and cause
the comparator output to change state at a time corresponding
to the amplitude of the held signal. The comparator output 1s
then used to enable and subsequently disable the second
memory means to store the amplitude value therein, as earlier
described.

The frame continues with readout from the two memory
means which can be realised simultaneously or sequentially.
When all the memories of all pixels in the pixel array have
been read out, the frame terminates, and the whole process
starts again with a new frame.

In an embodiment of the invention a hit flag generator can
be used to reduce readout time by reading only those pixels
which have experienced a hit during the monitoring period.
Thus only those pixels which have detected interesting data
are read, thus quickening the time taken (for example) to read
a full frame of occasional photon splashes. The potentially
reduced readout time leads to a corresponding reduction in
the frame period, and hence increase 1n frame rate.

In one embodiment, the hit flag generator takes 1its input
from the output of the comparator—which indicates a hit by
a change of state; 1n an alternative embodiment, 1t takes 1ts
input from the output of the memory means—which will be
empty, or written with some default value 11 there has been no
hit.

The output from the hit flag generator 1s used to control
readout circuitry associated with each pixel. In the event that
the hit flag 1s not set, the pixel i1s not read for that frame, thus
saving on readout time. If the hit flag 1s set, then readout
occurs normally from the memory or memories within the
pixel.

The hit flag generator may also be used 1n a more sophis-
ticated manner, for example by generating a hit flag only if the
hit occurs within a certain range of times from the beginning
of the monitoring period. This 1s equivalent to gating the
signals so that only those hits that occur within a time window
get recorded—this could reduce unwanted background noise
in some applications. In connection with this, 1t 1s desirable to
be able to synchronise operation of the pixels to an external
source such as a laser, synchrotron or neutron beam. The
imaging device can include a trigger device, triggered by such
an external source, which would provide simplified timing of
external events. Preferably such a trigger device would be
synchronised with the imaging device clock so that the opera-
tion of the trigger device and the pixel array are synchronised.

In the event that the imaging device also measures the
amplitude of the incident radiation, 1t might also be usetul to
generate a hit flag based on the amplitude of the incident
radiation over the mntegration period. For example, the hit tlag
generator might be such as to generate a hit flag only if the
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amplitude lies between two thresholds—i.e. above a mini-
mum threshold and below a maximum threshold. This could
filter the detection of events which were considered to be
particularly small—near to the noise floor, or particularly
large—1for example 11 it were desired to select single photon
events, and reject multi-photon events.

In order that the invention may be better understood, sev-
eral embodiments thereof will now be described by way of
example, only, and with reference to the accompanying draw-
ings in which:

FI1G. 11s a circuit diagram of a known pixel circuit utilising,
APS architecture;

FI1G. 2 1s a circuit diagram of a known pixel circuit utilising,
DPS architecture;

FIG. 3 1s a timing diagram for the circuit of FIG. 2;

FI1G. 4 1s a diagram illustrating the wavetforms at different
parts of the circuit of FIG. 2;

FIGS. 5, 7 and 11 are circuit diagrams of a digital pixel
sensor for measuring the timing of incident radiation, accord-
ing to three different embodiments of the imnvention;

FIGS. 6, 8 and 12 are timing diagrams for the circuits of
FIGS. 5, 7 and 11 respectively;

FIGS. 9 and 13 are circuit diagrams of a digital pixel sensor
for measuring both the timing and amplitude of incident
radiation, according to two different embodiments of the
imnvention;

FI1G. 10 1s a ttiming diagram for the circuit of FIG. 9;

FIG. 14 1s a view of a single pixel simplified to illustrate
1ust those parts which are responsible for readout; and

FIG. 15 1s a graph of sensor output signal, photon shot

noise and quantisation noise, as a function of quantised levels
0-505.

Throughout all of the Figures, common reference numerals
have been used to indicate corresponding parts, where appro-
priate.

Each of the embodiments to be described are related to just
a single pixel 1 mtended to form part of a two-dimensional
array of pixels arranged 1n rows and columns, and forming
part of an 1maging device. It will be understood that all of the
circuit components within the box 1 are associated with the
pixel and are physically mounted within the pixel. The only
exception to this are the various common lines and buses
which pass through the box 1 and serve multiple pixels. The
common lines and buses which are present 1n all of the
embodiments are as follows:

1) A reset line 9 which supplies a reset signal rst to switch
reset transistor MRST on and thus apply V 5, or some other
user-controlled positive voltage to the cathode of the photo-
diode PD. The reset signal 1s applied globally to all pixels 1in
the array.

2) A reference voltage line 12 which supplies a d.c. level
intended to function as a threshold voltage applied to the
second 1mput of the comparator 2. It 1s probable that the
reference voltage will likewise be applied globally; however
there are circumstances where 1t might be advantageous to
apply different reference voltage levels to different pixels to
take account of process variations from pixel to pixel.

3) A n-bit data bus 4 which carries a continuously cycling
variable digital value available for inputting to the individual
clements of the register 3. This signal has already been dis-
cussed above 1n relation to the prior art circuit of FIG. 2. It 1s
assumed herein that n=8, but this 1s not essential. The digital
value signal 1s applied globally to all pixels 1n the array.
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4) A n-bit data bus 5, common to all pixels 1n a single column,
which carries the signals read out from the registers 3. Again,
1t 1s assumed herein that n=8, but this 1s not essential.

