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Abstract—The overall power consumption of CMOS im-
agers is dominated by the communication layer. A number
of compression techniques have been introduced in the
processing layer to reduce the power consumption of the
communication layer. These compression techniques use
redundancy present in the spatial or temporal domain. This
work presents an algorithm to compress the depth of the
pixel in the digital domain. The compression scheme remains
loss-less due to the presence of photon shot noise which
dominates at high light intensities. Photon-transfer-curve
(PTC) inspired analog-to-digital (ADC) converters, realized
using bandwidth-limited micro-power comparators have an
inherent non-linearity problem. This paper analyzes the
said non-linearity, and proposes a solution to eliminate the
non-linearity. The improved linearity results in increased
conversion speed of two-step slope ADCs.

I. INTRODUCTION

The growing demands of increased spatial, temporal
resolutions and the pixel bit depth increase the amount
of data handled by the communication layer of CMOS
imagers [1]. Since the overall power consumption of
an imager is dominated by the communication layer,
various approaches have been explored in the recent past
to reduce the bandwidth requirement. The conventional
data compression approaches trade off the power con-
sumption of the processing layer to reduce the power
consumption of the communication layer [2,3]. Besides
increased power consumption, the circuit level implemen-
tation of the conventional data compression algorithms
also demand a larger chip area. Alternatively the tech-
niques focusing on simultaneous reduction of the power
consumption in communication and processing layers do
not guarantee high image quality [4,5]. Most of these
approaches compress the data by exploiting the temporal
or spatial redundancies and the pixel bit depth has been
given the least consideration. Resource-aware threshold-
based information reading can be thought of as a step
towards achieving compression in pixel bit depth [6].
This has been achieved with a significant loss of the
low frequency information in spatial domain and is not
suitable for all applications. In addition, it also does
not guarantee reduction in the number of bits allocated
per pixel. Logarithmic pixels are another example of
compression in pixel bit depth. Fixed pattern noise limits
the use of logarithmic pixels in mainstream imagers.

The conventional compression algorithms used in im-
agers rely more on the environment and do not exploit
the device or optical properties of the image sensor itself.
However, the optical properties of the image sensor have
been used in imagers to overcome the inherent speed

limitation of the slope ADCs [7] shown in figure 1.
The conversion speed of slope ADCs can be increased
by increasing the quantization step size at high light
intensities. This has been justified by the increase in
photon shot noise along with the increase in light intensity
which can be seen in the PTC of the image sensors. The
increased quantization step size at high light intensities
leads to an increase in conversion speed by reducing the
number of clock cycles required for an analog to digital
conversion. However, these PTC inspired slope ADCs fail
to use the reduction in number of clock cycles for data
compression.

In this paper, we propose a PTC-inspired compression
approach which is more suitable to be employed in col-
umn level slope ADCs. While the conventional PTC in-
spired ADCs increase the conversion speed, our proposed
technique uses PTC for data compression. The proposed
algorithm leads to data compression without increase in
processing layer power consumption. Section II presents
the proposed compression algorithm. A negative slope
ramp ADC has been proposed in section III to improve
the linearity of the slope ADCs using bandwidth limited
pre amplifiers. Section IV concludes the paper.
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Fig. 1: Block diagram representation of a typical slope
ADC

II. PROPOSED COMPRESSION ALGORITHM

In conventional PTC-inspired ADCs, the light inten-
sities at which the quantization step size changes are
decided by a quality factor ‘r’ [8]. The quality factor ‘t’ is
the ratio of the maximum quantization noise to the photon
shot-noise. The conventional PTC-inspired slope-ADCs
increase the count step with an increase in quantization
step size, to avoid post processing. The quantization step



