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An 11-bit 0.008 mm? charge-redistribution digital-to-analog converter

operating at cryogenic temperature for large-scale qubit arrays

Takuji Miki'* , Ryozo Takahashi?, and Makoto Nagata'

Abstract This letter presents a cryogenic digital-to-analog converter
(DAC) for controlling qubits in a large-scale quantum computer. The
capacitor arrays composing a charge-redistribution DAC are miniaturized
by effectively utilizing the cryogenic characteristics of extremely low noise
and leakage. Furthermore, capacitor mismatches due to their small size are
automatically corrected by a newly proposed calibration technique with a
small area-overhead. Fabricated in 40 nm CMOS and measured at cryo-
genic temperature, the prototype 11-bit DAC achieved a very small area
of 0.3 mm? and low power consumption of 5.8 W, while realizing a non-
linearity error within +/-2LSB.

Keywords: cryogenic, digital-to-analog converter (DAC), mismatch cali-
bration, quantum computer
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1. Introduction

Quantum computers are promising technologies in the near
future owing to their theoretical potentials for extremely high
computational speed by utilizing superposition and entan-
glement phenomenon of quantum mechanics. Experimental
quantum supremacy, which surpasses the performance of
classical supercomputers, has already been demonstrated
by a quantum computer prototype consisting of 53 super-
conducting qubits [1]. However, to achieve more complex
calculations on a quantum computer with error correction al-
gorithms, much larger number of qubits are required [2, 3].
A silicon spin qubit is one of the major candidates to re-
alize such large-scale quantum computers, since it can be
integrated on a silicon chip by effectively using an existing
scaled semiconductor process [4, 5, 6, 7, 8]. Superconduct-
ing qubits have also been studied for increasing the number
of qubits [9, 10]. These types of qubits need to be operated
at cryogenic temperature using a dilution refrigerator, and
have traditionally been controlled from outside a refrigerator
[11, 12]. However, as the number of qubits increases, it will
be difficult to install cables to deliver control signals to qubit
arrays if we consider the limited space of a dilution refrig-
erator. Therefore, the development of a cryogenic control
chip placed on a 4-8 K plate in a refrigerator is one of the
biggest challenges for realizing large-scale superconducting
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or silicon quantum computers [13, 14, 15, 16, 17]. Among
the qubit control circuits, a bias voltage generator is defi-
nitely one of key components to provide arbitrary voltages
for multiple purposes to manipulate, read-out and initialize
the qubit arrays. This means a large number of DACs for
bias voltage generation must be implemented on the control
chip and will occupy most of the entire chips. Hence, cryo-
genic DACs must be designed with extremely small area
and low power consumption to meet the limited area and
power budgets of the cryogenic control chip installed in a
refrigerator.

Several cryogenic DACs for qubit control have been re-
ported so far. A current steering DAC described in [18]
operates at 4.2 K with fast response time and can be fully
configured by only transistors, which is suitable for inte-
gration. However, non-negligible current constantly flows,
resulting in the waste of power dissipation in this bias volt-
age generator even during static operation [19]. A capacitive
DAC operating at cryogenic temperature has also been pre-
sented [20]. Its quiescent current is very small, however, it
requires multiple intermediate voltages to calibrate capac-
itor mismatches. In addition, the calibration value cannot
be estimated in a closed loop, thus, it is not suitable for
large-scale DAC arrays.

In this letter, an ultra-small cryogenic capacitive DAC for
biasing quantum bits in an array is proposed. The size of
capacitors for charge-redistribution is considerably reduced
by utilizing the cryogenic characteristics. Furthermore, the
process mismatches in capacitor arrays due to their small
size are calibrated with extremely small area overhead, thus
the proposed calibration can be used for control chips in-
cluding a number of DACs. The prototype DAC is prac-
tically measured at a temperature of 8 K using a cryogenic
probe station. The rest of this letter is organized as follows.
Section 2 presents the architecture of cryogenic DAC for a
quantum computer system. Section 3 introduces the capaci-
tor mismatch calibration technique for multiple DAC arrays.
Section 4 shows the measurement results of the prototype
DAC at both room temperature and cryogenic temperature.
Finally, section 5 gives the conclusion.