It will also be understood that the pixel array forms only a
partof the whole imaging device, and there will be processing
and control circuitry, including clock circuitry, external to the
array, which handles the data from the array and controls the
operation of the array. These components will be not
described except 1n so far as they are necessary to an under-
standing of the invention.

Referring now particularly to FIG. 5, it will be seen that the
circuit 1s very similar to that of FIG. 2 and the present descrip-
tion will thus concentrate on the differences.

The main difference 1s that the circuit 1s able to measure the
timing of an external event resulting 1n the sensor, 1n the form
ol a photodiode PD, receiving a sudden burst of radiation
from, for example, a photon splash, X-ray or charged particle.
This results 1n a sudden drop 1n the amplitude of the voltage
at node 11 which latter 1s set, at the beginning of the frame, to
V  or some other positive voltage by applying a reset signal
rst, as described above.

The transter transistor T_of FIG. 2 1s not present because it
1s necessary to continuously monitor the output of the photo-
diode, rather than taking an integral over a period. It will thus
be seen that, 11 an event causes the amplitude of the voltage at
node 11 to fall below the threshold value V_, = on reference
voltage line 12, the output of the comparator 2 will change
state, thus disabling the register 3, and causing the 1nstanta-
neous digital value on the bus 4 to be stored in the register
until 1t can be read out. The register 3 may take any suitable
form; the particular register used 1s one containing embedded
DRAM cells.

The read switch S__, 1s controlled by a signal along the line
6 from a readout logic circuit 14. The logic circuit 14 1s 1n turn
controlled by tokens, each passed down a respective column
of pixels from row to row of pixels. Readout from a particular
pixel can only occur 1t the circuit 14 has the token. This type
of token-based readout 1s described 1n more detail below.

Thereadout control circuit 14 1s also controlled by a hit flag
generator 15. This circuit receives mput from a data bus 16
connected to the data output of the register 3. If the register
contains its reset value of all zeros, i1t 1s assumed that no hit
occurred, and the hit flag generator outputs a zero. It the
register contains a value other than zero, indicating that a hat
has occurred, then the hit tflat generator outputs a logical 1.

The readout circuit operates 1n such a way that a signal 1s
sent along line 6 to switch S__, only 11 a token 1s present AND
a logic 1 1s recerved from the hit flag generator 15. This will
be explained 1n more detail below.

The operation of the circuit of FIG. 5 will be explained 1n
more detail with reference to the timing diagram in FIG. 6.
Immediately preceding the commencement of each frame,
the photodiode PD 1s reset by way of a reset signal on line 9,
as explained previously. At the same time, the Gray code
generator 1s reset. After reset, the momitoring period com-
mences, during which the amplitude output voltage at the
node 11 falls from the level set at reset as radiation 1s incident
on the photodiode. If no radiation occurs, the voltage remains
at approximately the level set at reset due to capacitance
cifects inherent 1n the circuitry, or due to the addition of a
storage capacitor (not shown). The primary purpose of the
circuit shown 1s to detect sudden external events 1n a back-
ground radiation which 1s either at a very low or zero level.
The external event causes a rapid burst of radiation to be
incident on the photodiode which causes a corresponding
rapid fall 1n the amplitude of the voltage onnode 11. If the fall
1s sullicient, the voltage at the lower input to comparator 2
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talls below the d.c. level on the reference voltage line 12, thus
causing the output state ol comparator 2 to change, as
explained previously. For example the output of the compara-
tor might be set to be normally at logic 1 level but, at the
moment of crossover, the output logic level falls to zero, thus
disabling the register 3. It will be seen that the moment 1n time
at which this happens corresponds to the time from the begin-
ning of the frame at which the event took place. In the mean-
time, the digital value on data bus 4 has been rising from its
reset at the beginning of the frame and therefore the digital
value which 1s stored in the register 3 at the instance of the
change of state of the comparator output from logic 1 to logic
0 1s representative of the timing of the event, or hit, from the
beginning of the monitoring period.

Once a hit occurs, nothing further happens before the end
ol the monitoring period, which 1s fixed. During this time, and
indeed for the rest of the frame, the photodiode 1s effectively
blind to the radiation since, even if further events occur during,
this time, they are not detected by the circuit.

At the end of the monitoring period readout occurs on a
pixel-by-pixel basis. The readout control circuit will close
switch S__, when it 1s the turn of the pixel to read out, provided
that the flag generator 15 indicates that there has been a hit
during the momtoring period. The exact mechanism of read-
out will be explained in more detail below.

At the end of the readout of all pixels, the frame ends, and
the circuit 1s reset, as atoresaid. FIG. 6 illustrates 2 complete
frames, and the start of a third. Each frame comprises a
monitoring period followed by a readout period, and with a
reset period 1 between. In the first frame, there 1s a hit near
the end of the monitoring period and 1n the second frame there
1s a hit near the beginning of the monitoring period.

FI1G. 7 illustrates a variant of the circuit of FIG. 3 1n which
multiple—in this case up to 3—external events may be
detected within the monitoring period.

