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Abstract— An asynchronous digital SQUID with 

complementary output, which needs no periodic high-frequency 

readout clock input, has been investigated. The magnetic flux 

resolution of the asynchronous digital SQUID has been improved 

using an on-chip magnetic feedback. A wide dynamic range 

asynchronous digital SQUID magnetometer system with 

improved magnetic resolution has been devised using alternating 

readout of two digital SQUIDs placed in parallel. The slew rate 

and the dynamic range of the asynchronous digital SQUID 

magnetometer were estimated to be 4 × 1010 0/s and the quite 

large, respectively. We have designed the asynchronous digital 

SQUID magnetometer system using 2.5 kA/cm2 Nb process. We 

have experimentally confirmed the magnetic flux resolution of 

less than flux quantum (0) and the good linearity of the 

magnetic response of the asynchronous digital SQUID 

magnetometer system up to 3000 0.  

 

Index Terms—SQUID, Digital SQUID, Single flux quantum 

circuit, Dynamic range 

 

I. INTRODUCTION 

SUPERCONDUCTING quantum interference device 

(SQUID) is used as an extremely high sensitive 

magnetometer, which is applied in various fields, such as 

medical diagnoses, material evaluation, and mineral 

exploration [1-5]. The superconductive magnetic sensors 

commercially used at present are dc-SQUIDs, which can 

detect 10
-4

 of the flux quantum in a superconductor, 0 (= 

2.07 × 10
-15

 Wb). A multi-channel SQUID magnetometer can 

be used for more effective magnetic measurements in many 

applications [5-8]. The conventional SQUID magnetometer 

requires a flux locked loop (FLL) circuit placed at the room-

temperature stage to keep the operating point of the dc-SQUID 

to be the optimum, where the largest voltage change can be 

obtained when the measured magnetic field changes, for each 

channel. Because the number of lines that connect the low-

temperature and the room-temperature stages increases with 
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an increase in the number of SQUID channels, the building a 

large scale multi-channel SQUID magnetometer is difficult 

using the conventional SQUIDs. Moreover, the slew rate of 

the SQUID magnetometer is limited by the bandwidth of the 

FLL. 

In 1980’s, a digital SQUID based on the superconductive 

latching logic circuits have been designed and fabricated [9, 

10]. The digital SQUID carries out the digital feedback using a 

delta modulator. The digital SQUID magnetometers, in which 

dc-SQUID and superconductive single flux quantum (SFQ) 

circuits [11] are integrated at the low-temperature stage, have 

been proposed and implemented [12-14]. In the digital SQUID, 

SFQ circuits are used to control and measure SFQ pulses 

outputted by the dc-SQUID sensor. 1-channel digital SQUID 

based on SFQ logic circuits is similar to analog/digital 

converter [15, 16]. The slew rate of the digital SQUID 

magnetometer, which corresponds to the bandwidth of the 

measurable magnetic field, is much higher than that of the 

conventional SQUID due to the high-speed operation of SFQ 

readout circuits. The digital SQUID magnetometer has the 

wide dynamic range compared with the conventional SQUID 

because the magnetic field can be measured by SFQ logic 

circuits as binary digital data. Moreover, multi-channel 

SQUID magnetometers can be implemented with the small 

number of lines which connect the low-temperature circuit to 

the room-temperature electronics by using the digital SQUID. 

However, the magnetic flux resolution of the previously 

proposed digital SQUID was 0. 

We have proposed an asynchronous digital SQUID with 

complimentary output [17], which needs no high-frequency 

clock input for the readout. However, the magnetic flux 

A 

 

Fig. 1.  Equivalent circuit of the asynchronous digital SQUID with an 

on-chip magnetic feedback. L1 = 15 pH, L2 = 154 pH, L3 = 222 pH, J1 = 

J2 = 100 A, J3 = J4 = 450 A. 
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resolution of the asynchronous digital SQUID was still 0, 

though the slew late was improved due to the asynchronous 

operation. In this study, we have proposed a new 

asynchronous digital SQUID magnetometer system, the 

magnetic flux resolution of which is improved to less than 0 

with the quite large dynamic range. The circuit design and 

experimental results of the asynchronous digital SQUID 

system are reported. 

II. ASYNCHRONOUS DIGITAL SQUID 

Fig. 1 shows an equivalent circuit of the asynchronous 

digital SQUID with magnetic feedback for improving the 

magnetic resolution. The magnetic flux induced by the 

external current Iex is input to the SQUID loop. When the 

magnetic flux applied to the SQUID loop ex increases, the 

current flowing in the Josephson junction J1 is increased by 

the circulating current induced by the increase of the applied 

magnetic flux. When the current flowing in J1 reaches its 

critical current, an SFQ pulse is output to the “outp” port 

without the inputting readout clock. Similarly, SFQ pulses are 

output to the “outn” port when the ex decreases. This 

operation is similar to the bidirectional ADC modulator [15, 

16], however, in this system, high speed operation is possible 

because of the asynchronous operation. Though asynchronous 

counters are needed to implement the magnetometer system, 

the slew rate is not limited by the readout clock frequency. 

