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Description

ANALOG-TO-DIGITAL CONVERSION AND METHOD OF ANALOG-TO-
DIGITAL CONVERSION

Technical Field
This invention relates to an analog-to-digital converter and to a method of
performing analog-to-digital conversion which can be used, for example, to convert analog

signal levels output from a pixel array of an imaging device.

Background

Image sensors comprise an array of unit elements, called pixels. The array of
pixels is exposed to radiation during an exposure period and, subsequently, the signal value
of each pixel is read from the array.

Pixel signals are analog signals. An analog-to-digital converter (ADC) is provided
to convert the analog pixel signal into a digital signal. The ADCs are a major building
block in image sensors and are often the bottleneck in the readout block of the imagers in
terms of frame rate, dynamic range and power consumption. Various arrangements have
been proposed where analog-to-digital conversion is performed, in parallel, for analog
signal values read from columns of the array. This helps to increase the speed at which the
pixel array can be read. Figure 1 shows an example of an image sensor architecture with a
pixel array 10 and ADCs 20 provided for each column of the pixel array 10.

One known type of ADC in image sensors is a ramp ADC. This is shown in
Figures 1 and 2. A ramp generator 21 generates a ramp signal, Vramp, which is distributed
to the ADCs 20. Each ramp ADC 20 has a comparator 23 which compares an analog pixel
signal ADC_IN[0],...ADC _IN[N] received from the pixel array 10 with the ramp signal,
Vramp. Each analog-to-digital converter 20 also comprises a counter 24 which is enabled
for a period of time based on the comparator output. This time period can be translated to
a digital number by the digital counter 24 which is active during this period. Given its
mostly digital nature, the ramp ADC scales well with the technology.

Figure 3 shows the effect of ramp steepness and clock speed on the performance of
the ramp converter. The counter value DN corresponds to the digital representation of the

input analog signal. One way of reducing the quantisation error, and hence the Least
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Significant Bit (LSB) value, is to increase the clock speed, as shown in Figure 3(B).
Another way of reducing the quantisation error, and hence the Least Significant Bit (LSB)
value, is to reduce the steepness of the ramp, as shown in Figure 3(C). A significant
drawback of reducing the steepness of the ramp is that the input range of the ADC is
reduced accordingly. Therefore, the ADC is unable to convert the same range of analog
signal values as the ADC of Figure 3(A).

As each clock cycle corresponds to a quantisation step (LSB), the number of clock
cycles needed for N bit resolution is equal to 2. For example, a 12-bit resolution requires
4096 clock cycles. Even when a high clock speed of 1GHz is used, it takes over 4us time
to complete the analog-to-digital conversion. It follows that this converter topology
becomes slow and power-inefficient as the number of bits of resolution increases.

Therefore, new solutions are needed to increase the conversion speed of such
converter at higher bit resolutions.

To reduce the conversion time and/or reduce the power consumption of the ADCs,
a photon-transfer-curve (PTC) method has been proposed for image sensor ADCs. An
example is described in the paper "PTC-Based Sigma-Delta ADCs for High-Speed, Low-
Noise Imagers", Xhakoni, A., Ha Le-Thai, T. Geurts, G. Chapinal, and G. Gielen, 2014,
Sensors Journal, IEEE 2932-2933. The principle is shown in Figure 4. In Figure 4, line A
illustrates a signal, line B a photon shot noise and line C a quantization noise.

A PTC-based ADC uses a small quantisation step at low light and a large
quantisation step at higher light levels. At high light levels the noise of the readout chain
is dominated by the photon shot noise of the photodiode, which is signal dependent.
Therefore, the larger quantisation step of the PTC ADC at high light levels has a minimal
impact on the SNR. In a ramp ADC, the PTC-based quantisation can be achieved by using
two different ramps of different steepness. For example, at high light a ramp with
steepness X could be used. At low light a ramp with steepness X/8 would reduce the
quantisation step by 8x as well. In case 12-bit low light equivalent resolution is needed,
one could use a ramp ADC with the equivalent number of clock cycles of a 9 bit ADC and
have a slow ramp with steepness 8x lower than that of the fast ramp, achieving the
quantisation step of a 12 bit ADC (LSB12=LSB9/8).

Figure 5 shows the impact of the PTC-based quantisation in the SNR of the pixel
readout chain when a pixel with 10ke- full well is used. The difference in SNR between
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the PTC-based 12 bit ADC and the conventional 12 bit ADC is a SNR dip of about 0.2dB
at mid-light level.

A few methods have been developed to achieve the PTC-based quantisation step in
ramp ADCs. Examples are described in the paper "Multiple-Ramp Column-Parallel ADC
Architectures for CMOS Image Sensors", Martijn F. Snoeij, Albert J. P. Theuwissen, Kofi
A. A. Makinwa, Johan H. Huijsing, 2007, IEEE JOURNAL OF SOLID-STATE
CIRCUITS 2968-2977 and in US 2013/0206961 A1. Snoeij describes a Multiple-Ramp
Single-Slope (MRSS) method and a Multiple-Ramp Multiple-Slope (MRMS) method.
Both methods require a coarse comparison phase before a fine comparison phase.

The method described in US 2013/0206961 A1 uses a comparator to detect whether
the analog signal to be converted is below, or above, a reference level. Depending on the
outcome of the comparison, a fast ramp or a slow ramp is used in the ADC to convert the
analog signal. This requires a ramp preselection comparator with strict offset
requirements. In addition, the conversion time is increased as the ramp preselection is
performed before the actual conversion.

The present patent application seeks to provide an alternative analog-to-digital

converter.

Summary

It is an object of the present patent application to provide an analog-to-digital
converter and a method of analog-to-digital conversion.

The object will be achieved by the subject matter of the independent claims.

Embodiments and developments of the application are defined in the dependent claims.

In an embodiment, an analog-to-digital converter for an imaging device comprises:

an analog signal input for receiving an analog signal from a pixel array of the
imaging device;

N ramp signal inputs for receiving N ramp signals, where N is an integer >2, the N
ramp signals having different slopes;

a clock input for receiving at least one clock signal;

a comparison stage connected to the ramp signal inputs and to the analog signal
input, the comparison stage configured to compare the ramp signals with the analog signal

during a conversion period to provide comparison outputs;
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a counter stage; and

a control stage which is configured to control the counter stage based on the
comparison outputs and a selection input indicative of when at least one handover point
has been reached during the conversion period, wherein the handover point is indicative of
a point at which a comparison output of a different one of the ramp signals with the analog
signal can be used to control the counter stage.

The comparison stage may comprise a minimum of two comparators.

The comparison stage of the analog-to-digital converter, abbreviated ADC, may
simultaneously compare each of the N ramp signals with the analog signal to provide N
comparison outputs. Alternatively, the comparison stage of the ADC may simultaneously
compare a number S of the N ramp signals (where S < N) with the analog signal to
simultaneously provide S comparison outputs. The comparison stage may be configured to
selectively compare different ones of the ramp signals with the analog signal during the
conversion period.

The control stage can be configured to change, during the conversion period,
control of the counter stage from a comparison output of a first ramp signal to a
comparison output of a second, different, ramp signal. The second ramp signal may have a
higher slope than the first ramp signal.

The control stage is configured to use the comparison output of the shallowest ramp
signal to control the counter stage after a start of the conversion period and before a first
handover point. The shallowest ramp signal has the slowest slope of all ramp signals.

The control stage can be configured to: determine, during the conversion period, if
a comparison output of the N ramp signal has changed state before the handover point
associated with a comparison output of an n'" ramp signal has been reached, where n is an
integer in the range 1....N-1; and to use the comparison output of the n™ ramp signal to
control the counter stage if the comparison output of the N ramp signal has changed state
before the handover point associated with the comparison output of the n' ramp signal has
been reached.

The number n is a natural number and obtains values between 1 and N.