This 1s achieved by providing 3 registers 3A, 3B and 3C
connected to the output of the comparator 2 via a 3-way
selector switch S1 controlled by the readout control circuit
14. The switch S1 1s operated sequentially to enable each one
of the registers i turn to store timing information for up to
three hits. The hit tlat generator 13 recerves the data output
from the register 3A, which 1s the first register to receive a hit,
and will only generate a hit tlag 11 there 1s a level stored 1n this
register.

There 1s a small modification in the reset arrangements for
the photodiode PD in that an OR gate 17 supplies the reset
signal to the reset transistor MRST, this OR gate receiving
input from the reset line 9, and from the readout control circuit
14. Thus a reset signal 1s applied to transistor MRST either 11
a global reset signal appears on line 9, at the beginning of the
frame, or if a reset signal 1s Output from the readout control
circuit. In this way a reset 1s 1ssued each time the switch S1 1s
operated, corresponding to the detection of a hit. Note that
only the photodiode 1s reset within the monitoring period—
the Gray code generator continues running so that all hits are
timed from the beginning of the frame.

Readout occurs by operation of respective selector
switches S__,; S__,,, S__,; which connect the 8-bit outputs of
the respective registers 3A, 3B, 3C to the data bus 5. The
selector switches are controlled by the readout control circuit
14 such that, upon receipt of a row readout token, the three
registers are read out sequentially onto the bus 5. Readout
thus takes up 3 clock cycles.

FI1G. 8 illustrates the timing diagram for the circuit of FIG.
7, which will be clear given the explanation already provided.
Only a single frame having an integration phase of 25 us
duration 1s illustrated.
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Reference 1s now made to the circuit of FIG. 9 which
combines the ability both to measure the timing and ampli-
tude of a single external event within a monitoring period.
Thus, for example, this gives the ability to obtain information
about the energy of electrons or X-rays incident on the pho-
todiode, as well as information about their timing. The circuit
will be largely understood by reference to FIGS. 2 and 5.
Essentially the comparator 2 1s switched backwards and for-
wards on a cyclic basis between two modes of operation: a
timing mode and an amplitude mode.

To this end, selector switches S, , S_ _ are placed at the
second input and the output respectively of the comparator 2
and these switches are operated simultaneously by means of
a signal RegSel on a line 18 which 1s common to all pixels 1n
the array.

The switch S, receives mput from lines 10 and 12 and
passes a selected one of these to the second input of the
comparator. Thus the second input of the comparator recerved
either a fixed reference voltage V., or aramp voltage V, ..
The nature of both of these has already been discussed. The
switch S_ _ connects to the enable mput of either one or the
other of two registers 3D or 3E.

The hit flag generator 15 1n this case recerves input from the
output of switch S__ . to indicate the occurrence, or otherwise,
of a hait.

A further feature not shown previously 1s a ROM (read only
memory) 19 which stores the unique address of the pixel
within i1ts column 1n order to enable it to 1dentify 1tself during
readout. This 1s necessary if a hit flag 1s used to selectrows for
readout, 1 order to enable the subsequent processing cir-
cuitry to i1dentity which pixel the information on bus 5 1s
coming from. The ROM 19 1s switched onto the data readout
bus 35 when the readout token 1s recerved so that the ROM can
be read out sequentially with the registers 3D and 3E. An 8-bit
ROM is illustrated, which will enable addressing of up to 2°
rows; a ROM having a greater capacity can be used if there are
more rows than this in the array.

With the switches S, , S_ _ 1n the positions shown, the
comparator 1s in “amplitude” mode, with the V,,  voltage,
synchronised with the Gray code values on bus 4 applied to
the second 1nput (see FIG. 4). In this mode, the circuit oper-
ates substantially in the same manner as described above 1n
relation to FIG. 2, with the digital value representative of the

amplitude of the photodiode voltage being stored in register
3E.

With the switches S, ,S_ _1n the opposite positions to those

shown, the comparator 1s 1n “timing” mode, with the fixed
threshold voltage V., . applied to 1ts second input. In this
mode, the circuit operates substantially in the same manner as
described above 1n relation to FIG. 5, with the digital value
representative of the timing of the external event being stored
in the register 3D.
The sequence of operation will be described with reference
to FIG. 10 which 1llustrates a single frame comprising an
integration phase, an ADC phase and a read phase, together
with just the integration phase of the next following frame.

The frame commences with a complete reset of the pixel—
usually resetting the voltage at the cathode of the photodiode
PDtoV 5, or some other user-controlled positive voltage, and
resetting the Gray code generator to start counting at zero.
The transfer transistor T, 1s switched on during reset to trans-
ter the reset voltage to the photodiode cathode and remains on
during the monitoring phase, until a hitis detected. The moni-
toring period starts with the switching oif of the reset transis-
tor MRST after the reset pulse. During the monitoring period
the amplitude of the signal at node 11 will fall when radiation

1s incident on the photodiode PD, and this signal 1s passed to
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the first (right hand) input of comparator 2. During the moni-
toring period, the switching signal on line 18 causes switches
S and S_ _ to be i “ttming mode”, so that the reference
voltage line 12 applies a steady threshold voltage to the sec-
ond (left hand) mput of the comparator. In the event of a hit
during the monitoring period, the output of the comparator 2
changes state, as described above, and a digital value repre-
sentative of the timing of the hit from the reset at the begin-
ning of the frame 1s stored 1n the register 3D.

