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An 11-hit Cryo-CMOS SAR ADC Using Energy-Scalable
Comparator for Image Sensors in Space Telescope
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Abstract

This paper presents a cryogenic energy-scalable comparator designed for image sensors in space telescopes. The
proposed comparator maintains the fast comparison speed, high current efficiency (g./Ip), and intrinsic common-mode
rejection ability of conventional floating inverter amplifier (FIA), while incorporating the energy scalability of
voltage—controlled oscillator (VCO)-based comparators. The proposed comparator is implemented in an 11-bit cryo-CMOS
SAR ADC, which is designed in 66 nm CMOS, and it achieves an SNDR of 65.2 dB and a Schreier FoM (FoMs) of 174

dB at a sampling rate of 5 MS/s.
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I . Introduction
Over the past decades, human beings have
actively explored regions beyond the Earth, seeking
to understand the broader structure and evolution of
the universe. To support such endeavors, space
telescopes (Fig. 1), such as the Hubble or the James
Webb Space Telescope, have been deployed into the
cryogenic and vacuum conditions of space, and they
have provided invaluable data on galactic structures,
COSmic expansion, and other fundamental
astrophysical phenomena [1], [2].

CMOS image sensors employed in space telescopes
contains 10-12 hit SAR ADCs with sampling rates
ranging from tens of kS/s to a few MS/s [2]-[5].
There are two primary challenges in designing the
SAR ADCs for space telescopes:

sufficient speed under cryogenic conditions [6], where

first, ensuring

the device threshold voltage significantly increases;
and second, achieving high energy efficiency, since
the only energy source for the ASIC is solar energy.

A comparator is one of the most critical analog
blocks for high-resolution SAR ADCs,

requires low thermal noise. Comparator assisted with

since it

a floating inverter amplifier (FIA) [7], as shown in
Fig. 2, uses the current-reuse property of inverter
amplifiers, enabling theoretically up to 25 times

better noise—energy efficiency than conventional
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Fig. Block diagram of space telescope and its operating

environments.

comparators using common-source amplifiers [7].
Additionally, by

capacitor, the FIA can establish an isolated power

utilizing a floating reservoir
domain during amplification, which allows stable
common-mode behavior without requiring a dedicated
common-mode feedback (CMFB) circuit. This helps
stabilize the offset, noise, and speed performance of
the following latch stage. Despite these advantages,
the FIA-based comparator consumes nearly constant
of the

applications such as SAR ADCs, where the input

energy regardless input difference. In
differences of the comparator vary widely, this leads
to redundant energy consumption under large input
conditions, thereby limiting the energy efficiency of
the ADC.

To address the lack of energy scalability in
FIA-based comparators, voltage—controlled oscillator
(VCO)-based comparators, as shown in Fig. 2, have
adopted [8]. The VCO-based

comparators convert the input voltage into the phase

been  widely
domain and then perform comparison based on the

input phase difference. A large input difference
results in a large phase difference, allowing for rapid
comparison speed and an exponential reduction in

both oscillation cycles and energy consumption.

FIA-based Comparator | VCO-based Comparator

Vop
—S_ Vin- Do Vine >
VIN+"[1>°{€°" ~Do
{0 Vi~
Pre-Amp. StrongARM VCOs Phase
(FIA) Latch Detector
§ g ||&§ 5\ ©low energy
% '~ | ® redundant -g > |\ @ large diff.
Qo % energy ' o g
§ S @ large diff. § 5
|Input Diﬁerenc§| |Input Differencél
5—+1 S5
2 | ©fast 2 8 ® slow
=1 2]
s . Speed ] . speed
EE e |[|EE
S+ -~ ||IGF -
|Input Difference| |Input Difference]|

% 2. FIAZ|gr H|m7[e} VCOZ| 8t Hlw7|e| H|WE
Fig. 2. Comparison of FlA-based and VCO-based
comparators.



20261 01€ MASee|==A H63d HM01= 3

Conversely, for small input differences, the phase
small, which

increases the number of oscillation cycles to achieve

difference  becomes automatically
the necessary noise performance by consuming more
energy. This exponential energy adaptation based on
mnput difference allows VCO-based comparators to
enhance energy efficiency in SAR ADCs. However,
VCO-based

operate at low speeds of under a few MS/s [8], since

comparator-assisted ADCs typically
the comparison time also exponentially scales as it is
proportional to the change in the number of
oscillation cycles.

This paper presents an FIA-based comparator that
maintains both the high energy efficiency and fast
comparison speed of the FIA, while incorporating the
energy scalability of VCO-based comparators. The
proposed comparator is implemented in an 11-bhit 5
MS/s cryo-CMOS SAR ADC, which operates at a
cryogenic temperature of 50 K.

This paper is organized as follows: Section II

reviews the schematic and operation of the
FIA-based comparator, while Section III describes the

operation of the  proposed
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energy-scalable FIA-based comparator. Section IV
of an 11-bit

using  the

demonstrates the implementation
cryo-CMOS  SAR  ADC

comparator with pre-layout simulation results, and

proposed

the final section draws a conclusion.