2. Cryogenic DAC

2.1 Bias voltage generation for quantum computing
systems

Superconducting or silicon qubits are mounted on the coldest

plate below 100 mK in a dilution refrigerator. In many quan-
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Fig. 1 Quantum computing system.

tum computers today, these qubits are directly controlled
from outside the refrigerator. Considering the explosive
increase in the number of qubits in a future quantum com-
puting system, this conventional scheme will not be suitable
since the huge number of control cables are needed. In such
upcoming systems, the control circuits will also be placed
inside the dilution refrigerator, as a cryogenic control chip,
to control the qubits from a 4 K stage as shown in the simpli-
fied control diagram of Fig. 1. This enables to minimize the
number of cablings from the outside since the system con-
troller at room temperature only needs to interact with the
memory in the cryogenic control chip by a serial interface
protocol. The cryogenic qubit control chip generates various
analog signals to manipulate, read out, and initialize qubits.
They include many kinds of highly accurate bias voltages,
such as the gate voltage to maintain the quantum state and
the bias voltage to adjust the coupling strength among qubits.
Thus, a large number of high-resolution DACs are required
in the cryogenic control chip. This number will further in-
crease with the scale of the qubit. Due to the limited budgets
of area and power inside a dilution refrigerator, DACs are
required to be compact size in physical dimensions as well
as low power dissipation.

2.2 Charge-redistribution DAC architecture
The simplified circuit schematic of the cryogenic DAC is
depicted in Fig.2. It follows to a charge redistribution ar-
chitecture with binary weighted capacitor arrays. Unlike
current steering DACs, quiescent currents are negligible in
such capacitive DACs, resulting in low power consumption
[21, 22, 23, 24, 25, 26]. To decrease the total number of
capacitors and minimize the layout area, the capacitor array
is divided into 6-bit upper DAC and 5-bit lower DAC con-
nected by a series capacitor Cc. This significantly reduces
the total capacitance value of the capacitor array, however,
a gain difference between the upper and the lower DACs
occurs due to the capacitor mismatch and unexpected para-
sitic capacitance, degrading the linearity of the DAC output
voltage [27, 28]. This error can be calibrated by trimming
a variable capacitor Crryas provided in the lower DAC to
equalize the gains among the lower and upper DACs. The
mismatch calibration is automatically executed in a closed
loop by an embedded calibration logic, which will be ex-
plained in detail in the next section.

The bias voltage generation scheme in normal operation
starts from loading the corresponding 11-bit data stored in
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a memory to the DAC. The voltage levels of the data are
shifted up from 0.9V to 2.5V, then, the data are latched
by the flip-flops located near the bottom plate switches at
the timing of sampling clock ¢g. This clock is enabled
only when the bias voltage is changed, and the sampling
rate is around several kHz in the bias control of quantum
computing systems. Before the data loading, the top plate
nodes of the both upper and lower capacitive DACs are
preliminarily set to the ground level during the reset phase
©R, and then the reset switches are opened. Thus, the bottom
plate switching according to the latched 11-bit data generates
the corresponding output voltage on the top plate node of
the upper DAC, in a charge redistribution manner. The
output voltage is buffered using an amplifier to drive heavy
loads due to the long and narrow cablings in the dilution
refrigerator.

The size of capacitors in a charge redistribution DAC
is generally determined by considering thermal noise. In
this case, the noise is applied at the reset phase as a sam-
pling noise expressed with K7 /Ciyyi, Where Ciyy is the
total capacitance of the upper DAC. Since the temperature
T is extremely small value, the size of unit capacitance can
be reduced to 6 fF, contributing to small area and low cur-
rent consumption during capacitor charging and discharg-
ing. However, such the small size of a unit capacitor induces
two issues. One is a process mismatch of capacitors, which
causes the degradation in linearity. Especially, the gain
mismatch between the upper and lower DACs is a decisive
factor. The error can be corrected according to its quan-
titative estimation through the calibration logic operated at
the phase of ¢c, and deriving the calibration value Drgpy
as a size of trimming capacitor. This mismatch calibra-
tion will be provided in the next section. The other issue
is a subthreshold leakage through the reset switches. This
leakage causes a large variation in the output voltage as the
capacitor size becomes smaller. However, the subthreshold
current also has temperature characteristics, however, which
becomes almost non-existent at the cryogenic temperature.
Thus, the refresh frequency can be drastically suppressed,
or the output voltages of the DAC can be maintained during
the qubit operation.
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Fig. 3 DAC array with mismatch calibration circuit.

