
mCMOSprocess.Measure-

mentsdemonstratethattheconversionspeedofanMRSSADC

is3.3 higherthanasingle-slopeADCwhiledissipatingonly

16%morepower.Furthermore,theMRSSADCcanbeeasily

adaptedtoexhibitacompandingcharacteristic,whichexploits

theamplitude-dependentnatureofthephotonshotnoisepresent

inimagersignals.Measurementsshowthattheresultingmul-

tiple-rampmultiple-slopeADCis25%fasterthananMRSSADC

whiledissipatingthesameamountofpower.

Index Terms—A/D conversion, CMOS image sensors, column-
level ADC, multiple-ramp single-slope (MRSS) ADC, photon shot
noise, single-slope ADC.

I. I increased readout speed, while still preserving the main advan-
tage of the single-slope ADC: its simple column circuit. Com-
pared with a single-slope ADC, the column circuit of an MRSS
ADC only requires a number of additional switches and some
digital circuitry.

An additional increase in conversion speed can be made by
combining the MRSS ADC architecture with the concept of ex-
ploiting the amplitude-dependent characteristic of photon shot
noise present in imager signals. This can be done by adapting
the MRSS ADC such that it exhibits a companding quantization
characteristic. While this concept has been suggested earlier
[11], [15], few practical implementations have been reported in
literature, which seems to suggest that it is relatively difÞcult
to implement. In an MRSS architecture, a companding charac-
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Fig. 1. Common principle of the single-slope and successive approximation
ADC architecture.

discusses how the resulting MRMS architecture can be im-
plemented using the same silicon prototype. In Section VI,
measurement results with the MRMS architecture are de-
scribed. Finally, conclusions are presented in Section VII.

II. MRSS ADC ARCHITECTURE

The MRSS ADC can best be regarded as a cross between a
single-slope and a SAR ADC. In both cases, as illustrated in
Fig. 1, the A/D conversion is performed by means of a number
of comparisons between a dynamic reference signal and the
analog input voltage. In the case of a single-slope ADC, the
dynamic reference generator outputs a ramp voltage. While this
approach is simple and robust, it requires comparisons for
an -bit conversion and is therefore slow. By using a dynamic
reference generator whose output depends on the result of
previous comparisons, the successive approximation ADC
requires only comparisons,. The drawback of this approach
in a column-parallel ADC architecture is that it requires feed-
back between the comparator and the reference generator and,
therefore, that the reference voltage is dependent on the input
signal. In a column-parallel structure with several hundreds of
comparators, this necessitates the implementation of a refer-
ence generator in each column, instead of the single, centrally
implemented dynamic reference generator of a column-parallel
single-slope ADC. This significantly increases chip area and
makes it more difficult to ensure uniformity between columns.

The MRSS ADC has a faster conversion speed than the single-
slope ADC, without requiring a reference generator in each
column. The basic concept of an MRSS ADC is that the ramp
voltage, which spans the entire input voltage range in a single-
slope architecture, is divided into ramps, which each span

of the input range. If each column comparator can be con-
nected to the correct ramp (i.e., whose span contains the input
signal), all ramps can be output concurrently, resulting in a
shorter conversion time compared with a single-slope ADC.

In Fig. 2(a), a block diagram of an MRSS ADC is shown. The
dynamic reference generator outputs different ramp voltages.
Each column circuit has a set of switches that connects one of
the ramps to the input of the comparator. Compared with the
single-slope architecture, the MRSS architecture only requires
the addition of some analog switches, as well as some extra
digital memory and logic in each column.

Fig. 2. (a) Block diagram of the MRSS ADC architecture. (b) Corresponding
timing diagram.

In Fig. 2(b), the operation of the MRSS architecture is fur-
ther illustrated with a timing diagram. The A/D conversion is
subdivided into coarse and fine phases. In the coarse phase, all
comparators are connected to a single coarse ramp voltage, and
a single-slope A/D conversion is performed. The results of this
coarse conversion are stored in the memory in each column.
Next, the coarse conversion result is fed back into the analog
switches, which connect the correct ramp to each comparator.
The fine conversion phase is then performed while all ramps
are concurrently output. The fine conversion is essentially a
single-slope conversion, but since each comparator is connected
to a ramp corresponding to the level of its input signal, each
ramp only has to span times the ADC input range, and
therefore, the conversion can be much faster. The result of the
fine conversion is stored in the column memory. The final dig-
ital output is a combination of the results of the coarse and fine
conversion phases.
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Fig. 5. Simplified block diagram of the column-level circuitry.

the number of ramps will increase the portion of each ramp that
is repeated in an overlap.