S. Full well | Quality Digital representation Inherent Dynamic range
No capacity factor | Conventional | Proposed | compression improvement
(#e7) r (#bits) (#bits) (%) (dB)
1 25,000 0.12 12 10 16.67 12
2 25,000 0.22 10 9 10 6
3 50,000 0.1 12 11 8.33 6
4 50,000 0.2 12 10 16.67 12
5 50,000 0.25 14 11 21.43 18
TABLE I: Compression in bit depth of pixels
size and the count step size are selected in powers of two 4X
to ease circuit design. The PTC-inspired ADCs provide —
compression in time domain by reducing the conversion a C
time. However they fail in data compression, and do <P P
not contribute in reducing power consumption of the %D ____________ !
communication layer. =] I
In our proposed approach, the counter increments by > \
an LSB irrespective of quantization step size. As shown g— 2X |
in figure 2, the proposed uniform counting leads to = |
compression in the digital representation. For example, if | 1X '
a PTC-inspired slope-ADC requires a bit-depth of 10 for :TC

counting over 512 clock cycles, the proposed ADC will
need a bit-depth of 9. Table I presents details of possible
compression for a few scenarios. With pre-defined quanti-
zation steps for different regions of the ADC input, a large
quality factor implies a large quantization noise compared
to the photon shot-noise. Hence the quantization step size
is increased for relatively low light-intensities. A similar
argument holds for a PTC-inspired ADC of increased
resolution with fixed quality factor and input range. The
proposed approach uses photon shot-noise to enhance
compression, by varying the quality factor (Table I).
Additionally, conventional data-compression techniques
can be applied to increase the compression ratio.

The dynamic range improvement presented in Table I
has been calculated by considering a fixed word size for
the PTC-inspired slope-ADC, and the proposed ADC.
Reduction in word size leads to significant loss in the
dynamic range of the conventional PTC-inspired ADCs.
Table II quantifies the time spent at different quantization
step sizes, for the same input range, for the examples
considered in Table I. The rows 1, 4, and 5, in Table II
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Fig. 3: Nonlinearity due to Slope dependent latency

indicate less time spent at low quantization steps. Both,
conversion speed and data compression are higher in these
cases.

III. NEGATIVE SLOPE RAMP ADC

A PTC-inspired slope-ADC is designed using the al-
gorithm discussed in section II. Due to monotonicity, a
voltage-mode digital-to-analog converter (DAC) is used
for ramp generation. The comparator used in the ADC
consists of a pre-amplifier, a regenerative latch and an SR
latch. The single stage pre-amplifier includes an output
auto-zeroing block to reduce offset. The pre-amplifier
used in the comparator is biased in weak inversion to
reduce power consumption [8]. A pre-amplifier in weak

S.No Quantization step size
1X 2X 4X 8X 16X
1 142 | 212 | 424 115 -
2 169 | 253 88 - -
3 407 | 610 | 618 - -
4 102 | 153 | 306 308 -
5 17 49 49 1530 | 243

TABLE II: Number of clock cycles spent at different
quantization levels, for the examples indicated in
Table 1.



inversion results in low band-width; as a result, there is
a ramp-slope dependent latency. The SR latch introduces
latency, in addition to the latency from the pre-amplifier.
The latency in the SR-latch is caused by the limited
swing at the output of the regenerative latch, which is
biased with a constant current source to reduce power
consumption. A ramp-slope dependent latency along with
the proposed uniform counting leads to non-linearity
errors, such as two different analog inputs resulting in
the same digital word. Figure 3 shows hos the ramp-slope
dependent latency results in non-linearity errors. For two
analog inputs A and B from two different slope regions
of the ramp, the ramp-slope dependent latency could
result in equal conversion time, 7. Further there could
be missing codes in the ADC, as a result of reduction
in latency with increase in the slope of the ramp. For
example, the ramp with slopes of 1-LSB/50 ns and 2-
LSB/50 ns result in latencies of 8 and 7 clock cycles
respectively. In a slope ADC, latency in comparison
allows the digital count to change.

A negative slope ramp is used in our design to reduce
non-linearity (figure 4). The pre-amplifier is required to
generate a minimum differential output voltage, so that
the comparator that follows the pre-amplifier is able to
make a decision. When the slope of the ramp decreases,
the latency in the pre-amplifier increases. The increase
in latency with the decrease in slope of the ramp ensures
analog inputs A and B to result in two different conversion
times T and Tp respectively. No missing codes are
reported. However, the increase in latency with the de-
crease of the slope of the ramp leads to additional digital
codes. The increased digital representations for a fixed
input voltage range results in reduction in quantization
step size. The reduction in quantization step increases the
SNR in the transition region.