At the end of the monitoring period, which typically lasts 6
us, the transfer transistor switches off thus holding the voltage
level at node 11. This voltage level 1s representative of the
total amount of radiation incident on the photodiode PD inte-
grated over the monitoring period. At the same time the Vv,
signal 1s reset (see the description relating to FIG. 2) and the
Gray code generator 1s also reset. The switching signal on line
18 now causes the ganged switches S, and S_  _to switch over
to “amplitude” mode so that the ramp voltage V. 1s applied
to the second mput of comparator 2. As already described, at
the point at which the ramp voltage V, ., reaches the same
level as that held on node 11, the comparator output will
change state, and a digital value representative of the ampli-
tude of the voltage at node 11 will be written to the register 3E.

Thus, at the end of the ADC phase, the registers 3D and 3E
hold digital values representative of the timing and amplitude
respectively, of the external event.

The frame ends with the read phase, during which the
contents of the registers 3D and 3E are read out 1n sequence,
in the manner described above, upon receipt of a read token at
the readout control circuit 14. Readout only occurs 11 the hit
flag generator 15 indicates that a hit occurred during the
monitoring period. If no hit occurs, the read token 1s 1mme-
diately passed on to the next pixel in the column, otherwise
the read token 1s retained until readout of the pixel 1s complete
betfore being passed on.

Reference 1s now made to the circuit of FIG. 11 which
illustrates a pixel in which the “timing” and “amplitude”
modes are handled by separate comparators 2B and 2A
respectively to enable the pixel to simultaneously perform a
ramp ADC with comparator 2A whilst looking for the next hit
with comparator 2B.

The circuit details will be understood from the previous
description. It will be noted that the outputs of the compara-
tors 2A and 2B are passed to the enable inputs of respective
registers 3E and 3D. the comparator outputs are monitored by
the hit flag generator 15 to control the operation of the readout
control circuit 14 at readout time. A capacitor C 1s provided to
securely hold the voltage level at node 11A. Such capacitor
may be realised entirely by stray capacitance, or may be
constituted by a physical capacitor.

The operation of the circuit of FIG. 11 1s now explained
with reference to FIG. 12. At the beginning of the frame a
reset pulse applies a positive reset voltage to the cathode of
photodiode PD. The Gray code generator 1s likewise reset.
During the monitoring period the transfer transistor 1is
switched ofl and the instantaneous value of the voltage at
node 11B 1s applied to the first input of the comparator 2B, to
be compared with the fixed reference voltage on line 12. If a
hit occurs during the monitoring period, the timing of this hit
1s saved as a digital value 1n register 3D 1n the manner
described above. At the end of the frame the transfer transistor
T, pulses on to transier the value at node 11B to node 11 A so
that a ramp ADC can be carried out on it 1n comparator 2A,
using the ramp voltage V,,, , which is reset at this time.
Meanwhile, once transier transistor T, has turned off again a
reset signal 1s sent to reset transistor MRST to reset the
photodiode for a new monitoring period. Thus simultaneous
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with the ramp ADC being carried out on the hit from the first
monitoring period, a second monitoring period 1s taking place
to seek for more hits. If no hit occurs, then the ADC 1s
powered down for the following monitoring period as 1t 1s not
necessary.

Thus, at the end of each momtoring period, register 3D
contains a digital value representing the timing of a hit found
during that monitoring period, whilst register 3E contains a
digital value representing the amplitude of a hit found during
the immediately preceding monitoring period. These can be
read out during a readout phase, following each monitoring
phase, 1n the manner described above. The circuit then resets
and the next frame commences.

In the embodiment of FIG. 11, the reset node 11B and
signal node 11A are reset separately and each will thus
acquire a different KTC noise thus introducing a further error
into the measurement. FIG. 13 shows a development of the
circuit of FIG. 11 which has improved noise performance
because a separate reset transistor and comparator 1s used for
cach of the two “samples” so the KTC noise for reset and
sample are the same. As in the embodiment of FIG. 9, each of
the comparators 2A, 2B can operate 1n “timing” mode or
“amplitude” mode, depending upon the position of the mnput
and output switches S, and S_  and S, 1 and S_ 2. The
switches are linked 1n such a way that the comparators operate
in the two modes alternately and such that, when one com-
parator 1s 1n “timing” mode, the other 1s 1n “amplitude” mode.
Separate hit flag generators 15A, 15B are used to detect a hit
in each frame, and used to control readout in the manner
described above.

Reset of the photodiode at the beginning of each frame 1s
achieved by simultaneously switching the reset transistor
R _A and transfer transistor T _A on, or reset transistor R _B
and transier transistor T A on, depending upon which com-
parator, 2A or 2B, 1s about to start 1ts monitoring mode. The
value 1nput to the first inputs of the comparators 2A and 2B
are held at nodes 11A, 11B respectively by capacitors C1, C2
which may realised by stray capacitance or by physical
capacitors. During the monitoring period for each comparator
2A, 2B the appropriate transfer transistor T_,, T 5 1s switched
on so that the voltage level at the cathode of the photodiode
PD 1s transferred to the appropriate node 11A or 11B.