Based on the above-mentioned limitations, eight ramps were
used in the silicon prototype.

C. Column-Level ADC Circuitry

In Fig. 5, a simplified block diagram of the column-level cir-
cuitry is depicted. An input amplifier reads out the pixel output
voltages and performs the required CDS operation. After this,
the column comparator is auto-zeroed using capacitor C1 and
switch S2 [6], [8]. During this auto-zero phase, the output of
the column-level CDS amplifier is also sampled on C1. Next,
the comparator is connected to a ramp voltage via S3. In this
MRSS design, eight ramp voltages through can
be connected to the comparator via a 3-to-8 decoder. The output
of the comparator is connected to a digital memory. For clarity,
the figure depicts a single memory, although two memory banks
were actually implemented. This allows for simultaneous A/D
conversion and digital readout of the column circuitry.

The coarse A/D conversion is performed by connecting each
comparator to the same ramp voltage and performing a normal
single-slope A/D conversion. Although a separate coarse ramp
voltage is theoretically required during the first A/D conver-
sion phase, in this design, the coarse voltage is supplied by
the first ramp generator ( ). This is done by making the

signal high, which feeds address 0 into the 3-to-8
decoder. As a result, ramp voltage is connected to the
column comparator. The results of the coarse A/D conversion
are stored in the column memory and are subsequently used to
connect each comparator to the correct ramp, i.e., the ramp in
whose range the input signal is in. This is done by making the

signal low, which connects the outputs of the dig-
ital memory to the 3-to-8 decoder, and thus connects the correct
ramp voltage to the comparator. Since there are eight ramp volt-
ages in this design, 3 bits of digital memory are required to store
the result of the coarse conversion.

Next, the fine A/D conversion is performed, during which
all eight ramps are operated concurrently. The results of this

Fig. 6. Resistor ladder DAC concept used for the multiple-ramp generator.

conversion are also stored in the digital memory. The fine A/D
conversion theoretically yields 7 bits of resolution, and an extra
bit is required to encode the overlap between the ramps that is
required for robustness. As a result, 8 bits of digital memory
are required for the fine conversion phase; however, 10 bits of
memory were implemented in the prototype to allow the column
circuit to operate as a 10-bit single-slope ADC for comparison
purposes. This can easily be done by making high
and feeding a ramp voltage via . Some simple digital
hardware is required to reconstruct a 10-bit integral digital code
from the overlapping 3 8-bit raw digital output. This is done
in the off-chip FPGA.

As can be seen from Fig. 5, compared with the classical
single-slope ADC, the only additional column-level circuitry
required to implement an MRSS ADC consists of eight analog
switches, a 3-to-8 decoder and three NOR gates. This underlines
the advantage of the MRSS architecture, as it offers signifi-
cantly higher conversion speed while retaining a simple column
circuit.
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Fig. 15. Averaged INL measurement of the MRMS ADC at 1 MHz.

Fig. 16. Captured image with the column ADC in MRSS mode at 142 fps.

Fig. 17. Captured image with the column ADC in MRMS mode at 142 fps.

VII. CONCLUSION

A CMOS image sensor with a column-parallel ADC archi-
tecture using an MRSS ADC has been described. This new
type of ADC achieves signiÞcantly higher conversion speeds
than the often-used column-level single-slope ADC, while re-
taining a simple column circuit. A prototype imager with an

MRSS ADC was implemented in a 0.25m CMOS process.
The column-level ADC circuit only requires a comparator, eight
switches, and some digital logic. Compared with a single-slope
ADC, the prototype achieves a 3.3reduction in A/D conver-
sion time at a power increase of about 16% and thus shows the
potential of this new ADC architecture to increase power efÞ-
ciency, speed, and chip area of column-level ADCs.

The MRSS ADC can be combined with the known concept
of exploiting photon shot noise in imager signals to reduce A/D
conversion time, resulting in an MRMS ADC. Due to itsßex-
ible design, the above-mentioned MRSS prototype can also be
used in MRMS mode. Measurement results show a 25% reduc-
tion in conversion time compared to a MRSS ADC. Moreover,
this reduction will be larger for ADCs with more than 10 bit
resolution.
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