The control stage can be configured to use a comparison output of the (n+1)™ ramp
signal to control the counter stage if the comparison output of the N™ ramp signal has not
changed state before the handover point associated with the comparison output of the n't

ramp signal has been reached.
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The (n+1)® ramp signal has a higher steepness than the n'® ramp signal. The (n+1)™®
ramp signal has a higher slope than the n ramp signal. The (n+1)" ramp signal is faster
than the n' ramp signal. This is valid for each number n between 1 <n <N-1.

The first ramp signal (n=1) has the shallowest slope. The Nth ramp signal has the
highest slope.

An output stage of the ADC can be configured to output a counter value which has
been scaled based on a comparison output of which ramp signal controlled the counter
stage during the conversion period.

An output stage of the ADC can be configured to output a counter value and an
indication of a comparison output of which ramp signal controlled the counter stage during
the conversion period.

The conversion period may have a predetermined duration.

The ADC can be configured to convert a first analog signal during a first
conversion period and to convert a second analog signal during a second conversion
period, wherein one of the analog signals represents a signal level following exposure of a
pixel of the pixel array and the other of the analog signals represents a reset level of the
pixel of the pixel array.

The pixel array may consist of one pixel or of 1 times K pixels or of L times K
pixels.

The ADC can be configured to: select a comparison output of one of the ramp
signals to control the counter stage during the first conversion period; and subsequently,
use the same comparison output to control the counter stage during the second conversion
period.

The ADC can be configured to: select a comparison output of one of the ramp
signals to control the counter stage during the first conversion period; and select a
comparison output of a different one of the ramp signals to control the counter stage during
the second conversion period.

The ADC can be configured to: convert the first analog signal representing
the signal level following exposure of the pixel during the first conversion period; and
subsequently, convert the second analog signal representing the reset level of the pixel
during the second conversion period.

Alternatively, the ADC can be configured to: convert the first analog signal

representing the reset level of the pixel during the first conversion period; and



10

15

20

25

30

WO 2017/076748 PCT/EP2016/075964

-6-

subsequently, convert the second analog signal representing the signal level following
exposure of the pixel during the second conversion period.

For example, the first conversion period may be before the second conversion
period.

An output stage can be configured to output a digital value representative of a
difference between the first analog signal and the second analog signal.

The ADC can be configured to determine when the handover point has been
reached during the conversion period using an output of the counter stage.

The comparison stage can comprise N comparators, each comparator having a first
comparator input connected to one of the N ramp signal inputs, a second input connected
to the analog signal input and a comparison output.

For the N>2 case it can be possible to use a minimum of two comparators. One of
the comparators can be connected to the fastest ramp signal. The fastest ramp signal is the
N ramp signal. The other comparator can be selectively connected to one of the ramp
signals.

Another aspect provides an analog-to-digital conversion apparatus comprising:

a plurality of analog-to-digital converters;

a ramp signal generator configured to generate N ramp signals, where N>2, the N
ramp signals having different slopes; and

a clock signal generator configured to generate the at least one clock signal.

Another aspect provides an image sensor comprising a pixel array and analog-to-
digital conversion apparatus.

Another aspect provides a method of analog-to-digital conversion for an imaging
device comprising:

receiving an analog signal from a pixel array of the imaging device;

receiving N ramp signals, where N>2, the N ramp signals having different slopes;

receiving at least one clock signal;

comparing the ramp signals with the analog signal during a conversion period to
provide comparison outputs; and

controlling a counter stage to generate a digital signal by selecting one of the
comparison outputs to control the counter stage based on the comparison outputs and a
selection input indicative of when at least one handover point has been reached during the

conversion period, wherein the handover point is indicative of a point at which a
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comparison output of a different one of the ramp signals with the analog signal can be used
to control the counter stage.

Each of the comparison outputs can be associated with a range of the analog signal
and the handover point can be indicative of a point during the conversion period when an
analog signal input range associated with one comparator can change to an analog signal
input range associated with another one of the comparators.

A comparator stage compares the ramp signals with the analog signal during the
conversion period to provide comparison outputs.

The comparison stage may comprise at least two comparators. Advantageously, by
the use of at least two comparators, only one step for storage of counter content and only
one register is required. The speed of conversion may be kept high. The power
consumption of the ADC is reduced, since counters are the major power consuming blocks
of a ramp ADC.

Each of the comparators receives the same analog signal. The at least two
comparators may be realized identical.

One of the at least two comparators may receive the fastest ramp signal, namely the
Nth ramp signal. Said comparator may be called fastest ramp comparator.

In an embodiment, the ADC comprises two comparators and uses two ramp signals.
The fastest ramp signal is provided to the fastest ramp comparator and a shallowest ramp
signal is provided to a so called shallowest ramp comparator. Since N=2, this situation can
also be described in the following way: A fast ramp signal is provided to a fast ramp
comparator and a slow ramp signal is provided to a slow ramp comparator. The fast ramp
signal is the second ramp signal. The slow ramp signal is the first ramp signal. Thus, each
comparator is permanently connected to its own ramp signal. Advantageously, switching to
and, hence disturbances on the ramp signals are avoided. The number of comparators and
the number of ramp signals is exactly two.

In an embodiment, the ADC comprises N comparators and uses N ramp signals.
Each comparator is permanently connected to its own ramp signal. Advantageously, a
switching from one ramp signal to another is avoided. The number of comparators and the
number of ramp signals is exactly N, with N >2.

In an embodiment, the ADC comprises M comparators and uses N ramp signals,

where N> M > 2.
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In an embodiment, the ADC comprises exactly two comparators and uses exactly N
ramp signals with N>2 (thus, M=2). Thus, the number of the ramp signals is higher than
the number of the comparators. One of the comparators is connected to the fastest ramp
signal. The other comparator is selectively connected to one of the ramp signals.
Optionally, the other comparator is selectively connected to one of the ramp signals with
the exception of the fastest ramp signal.

The counter stage can comprise a plurality of counters which are divided into a first
counter sub-set and a second counter sub-set., and the control stage can be configured to
enable the first counter sub-set or the second counter sub-set.

The first counter sub-set can be configured to count in an upwards direction and the
second counter sub-set can be configured to count in a downwards direction.

The plurality of counters can be configured to use clock signals which are offset in
phase.

The pixel array and/or the analog-to-digital conversion apparatus can be
manufactured using a technology such as Complementary Metal Oxide Semiconductor
(CMOS).

The pixel array can be a one dimensional array (linear sensor) or a two dimensional
array (area array) of pixels.

In an embodiment, an ADC comprises an analog signal input for receiving an
analog signal; N ramp signal inputs for receiving N ramp signals, where N is an integer >2,
the N ramp signals having different slopes; a clock input for receiving at least one clock
signal; a comparison stage connected to the ramp signal inputs and to the analog signal
input, the comparison stage configured to compare the ramp signals with the analog signal
during a conversion period to provide comparison outputs; a counter stage; and a control
stage which is configured to control the counter stage based on the comparison outputs and
a selection input indicative of when at least one handover point has been reached during
the conversion period.

The handover point is indicative of a point at which a comparison output of the
present ramp signal with the analog signal or a comparison output of a different one of the
ramp signals with the analog signal is selectively used to control the counter stage after
said handover point.

The selection depends on the fulfilment of a condition. The selection depends on

whether a comparison output of the N ramp signal has changed state before the handover
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point associated with a comparison output of an n'® ramp signal has been reached, where n
is an integer in the range 1....N-1.

In an embodiment, at the start of a conversion period, the first ramp signal (n=1) is
compared with the analog signal to control the counter stage. If the comparison output of
the N ramp signal changes state before the handover point associated with the comparison
output of the first ramp signal is reached, than the first ramp signal (n=1) is continuously
compared with the analog signal to control the counter stage. If the comparison output of
the N ramp signal does not change state before the handover point associated with the
comparison output of the first ramp signal is reached, than the second ramp signal (n=2) is
compared with the analog signal to control the counter stage; this change from the first to
the second ramp signal occurs at said handover point.

