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Abstract:

Current sensitivity of quantum flux parametron (QFP) was evaluated by measuring gray zone
width on the basis of both circuit simulation and measurements for superconducting sensing
systems composed of a superconducting sensor array and superconducting read-out and signal
processing circuits. Simulation results indicate the narrow gray zone width can be obtained by
decreasing inductances comprising the QFP. Moreover, both high-sensitivity and low-power

operation of the QFP can be utilized by using optimized circuit parameters and the excitation



current that has long rise time. Gray zone width of approximately 0.5 pA, which is smaller than
that of the Josephson current comparator based on a single flux quantum circuit, was
experimentally obtained by using the trapezoidal excitation current that has rise time of 50 ps.
These results indicate the QFP is promising for the read-out circuit in the superconducting

sensing systems because of high-sensitivity and low-power operation.
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1. Introduction

A multi-channel superconducting sensor array is an attractive tool for various applications
because of its high-sensitivity and special resolution. In the field of magnetoencephalography, a
168-channel SQUID magnetometer has been implemented to measure the distribution of the
magnetic field generated by the human brain [1]. However, implementation of a large-scale
multi-channel superconducting sensor array is difficult because all superconducting sensor in
the low-temperature stages are read-out by room-temperature electronics and it results in drastic
increase in the number of cables that connect low-temperature and room-temperature stages.
Inflow of thermal noises from the room-temperature environment makes cooling of the sensor
array difficult. Furthermore, the performance of the superconducting sensor is limited by the
bandwidth of the cables in some applications. Integration of the superconducting sensor array
and read-out and signal processing circuits in the same low-temperature stage is one of solutions
to overcome the difficulty in implementing large-scale multi-channel superconducting sensor
array systems.

A superconducting circuit is thought to be suitable for the read-out circuit for the
superconducting sensor array because it can operate in the low temperature environment with
ultra-low power consumption. Superconducting sensing systems, where the superconducting
sensor array and a superconducting single flux quantum (SFQ) read-out circuit [2, 3] are
integrated in the low temperature stage, have been proposed and demonstrated for various
applications [4-10]. The number of required cables can be reduced by using signal processing
of multiplexing techniques [11-13].

Recently, quantum flux parametron (QFP) [14] has attracted attention as an ultra-low-power
superconducting circuit by utilizing an adiabatic driving method [15, 16]. Because the QFP is
superior to the SFQ circuit in terms of power consumption and sensitivity, the QFP might be

suitable for the read-out and signal processing circuits for the superconducting sensor array.



Sensitivity of the read-out circuit that detects and measures the output signal from the
superconducting sensor is the most important information to determine the architecture of the
system composed of the superconducting sensor array and QFP read-out circuits.

In this study, we evaluated the current sensitivity of a QFP buffer on the basis of both circuit
simulation and experiments. Circuit parameters for improving current sensitivity of the QFP are
investigated. We analyzed the relationship between the currents sensitivity and rise time of the
excitation current QFP. The relationship between current sensitivity and power consumption of

the QFP is discussed.

2. Analysis of QFP current comparator

Figure 1 show the equivalent circuit of the QFP analyzed in this study. The logic state of the
QFP is expressed by the direction of the output current I, after circuit excitation. In ideal case
where the QFP has symmetric circuit structure and no noise exists, the logic state of the QFP is
precisely determined by the direction of the input current. Therefore, the QFP can be used as a
current comparator or a 1-bit analog-to-digital modulator that discriminates the direction of the

input current [17].

Figure 1. Equivalent circuit of the analyzed QFP. I¢ is the critical current of Josephson
junctions comprising the QFP. 4. and £, are inductance values normalized by ®¢/2xlc, where

@, is the flux quantum in a superconductor.
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Figure 2. Example of the simulated transient analysis of the QFP. The dc input current of 3
pA is supplied. Rise time of the excitation current (t;s) is 400 ns. Though the input current is
positive, the error ‘0’ output is obtained. The critical current of Josephson junctions is 50 pA.

Normalized inductances S and S, are 0.2 and 1.6, respectively.

In practical case, the output from the QFP is probabilistic around l;, = 0 because of the
noises in the circuit. The influence of thermal noise is the main origin of the stochastic
characteristics of the QFP operating at 4.2 K [18]. Width of the input current region where the
probabilistic output is obtained is called the gray zone. Because the QFP can not discriminate
the input current less than gray zone width by a single-shot measurement, current sensitivity of
the QFP can be evaluated by measuring the gray zone width.

Figure 2 shows an example of transient analysis of the QFP taking thermal noises at 4.2 K
into account by using the JSIM_N [19]. The critical current of the Josephson junction is 50 pA,
which is minimum critical current that is insured to be reproducible by the AIST 2.5 kA/cm? Nb
standard process 2 (STP2) [20, 21]. The McCumber parameter of Josephson junctions fc is 1,

thus, junctions are critically damped. In the simulation, thermal noise source is shunt resistors
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Figure 3. Dependences of simulated output probability of the QFP on the input current for
different rise time of the excitation current t;s. £, is 0.2. Dots are simulation results. Lines are

fitting curves.

connected to Josephson junctions in parallel. As shown in figure. 2, some errors are observed
caused by thermal noises. We repeated 1000 excitation cycles in the simulation and calculated
the dependence of the output probability that the ‘1’ output is obtained on the input current. We
systematically simulated the output probability characteristics of the QFP, composed of different
inductances, driven by the excitation current that has different rise time.

