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Abstract—Recent advancements in quantum computing have
emphasized the need for scalable quantum–classical interfaces
(QC-IFs) capable of controlling a huge number of qubits effi-
ciently. Conventional QC-IFs, implemented at room temperature,
face wiring and thermal challenges that limit system scalability
as the number of qubits increases. To address these issues, we
propose a cryogenic digital signal processor (DSP) architecture
capable of performing qubit readout and control operations
inside the dilution refrigerator. We implemented the DSP which
replaced wide fixed-point operations by floating-point ones in
a previous study. An ASIC was fabricated using a 22-nm
CMOS bulk process. Compared with the previous study, power
consumption and area increased at room temperature due to
additional circuits. We conducted a leakage power analysis on
this design based on transistor leakage characteristics at 25 °C
and −73 °C. The results demonstrated a reduction of 96.6 %
compared to leakage power at 25 °C. These results demonstrate
the feasibility of low-power, compact control electronics for future
Cryo-CMOS control SoCs and fault-tolerant quantum computing
systems.

Index Terms—CMOS, cryogenic, DSP, low-power, quantum
computing

I. INTRODUCTION

Quantum computers are implemented using quantum me-
chanics, a computational theory that differs from conventional
classical computers [1], and are expected to accelerate a
variety of fields, including quantum simulations and model
optimizations [2]. Quantum computing is being actively re-
searched by many organizations, including major technology
companies, as a next-generation large-scale computing plat-
form [3] [4]. To realize practical systems, many qubits must be
controlled and measured with high precision, which requires
an efficient quantum–classical interface (QC-IF). According to
IBM’s published roadmap, quantum computer systems with
over 2,000 logical qubits are expected to be implemented
by 2030s [5]. Achieving this goal requires increasing the
number of physical qubits by more than three orders of

magnitude compared with the current level. However, in
existing quantum computers, the QC-IF is located at room
temperature, and each qubit inside the dilution refrigerator
is connected through dedicated wiring. The number of these
connections scales linearly with the number of qubits, resulting
in a larger control system and a dilution refrigerator with
more powerful cooling capacity. Therefore, miniaturization
and low-power implementation of control electronics is a key
to scaling up quantum computers. We aim to develop a digital
signal processor (DSP) for quantum control that can operate
under cryogenic environments. By executing a part of the
signal processing inside the dilution refrigerator, the number
of control wires between room and cryogenic temperatures
can be reduced, improving the scalability of the entire system
[6]. In designing such cryogenic DSPs, one of the major
challenges is the power budget per qubit imposed by the
refrigerator. Thus, the signal processing for quantum control
must achieve low power consumption while maintaining high
data rates and low latency. We focus on a DSP module to
determine the logical state of qubits for the fault-tolerant
quantum computing (FTQC)–oriented QC-IF proposed in our
researches [7] and [8], which are our previous works focusing
on FPGA implementation and architectural proposals. While
previous studies were limited to FPGA implementations or
simulation-based verifications, this work clarifies the feasi-
bility of ASIC implementation and power characteristics in
low-temperature environments through the fabrication of a test
chip. In this work, we evaluate the effect of replacing the
arithmetic representation of data signals in key computational
blocks with more efficient numerical forms and their behavior
in cryogenic environments.

II. BACKGROUND

Fig. 1 shows the block diagram of the signal-processing
circuit targeted in this study. It is used for read-out of



Fig. 1. Digital control architecture

qubits proposed in [7], [8]. The reflected microwave from
a qubit is down-converted by the analog front-end, digitized
by the analog to digital converter (ADC), and input to the
DSP as a stream of complex IQ data. Inside the DSP, the
signal passes through a sequence of processing blocks―low-
pass filtering, summation, integration, and classification to
estimate the quantum state (|0⟩, |1⟩, or indeterminate). In
existing FPGA implementations, all data are represented in
a fixed-point format to ensure high computational accuracy
and to avoid rounding errors. Consequently, bit widths expand
with each stage: the inputs have 16 bit real and imaginary
components, the filter and sum output are 89 and 101 bit
respectively, and the internal and output data of the integration
reach 121 bit. The integration block also requires storing more
than 1,000 words of intermediate data, leading to the use of
large static random access memories (SRAMs) that dominate
the overall power and area of the DSP. To address this
issue, [8] proposed converting fixed-point data to the single-
precision floating-point format before integration and imple-
menting the integration unit using floating-point arithmetic
operations. This conversion compresses 121 bit signals to 32
bit, reducing memory bit widths while maintaining output
accuracy. Although the area reduction has been confirmed in
the previous research, the impact of the cryogenic environment
in actual implementation has not been verified. In this study,
we implement the single-precision floating-point version of
the DSP on a chip and quantitatively evaluate the power and
area of the digital circuit in a 22-nm CMOS bulk process at
cryogenic temperatures.