Only in case of a change of state of the comparison output of the N ramp signal,
the change from one ramp signal to another ramp signal occurs, namely from the n't to the
(n+1) ™ ramp signal.

In an embodiment, the n™ ramp signal or the (n+1) " ramp signal is compared with
the analog signal to control the counter stage depending on whether the comparison output
of the N ramp signal has changed state before the handover point associated with the
comparison output of an n' ramp signal has been reached. Thus, the nt ramp signal or the
(n+1)™ ramp signal is compared with the analog signal depending on the amplitude of the
analog signal generated by light received by a pixel.

Advantageous features may be combined as appropriate, as would be apparent to a

skilled person, and may be combined with any of the aspects of the invention.

Brief Description of the Drawings

Embodiments of aspects of the invention will be described, by way of example,
with reference to the following drawings, in which:

Figure 1 shows an image sensor with a ramp ADC;

Figure 2 shows column units of a ramp ADC;

Figure 3 shows some possible ways of reducing quantisation error;

Figure 4 shows a photon-transfer-curve (PTC) method for image sensor ADCs;

Figure 5 shows performance of the PTC method of Figure 4;

Figure 6 shows an image sensor with multiple ramps;

Figure 7 shows an ADC unit for use in the image sensor of Figure 6;
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Figure 8 shows an example logic unit for use in the ADC unit of Figure 7;

Figure 9 shows operation of the ADC of Figures 7 and §;

Figure 10 shows an ADC unit for converting two analog signals;

Figure 11 shows operation of the ADC of Figure 10 during two conversion periods;

Figure 12 shows an ADC unit with multiple counters;

Figure 13 shows operation of the ADC of Figure 12;

Figure 14 shows an ADC unit with three ramp signal inputs;

Figure 15 shows operation of the ADC of Figure 14.

Components, circuit parts and devices that are functionally identical or have the
identical effect bear identical reference numbers. Insofar as components, circuit parts or
devices correspond to one another in function, a description of them will not be repeated in

cach of the figures.

Detailed description

Embodiments of aspects of the present invention are described below by way of
example only. The description sets forth the functions of the example and the sequence of
steps for constructing and operating the example. However, the same or equivalent
functions and sequences may be accomplished by different examples.

Throughout this specification, it should be noted that the term “row” and “column”
can be interchanged. Also, the term “row” does not imply a particular orientation of the
array.

Figure 6 shows an image sensor 5 with a ramp ADC. The image sensor 5
comprises a pixel array 10 comprising a plurality of pixels 11. The pixels 11 can be
arranged in a rectangular array of rows and columns of pixels, as shown in Figure 6.
Alternatively, the pixels can be arranged in any other suitable pattern.

Analog-to-digital conversion apparatus 100 is provided for analog-to-digital
conversion of outputs of the pixel array 10. An ADC 110 is provided for each column of
the pixel array 10. The set of ADCs 110 can be operated in parallel with one another,
thereby increasing the speed at which data can be read from the pixel array 10 and
converted to digital values. For ease of explanation, embodiments will be described in
terms of a column of pixels sharing an ADC. As described above, an ADC 110 can be
provided for any other group of pixels, such as a row of pixels or a diagonal group of

pixels. Another possible configuration is the use of two or more ADCs per pixel column
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pitch. This allows to read out two rows of the pixel array in parallel. Another possibility
is the use of one ADC per two or more columns.

While it is possible to read just one analog value from a pixel 11, it is more usual to
read two analog signals from the pixel 11 using a technique called Correlated Double
Sampling (CDS). The two analog signals are a reset voltage, Vres, and a signal voltage,
Vsig. The reset voltage Vres is a voltage of a pixel 11 following the reset of the pixel 11
itself. This can also be described as a noise level of the pixel 11. The signal voltage Vsig
is a voltage of a pixel 11 following exposure to light during an exposure period. This
disclosure refers to signal voltages read from a pixel array. It is also possible to read signal
currents from a pixel array. The term “analog signal” is intended to include voltages and
currents.

Each of the ADCs 110 receives the two analog signals from a column of the pixel
array 10. A useful quantity is the difference (Vsig-Vres) between the signal voltage Vsig
and the reset voltage Vres. Each of the ADCs 110 can convert a difference between the
two analog signals, Vres and Vsig, to a digital value. A row selection circuit 105 controls
which row of pixels 11 of the pixel array 10 is read out. For example, rows can be selected
one at a time, on a rotating basis. When a row is selected, a reset level and a signal level
can be read from each pixel 11 of the selected row, and output on a column output bus.
The values read from the pixel 11 can be stored in a column output stage 107, such as a
sample-and-hold stage.

A ramp generator 102 generates a plurality, N, of ramp signals which are
distributed to the ADCs 110. N is an integer >2. For simplicity, Figure 6 shows two ramp
signals: RAMP1, RAMP2. The ramp signals have different slopes. The term “slope”
means a rate of change of a quantity, such as voltage, over time. In the case of two ramp
signals, the ramp signal with the steepest slope can be called a fast ramp signal and the
ramp signal with the shallowest slope can be called a slow ramp signal. The fast ramp
signal is a second ramp signal RAMP2. The slow ramp signal is a first ramp signal
RAMPI.

A clock generator 104 generates at least one clock signal which is distributed to the
ADCs 110. It is possible to use multiple clock signals which are offset in phase from one
another. Each ADC 110 uses the ramp signals and the clock signal(s) to perform analog-

to-digital conversion.
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It is possible, in any of the examples, to provide a clock generator 104 and/or a
ramp generator 102 more locally to each ADC 110 in the manner described in US
8,040,269. For example, there can be a clock generator 104 and/or a ramp generator 102
per analog-to-digital converter 110, or a clock generator 104 and/or a ramp generator 102
per sub-set of the overall set 100 of ADCs.

Moreover, the image sensor 5 comprises a digital input/output circuit 108 coupled
to the ADCs 110. The image sensor 5 comprises a SEL generator unit 109.

Figures 7 to 9 show an example of an analog-to-digital converter 110 which can be
used to perform analog-to-digital conversion of signals on a column output of a pixel array
10. The ADC 110 comprises ramp signal inputs 121, 122 for receiving the ramp signals
RAMPI1, RAMP2. The ADC 110 comprises an analog signal input 123 for receiving at
least one analog signal from the pixel array. The ADC 110 may sequentially receive an
analog signal Vsig and an analog signal Vres on input 123. The ADC 110 comprises a
comparison stage 120. In the example shown in Figure 7 the comparison stage 120
comprises two comparators 124, 125. The ADC comprises a control stage 130, which can
be implemented as a logic unit 130. The ADC comprises a counter stage 140. The analog
signal input 123 is connected to a respective first input of each of the comparators 124,
125. A first of the ramp signals (RAMP1) is connected to a second input of comparator
124. A second of the ramp signals (RAMP2) is connected to a second input of comparator
125. The comparators 124, 125 will be called ramp comparators in the following
description. The ADC 110 can be extended to a larger number of ramp signals and ramp
comparators, as will be described later. An output of each of the ramp comparators 124,
125 is connected to the logic unit 130. An output 133 of the logic unit 130 is connected to
the counter stage 140. A clock signal ADC_CLK is applied to a clock input 143 of the
counter stage 140. The counter stage 140 comprises at least one counter 141. For
simplicity, a single counter example will be described.

The N ramp signals start at the same time. A start of the N ramp signals defines a
start of a conversion period. An end of the N ramp signals defines an end of the
conversion period.

In operation, the counter stage 140 is selectively enabled during a conversion
period. The counter stage 140 is enabled by the signal received from the logic unit 130.
The logic unit 130 determines which ramp comparator output should control the counter

stage 140. A counter value (i.c. a digital number) accumulated by the counter 141 during
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the period that the counter 141 is enabled is representative of the analog signal ADC_IN
applied at the analog signal input 123. An output 127 outputs a digital counter value. An
output 126 indicates which ramp comparator (124 or 125) was used to control the counter
stage 140.