Four registers 3D1, 3D2, 3E1 and 3E2 hold the various
digital values: registers 3D1 and 3D2 hold the timing values
from comparators 2A and 2B respectively, while registers
3E1 and 3E2 hold the amplitude values from comparators 2B
and 2 A respectively. Atthe end of each monitoring period, the
contents of the four registers are read out (provided that a hit
occurred), in the manner described previously.

The operation of the circuit should be understood without
turther explanation, and with reference to the timing diagram
of FI1G. 12, which 1s also applicable to this circuit.

Reference 1s now made to FIG. 14 which shows a repre-
sentative pixel 1 1n which all but the readout circuitry has been
removed for clarity. Two registers 3A, 3B are shown by way
of example but 1t will be understood that the same principles
apply to any number of registers from 1 upwards, and the
same principle can be used for readout out from the ROM 19,
shown 1n FIG. 9, and in fact with the readout arrangement
about to be described, 1t 1s necessary for the pixel to have
some means, such as a unique i1dentifier stared i a ROM, to
identify 1tself within 1ts column.

An example of suitable circuitry for reading out from each
pixel will now be described with reference to FI1G. 14. It will
be understood that this circuitry can be used with any of the
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embodiments described above by replacing the registers 3A
and 3B with whatever arrangement of registers the embodi-
ment has.

The purpose of the circuitry 1n FIG. 14 1s to control the
switches S_,;, and S__,, to allow readout of the contents of
registers 3A and 38 onto the data bus 5 on a sequential basis.

Readout from the array 1s controlled by a single bit signal,
referred to as a token, which 1s passed down each column of
the pixel array on a line 50. The token signals are generated
externally of the array and one token 1s passed down each
column, passing from pixel to pixel 1in that column. All of the
token signals for all of the columns are 1ssued simultaneously,
at the start of the readout period but, as will become apparent,
they will not necessarily propagate down the different col-
umns at the same speed.

The line 50 passes 1nto and out of the readout control logic
14 which 1s present in each pixel. The readout control logic 14
comprises a single bit shift register 51 which 1s clocked by the
system clock on clock line 52. Ganged switches S1a and S15
control the passage of token signals into and out of the register
51. The Q output from the register 51 1s connected to one
input of each of two AND gates 33, 54 whose outputs control
respective switches S__,, and S__,, to pass the contents of the
respective registers 3A and 3B onto the data bus 5. The other
inputs of the AND gates 53, 34 are connected to respective
readout control lines 55, 56.

The switches Sla and S15 are operable to pass the token
signal propagating down the line 50 either through the regis-
ter 51, or via a by-pass line 57. The switches S1a and S1b are
controlled by the hit flag generator 15.

The operation of the pixel readout circuitry will now be
explained. The token usually comprises just a single pulse
which 1s propagated down each column of pixels 1n the array
on line 50. When the token reaches switch Sla it will be
passed either to the register 51 or, via the by-pass line 57,
straight to the next pixel down in the column. In the event that
a hit occurred 1n the previous monitoring phase, the hit flag
will be set to indicate this and the switches S1a and S15 wall
be switched by the hit tlag generator 135 to the positions shown
1.e. such as to pass the token to the register 51. If no hit
occurred 1n the previous monitoring period, then the hit flag
generator will switch the switches S1a and S15 over to the
other position, whereupon the token will bypass the register
51, and propagate directly to the next pixel down 1n the
column.

Assuming that a hit has occurred, the token 1s passed to the
D input of the register 51 and awaits the next clock pulse on
line 52. Upon receipt of this, the pulse 1s clocked through the
register and 1s outputted via 1ts Q output and passes, via
switch S15 to the next pixel down in the column whereupon
the process repeats itself. Meanwhile, the pulse which
appears at the QQ output of register 51 1s also passed to an 1nput
of each of the AND gates 53, 54. The other inputs of the AND
gates 53, 54 receive signals along readout control lines 55, 56.
Thus, when each of the AND gates 53, 54 recerve simulta-
neous signals on both of their inputs, they will output a signal
which will close their respective switch S__,;, or S__,, to pass
the contents of the register 3A or 3B onto the data bus 5. In this
way signals applied to lines 55 and 56 will allow the contents
of the registers 3A and 3B to be passed onto the data bus 4 on
a sequential basis, but only 11 the hit flag 1s set. It will be noted
that the lines 55 and 56 are common to all pixels 1n each
column, but data will be read out from only one pixel 1n each
column at a time, depending upon where the token has
reached. It will also be apparent that, where no hit1s indicated,
the pixel will not be read at all, and the token will propagate
straight to the next pixel down 1n the column. This means that
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the different tokens propagating down the different columns
of the array will not necessarily propagate at the same
speed—those columns whose pixels record few hits will be
read out much more quickly. This 1s why it 1s necessary for
cach individual pixel to be able to identily 1tself within 1ts
column—readout 1s not on a row-by-row basis, in which
individual pixels can readily be i1dentified by their row and
column.

The outputs from the columns can be handled in various
different ways. One example 1s that the outputs from the
columns be passed, at each clock pulse, into the respective
inputs of an 8 bitxN column FIFO register (not shown) where
N 1s the number of columns. The subsequent processing of the
signals does not form part of the present invention.