III. RELATED WORK
This work builds upon the DSP architecture proposed in

[8] and focuses on experimentally validating the previously
introduced arithmetic-format conversion through an actual
chip implementation. Ref. [8] extensively evaluated the power

Fig. 2. Chip implementation architecture of the proposed DSP

reduction at the preliminary place and route (PnR) stage,
logical equivalence, and demonstrated that the floating-point
implementation maintains comparable estimation fidelity to
the fixed-point baseline despite the significant data compres-
sion. However, the operating characteristics in low-temperature
environments were not addressed. This paper fills this gap
by validating the effectiveness of the circuit improvements
and evaluating the performance in a real environment using
fabricated chips, which cannot be fully captured by simulations
alone. Furthermore, to improve the accuracy of the power anal-
ysis, we estimate leak current derived from low-temperature
transistor characteristics to evaluate power consumption within
the target temperature range. The results obtained in this
study provide effective guidelines for achieving low power
consumption and ensuring reliability in the design of future
Cryo-CMOS control SoCs and quantum-control DSPs.

IV. TARGET SIGNAL PROCESSING

The actual implementation was performed on the circuit
block shown in Fig. 2. In addition to the DSP circuit, data input
interface was integrated for verification. The qubit waveform
data are supplied by an on-chip emulator composed of a
Serial Peripheral Interface (SPI) and a stream buffer memory,
which is designed to emulate the signal stream from an
ADC. Emulated data is written to stream buffer via SPI, and
the data stored in the stream buffer are transferred to the
DSP at 33 Gb/s by triggering data transmit. In addition, the
parameters are loaded into each module in the DSP through
the deserializer and the parameter controller. The newly added
features are introduced to overcome the constraints arising
from the limitations of the number of measurement terminals



Fig. 3. Chip layout

and signal speed, thereby enabling both practical measurement
and operation at the nominal speed.

V. IMPLEMENTATION RESULTS

Logic synthesis was carried out using Synopsys Design
Compiler with the DesignWare library and a custom-designed
SRAM for cryogenic operation. IC Compiler II was em-
ployed for PnR and power estimation. Fig. 3 is the fabricated
layout after PnR, targeting 25 °C. The red box indicates
the implemented SRAM and the PLL for clock supply. I/O
terminals are located at the periphery, while the core logic is
implemented in the remaining area. Table I shows area and
power consumption of both implementations in [8] and this
work. Power analysis was performed using IC Compiler II on
the post-PnR layout, utilizing a 22-nm standard cell library
and wire load models. Compared to [8], this work shows an
area increase of 0.33 µm2 and a total power increase of 25 mW.
The area and power increase at 25 °C are due to the additional
SPI, stream buffers and the clocking phase locked loop.
Although power estimation at low temperatures falls outside
the standard model’s scope, we estimated power consumption
by calculating the deviation between the model and actual
measurements using the transistor test element group (TEG)
characteristics shown in Fig. 4. In the figure, the red solid
lines represent the measured values, while the black dashed
lines represent the post-layout simulation values with parasitic
components extracted. Since this study estimates OFF-leakage
characteristics based solely on the OFF-region properties, the
ON-region characteristics are not discussed here. Regarding
the characteristics in the transistor’s OFF region (high VDS =
0.8 V, low VGS = 0.05 V), for PMOS, the measured value
was −21.6 nA and the simulated value was −5.55 nA, while
for NMOS, the measured value was 247 nA and the simulated
value was 42.8 nA. Based on these measurements, averaging
the NMOS and PMOS results revealed that the current flow
is 5.36 times higher than that predicted by the transistor
model. Table I presents the leakage power corrected using
this relationship. Based on these results, the leakage power at
−73 °C decreased by 96.6 % compared to room temperature.
At 4 K, the leakage power is expected to be even lower than
the result obtained at −73 °C.

(a) PMOS (b) NMOS

Fig. 4. Transistor characteristics at |VDS| = 0.8 V

TABLE I
AREA AND POWER CONSUMPTION

Temp
[°C]

Area
[µm2]

Dynamic
[mW]

Leakage
[µW]

Total
[mW]

Reference
(Exclude IF∗) 25 1.62 - - 160

This work
(Include IF∗)

25 1.95 133 52,400 185
−73 1.95 129 331 129
−73∗∗ 1.95 129 1,760 131

∗ IF means Interface.
∗∗Corrected based on leakage characteristics.