Furthermore, an on-chip magnetic feedback is used to improve 

the magnetic flux resolution as shown in Fig. 1. SFQ pulses 

from the SQUID loop are output and input to the magnetic 

feedback loop simultaneously. Magnetic flux quanta stored in 

the feedback loop apply magnetic fields to the SQUID loop 

via the mutual positive coupling between feedback and 

SQUID loops and induce the circulating current in the SQUID 

loop. Therefore, the following SFQ output can be obtained 

with an increase of the input magnetic field less than 0. That 

results in the improvement of the resolution of the magnetic 

flux. The improved magnetic flux resolution depends of the 

strength of the magnetic coupling between feedback and 

SQUID loops. The change of the input magnetic flux ex can 

be measured by integrating the number of asynchronous SFQ 

output. 

Fig. 2 shows a measurement result of the asynchronous 

 

Fig. 2.  Measured waveforms of the aynchronous digital SQUID. Iex is 

corresponds to the input magnetic field ex. Lower two waveforms are 

output of the asynchronous digital SQUID, and level transition 

corresponds to the output of SFQ signals. In the region labeled as “w/ 

feedback,” the on-chip magnetic feedback is applied and the magnetic 
resolution is improved. In the region labeled as “w/o feedback,” the on-

chip magnetic feedback is not used. 

 

Fig. 3.  Dependence of the number of SFQ outputs on the input magnetic 

flux amplitude. The characteristic labeled as “w/ feedback” corresponds 
to the measured result when the on-chip magnetic feedback is used. The 

slopes of the characteristics correspond to the magnetic flux resolution. 

Resolutions of “w/o feedback” and “w/ feedback” are 0 and 0.8 0, 

respectively. The liniarity up to 35 0 was measured with the improved 

magnetic flux resolution. 

 

 
(a) 

 
(b) 

Fig. 4.  Concept of the high-sensitive asynchronous digital SQUID 
magnetometer with the wide dynamic range. Two operating mode, 

represented by (a) and (b), where one asynchronous digital SQUID is in 
high-sensitive mode by magnetic feedback and the other SQUID is in the 

reset mode, are repeated alternately when the input magnetic flux 

continue to increase or decrease. NDRO (Non-destructive read-out) gates 

correspond to SFQ switches. 
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digital SQUID with the improved magnetic flux resolution 

implemented by using the ISTEC-SRL 10 kA/cm
2
 Nb 

advanced process [18]. In this test circuit, the magnetic 

coupling coefficient between feedback and SQUID loops was 

0.4 and the on-chip magnetic feedback can be turned on and 

off. In this measurement, the magnetic flux of ±8 0 was 

inputted by Iex. In the “w/o feedback” region, where magnetic 

feedback was not used, the number of output pulses was 16. It 

indicated the magnetic resolution of the digital SQUID 

without the magnetic feedback was 0. As shown in Fig. 2, 

the number of output SFQ pulses was increased from 16 to 20 

by turning the on-chip magnetic feedback on. In this 

measurement result, the magnetic flux resolution was 

improved to 16/20 0 = 0.8 0. Because this operation is 

completely asynchronous, the slew rate of the asynchronous 

digital SQUID is limited by a time required for the magnetic 

feedback. Assuming the ISTEC-SRL 10 kA/cm
2
 Nb advanced 

process, the time required for the magnetic feedback is 

estimated to be 20 ps. Therefore, the slew rate of the 

asynchronous with improved magnetic flux resolution is 

estimated to be about 0.8 0 / 20 ps = 4 × 10
10
0/s. 

However, the dynamic range of the high-sensitive 

asynchronous digital SQUID was limited by the maximum 

number of flux quanta that can be stored in the feedback loop. 

In this test circuit, the number of flux quanta can be stored in 

the feedback loop was 35. Fig. 3 shows a measured 

dependence of the number of SFQ output from the 

asynchronous digital SQUID on the amplitude of input 

magnetic flux. The good linearity up to 3000 0 has been 

experimentally confirmed when the magnetic feedback was 

not used [17]. On the other hand, the linearity of up to only 35 

0 was obtained in the case of using the on-chip magnetic 

feedback. Accordingly, the dynamic range of this high-

sensitive asynchronous digital SQUID using the on-chip 

magnetic feedback was 35 0. This value is not enough for 

practical magnetometer. To improve the small dynamic range 

of the asynchronous digital SQUID, we have devised the new 

digital SQUID magnetometer system.  