Figure 3 shows dependences of the output probability of the QFP composed of inductances
of . =0.2 and 5, = 1.6 on the input current for different rise time of the excitation current. As
shown in figure 3, the gray zone of the QFP reduces with increase in rise time of the excitation
current l,. This is because the long decision process reduces the effective bandwidth of thermal
noises and therefore reduces its influence [22].

Assuming Gauss distribution of thermal current in the resisters, the output probability of the

QFP can be fitted using the error function as

P(l,,) =0.5+0.5erf (\/ZIA—”I‘j (1)
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Figure 4. Dependences of gray zone width of the QFP with different 3. on rise time of the
excitation current tyice. S is 1.6.
where P(l;,) is the output probability when the input current I;, is supplied and Al is the gray
zone width.

Figure 4 shows the simulated dependences of gray zone width of the QFP composed of
different £, on rise time of the excitation current t;s. £ of 0.1 corresponds to the inductance of
0.62 pH, which is almost the minimum inductance value that can be implemented using the
AIST-ADP2 [20, 21]. The circuit simulation results indicate the narrow gray zone width of the
QFP can be obtained by using small g and long t;.. Therefore, trade-off between current
sensitivity and decision time of the QFP is confirmed like the Josephson current comparator
based on the SFQ circuit [22].

We analyzed the relationship between gray zone width and energy consumption of the QFP.
Energy consumption per bit was calculated by integrating the product of the current and voltage
in the excitation current line in one excitation cycle using JSIM_N. Figure 5 summarize the
relationship between energy consumption per bit operation and gray zone width of the QFP. Bit

energy of the non-adiabatic superconducting circuit is approximately ®glc ~ 10™° J/bit.
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Figure 5  Relationship between energy consumption per bit operation and gray zone width

of the QFP.

Therefore, less than 1% of ®ylc bit energy operation is achieved when the QFP composed of 5,
= 0.1 is driven by the excitation current with rise time of 10 ns. Moreover, both small gray zone
and small energy consumption of the QFP can be achieved by decreasing inductances in the

QFP and increasing decision time.

3. Experimental and Discussion

We designed a test circuit to measure gray zone width of the QFP using the STP2. 4 and £,
of the designed QFP are 0.221 and of 1.18, respectively. Inductances were extracted by the
circuit layout using the InductEX [23]. Figure 6 shows the microphotograph of the test circuit.
The measured QFP is placed in the first stage of the QFP buffer chain. 5 stages of AQFP buffers
are inserted after the QFP under test. The test chip was cooled and measured at 4.2 K in a liquid
helium bath. The input current was injected to the first stage from a current source in the
room-temperature environment. The output is read-out by the adequately biased dc-SQUID. We

employed the 3-phase excitation method [15] to drive the AQFP buffer chain.
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Figure 6 Microphotograph of the QFP buffer chain. Gray zone width of the first stage QFP
is measured. All QFPs are composed of Josephson junctions with the critical current of 50

pA. The QFP under test has . = 0.221 and S, = 1.18.

Figure 7 shows the measured waveform when the QFP is driven by the excitation current
with rise time of 400 ns. Arbitrary function generators were used to generate trapezoidal
three-phase excitation currents. The output probability was automatically measured by

measuring the output voltage from dc-SQUID magnetically connected to the sixth stage QFP
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Figure 7 Example of the measured waveform when I, = 1 pA was input. The output
voltage was amplified by a low-noise differential amplifier by 100. The output probability
was measured by repeating 1000 excitation cycles. ‘1’ output is obtained every clock cycle in

this output pattern.
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Figure 8 Comparison of measured and simulated dependences of gray zone width on tye.

buffer.

Figure 8 shows simulated and measured dependences of gray zone width on ty.
Experimentally obtained gray zone width of the QFP was approximately 0.5 uA when t;s, of 50
us was used. The experimental results indicate current sensitivity of the QFP is better than
Josephson current comparator [24] and the QFP is suitable for the read-out circuit for the
superconducting sensor array in terms of current sensitivity.

The measured gray zone characteristic of the QFP shows the same tendency as the simulated
result. However, discrepancy between measured and simulated gray zone width increases with
increase in rise time of the excitation current. This might be caused by an influence of 1/f noise,
which is caused by the motion of trapped charges in a Josephson junction and critical in
superconducting quantum bit (qubit) applications [25-27]. Because the typical operating
frequency of SFQ circuits, which is determined by switching speed of Josephson junctions, is
extremely higher than the frequency range where 1/f noise is dominant in superconducting
circuits, the influence of the 1/f noise has been neglected in simulation of SFQ circuits [22, 24].

However, the influence of 1/f noise is thought to be considered when the excitation current with
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long rise time is used to drive the QFP. More detailed studies are required to clarify the

influences of 1/f noise on the QFP operation.

4. Conclusion

We investigated current sensitivity of the QFP buffer by evaluating the gray zone width.
Current sensitivity of the QFP buffers depends on inductances comprising the QFP and the
decision time of the logic state. Simulation results show the QFP composed of small inductances
driven by the excitation current with long rise time has both low-power operation and
high-sensitivity. The measured gray zone characteristics show good agreement with simulated
result. Current sensitivity of the QFP higher than the Josephson current comparator was

experimentally demonstrated.
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