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A fully integrated, automatically generated DC-DC
converter maintaining > 75% efficiency from 398 K

down to 23 K across wide load ranges in 12 nm
FinFET
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Abstract—This paper presents a fully integrated recursive
successive-approximation switched capacitor (RSC) DC-DC con-
verter implemented using an automatic cell-based layout genera-
tion in 12 nm FinFET technology. A novel design methodology is
demonstrated based on the theoretical analyses of the optimal en-
ergy operation of the switched-capacitor (SC) DC-DC converter
and directly finds the optimal design parameters from the given
input specifications. The converter maintains > 75% efficiency
across a vast range of output currents and temperatures. Our
design targets voltage scaling for applications such as cryo-
computing, cryo-sensing, and parts of quantum computing to
achieve high system power efficiency.

Index Terms—Cryogenic, Switched-Capacitor, DC-DC, Wide-
Temperature

I. INTRODUCTION

THERE has been a renewed interest in utilizing cryo-
genic CMOS electronics to realize performance enhance-

ments in various applications, including high-performance
computing[1], [2], qubit systems[3], sensors, superconductiv-
ity, and other low-temperature applications in sectors such as
those found in aerospace [4]. Fig. 1 summarizes practical ap-
plications that require operation from normal conditions down
to cryogenic temperatures and would benefit from cryogenic
CMOS design techniques. To satisfy the low thermal limit of
dilution refrigerators, improved power efficiency is required
for circuit components located within the cooling chamber
as well as circumvent electrical noise generated due to self-
heating. This requirement demands efficient power distribution
and conversion. Ring-oscillator (RO) simulations, shown in
Fig. 2a, display temperature effects on digital circuit perfor-
mance: as we get closer to cryogenic conditions, mobility (µ)
increases, resulting in both a higher speed and higher power
consumption, yet having generally a better energy efficiency.
Fig. 2b illustrates how the RSC DC-DC converter proposed in
this paper can be integrated into a cryogenic IC system close
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Fig. 1: Typical Applications of Cryo-Electronics

(a) Simulated Power Saving using
Voltage Scaling from 400K to 77K

(b) Cryogenic Electronic System Power
Hierarchy Design

Fig. 2: Power Scaling and Cryogenic System Power Hierarchy

to the extreme temperature region to help facilitate voltage
scaling. We experimentally demonstrate our 3-stage converter
targeting operation temperature from 398 K down to 23 K,
with efficiency > 75%.

II. RSC DC-DC IMPLEMENTATION AND METHODOLOGY

A recursive switched capacitor DC-DC (RSC) consists of a
chain of 2:1 switched capacitor conversion cells[5]. In addition
to the power efficiency advantage demonstrated in [5], the RSC
architecture is chosen because it contains parallel multiples of
exactly two manually designed unit cell layouts, making it easy
for us to analyze and implement automated layout generation.

A. Circuit Implementation

Fig. 3 shows the schematic of a 2:1 cell. We propose to drive
the switches with bootstrap drivers to provide a higher gate
voltage (Vboost) and reduce source-drain resistance (RDS,ON ).
A higher VGS over larger device sizing is preferred. This is
advantageous when the temperature is extremely low because
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Fig. 3: Circuit Implementation of the 2:1 Conversion Cell

Fig. 4: Bootstrapped RSC Switch

The transistor threshold voltage (VTH ) increases drastically
at cryogenic temperatures [6], leading to a massive increase
in RDS,ON for regular switches as shown in Fig. 4a. The
effectiveness of this design choice is illustrated in our simula-
tion results Fig. 4c1. Since e did not have access to cryogenic
SPICE models in the 12nm finFET technology node. we relied
on prior publications to estimate the behavior of all elements in
our circuit, such as MOSFETs[7] and passive components[8].
This allowed us to estimate the circuit’s performance. Our
circuit validation was post-fabrication. Additionally, since all
the transistors in our design are isolated using deep-Nwell, the
parasitic diode has no risk of turning on or causing significant
deviation from the expected results.

B. RSC’s Design Parameter Optimization

1) Capacitive Loss Analysis: The derivation starts with
analyzing the switching waveform, shown in Fig. 5: When the
load current is zero, the 2:1 converter output equals VIN/2;
when a current draw occurs, the VOUT will decrease by ∆V .
In an ideal switched capacitor system with zero resistive loss,
the power loss comes from two sources: The sharing loss

1This simulation uses an extrapolated model. The vendor guarantees
accuracy from 218K to 423K. The RDS,ON discussion is mainly based on
[6] instead of this plot.

(LS) when injecting charges from the flying capacitor into
the output capacitor, and the loss in the parasitic capacitance
(LP ). Analysis of the two main capacitive loss mechanisms
has shown an optimal ∆V that corresponds to the maximum
efficiency[9]. This is shown graphically in Fig. 6. Equation set
Eq. 1. is the equation extended for N-stage RSC converters
based on the assumption that ∆V is averaged evenly across
all stages.