III. HIGH-SENSITIVE ASYNCHRONOUS DIGITAL SQUID 

MAGNETOMETER SYSTEM WITH WIDE DYNAMIC RANGE 

Fig. 4 illustrates a basic concept of the high-sensitive 

asynchronous digital SQUID magnetometer system with the 

wide dynamic rage. In this system, two asynchronous digital 

SQUIDs, mentioned in the previous section, are used. The 

magnetic feedback is turned on and off by controlling SFQ 

switches that control the propagation of SFQ pulses. While the 

one digital SQUID is set to be in the high-sensitive mode by 

turning the magnetic feedback on, the other digital SQUID is 

reset by inputting SFQ pulses to the other side of input port to 

erase the flux quanta stored in the feedback loop. When the 

input magnetic flux reaches its dynamic range of the 

 
Fig. 5.  Simulation result of the high-sensitive asynchronous digital 
SQUID magnetometer with the wide dynamic range. Two operations 

shown in Fig. 4 are alternately changed at dashed lines. 

 

Fig. 7.  Measured waveforms of the wide dynamic range asynchronous 

digital SQUID system. Two operations, correspoding to Fig. 4 (a) and 

(b), are switched alternately dashed lines.  

 

Fig. 6.  Chip photograph of the high-sensitive asynchronous digital SQUID 

magnetometer system 
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asynchronous digital SQUID in the high-sensitive mode, the 

operating mode switches to its reset mode by detecting the 

overflowed SFQ pulse from the feedback loop. The other 

digital SQUID is set to the high-sensitive mode 

simultaneously. In this system, the dynamic range appears 

unlimited, but is in fact limited by magnetic fields. 

Fig. 5 shows a simulation result of the asynchronous digital 

SQUID magnetometer system. Two operations, represented by 

(a) and (b) in Fig. 4, are repeated alternately when the large 

magnetic flux is input. By counting the output SFQ pulses 

from the asynchronous digital SQUID in the high-sensitive 

mode, the output signal with the improved magnetic resolution 

can be obtained. 

We have designed and implemented the proposed 

asynchronous digital SQUID magnetometer system using the 

2.5 kA/cm
2
 Nb standard process [19]. Fig. 6 shows a chip 

photograph of the test circuit containing 645 Josephson 

junctions. We have input the triangle magnetic flux, the 

amplitude of which was 35 0, and tested the asynchronous 

digital SQUID magnetometer system. Fig. 7 shows input and 

measured output waveforms. In this test circuit, SFQ output 

from both of two asynchronous digital SQUID were observed 

to monitor the internal operation of the magnetometer. As 

shown in Fig. 7, the alternating switching of the two 

operations represented by Fig. 4 (a) and (b) was confirmed.  

We processed output data from the digital SQUID system 

and reconstructed the input magnetic flux. Output data were 

measured by an automated measurement system and 

reconstructed waveforms were obtained in the real time. Fig. 8 

shows the comparison of input and reconstructed waveforms 

from output data. The error, the difference between input and 

reconstructed waveforms, are also shown. Sharp transitions of 

errors represented by dashed rectangles are caused by the 

hysteresis of the input-output characteristic of the SQUID loop. 

This phenomenon was discussed in detail by Haverkamp et al. 

as the dead zone of the digital SQUID magnetometer [14]. 

These sharp transitions of the error can be deleted by careful 

circuit design and adjustment of the bias current supplied to 

the SQUID loop. The good linearity was confirmed also from 

the error with a constant quantization level of 0 in the 

asynchronous digital SQUID without the feedback (Fig. 8 (a)). 

As shown in Fig. 8 (b), the quantization level, that is, the 

magnetic resolution is 0.8 0. However, the quantization level 

has shifted at the time of switches of operation mode. Even 

though the error contains it caused by the dead zone and the 

switch of operation mode, we have confirmed that the input 

magnetic flux was reconstructed with the error of less than ±3 

0 using the high-sensitive asynchronous digital SQUID 

magnetometer system. 

IV. CONCLUSION 

We have investigated the high-sensitive asynchronous 

digital SQUID with complementary output. Due to the 

asynchronous operation, the slew rate is higher than that of 

conventional synchronous digital SQUIDs. We have devised 

the asynchronous digital SQUID magnetometer system, which 

has wide dynamic range, by using alternating readout of two 

high-sensitive asynchronous digital SQUIDs. We have 

implemented and tested the high-sensitive asynchronous 

digital SQUID magnetometer system. The high-sensitive 

operation and the wide dynamic ranges were experimentally 

confirmed. We demonstrated that a large input magnetic signal 

can be reconstructed by using the high-sensitive asynchronous 

digital SQUID magnetometer system. 

                               
       (a)                                                                                                       (b)   

Fig. 8.  Comparison of input and reconstructed waveforms. Results of (a) the asynchronous digital SQUID without the on-chip magenetic feedback and (b) 

high-sensitive asynchronous digital SQUID magnetometer system. Two operations, correspoding to Fig. 4 (a) and (b), are switched alternately at the time 

represented by dashed lines in (b). The “output counts” is output data before normalization, and the “reconstructed signal” is normalized waveform in (b). 
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