It will be clear to those skilled in the art that a form of
column sense amplifier 1s necessary to correctly read the
contents of register elements in the pixels from the bottom of
the columns. This invention does not extend to the design of
these amplifiers of which there are a number of commonly
used techniques and circuits. The assumption 1s that the pixel
register values are read and restored to full-rail digital signals
at the column base, within some defined minimum clock
period, and presented to the subsequent data-handling cir-
cuits.

In the above described embodiments, the digital values
stored 1n the registers 3 have been read out sequentially. It
would, however, be possible to realise simultaneous or par-
allel readout from a pixel’s register, subject to additional
circuitry such as bus routing and control logic.

It will be clear to those skilled 1n the art that further circuits
could be created combining various of the features of the
above-described circuits in different ways. Other variants
include:

1) If 1in the timing measurements, one can, for example, set the
threshold V , . at the saturation level. In this case, each pixel
would output the time corresponding to the time 1t takes to get
into saturation. Because of the speed of the sensor, this could
be used to increase the dynamic range of the sensor beyond
present limitations of CMOS sensors.

2) Two memories can be integrated in the basic pixel circuit
of FIG. 5 to recerve the sensor output signal before and after
the reset, 1.e. correlated double sampling (CDS).

3) In the basic pixel circuit of FIG. 5, the timing can be
adapted so that the pixel measures either the time 1t takes to
reach saturation or, i this has not been reached during the
monitoring period, the amplitude of the signal integrated
during the integration time. If n bits are recorded, the output
will be on n+1 bits, with the last bit flagging the type of
measurement taken by the pixel. This way of functioning
would provide high resolution on low signals and a coarser
resolution on larger signals, but still provide an increased
dynamic range. This 1s because large signals are affected by
large intrinsic (shot) noise, and thus do not need to be con-
verted with the same resolution as small ones. For example,
suppose the operation of the pixel on 8-bit, and linear mea-
surements of time and amplitude. Let us also suppose that the
timing 1s such that, during a momtoring period T0, the clock
runs up to 255 and that the corresponding saturation signal 1s
S0. All signals S<S0, will be measured by the amplitude
measurement at the end of the monitoring period. All signals
S1>S0 will be measured by the time 11 they take to reach
saturation. Supposing a linear time measurement, 1t holds that
S1/50=T1T0/T1 or S1=S0*T0/T1. It 1s clear that as S1
increases, the distance between two successive levels
increases and as such so do the quantisation errors. However,
because the photon shot noise 1s also increasing, the effect of



US 7,719,589 B2

15

the quantisation range on the dynamic range 1s negligible. In
FIG. 15 and as a function of the quantised levels, we show:

a) the signal; note that levels above 253, correspond to time
measurements. Note also that the time measurement would
give smaller numbers for higher signal levels.

b) quantisation errors. This 1s constant for levels up to 255
(amplitude measurement) and then increases.

¢) photon shot noise, considered as the square root of the
number of electrons.

The important point 1s the cross-over between curves b)
and c¢). It can be considered that each source of noise, which
1s at least 3 times less than the main noise, has a negligible
eifect on the noise (uncorrelated noise sources add in quadra-
ture). If we use this relationship, the quantisation levels can be
neglected for signals up to 2330, thus achieving an equivalent
number of bits of over 11. The netresult1s thus that, by adding
1 bit and using the time measurement during the integration,
an increased dynamic range can be achieved. The advantage
of this method over a linear method 1s 1n saving pixel space
and reducing the conversion time, since we can consider that
the most significant bits are measured during the integration.
It 1s also understood that by varying the clocking sequence
during the monitoring period, wider dynamic ranges could be
obtained.

Some further features and advantages of the above-de-
scribed mmvention will now be discussed.

1) The imaging device described above, by reading out only
those pixels on a sensor array that are triggered by events,
dramatically reduces data readout and analysis overheads 1n
photon, 10on and electron 1maging applications.

2) The robust nature of the technology gives the potential for
direct electron event detection and energy measurement that
would 1 some applications remove the need for delicate and
relatively slow 1mage intensifiers.

3) MHz to GHz event rates will be possible before event pile
up, orders of magnitude faster than current commercial CCD
based readout.

4) A unique ability to time tag events to 10 nanosecond
accuracy provides a means to time events for velocimetric
(time of tlight) measurements and correlation measurements
not possible with current CCD or CMOS array sensors.

The demand for low noise, sensitive and high-speed array
detectors continue to drive development of devices with wide
use 1n analytical mstrumentation, military, medical, space
science, high energy physics and spectroscopy. In many of
these applications single photon light level imaging 1s desir-
able but poses a fundamental challenge when there 1s a
requirement to capture events at high frame rates. Due to
readout noise direct single photon detection 1s not possible
and 1n order to get round this problem it 1s necessary to
amplify the signal. This 1s the method used routinely in image
intensifiers but comes at the expense of degrading the S/N
(s1gnal to noise ratio) of the original photon signal. The count-
ing mode 1s used 1n streak cameras, intensified charge
coupled devices (ICCD’s), and 1n electron and 10n imagers
(without the photocathode to convert light to electrons).