To simplify explanation, the second ramp RAMP?2 signal (i.c. the fast ramp signal)
has a slope which is eight times (8x) higher than the slope of the first ramp signal RAMP1
signal (i.e. the slow ramp signal). The fast ramp signal RAMP2 provides a quantisation
step with a magnitude 8x larger than the slow ramp signal RAMP1. The maximum input
voltage of the ADC is referred to as VSAT (Figure 9). This is the maximum analog signal
which can be converted using the fast ramp signal RAMP2. The voltage range
corresponding to the slow ramp signal is VSAT/8. This is the maximum analog signal
which can be converted using the slow ramp signal RAMP1. This will be called the low-
light limit. The comparator 124 receives the slow ramp signal RAMP1 and may be named
slow ramp comparator. The comparator 125 receives the fast ramp signal RAMP2 and may

be named fast ramp comparator.

Referring again to Figure 7, the logic unit 130 receives a signal SEL at input 134.
SEL is a digital signal. A change in state of the SEL signal represents a point at which the
fast ramp signal RAMP2 crosses the low-light limit. This will be called a handover point.
The handover point is indicative of a point at which a different comparison output (e.g. a
different one of the comparators) can be used to control the counter stage 140.

The handover point is predetermined. A duration between the start of the fast ramp
signal RAMP2 and the handover point is predetermined. The duration between the start of
the fast ramp signal RAMP2 and the handover point consists of a predetermined number of
clock cycles. Each of the ramp signals RAMP1, RAMP2 starts at the same point of time,
namely the start of a conversion period.

The SEL signal performs a switching from one logic level to another logic level at
the handover point. The switching may occur from "0" to "1" or from "1" to "0". For
example, the SEL signal has a logic level “1” from t=0 until the handover point at t=32
clock cycles. The SEL signal can change state when a threshold number of clock cycles is
reached after the start of the conversion period. In the example of Figure 8, the SEL signal
changes state (from logical “1” to “0) after 32 clock cycles (256/8) of the conversion
period. SEL can be supplied by a SEL generator unit 109 external to the ADC 110 which
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distributes SEL to the plurality of ADCs 110 in a similar manner to the ramp signals and
clock signal. SEL is received at an input 134. An alternative way of providing the SEL
signal is shown in Figure 7 in dashed form. SEL can be internally generated by the ADC
110. An output of the counter stage 140 is connected to a logic unit 138. Logic unit 138
compares the counter value with a threshold counter value (e.g. 32). Logic unit 138
outputs the SEL signal to logic unit 130. SEL toggles when the counter value reaches the
threshold value of the handover point.

The function of the logic unit 130 is to decide, during a conversion period, which
comparator output (131 or 132) controls the counter stage 140. The function of the logic
unit 130 is:

- for an analog signal ADC _IN in the range 0 < analog signal ADC_IN < low-light
limit, the comparator 124 connected to the slow ramp signal RAMP1, controls the counter
141;

- for an analog signal ADC_IN in the range low-light limit < analog signal
ADC _IN < VSAT, the comparator 125 connected to the fast ramp signal RAMP2, controls
the counter 141.

The handover point is a point in time at which a decision can be made to handover control
of the counter stage 140 from one of the comparison outputs to a different comparison
output. The decision of whether to handover control is based on the output of at least one
of the comparators 124, 125.

Figure 9 shows two examples of pixel signals to be converted: a dark pixel signal
(Sig 1) and a bright pixel signal (Sig 2). When Sig 1 is applied to the ADC 110, the slow
ramp comparator 124 controls the counter stage 140. The fast ramp comparator 125
toggles at time Toglf, when the fast ramp signal RAMP2 crosses Sig 1. Toggling means
that a comparator changes the logical value of an output signal of the comparator. As this
toggling has occurred before the fast ramp signal RAMP2 reaches the low-light limit (i.e.
before the handover point), it is therefore assumed that the slow ramp signal RAMP1 will
be able to reach the level of Sig 1 within the duration of the AD conversion. The slow
ramp comparator 124 toggles at time Togls, when the slow ramp signal RAMPI crosses
Sig 1. This stops the counter stage 140. This provides a finer quantisation of the AD
conversion than is possible with the fast ramp signal RAMP2.

When the bright-pixel signal Sig 2 is applied to the ADC, the output of the fast
ramp comparator 125 does not toggle before the fast ramp signal RAMP?2 reaches the low-
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light limit (i.e. before the handover point). Therefore, it is assumed that the fast ramp
signal RAMP2 will be needed to reach the level of Sig 1 within the duration of the AD
conversion. The fast ramp comparator 125 toggles at time Tog2f, when the fast ramp
signal RAMP?2 crosses Sig 2. This stops the counter stage 140.

Logic unit 130 makes a decision, at the handover point, whether to handover
control of the counter stage 140 from the slow ramp comparator 124 to the fast ramp
comparator 125. The fast ramp comparator 125 is conditionally connected to the counter
stage 140, and remains connected until the end of the conversion period, if both of the
following conditions apply:

(1) the fast ramp signal RAMP2 has reached the low-light limit (i.e. the handover
point has been reached);

(1) the fast ramp comparator 125 has not toggled before it reaches the low—light
limit.

If the fast ramp comparator 125 has not toggled before it reaches the low—light limit, it
means that the analog signal falls within the amplitude range:

low-light limit < analog signal ADC_IN < VSAT
and therefore the fast ramp comparator 125 is required.

Figure 8 shows an example of the logic unit 130 to implement the functionality
described above. The logic unit 130 comprises an OR gate 135, an AND gate 136 and a
storage element (e.g. a gated latch) 137. The output of the slow ramp comparator 124 is
connected to the OR gate 135. The output of the fast ramp comparator 125 is connected to
the AND gate 136. The output of the fast ramp comparator 125 is also connected to the
memory element 137. AND gate 136 has three inputs: an input from the fast ramp
comparator 125, an input from the memory element 137, and an inverted SEL signal.

The logic unit 130 operates as follows. The output of the slow ramp comparator
124 is always connected to the counter stage 140 via OR gate 135. Comparator 124 can
disable the counter stage 140 once the slow ramp signal RAMP1 reaches the signal level
input. The output of the logic unit 130 is inverted, so when the logic unit 130 outputs a
logical “0” the input to the counter is a logical “1” which enables the counter. When the
logic unit 130 outputs a logical “1” the input to the counter is a logical “0” which disables
the counter. The output of the fast ramp comparator 125 is conditionally connected to the
counter stage 140 via the AND gate 136. When SEL switches to a logical “0” (the low-
light level is crossed), the output level of the fast comparator 125 is stored in the latch 137.
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If the stored value in the latch is logical “1”, the fast ramp comparator 125 toggled before
the fast ramp signal RAMP2 could reach the low-light limit and the output level of that
comparator will not affect the counter stage 140. This is due to the 3-input AND gate 136
whose output only becomes logical “1” after SEL is “0”, provided that the inverted bit
stored in the latch is “1”.

For this example, it is assumed that an equivalent low-light ADC resolution of 11
bits is needed. By using the ADC 110, the number of clock cycles of an 8bit ADC would
be sufficient as the additional 3 bits are given by the 8x steepness difference between the
ramps. An 8-bit resolution can be achieved by the conventional ramp ADC with only 256
clock cycles.

At the end of the conversion period, the counter stage 140 stores an accumulated
counter value which is representative of either:

(1) a number of clock cycles before the slow ramp comparator 124 disabled the
counter stage 140; or

(i1) a number of clock cycles before the fast ramp comparator 125 disabled the
counter stage 140.