3. Mismatch calibration for DAC array

The circuit diagram of the proposed capacitor mismatch cal-
ibration for DAC array is depicted in Fig.3. Each output
of the DAC array aligned in an N-parallel structure is con-
nected to the respective 10 pad, from Voyr_ 1 to Vour .
and is also connected to the shared bus via the switches
from ¢ to wcn. The shared bus is input to the compara-
tor for use in the calibration described later. By sharing
one additional calibration circuit with N-parallel DACs, the
overhead related to the calibration can be minimized. Each
DAC is calibrated one by one in a time division way. In this
example shown in the Fig. 3, DAC_]1 is selected as the cal-
ibration target by turning on the connection switch with the
shared bus ¢ during the calibration period. Then, the con-
trol signals Dc 4 [6:0] from the calibration logic are given
to the input of the DAC_1. The variable capacitance value
Drrpy is also controlled by the calibration logic. In this way,
feeding the output voltage of the target DAC to the shared
comparator and arbitrarily controlling the input to the DAC
allows the execution of subsequent calibration sequences. It
is noted that this mismatch calibration is performed once
in the start-up sequence since capacitor mismatch is much
less dependent on the temperature. Thus, the increase in the
calibration time due to the time division will not be a big
problem in this system.

After selecting the target DAC, the individual capacitor
trimming process is executed according to the calibration
scheme shown in Fig.4. First of all, the control circuit
sets Drgpy to O to minimize the trimming capacitor Crgyy,
which is equivalent to maximizing the gain of the lower
DAC. Then, the reset switch is closed at the phase of ¢g to
give an intermediate potential Vs to the top plate of the
capacitors. At the same time, the control circuit initializes
the LSB of the upper DAC Dcar[6] to 0, and all the inputs
of the lower DAC Dc4r.[5:0] to 1. After releasing the reset
switch, Dcar[6] is set to 1 and Dcar[5:0] are set to 0.
These operations make the output voltage shift as shown
in the right waveforms of Fig.4. Initially, the gain of the
lower DAC is greater than that of the upper DAC, thus, the
output voltage of the DAC Vp ¢ becomes smaller than the
original value Vcps. These two voltages are compared by the
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Fig. 5 Simulation results (a) before calibration, (b) after calibration.

comparator, and the decision Cpyr in this case is 0. When
the result of the comparator is 0, Drgpy is incremented to
decrease the gain of the lower DAC, and then the above
control scheme is executed again. This process is repeated
until Coyr becomes 1 while incrementing the Drgpyy. In
other words, when the voltage shift by moving the LSB of
the upper DAC from O to 1 and by changing all the bits of
the lower DAC from 1 to O are almost equal as shown in the
bottom right waveform in Fig. 4, the gain mismatch between
upper and lower DAC:s is eliminated.

The simulation results of the proposed calibration are
shown in Fig. 5. With a mismatch, nonlinear gaps are clearly
seen at every 32-L.SB on the output line, which correspond
to the associated switching points from the lower DAC to
the upper DAC as shown in Fig. 5(a). After the calibration,
the gaps are compensated as shown in Fig. 5(b), improving
the non-linearity error.

In order to complete the mismatch calibration accurately,
the offset of the comparator must be removed beforehand.
The offset error of the comparator leaves a gain error between
the upper and lower DACs. In this design, the comparator
offset is eliminated by adjusting the output load as described
in [29]. The comparator circuit is designed in the double-tail
latch architecture that can minimize noise and also reduce
dynamic power [30].

4. Measurement results

The proposed cryogenic DAC was implemented in 40 nm
1P10M CMOS process. The photo of the prototype chip
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Fig. 6 Prototype chip photo and DAC layout.

and the DAC core layout are shown in Fig.6. The chip
size is 3mm X 3 mm, and the IO pads are placed for direct
contacts with a multipin probe and a ground-signal-ground
(GSG) type probe on a probing station. The DAC core
is only 90 pm X 90 um thanks to the compact architecture
with small unit capacitor. The charge-redistribution capac-
itors are composed of metal-oxide-metal capacitors using
multiple metal layers, occupying approximately 30% of the
total area. The other area is mainly filled with the voltage
level shifters from 0.9V to 2.5 V. The chip also has some
register banks for storing digital input data and associated
serial-parallel interface circuits.