The advantages of the single photon (or single 1on/elec-
tron) ‘event counting mode’ are that:

It alleviates the noise associated with conventional image
intensifiers.

It removes the inherent noise and poor signal linearity
associated with intensifiers, plus providing huge dynamic
range, excellent linearity and almost zero readout noise.
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It provides enhanced spatial resolution by allowing a sta-
tistical analysis of each event to measure 1ts positional centre
of gravity (centroid).

The principle of an 1mage intensifier in event counting
mode 1s as follows. Photons incident on a photocathode result
in the emission of an electron that 1s amplified by the image
intensifier to produce a splash ‘event’ of electrons that are
converted to light by a scintillator. This light 1s 1imaged on to
a CCD (or CID) and the image frame 1s transierred to a
computer where signal processing first finds and then calcu-
lates the centroid of each event to give a highly accurate
position on the photocathode for the original photon. The
method 1s seriously limited by the CCD (or CID) readout rate
of large arrays since the whole array (of up to 1 M pixels) must
be read to find the widely distributed photon events. Then, in
order to avoid event pile up (image distortion due to event
signal overlap on the sensor array), the CCD must be read
before there 1s a significant probability (usually taken as
~100:1) that the events overlap. The frame rate of the camera
and subsequent data processing and storage overheads then
defines the total number of events per second read out. For
video rate readout of a CCD this leads to a maximum event
rate of typically less than 10°. The imaging device of the
present invention circumvents these problems in the ways
listed above, mimmising data overheads to provide a potential
for several orders of magnitude improvement in signal acqui-
sition rate.

The invention claimed 1s:

1. An 1maging device comprising an array ol pixels in

which, for each pixel, there 1s provided:

a sensor which 1s sensitive to a variable quantity to be
imaged and for outputting a signal representative of the
variation 1n said quantity during a monitoring period;

a comparator having a first input and a second input;

a connection for connecting the output of said sensor to
said first input 1 such a way that said comparator con-
tinuously monitors said output signal; and

a connection for applying a reference voltage to said sec-
ond 1nput;

said comparator being such as to change 1ts output state at
the point 1n time at which the amplitude of said output
signal crosses said reference voltage level,

wherein each pixel further comprises a hit flag generator
which 1s operable to generate a flag signal indicative of
whether, during the monitoring period, the output state
of said comparator changes, and readout circuitry which
1s operable to read the contents of a memory unit during
a read period, following the monitoring period, only 1f
the hit flag generator indicates that the output state of the
comparator changed during the momitoring period.

2. An 1imaging device as claimed in claim 1 wherein each
pixel further comprises a memory unit operable to store a
value representative of the said point in time at which the
amplitude of said output signal crosses said reference voltage
level.

3. An 1imaging device as claimed in claim 2 further com-
prising a counter unit which generates a steadily increasing or
decreasing value during the momitoring period, which value is
written to the memory unit at said point in time to thereby
represent the timing of said point 1n time.

4. An 1maging device as claimed 1n claim 3 further includ-
ing a reset unit for resetting said counter unit at the beginning
of the monitoring period so that the value stored in the
memory unit 1s representative of the timing of said point in
time with respect to the beginning of the monitoring period.
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5. An 1maging device as claimed 1n claim 4 wherein said
counter unit 1s a Gray code generator for generating a steadily
increasing digital value, and wherein said memory unit com-
prises a register for storing the digital value reached at said
point in time.

6. An 1imaging device as claimed in claim 1 wherein said hit
flag generator recerves input from the output of said compara-
tor such that said flag signal indicates a “hit” 1f the output state
of the comparator changes during the momtoring period, but
not otherwise.

7. An 1maging device as claimed 1n claim 1, wherein said
hit flag generator receives input from the output of said
memory unit and wherein the flag signal 1s set to indicate a
“hit” only 11 the memory umit contains a value other than a
reset value.

8. An imaging device as claimed 1n claim 1 wherein said hat
flag generator 1s set so as to indicate a “hit” only 11 the output
state of the comparator changes within a certain range of
times from the beginning of the monitoring period.

9. An 1maging device as claimed 1n claim 1 wherein each
pixel further comprises a memory unit for storing a unique
value 1dentifying the pixel within each column of the pixel
array.

10. An imaging device as claimed 1n claim 1 wherein the

reference voltage 1s a d.c. voltage which remains unchanged
over time.

11. An imaging device as claimed 1n claim 1 wherein the
reference voltage changes over the momitoring period 1n such
a direction as to bring forward said point in time at which the
amplitude of the sensor output signal crosses the reference

voltage level.

12. An 1imaging device as claimed 1n claim 11 wherein said
reference voltage changes over the monitoring period accord-
ing to a law which tends towards making a quantity to be
imaged having a particular value 1n mtensity space have the
same value as 1ts corresponding value in time space.