Therefore, the counter value may require scaling to an appropriate final value depending
which comparator controlled the counter stage 140. In the illustrated example the fast
ramp signal RAMP2 has a slope which is eight times (8x) steeper than the slow ramp
signal RAMP1. Therefore, a counter value accumulated when the fast ramp comparator
125 controlled the counter 141 requires scaling by the ramp steepness ratio. In this
example the ramp steepness ratio is 8. In the digital domain, multiplication by a factor of 8
is readily achieved by left-shifting a binary value by 3 slots in a register. The memory
element 137 provides an output (Q) = logical “1” if the fast ramp comparator 125 output
was used to control the counter stage 140. This allows the ADC 110 to know whether the
counter stage 140 has been stopped by the slow ramp comparator 125 or by the fast ramp
comparator 124. An output 126 of the logic unit 130 indicates which ramp comparator
(124 or 125) was used to control the counter stage 140. Output 126 can be stored as an
additional bit alongside the count value. Alternatively, output 126 can be used to modify
the count value.

It will be understood that the logic unit 130 can be implemented in other ways. For

example, different kinds of latches and/or gates can be used.
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The ADC 110 described above can be used to convert a single analog signal
ADC _IN. Correlated Double Sampling (CDS) is a technique which determines the reset
level of the pixel 11 and the signal level of the pixel 11. The reset level is subtracted from
the signal level to cancel the reset noise and reduce the fixed pattern noise of the pixel 11.
Therefore, it is desirable for the ADC 110 to determine a difference between two analog
signals Vres and Vsig.

Figures 10 and 11 show an example of an ADC 110 for a correlated double
sampling signal applied at its input. Figure 10 shows the ADC 110 and Figure 11 shows
how the ADC 110 performs conversion. The reset level Vres and the signal level Vsig of
the pixel 11 can be stored in respective sample & hold capacitors Cr, Cs in a column
output stage 107. The reset level Vres and the signal level Vsig of the pixel 11 may be
sequentially supplied to the ADC 110 via input 123.

A storage stage 150, such as static random-access memory (SRAM), is connected
to the counter stage 140 and to the logic unit 130. Counter stage 140 outputs an
accumulated counter value to storage 150. Logic unit 130 outputs an indication of which
ramp comparator was used during the conversion to the storage 150. Digital values can be
read from storage 150.

Referring to Figure 11, there is a Vsig conversion period 201 and a Vres conversion
period 202. During the Vsig conversion period 201 the Vsig analog signal is converted to
a digital counter value. During the Vres conversion period 202 the Vres analog signal is
converted to a digital counter value. In this example, the Vsig conversion period 201
occurs before the Vres conversion period 202.

There are several possible methods of operation.

In a first method, the ADC 110 selects which ramp comparator controls the counter
141 during the Vsig conversion period 201 and the same ramp comparator (fast ramp or
slow ramp) is used to control the counter 141 during the Vres conversion period 202. This
has an advantage that the subtraction between the signal Vsig and the reset level Vres can
casily be performed at the counter 141 or the counter stage 140. Another advantage is that
it can correct for the ADC offset due to comparator and ramp.

In a second method, the ADC selects which ramp comparator controls the counter
141 during the Vsig conversion period 201 and the slow ramp signal comparator 124
controls the counter 141 during the Vres conversion period 202. This has an advantage of

lower quantisation noise during the Vres conversion period 202. The disadvantage is the
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more complicated subtraction at column level as the signal level Vsig and the reset level
Vres might use two ramps having different slopes.

Figure 11 shows two worked examples for a high light signal Sig 1 and a low light
signal Sig 2. In these examples the same ramp comparator is used to control the counter
141 during conversion periods 201 and 202. For the high light signal Sig 1, the fast ramp
comparator 125 is selected to control the counter 141 during the Vsig conversion period
201 because Sig 1 is above the low-light limit. A count value = 10 is accumulated. The
same fast ramp comparator 125 is used to control the counter during the Vres conversion
period 202. A count value = 1 is accumulated. The difference (count signal — count reset)
=10 - 1=9. The ramp ratio between the fast ramp signal RAMP2 and the slow ramp
signal RAMP1 is 8. Therefore, the final value is 9 x 8 = 72. For the low light signal Sig 2,
the slow ramp comparator 124 is selected to control the counter 141 during the Vsig
conversion period 201 because Sig 1 is below the low-light limit. A count value =19 is
accumulated. The same slow ramp comparator 124 is used to control the counter during
the Vres conversion period 202. A count value = 5 is accumulated. The difference (count
signal — count reset) = 19 — 5 = 14. No ramp ratio conversion factor is required, because
the slow ramp signal RAMP1 has been used. Therefore, the final value is 14.

In a case where different ramp comparators are used to control the counter 141
during the Vsig conversion period 201 and the Vres conversion period 202, a ramp ratio
conversion factor is applied to the counter value obtained using the fast ramp comparator
125 before combining with the counter value obtained using the slow ramp comparator
124.

In another example, the Vres conversion period 202 occurs before the Vsig
conversion period 201. A disadvantage of this order is that the ramp selected for
conversion of Vres may be different to the ramp needed to convert Vsig. This requires
calibration (due to ramp ratio deviation) before a digital subtraction (Vsig — Vres) can be
performed at the column.

Returning to Figure 10, there are several possible ways in which the ADC can be
operated.

In a first method, an accumulated counter value is stored in storage 150. A ramp
indicator is received at storage 150. The ramp indicator can be a 1 bit value in the case of
two ramps signals. If the ramp indicator indicates that the fast ramp comparator 125 was

used for the conversion, the counter value is shifted by the ramp ratio conversion factor. In
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the example described above, the counter value is an 8 bit number. The ramp ratio
conversion factor is 8 (= 3 bit number). The accumulated counter value is shifted by 3 bits
to form an 11 bit number. The resulting 11 bit digital value is read from storage 150. If
the ramp indicator indicates that the slow ramp comparator 124 was used for the
conversion, the counter value is not shifted, and the 8 bit counter value is read from storage
150.

In a second method, an accumulated counter value is stored in storage 150. A ramp
indicator is received, and stored, at storage 150. The non-shifted counter value (8 bits) and
the ramp indicator (1 bit) are read from storage 150. This reduces the read out data rate by
almost 20%. The counter value is corrected (if required) based on the value of the ramp
indicator at a subsequent processing stage.

An advantage of at least one example is that the low-light limit can be easily
increased or decreased by modifying the SEL signal. If the ratio of the ramp steepness is
not well defined (e.g. not calibrated) a digital code discontinuity could be observed at
signal levels close to the low-light limit, generating fixed pattern noise (FPN). It is
possible to shift the low-light limit (up or down) in a random fashion on a frame-by-frame
basis, row-by-row basis, column-by-column basis, or any other desired basis to randomise
the error. For some applications, this randomisation of the FPN can be sufficient, thereby
avoiding the need to calibrate the ramp ratio. This reduces the complexity of the system.

The examples described above use a counter stage 140 with a single counter 141.
In other examples, it is possible to use a counter stage 140 with a plurality of counters. An
ADC with a set of counters is described in EP 2 757 776 A2. The principles described in
that document can optionally be used in conjunction with multiple ramp conversion
described in this disclosure.

Figure 12 shows an ADC with a counter stage 140 having a plurality of counters
141, 142. This example has two counters: counter 141 and counter 142. Counter 141 is
operable to count in an upwards direction and counter 142 is operable to count in a
downwards direction. In use, one of the counters (counter 141, counter 142) is enabled at a
time. When counter 141 is enabled, counter 142 is disabled. Similarly, when counter 142
is enabled, counter 141 is disabled.

A clock signal, ADC_CLK, is applied to the counter stage 140. The two counters
141, 142 can be configured to operate at opposite clock phases from each other. Counter

141 operates on a rising edge of the clock signal and counter 142 operates on a falling edge
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of the clock signal. Providing one counter which operates on the rising edge of the clock
signal and another counter which operates on the falling edge of the clock signal is
functionally equivalent to, and can be implemented by, having two clock signals which are
offset in phase by 180 degrees. The falling edge operation of counter 142 can be
implemented by inverting the clock signal, ADC_CLK, at the input to counter 142, to
create a second, inverted, version of the clock signal, ADC_CLK. Counter 142 can then
operate on the rising edge of the inverted version of the clock signal.