The evaluation was performed using a cryogenic probing
station that could be set to any temperature from 300K to
8 K. The prototype DAC chip is placed in a cryogenic cham-
ber, and an external FPGA at room temperature controls
input data and reset trigger by serially accessing the internal
register banks, then, the output voltage is acquired with an
oscilloscope via micro-probe.

The measured input-output characteristics at room tem-
perature (300 K) and cryogenic temperature (8 K) are shown
in Fig. 7(a) and Fig. 7(b), respectively. The output voltages
are properly generated in both conditions across the entire
input range. The linearity of the DAC output was also mea-
sured as shown in Fig. 8. In both temperature conditions of
300K as in Fig. 8(a) and 8K as in Fig. 8(b), respectively,
the characteristics of INL and DNL are quite similar since
the linearity degradation is caused by a capacitor mismatch
which is not temperature dependent. Fortunately, this par-
ticular sample exhibited relatively smaller mismatches, and
thus, experienced no much change in INL and DNL before
and after applying the proposed calibration. However, we
believe the calibration technique will definitely be effective
if the resolution of the DAC is increased necessarily to-
ward the future quantum computing systems with the large
number of qubits. In this prototype, the measured INL is
+/—2LSB and the DNL is from —2LSB to +0.5 LSB after
the calibration.

The leakage characteristics of the DAC were measured by
monitoring output voltage fluctuations over time as shown in
Fig. 9. Atroom temperature, the voltage drop is immediately
seen after setting the voltage. This drop is caused by the
leakage current through the channel of MOS switches for a
reset operation. However, the cooling of only 50 degrees
eliminates the apparent voltage drop within a second, which
indicates the DAC does not need to be refreshed during a
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single quantum operation since the coherence time of a qubit
is generally shorter than the voltage sustainable time of the
DAC.

The performance summary of the prototype cryogenic
DAC and its comparison with the state-of-the-art cryogenic
DACs are shown in Table I. The power consumption of the
DAC is 5.8 uW at a sampling rate of 3.9kHz. Since the
power consumption of the charge redistribution DAC highly
depends on the sampling rate, the power was measured at
the same frequency as the refresh rate of the other charge
redistribution type [20] for a fair comparison. The break-
down of power consumption is 5.7 uW for digital circuit
(0.9V), 0.1 uW for analog circuit (2.5V), and 20nW for
charging and discharging the capacitors. From the com-
parison table, our proposed DAC achieved the smallest area
and competitively low power consumption among the other
state-of-the-art cryogenic DACs, which proves it can be ef-
fectively used as the bias voltage generation DAC for qubit
control implemented on the limited resources in a dilution
refrigerator.



Table I Performance comparison.

This work SSC-L 2020 SSC-L 2020 T-CAS 112017
[20] [18] [19]
Technology 40 nm CMOS 65 nm CMOS 28 nm FDSOI 0.5 um SOS
Architecture Charge Charge Current Current
Redistribution | Redistribution Steering Steering
Temperature 8K 6K 42K 42K
Supply 25/09V 25/1.2V 1.8/1V 3V
Resolution 11-bit 13-bit 8-bit 6-bit
. 100 MHz
Sampling Rate 3.9 kHz 3.9 kHz (Estimated)
7 uW
Power 5.8 yW 2.6 YW (Static) 3.1 mw
Area 0.008 mm? 0.0175 mm? 0.04 mm? 0.012 mm?

5. Conclusion

In this letter, the compact DAC for bias voltage generation in
a quantum computing system has been described. It will be
operated at cryogenic temperature in a dilution refrigerator,
and meet the requirements of small area and low power con-
sumption. The capacitive DAC architecture without static
current is considered, and the total area is suppressed by
using small unit capacitors thanks to low noise and low leak-
age at cryogenic temperature. Moreover, an auto-calibration
technique is also proposed to compensate the nonlinearity
error due to the capacitor mismatches. This only needs one
comparator and associated small calibration logics, resulting
in low area overhead. The simulation results prove that the
calibration effectively eliminates the mismatch errors. The
DAC was fabricated in 40 nm process and evaluated at 8
K temperature using a cryogenic probe station. The mea-
surement results prove the cryogenic DAC achieves INL and
DNL of less than +/-2LSB with compact layout area of
0.008 mm? and low power dissipation of 5.8 uW, which is
applicable to the control circuit for large-scale qubit arrays.
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