II. FIA—based Comparator

Fig. 3(a) shows the block diagram of a
conventional FIA-based comparator with a schematic
of its pre—amplifier. During the reset phase, the
reservoir capacitor (Cggs) is charged, while the output
nodes of the inverter amplifiers are reset to a certain
voltage (Vew). During the pre-amplification phase, the
FIA performs pre-amplification using the pre—charged
charge from the reservoir capacitor. After a certain
delay following pre-amplification, the second-stage
StrongARM latch (Fig. 3(b)) is triggered to complete
in Fig. 4(a). The

FIA-based comparator features

the quantization, as shown
advanced energy

efficiency using the current-reuse technique and
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Fig. 3. (a) Block diagram of the FIA-based comparator with the schemaitc of its pre—amplifier, and schematics of (b)
conventional StrongARM latch and (c) proposed input-difference tracking StronaARM latch.



possesses a certain degree of common-mode
rejection, since the NMOS and PMOS in the inverter
amplifiers share the same DC currents. However, the
conventional FIA consumes nearly constant energy
regardless of the input difference (Fig. 4(b)), since
the latch is always triggered after a fixed delay

following the pre—amplifier’s trigger.

II. Proposed Two—Stage Comparator

Fig. 3(c) shows the schematic of the proposed
input—difference tracking StrongARM latch. In the
conventional FIA-based comparator, the second-stage
StrongARM latch is always triggered after a fixed
delay following the enabling of the pre—amplifier, as
shown in Fig. 4(a). It consumes almost constant
energy regardless of the input difference, as shown in
Fig. 4(b).

conventional FIA as its pre-amplifier, borrowing its

The proposed comparator utilizes the

fast comparison speed, high gain, and advanced
gm/ID. Unlike the traditional StrongARM latch, the
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Fig. 4. (@ comparison of timing diagrams of the
conventional and proposed FIA-based comparators
and (b) their energy consumptions and comparison
time.

delay time for triggering the second-stage latch is
adjusted by reflecting the output difference of the
pre-amplifier. To realize this, the sinking transistor
(MSK in Fig. 3(c)) tracks the pre-amplifier's outputs
to trigger the latch earlier when the input difference
is large, as shown in Fig. 4(a). Conversely, for small
input differences, the gate voltages of MSK are not
high enough to be triggered; therefore, quantization is

completed after a fixed delay, as in the conventional

FIA-based comparator. The new FIA-based
comparator allows fast latching for large input
differences, eliminating redundant energy
consumption, while maintaining higher energy

consumption for small input differences to preserve
low-noise performance. In addition, the proposed
design features faster quantization speed for large
input differences than the conventional one, since it
quenches operation earlier.

Fig. 5 illustrates the simulation results of the
energy consumption and comparison time of two
FIA-based comparators at room and cryogenic
temperatures. The proposed design performs faster
and reduces energy consumption at large input

differences by 49.6 % for 100 mV input differences at
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cryogenic temperature, as shown in Fig. 4(b). When
the input difference is small, the energy consumption
is the same as that of the conventional FIA-based
comparator, maintaining the same input-referred noise
(IRN) of 196 pVrms and 356 pVrms at room and
cryogenic temperatures, respectively. It also enables
faster comparison speed, offering additional timing

margin in asynchronous SAR ADCs.

IV. Cryo—CMOS SAR ADC

Fig. 6 shows the block diagram of an 11-bit
cryo-CMOS SAR  ADC using the
energy-scalable FIA-based comparator, implemented
in 65-nm CMOS. The -capacitive digital-to—analog
(C-DAC) is realized with
metal-oxide-metal (MoM) capacitors using split

proposed

converter

switching [9]. The ADC operates asynchronously
through a timing controller, enabling operation with a
master clock speed equal to the sampling rate, which
allows the ADC to operate at slow speeds of a few

kS/s, where it is sensitive to leakage current.
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Fig. 7(a) and (b) show the ADC output spectra at
5 MS/s for room and 50 K cryogenic temperatures

with  near-Nyquist input  frequencies. The
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Table 1. Performance comparison of prior and proposed

SAR ADCs.

ThisWork* | 381 | [41 | I[5]

Technology
Node [nm] 65 65 350 -
Temp. [K] 300 50 300 300 300
Sampling
Rate (Fs) 5 80 0.03 1
[MS/s]

Voo [V] 0.9 1.2 1.2 33 3

SNDR[dB] | 646 | 652 | 70.3 | 686 | 71.6

SFDR[dB] | 75.6 | 82.0 | 80.3 | 80.1 91

Power[mW] | 0.021 | 0.033 | 13.8 24 23

FoMs*[dB] | 175 174 165 127 155

* FoMs = SNDR (dB) + 10log10(Fs/(2xPower))
** Pre-layout simulation

SNDR/SFDR are 64.6 dB/756 dB at 300 K and 65.2
dB/82.0 dB at 50 K, respectively. Fig. 7(c) and (d)
show the ADC power breakdowns at room and
cryogenic conditions, respectively. The energy in the
comparator is reduced by 14.7 % at 50 K, compared
to that of the conventional FIA-based comparator.

Table I summarizes a performance comparison
between the proposed ADC and prior art. The
proposed ADC consumes 0.021 mW (VDD = 09 V) at
sampling rate of 5 MS/s and achieves 175 dB FoMs
at room temperature. It consumes 0.033 mW (VDD =
1.2 V) at the same FS, achieving 174 dB FoMs at 50
K

V. Conclusion

This paper proposes an energy-scalable FIA-based
comparator that maintains the fast comparison speed
and high g./Ip properties of the conventional
FIA-based

incorporating the energy-scalability feature of the

comparator, while simultaneously
VCO-based comparator. It is implemented in a 65-nm
CMOS process for an 11-bit cryo-CMOS SAR ADC
and features robust performance under both room and

cryogenic conditions.

& Hlw7| 7|t 118|E 32 SAR ADC
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