Each of the counters 141, 142 accumulates a count of rising edges (falling edges)
during a period in which it is enabled and outputs a digital value equal to this count.
Outputs of the counters 141, 142 are applied to an output stage. In this embodiment, the
output stage comprises an adder 151. An output of the adder 151 can be selectively output
to storage 150. Data can be selectively output from storage 150 to a data bus. As
described above, the data output from storage 150 can be one of: an accumulated counter
value which has been shifted (if required) based on the ramp signal used during
conversion; an accumulated counter value (unshifted) and a ramp indicator.

Figure 13 shows operation of the ADC of Figure 12 for two signals: a high light
signal Sig 1 and a low light signal Sig 2. In these examples the same ramp comparator is
used to control the counter during conversion periods 201 and 202. For the high light
signal Sig 1, the fast ramp comparator 125 is selected to control the counter during the
Vsig conversion period 201 because Sig 1 is above the low-light limit. During the Vsig
conversion period 201 counter 141 is enabled up to the point where the fast ramp signal
RAMP 2 crosses the analog signal Sig 1. Then, counter 141 is disabled and counter 142 is
enabled. At the end of the Vsig conversion period counter 142 is disabled. During the
Vres conversion period 201, counter 142 is initially enabled up to the point where the fast
ramp signal RAMP 2 crosses the analog reset signal. Then, counter 142 is disabled and
counter 141 is enabled. At the end of the Vres conversion period counter 141 is disabled.
Conversion of the low-light signal Sig 2 and reset signal is performed in a similar manner
using the slow ramp comparator 124. The accumulated counter value of counter 141 is:

Vsig — Vres + x.

The accumulated counter value of counter 142 is:

Vsig — Vres — y.

where:

x 18 the number of clock cycles in the Vres period and
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y is the number of clock cycles in the Vsig period.

The values x and y can be subtracted from the final result by starting the counter at
an offset value. For example, by starting counter 141 at —x, the final counter value is Vsig
— Vres. If a handover point is internally generated using the counter, then an appropriate
adjustment can be made to the handover point.

The use of two counters provides a substantially constant current consumption
during the conversion cycle, regardless of the analog signal values, because one of the
counters is always operating. If the counters use clock signals with offset phases,
additional conversion accuracy is possible.

The number of counters can be increased beyond two. More generally, there can be
a set of C counters divided into a sub-set of M counters and a sub-sct of K counters, where
C =M+K.

The examples described above use two ramp signals RAMP1, RAMP2. 1t is
possible to extend the number of ramp signals to N, where N is an integer >2. Figure 14
shows an ADC with N ramp signals. The ADC has N comparators. Each comparator has
an input connected to one of the ramp signals and an input connected to the analog input
signal. Logic unit 130 is modified from the logic shown in Figure 8. Multiple thresholds
define the handover points between the different comparators. In general, N ramp signals
and N-1 thresholds are required. Each threshold can be defined as a number of clock
cycles from a start of a conversion period.

The number of handover points is N-1. The durations between the start of the
conversion period and the N-1 handover points are predetermined. The durations between
the start of the conversion period and the N-1 handover points consist of predetermined
numbers of clock cycles.

A three ramp example can have ramp signals RAMP1, RAMP2, RAMP3 with the
steepness ratios: RAMP2/RAMP1=2 and RAMP3/RAMP2=4. Possible threshold numbers
of clock cycles (assuming a total number of clock cycles = 256) are: SEL1=32 and
SEL2=64.

Figure 15 shows operation of a three ramp ADC (N=3). The three ramps —
RAMP1, RAMP2, RAMP3 - have the ratios defined above. The number of handover
points is N-1. There are (N-1) =2 limits and two thresholds/handover points. Each limit
and corresponding handover point can be considered as associated with comparison of one

of the ramp signals with the analog signal ADC_IN. So, an n'® limit and
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threshold/handover point is associated with an n'® comparator. A comparison of the Nt
(fastest) ramp signal RAMP3 with the analog signal ADC_IN provides the earliest
indication of which range the analog signal ADC _IN falls within. If the comparison output
of the N ramp signal RAMP3 has changed state before the handover point associated with
the n™ comparison output has been reached, the n™ comparison output is used to control the
counter stage. If the N comparison output has not changed state before the handover
point associated with the n comparison output has been reached, the (n+1)" comparison
output is used to control the counter stage. This is now explained using the example of
Figure 15.

Until the first handover point 1, only the first comparator 124 (the comparator
connected to the first ramp signal RAMP1 which is the shallowest ramp signal) is
connected to the counter. The second comparator 125 and a third comparator 125" are
conditionally connected later.

At the first handover point 1 (n=1), the third comparator 125' (connected to the
fastest ramp signal RAMPN) is checked. If the third comparator 125" has toggled before
the first handover point 1, it indicates that the analog signal ADC _IN is in the range:

0 < analog signal ADC_IN < Limit 1
The first comparator 124 remains connected to the counter stage 140. If the third
comparator 125" has not toggled before the first handover point 1, it indicates that the
analog signal ADC _IN is in the range:

Limit 1 < analog signal ADC_IN < VSAT.
The second comparator 125 is one of the two possible counters to control the counter stage
140. Thus, the second comparator 125 is connected to the counter stage 140.

At a second handover point 2 (n=2), the third comparator 125' (connected to the
fastest ramp signal RAMPN) is checked again. If the third comparator 125" has toggled
before the second handover point 2, it indicates that the analog signal ADC_IN is in the
range:

Limit 1 < analog signal ADC_IN < Limit 2
The second comparator 125 is best-suited to control the counter stage 140. The second
comparator 125 is connected to, or remains connected to, the counter stage 140. The first
comparator 124 remains connected to the counter stage 140 although it will not have any

effect, as it is known that the analog signal ADC _IN is above Limit 1. If the third
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comparator 125" has not toggled before the second handover point 2, it indicates that the
analog signal ADC _IN is in the range:

Limit 2 < analog signal ADC_IN < VSAT.
Therefore, the third comparator 125" is connected to the counter stage 140. The first and
the second comparators 124, 125 remain connected to the counter stage 140 although they
will not have any effect, as it is known that the analog signal ADC_IN is above Limit 2.
Alternatively, the first and the second comparators 124, 125 may be turned off for reducing
power consumption. For example, a comparator having an output signal that is not used
may be disconnected from the power supply.

A four ramp example can have ramp signals RAMP1, RAMP2, RAMP3, RAMP4
with the steepness ratios: RAMP2/RAMP1=2, RAMP3/RAMP2=2, RAMP4/RAMP3=2.
Suitable threshold numbers of clock cycles (assuming a total number of clock cycles =
256) are: SEL1=32, SEL2=64 and SEL3=128. These ratios can be adapted to the
application or desired performance.

The comparison stage 120 can have N comparators, or N comparison outputs. Each
output provides a comparison of one of the N ramp signals with the analog signal
ADC _IN. This has an advantage of providing a more constant loading of the ramp signals,
as cach distributed ramp signal is always connected to a constant number of comparators in
the plurality of ADCs 110.

For the N>2 case (e.g. N=3, N=4...), it can be possible to provide a comparison
stage 120 with a smaller number of comparison outputs. For example, the comparison
stage 120 can have a smaller number of comparators. A minimum of two comparison
outputs/comparators can be used. One of the comparators can be connected to the fastest
ramp signal RAMPN. The other comparator can be selectively connected to one of the
ramp signals, depending on which ramp signal should control the counter stage at that
point during the conversion period. Ramp signals can be switched to dummy loads when
they are not connected to a comparator to provide a more constant loading of the
distributed ramp signals.