VI. CONCLUSION

Toward the realization of large-scale quantum computers,
we aim to develop a chip to estimate qubit states that can
operate in cryogenic environments. To achieve this, it is
necessary to implement a chip with low power consumption
and small area. In this paper, we implemented a DSP that
uses single-precision floating-point numbers as the internal
representation to construct control integrated circuits. The
prototype was fabricated using a 22-nm bulk process. Logic
synthesis was performed with Synopsys Design Compiler,
followed by place and route using Synopsys IC Compiler II.
Through this implementation, we designed a chip in 1.95 mm2

area and consumes 185 mW of power at 25 °C and 131 mW at
−73 °C. The power analysis at −73 °C is estimated based on
measured values from the transistor TEG. The leakage power
strongly depends on temperature, decreasing by 96.6 % from
52.4 mW at 25 °C to 1.76 mW at −73 °C. The proportion of
total power accounted for by leakage decreased from 28.3 %
at 25 °C to 1.34 % at −73 °C. In the target 4 K environment,
leakage power is expected to be further reduced. However,
a limitation of this study is that it relies on measurements
from a single transistor TEG, without accounting for process
variations in transistor characteristics. In future work, we plan
to verify simulation predictions against actual measurements
using the fabricated chip. By clarifying the degree of leakage
power reduction, we aim to provide deeper insights into
guidelines for power estimation in cryogenic environments.
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A. Kitaev, P. V. Klimov, A. R. Klots, A. N. Korotkov, F. Kostritsa, J. M.
Kreikebaum, D. Landhuis, P. Laptev, K.-M. Lau, L. Laws, J. Lee, K. Lee,
B. J. Lester, A. Lill, W. Liu, A. Locharla, E. Lucero, F. D. Malone,
J. Marshall, O. Martin, J. R. McClean, T. McCourt, M. McEwen,
A. Megrant, B. Meurer Costa, X. Mi, K. C. Miao, M. Mohseni,
S. Montazeri, A. Morvan, E. Mount, W. Mruczkiewicz, O. Naaman,
M. Neeley, C. Neill, A. Nersisyan, H. Neven, M. Newman, J. H. Ng,
A. Nguyen, M. Nguyen, M. Y. Niu, T. E. O’Brien, A. Opremcak,
J. Platt, A. Petukhov, R. Potter, L. P. Pryadko, C. Quintana, P. Roushan,
N. C. Rubin, N. Saei, D. Sank, K. Sankaragomathi, K. J. Satzinger, H. F.
Schurkus, C. Schuster, M. J. Shearn, A. Shorter, V. Shvarts, J. Skruzny,
V. Smelyanskiy, W. C. Smith, G. Sterling, D. Strain, M. Szalay,
A. Torres, G. Vidal, B. Villalonga, C. Vollgraff Heidweiller, T. White,
C. Xing, Z. J. Yao, P. Yeh, J. Yoo, G. Young, A. Zalcman, Y. Zhang,
N. Zhu, and G. Q. AI, “Suppressing quantum errors by scaling a surface
code logical qubit,” Nature, vol. 614, no. 7949, pp. 676–681, Feb 2023.
[Online]. Available: https://doi.org/10.1038/s41586-022-05434-1

[4] Y. Kim, A. Eddins, S. Anand, K. X. Wei, E. van den Berg, S. Rosenblatt,
H. Nayfeh, Y. Wu, M. Zaletel, K. Temme, and A. Kandala, “Evidence
for the utility of quantum computing before fault tolerance,” Nature,
vol. 618, no. 7965, pp. 500–505, Jun 2023. [Online]. Available:
https://doi.org/10.1038/s41586-023-06096-3

[5] IBM, “Technology — IBM Quantum Computing,” [Online]. Available:
https://www.ibm.com/quantum/technology, 2023, accessed: 2025-10-12.

[6] B. Patra, R. M. Incandela, J. P. G. van Dijk, H. A. R. Homulle, L. Song,
M. Shahmohammadi, R. B. Staszewski, A. Vladimirescu, M. Babaie,
F. Sebastiano, and E. Charbon, “Cryo-CMOS circuits and systems for
quantum computing applications,” IEEE Journal of Solid-State Circuits,
vol. 53, no. 1, pp. 309–321, 2018.

[7] T. Miyoshi, K. Koike, S. Morisaka, H. Shiomi, R. Matsuda, K. Ogawa,
Y. Tabuchi, and M. Negoro, “A fully pipelined architecture of quantum-
classical interface for realizing fault-tolerant quantum computer,” in 2023
IEEE International Conference on Quantum Computing and Engineering
(QCE), vol. 02, 2023, pp. 322–323.

[8] T. Imagawa, R. Kishida, Y. Koyama, K. Kobayashi, and T. Miyoshi,
“A power reduction scheme by arithmetic format conversion for a DSP
to estimate qubit states under 4K cryogenic environment,” in 2024
IEEE International Conference on Quantum Computing and Engineering
(QCE), vol. 02, 2024, pp. 539–540.