A 10 bit ADC was fabricated in a 180 nm technology
(figure 5) and is being characterized. The ramp has three
different slope regions. The bandwidth of the preamplifier
is more than 50 times smaller than the clock frequency
used. The simulated specifications of the designed ADC
are presented in Table III. The INL and DNL improve-
ments are specified in terms of quantization step sizes,
which vary across the ramp range. The INL and DNL
improvements do not consider the additional digital codes
generated. A calibration scheme has been developed to
include the effects of the additional digital codes in the
ADC characteristics which will be published later.

Multiple ramp multiple slope (MRMS) ADCs are an
example of two step PTC-inspired ramp ADCs. The best
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Fig. 5: Micro photograph of the fabricated integrated
circuit

possible conversion speed that can be obtained in an
MRMS ADC is limited by the nonlinearity present in the
ADC when a positive slope ramp is used [7]. A negative
slope ramp in a MRMS ADC reduces nonlinearity. With
a negative slope ramp, it is possible to use multiple
quantization step sizes in the ramp segments of an MRMS
ADC to reduce conversion time. Table IV presents a
possible scheme of quantization step size distribution for
conversion speed optimization of a 12 bit MRMS ADC
with a full-well capacity of 25,000 e~ and a quality factor
of 0.1. Conversion speed of different slope ADCs are
presented in figure 6. Single slope (SS) and PTC-inspired
ramp are the conventional and PTC-inspired single step
slope-ADCs whereas the remaining algorithms are of
two step in nature. The modified MRMS algorithm gives
similar performance compared to a multiple ramp single
slope (MRSS) ADC [7] but with less number of ramp
generators. The decrease in number of ramp generators
reduces the power consumption significantly. Since the
ramp generators are designed to handle maximum load,
increasing the number of ramp generators increases the
power consumption of the ramp generator block in a
linear fashion. Further, an increase in the number of
ramp generators also increases the complexity of the
circuit, parasitic capacitances etc., which leads to a further
increase in power consumption. Based on the values

Technology 180 nm
Power supply 1.8V
ADC resolution 10 bits
Input voltage Y
Clock frequency 20 MHz
Counter word size 9 bits
Compression 10%

Expected INL 4+ 1 Quantization
improvement step

Expected DNL

+ 1 Quantization

improvement step

TABLE III: Important specifications of the PTC-inspired
ADC



Ramp Conventional Proposed
segment MRMS MRMS
Slope | #LSBs Slope #LSBs
1 1X 256 1X 154
2 1X 256 1X,2X 258
3 1X 256 2X 308
4 1X 256 2X,4X 522
5 2X 512 4X 616
6 2X 512 4X 616
7 4X 1024 4X 616
8 4X 1024 4X,8X 1008

TABLE IV: Comparison of conventional and proposed
MRMS algorithms

presented in Table IV, the proposed negative-slope ramp
in MRMS ADC takes around 162 clock cycles to perform
the conversion. The conversion is performed with the help
of 8 ramp generators. The best possible conversion speed
obtained by the MRSS ADC takes around 128 clock
cycles with a need of 64 ramp generators. The results
illustrate the trade-off between power consumption and
conversion speed.
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Fig. 6: Conversion speed comparison of slope ADCs

IV. CONCLUSION

A lossless data compression which does not increase
the power consumption of the processing layer has been
proposed. The designed prototype ADC is expected to
give an inherent compression of 10%. With the variation
in quality factor, the inherent compression can be as high
as 25% for different full well capacity levels and ADC
resolutions. Conventional data compression methods can
be applied in addition to the inherent compression in
the proposed algorithm. A negative-slope ramp ADC
has been proposed to reduce the nonlinearity present
in PTC-inspired ADCs, when bandwidth limited pre-
amplifiers are used in comparators. The negative-slope
ramp ADCs improve the DNL by at least one quantization
step size in all slope regions, which leads to several LSB
improvement in the INL of the PTC-inspired slope ADC.

A negative slope MRMS ADC can be used to replace
an MRSS ADC, with a reduction in the number of ramp
generators. The conversion speed of the proposed MRMS
scheme is more than 80% of the best possible conversion
speed obtained by an MRSS for a 12 bit ADC, while
using only 1/8 of the power consumption for the ramp
generator block.
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