Each threshold can be signaled to the logic unit 130 by a respective signal SEL,
similar to the signal SEL shown in Figure 9, which toggles state when the threshold
number of clock cycles is reached. Thus, the N-1 handover points are signaled by the

signal SEL. It is also possible to input one multi-bit digital signal SEL which represents
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which threshold has been crossed, instead of a bundle of individual 1-bit SEL lines. If this
option is used, additional logic is required to encode and decode the multi-bit SEL signal.

In any of the examples described above, at least one of the values used in the ramp
ratio can be a non-integer value.

An advantage of at least one example is that it does not require an offset-
compensated preselection comparator and buffered reference voltage. Instead, simple
digital logic is used.

An advantage of at least one example is that it allows faster conversion as there is
no requirement to perform an initial ramp selection process, before the main A-to-D
conversion period. Instead, selection of the best ramp is performed during the main
conversion period. The method of operation is free of a ramp selection process or a ramp
selection phase.

An advantage of at least one example is that the multiple ramp signals are loaded in
a balanced manner, which can improve linearity and reduce artefacts.

An advantage of at least one example is that the digital signal SEL can be changed
after each conversion, such as in a random fashion. This can randomise the fixed pattern
noise of the ADC at the switching point between ramp signals. If not randomised or
calibrated, the fixed pattern noise of the ADC can be visible to the human eye even when
its value is lower than that of the temporal noise.

The steps of the methods described herein may be carried out in any suitable order,
or simultaneously where appropriate. Additionally, individual blocks may be deleted from
any of the methods without departing from the spirit and scope of the subject matter
described herein. Aspects of any of the examples described above may be combined with
aspects of any of the other examples described to form further examples without losing the
effect sought.

It will be understood that the above description of embodiments is given by way of
example only and that various modifications may be made by those skilled in the art.
Although various embodiments have been described above with a certain degree of
particularity, or with reference to one or more individual embodiments, those skilled in the
art could make numerous alterations to the disclosed embodiments without departing from

the invention.



10

15

20

25

30

WO 2017/076748 PCT/EP2016/075964

_25.-

Claims

1. An analog-to-digital converter for an imaging device comprising:

an analog signal input for receiving an analog signal from a pixel array of the
imaging device;

N ramp signal inputs for receiving N ramp signals, where N is an integer >2, the N
ramp signals having different slopes;

a clock input for receiving at least one clock signal;

a comparison stage connected to the ramp signal inputs and to the analog signal
input, the comparison stage comprising a minimum of two comparators and being
configured to compare the ramp signals with the analog signal during a conversion period
and to provide comparison outputs;

a counter stage; and

a control stage which is configured to control the counter stage based on the
comparison outputs and a selection input indicative of when at least one handover point
has been reached during the conversion period, wherein the handover point is indicative of
a point at which a comparison output of a different one of the ramp signals with the analog

signal can be used to control the counter stage.

2. The analog-to-digital converter according to claim 1, wherein the control stage is
configured to use the comparison output of a first ramp signal to control the counter stage

after a start of the conversion period and before a first handover point.

3. The analog-to-digital converter according to claim 1 or 2, wherein the control stage
is configured to:

determine, during the conversion period, if a comparison output of the N ramp
signal has changed state before the handover point associated with a comparison output of

an n

ramp signal has been reached, where n is an integer in the range 1....N-1; and
to use the comparison output of the n't ramp signal to control the counter stage, if
the comparison output of the N™ ramp signal has changed state before the handover point

associated with the comparison output of the n ramp signal has been reached.
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4. The analog-to-digital converter according to claim 3, wherein the control stage is
configured to use a comparison output of the (n+1)™ ramp signal to control the counter
stage, if the comparison output of the N ramp signal has not changed state before the
handover point associated with the comparison output of the n'® ramp signal has been

reached, wherein the (n+1)™ ramp signal has a higher slope than the nt ramp signal.

5. The analog-to-digital converter according to any one of the preceding claims,
further comprising an output stage which is configured to output a counter value which has
been scaled based on a comparison output of which ramp signal controlled the counter

stage during the conversion period.

6. The analog-to-digital converter according to any one of claims 1 to 4, further
comprising an output stage which is configured to output a counter value and an indication
of a comparison output of which ramp signal controlled the counter stage during the

conversion period.

7. The analog-to-digital converter according to any one of the preceding claims,
wherein the converter is configured to determine when the handover point has been

reached during the conversion period using an output of the counter stage.

8. The analog-to-digital converter according to any one of the preceding claims,
wherein the comparison stage comprises N comparators, cach comparator having a first
comparator input connected to one of the N ramp signal inputs, a second input connected

to the analog signal input and a comparison output.

9. An analog-to-digital conversion apparatus comprising:

a plurality of analog-to-digital converters according to any one of the preceding
claims;

a ramp signal generator configured to generate N ramp signals, where N>2, the N
ramp signals having different slopes; and

a clock signal generator configured to generate at least one clock signal.

10.  An image sensor comprising:
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a pixel array; and

the analog-to-digital conversion apparatus according to claim 9.

11.  The image sensor according to claim 10, wherein the analog-to-digital converter is
configured to convert a first analog signal during a first conversion period and to convert a
second analog signal during a second conversion period, wherein one of the analog signals
represents a signal level following exposure of a pixel of the pixel array and the other of

the analog signals represents a reset level of the pixel of the pixel array.

12.  The image sensor according to claim 11, wherein the analog-to-digital converter is
configured to:

select a comparison output of one of the ramp signals to control the counter stage
during the first conversion period; and subsequently,

use the same comparison output to control the counter stage during the second

conversion period.

13.  The image sensor according to claim 11, wherein the analog-to-digital converter is
configured to:

select a comparison output of one of the ramp signals to control the counter stage
during the first conversion period; and

select a comparison output of a different one of the ramp signals to control the

counter stage during the second conversion period.

14.  The image sensor according to any one of claims 11 to 13, wherein the analog-to-
digital converter is configured to:

convert the first analog signal representing the signal level following exposure of
the pixel during the first conversion period; and subsequently,

convert the second analog signal representing the reset level of the pixel during the

second conversion period.

15.  The image sensor converter according to any one of claims 11 to 14, wherein an
output stage is configured to output a digital value representative of a difference between

the first analog signal and the second analog signal.
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16. A method of analog-to-digital conversion for an imaging device comprising:

receiving an analog signal from a pixel array of the imaging device;

receiving N ramp signals, where N>2, the N ramp signals having different slopes;

receiving at least one clock signal;

comparing the ramp signals with the analog signal during a conversion period to
provide comparison outputs by a comparator stage comprising a minimum of two
comparators; and

controlling a counter stage to generate a digital signal by selecting one of the
comparison outputs to control the counter stage based on the comparison outputs and a
selection input indicative of when at least one handover point has been reached during the
conversion period, wherein the handover point is indicative of a point at which a
comparison output of a different one of the ramp signals with the analog signal can be used

to control the counter stage.