Fig. 5: Switching Waveform Fig. 6: Switched Capacitor
Loss Analysis
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2) Optimization of Switch Sizing: The goal of transistor
sizing is to balance the loss due to switch resistance (con-
duction loss) and the loss due to the capacitive parasitic
(switching loss). This is shown graphically in Fig. 7.The
dashed curve shows how the curve will move as frequency
increases. An ideal feedback controller provides a maximum
efficiency point tracking (MEPT) mechanism that modulates
the clock frequency to track the lowest point on this curve
for the least loss. From Fig. 7, the optimal switch impedance
is given by Eq. 2 where k is the coefficient relating to the
parasitic capacitance and resistance of a unit-size MOSFET
switch.

Fig. 7: MOSFET Switch Loss Analysis
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VIN
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TABLE I: Constants used During Derivation

Symbol Meaning

αi Up/Down Configuration of Stage i

∆V Voltage Delta due to Current Draw

CEFF Effective Parasitic Capacitance

CFLY Flying Capacitance

k = RUSW ·CUSW Approximated relationship of switch resistance
& capacitance

CUFLY Unit Capacitor Cell Capacitance

RUSW Unit Switch Cell On-State Resistance

CUSW Unit Switch Cell Parasitic Capacitance
-
Table I explains all the constants used during equation derivation.

3) Process/Temperature Variation Considerations: As
shown in Eq. 1b, the optimal ∆V is expressed as a ratio.
Where CEFF is primarily contributed by routing capacitance
while CFLY variations are attenuated and result in a nearly
constant ∆V across process variation. The relationship
between RSW,OPT and fCLK is not constant due to the
change in mobility under different corners. To achieve optimal
efficiency when the switch resistance is the limiting factor
(technology dependent), calibration has to be done on a
pre-chip basis.

C. Cell-Based Layout Generator

Now that ∆V is fixed as a meta-parameter, the optimized
capacitor and switch sizing can be expressed in an integer
amount of unit cells. The extended synthesis formula set Eq.
3 is converted into a Python-based design generation flow Fig.
8c. Fig. 8a shows some example synthesized optimal designs.

ILOAD = 2CFLY (laststage)
∆V

N
fCLK (3a)

NCAP (laststage) =
N · ILOAD

2∆V fCLKCFLY (unit)

(3b)

NSW (laststage) =
ILOADRSW (unit)√

kVIN
√
fCLK

(3c)

A 3-stage converter optimized for 0.6V, 2 mA output at
40MHz, shown in Fig. 9, is taped out in a 12 nm FinFET
process. The fabricated chip is shown in Fig. 10.

(a) Some Example Configurations

(b) ”Auxiliary Cell” Building Blocks (c) Automated Design Flow

Fig. 8: Diagram of the Automated Flow[10]

Fig. 9: RSC Fixed-Ratio 7:8 Converter for Tapeout

Fig. 10: Die Photo & GDS Top View

(a) Test Setup Diragram (b) Test Setup Photo

Fig. 11: Test Setup

III. CRYOGENIC MEASUREMENTS

The chip setup was placed in a cryo-chamber and cooled by
a closed-cycle refrigerator (CCR). Limited by the physical size
of the assembly, the lowest temperature achievable is 22.5K.
Before the test, > 1hr soaking is given to ensure temperature
stability. Fig. 11a shows the detailed measurement setup.

The converter’s power efficiency and output voltage are
measured across a wide range of frequencies, temperature
(398K to 23K), and output loads (2µA to 4mA). A passive
variable resistor is used as a load, with a 1µF capacitor in
parallel. The measurement results plotted in Fig. 12 show
the peak efficiency points at each input clock frequency. The
output voltage VOUT remains close to the design target of
0.6V. Fig. 13 shows the measured efficiency when an external
feedback loop is applied to regulate the output using pulse
density modulation (PDM)[5]; the design’s efficiency varies
by less than 3% across the tested temperature range, with a
high control linearity of R2 = 0.99.

IV. CONCLUSION

This paper presents an automated framework for a cryogenic
switched-capacitor DC-DC converter design generation, based
on an innovative optimal sizing methodology, demonstrated
by silicon measurement results under cryogenic temperatures.
Measure results of our proposed design are highlighted in
comparison Table II. The converter delivers comparable power
efficiency to prior art [11] across wide load ranges at very low
drop-out voltage due to the low RDS,ON design. Compared to
a previously reported high-performance cryogenic LDO design
[12], our converter is able to cover a much wider [23K,398K]
temperature range and was measured at NIST.

Code Availability: The source code is available in [10].
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Fig. 12: Power Efficiency & Output Voltage Swept Across
Load Current, Frequency, and Temperature

Fig. 13: Closed-Loop Efficiency & Clock Frequency Plots
Across a Wide Temperature Range
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