13. An 1imaging device comprising an array of pixels in
which, for each pixel, there 1s provided:

a sensor which 1s sensitive to a variable quantity to be
imaged and for outputting a signal representative of the
variation 1n said quantity during a monitoring period;

a comparator having a first input and a second input;

a connection for connecting the output of said sensor to
said first input 1n such a way that said comparator con-
tinuously monitors said output signal; and

a connection for applying a reference voltage to said sec-
ond 1nput;
said comparator being such as to change 1ts output state at

the point in time at which the amplitude of said output
signal crosses said reference voltage level,

wherein each pixel comprises a plurality of memory units,
wherein the output of the comparator 1s connected to a
multi-way switch which 1s operable to connect the out-
put of the comparator to one of said memory units at a
time, and wherein a reset unit 1s provided for resetting
the output of said sensor after a change of state of the
comparator output so that a further change of the output
state of the comparator within the monitoring period can
be detected, said multi-way switch being controlled in
such a way as to store timing information relating to each
change of the output state of the comparator within the
monitoring period in a separate one ol said memory
units.
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14. An 1maging device comprising an array of pixels in

which, for each pixel, there 1s provided:

a sensor which 1s sensitive to a variable quantity to be
imaged and for outputting a signal representative of the
variation 1n said quantity during a monitoring period;

a comparator having a first input and a second 1nput;

a connection for connecting the output of said sensor to
said first input 1n such a way that said comparator con-

tinuously monitors said output signal; and

a connection for applying a reference voltage to said sec-
ond 1nput:

said comparator being such as to change 1ts output state at
the point in time at which the amplitude of said output
signal crosses said reference voltage level,

wherein each pixel further comprises amplitude measure-
ment circuitry for measuring the amplitude of the output
signal from the sensor at the point in time at which the
amplitude of the output signal crosses said reference
voltage level, and a memory unit for storing a value
representative of the amplitude of the output signal from
the sensor, and

wherein each pixel further includes a switching circuitry
means associated with said comparator for causing said
comparator to operate in one of two modes:

a) a “timing’ mode 1n which said reference voltage level 1s
constant and said second input to the comparator is
connected to receirve said reference voltage level, and
said output 1s connected to said memory unit; or

b) an “amplitude” mode 1n which said second mput to the
comparator 1s connected to recerve a ramp voltage to
cause the comparator to operate as a ramp ADC, and said
output 1s connected to said memory unit

and a control unit for switching the comparator to “timing”
mode at the beginning of the momtoring period, and
switching to “amplitude” mode 1n the event that the
comparator output changes state, thus enabling the ana-
logue value of the amplitude to be stored as a digital
value, by means of the ADC action of the comparator, in
said memory unit.

15. An imaging device as claimed in claim 14 wherein the
control unit 1s such as to switch the comparator to “ampli-
tude” mode immediately upon a change of state of the com-
parator output so that the amplitude value stored in the
memory unit 1s representative of the variation 1n said quantity
from the beginning of the monitoring period to the point 1n
time at which the amplitude of said output signal crosses said
ramp voltage.

16. An imaging device as claimed in claim 14 wherein the
control unit 1s such as to switch the comparator to “ampli-
tude” mode at the end of the monitoring period, only provided
that, during the monitoring period, the output of the compara-
tor has changed state, so that the amplitude value stored 1n the
memory unit 1s representative of the variation in said quantity
over the whole monitoring period.

17. An imaging device comprising an array of pixels in
which, for each pixel, there 1s provided:

a sensor which 1s sensitive to a variable quantity to be
imaged and for outputting a signal representative of the
variation 1n said quantity during a monitoring period;

a comparator having a first input and a second input;

a connection for connecting the output of said sensor to
said first input 1n such a way that said comparator con-
tinuously monitors said output signal; and

a connection for applying a reference voltage to said sec-
ond 1nput;
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said comparator being such as to change 1its output state at comparators for causing each comparator to operate 1n one of

the point 1n time at which the amplitude of said output two modes:
signal crosses said reference voltage level, a) a “timing” mode 1n which said reference voltage level 1s
constant and the second input to the comparator 1s con-

wherein each pixel further comprises amplitude measure-
ment circuitry for measuring the amplitude of the output
signal from the sensor at the point in time at which the

5 nected to recerve said reference voltage level, or

b) an “amplitude” mode 1n which said second input to the
comparator 1s connected to receive said ramp voltage to

amplitude of the output signal crosses said reference cause the comparator to operate as a ramp ADC

voltage level, and a memory unit for storing a value and a control unit for switching said comparator to “tim-
representative of the amplitude of the output signal from 10 ing” mode and said further comparator to “amplitude™
the sensor, and mode at the beginning of a first monitoring period, and

for switching said comparator to “amplitude” mode and
said further comparator to “timing” mode at the begin-
ning of the next following monitoring period, and so on

wherein each pixel includes a further comparator whose
output 1s connected to said memory unit, whose {first
input 1s connected to recerve the output signal of said

_ _ _ 15 1n a repeating sequence.
sensor and whose second 1nput 1s connected to receive a 19. An imaging device as claimed in claim 18, wherein
ramp voltage so as to cause the further comparator to each pixel further includes further switching circuitry con-
operate as a ramp ADC to enable the analogue value of  nected to the outputs of said comparators and operable to
the amplitude of the sensor output signal to be stored as switch each comparator output to a respective one of a pair of
a digital value in said memory unit. 20 memory units according to whether the comparator 1s in

18. An1maging device as claimed 1n claim 17 wherein each timing” mode or “amplitude™ mode.

pixel further includes switching circuitry associated with said %k ok % ok
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