WO 2017/076748

1/1

2

PCT/EP2016/075964

FIG 1
Pixel array
r—————————————————————l
| L~10
|
i |
_ | /:—11
O I
]! :
=ji |
= |
=11 '
2N '
o i :
| |
i
I .
| COLUMN OUTPUT STAGE !
21 T T
\ Vramp
RAMP
GENERATOR
\ — —
CLOCK = =
GENERATOR < <<

Digital 1/0




WO 2017/076748 PCT/EP2016/075964

2/12
FIG 2 ADC_IN[O] ADC_IN[N]
o o
3 AR T
- Vramp | | | :fzo
amp : - ;
RESETO) Generator | o !
| I ' ;
N/ N ks
| L i
I I
S e
clock | ! L |
I e e 1 b e :
FIG 3
Voltage 4 !
[%] Ramp Ramp

L Time |
ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ MANRRARRAR
DN 1, | DN 2 i
(A) (B)

: * Ramp
A ? slow
LSB 1 - i ? iy :
/ lfB 4 /i _I:SB 3%:::::—— . i



WO 2017/076748 PCT/EP2016/075964

------
-----
-----

3/12
FIG 4
A SIGNAL
A DIGITAL OUT
L.SB H
LB
Low | High N
light ¢ light
FIG 5
SNR vs input signal
40- ............... 0 SNR dipx PTC ADC |

llllf"‘E Illlmli Illlm'li Illlm‘é'_
100 101 102 103 104

_______________________________________________________________________

0 | L] IIllIII L | IIllllI | I ] IIIIIII [ ] IIIIIII . N N
00 10l 102 103 104 Minimal SNR dip
electrons
—PTC 12 bits

— conventional 12 bits



WO 2017/076748

FIG 6

5

Pixel array

PCT/EP2016/075964

\\

105~

ROW SELECTION

RAMP1 T~

COLUMN OUTPUT STAGE

107

102~ RAMP

\

GENERATOR [
RAM

100

0
™o

104~J CLOCK

ADC
ADC
ADC
ADC
ADC

_~110

GENERATOR

109~]  SEL

GENERATOR
100-"1

S N R A

108 ~—

DIGITAL 1/0




WO 2017/076748 PCT/EP2016/075964

5/12
FIG 7
120 130 ~110
2| mm et / 126
RAMP1 | ! 131 ;
° | | 140 =
) | y
i
1230 '] 1924 | 133 | Counter | [127
AN« i. : Logic Lol stage (o
12
12\2 l ) i132
v ' 141~ Counter
RAMP2 : [ | s
| i
X8 / e | g L
1344 SEfL L0g/c_ = 1/143
!
SEL ADC_CLK
FIG 8
& 141
RAMP1 )
EN Counter
input  |RAMP?2
ac IN| 8L ADC. CLK
126

/




WO 2017/076748

PCT/EP2016/075964
6/12
FIG 9
Conversion period
" * RAMP2=
Vi Fast ramp
————————————— Sig 2
RAMP1 =
e . Slow ramp
Low-light limit - - oo =sig1_
Tog1f Tog2iTog1s | T
0 i3 256
ADC CLK IIHﬂﬂﬂﬂJUL -« 1ML

SEL™ |
Handover point



WO 2017/076748 PCT/EP2016/075964

7/12
FIG 10
.o :
W :
: Cs :f107
: i | |
v ] ADC_IN_}
123

RAMP2 =Ramp fast
RAMP1=Ramp slow

I L
124 125

SEL — Logic _~130
SEEES RS . 126
141 i
ADC_CLK—= Counter | |
140\5 E _ Ramp indicator
Countelr_vglu_e_/_%_ - | (fast ramp/slow ramp)
150~ spam

Counter value (shifted)
or
Counter value (non-shifted) + Ramp indicator



WO 2017/076748 PCT/EP2016/075964

8/12

FIG 11

201 202
Vsig conversion period Vries conversion period

RAMP2=Fast ramp

|
Sig 1
i o RAMP2=
RAMP1 =Slow ramp /~  Low-light limit (| Sig2 ~ Fastramp
= 4/ Resetlevel

|
i
1
1
—---—-%-11--
i
i
l

 RAMPI=
Sig 1 TNRRRRAMRTATAATAII.__Stow ramp fRMMTEIIL
Sig2__ [IMAARRmn AR AR

Sig 1: (count signal-count reset) - ramp ratio=(10-1) - 8=72
Sig 2: (count signal-count reset)=(19-5)=14



WO 2017/076748 PCT/EP2016/075964

9/12
FIG 12
jrmrememememem e —m——— b |
I Cr !
| A !
= | L~107
| Cs Logic !
: 1 ; |
v ADC N
123 ~

RAMP2=Ramp fast °
RAMP1=Ramp slow

NaZIVar

SE[ —== Logic _~130
b s == | 126
141~ — ~ _|!
ADC_CLK—=| E5 | | € & {1142

o [ R I

140~ <
\11__ _____ _It| Ramp indicator
~ (fast ramp/slow ramp)

Counter value 151 |
150~ SRAM

l

Counter value (shifted)
or
Counter value (non-shifted) + Ramp indicator




202
Vies conversion period

PCT/EP2016/075964

jon
&
[ae]
-~ @
@ =
o [«b]
(.
i o—
A
N oay
5 OO
nll/

A7

10/12
201
Vsig conversion period

RAMP2=Fast ramp

WO 2017/076748

FIG 13

RAMP1=Slow ramp

Low-light limit
L

lllllllll

Counter 1

(

rising edge)

up

(down, falling edge)

=
a2
=
s
= @
g- o
a =
fami 7] s
R N e
r.m [
a o a -
et [ e e
| oy nw
— . o |
Op 00
== T3
W= =

Counter 2

Sig1<

Counter 1=Vsig-Vres+x
Counter2 =Vsig-Vres-y



WO 2017/076748 PCT/EP2016/075964

11/12
FIG 14
1 120 130 110
X/ 121 I""_/"_"I / 126
RAMP1 NE 131 - /o
| f; | /
i
124
I |
~ 4| | 125 !
RAMP2 (| ! !
18V P |
s | | Logic | 433 - 127
| . |
A INT] 1] L . ;’t:g‘iff o
1
I i
I (I
! 125 122
RAMPN | :Zf;»ﬁJi—
// : | 138
'=mmme ! i ey
134~\$ Sg[L Logic_ = ?/—143

I
S ADC_CLK
SEL

Fr ey



WO 2017/076748 PCT/EP2016/075964
12/12
FIG 15
A . .
Conversion period
B > RAMP3=
I I_RAMPN
Limit 2 |
(RAMP2 — RAMP3) - RAMP2
VSAT/47 e
Limit1  RAMP
(RAMP1 — RAMP2)
VSAT/8 i -
0 32 64 256  Clock
cycles

Handover point 1 e
(RAMP1 —> RAMP2)

Handover
point 2
(RAMP2 — RAMP3)

Ratio: RAMP2/RAMP1=2
Ratio: RAMP3/RAMP2=4



INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2016/075964

A. CLASSIFICATION OF SUBJECT MATTER

INV. HO3M1/18 HO4N5/355
ADD. HO3M1/56

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

HO3M HOAN

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

EPO-Internal, COMPENDEX, INSPEC, IBM-TDB, WPI Data

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X US 5 321 404 A (MALLINSON A MARTIN [US] ET 1-3,5-16
AL) 14 June 1994 (1994-06-14)
A column 5, line 48 - column 6, line 13; 4
figures 2,3,6

column 7, lines 13-35
column 2, lines 17-23
column 9, lines 1-9

claim 11

A EP 2 645 575 A2 (CANON KK [JP]) 10,11
2 October 2013 (2013-10-02)
abstract; figure 2b

paragraphs [0021], [0025], [0030]

D Further documents are listed in the continuation of Box C. See patent family annex.

* Special categories of cited documents : . . . . L
"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand

"A" document defining the general state of the art which is not considered the principle or theory underlying the invention

to be of particular relevance
"E" earlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be

filing date considered novel or cannot be considered to involve an inventive
"L" document which may throw doubts on priority claim(s) or which is step when the document is taken alone

°ited.t°| establish the pul_r;_licdation date of another citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is

"O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious to a person skilled in the art

"P" document published prior to the international filing date but later than
the priority date claimed "&" document member of the same patent family

Date of the actual completion of the international search Date of mailing of the international search report

16 December 2016 23/12/2016

Name and mailing address of the ISA/ Authorized officer

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040, .
Fax: (+31-70) 340-3016 Galardi, Leonardo

Form PCT/ISA/210 (second sheet) (April 2005)



INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/EP2016/075964
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 5321404 A 14-06-1994  NONE
EP 2645575 A2 02-10-2013 (N 103369260 A 23-10-2013
EP 2645575 A2 02-10-2013
JP 5865272 B2 17-02-2016
JP 2013229852 A 07-11-2013
US 2013258132 Al 03-10-2013

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - claims
	Page 27 - claims
	Page 28 - claims
	Page 29 - claims
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - wo-search-report
	Page 43 - wo-search-report

