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Abstract - Measurements of extremely weak magnetic fields in unshielded environments require sensors 
providing a high dynamic range and slew rate while maintaining a high resolution. At present, analog 
Superconducting Quantum Interference Devices (SQUIDs) are the most sensitive sensors for magnetic 
flux. Due to their room-temperature feedback electronics necessary to maintain a stable point of 
operation, slew rates of those sensors are limited. The dynamic range is usually restricted by the 
resolution of classical analog to digital converters.  The digital SQUID follows a different approach: a 
change of the magnetic field penetrating the pickup loop is translated by the sensor into a stream of 
voltage pulses. Each pulse represents the change of the magnetic flux inside the pickup loop by one flux 
quantum Φ0. By fast counting of these flux quanta, it is possible to outperform the analog SQUID in terms 
of dynamic range and maximum slew rate.  We present our latest results with respect to the internal 
mechanisms of the digital SQUID and present a method to compensate the main source for nonlinear 
behavior of the sensor. The analyzed circuit was fabricated by FLUXONICS Foundry [1] in a 1 kA/cm² 
niobium fabrication process. 
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I. INTRODUCTION 

 
A fundamental feature of superconducting loops is the flux quantization: magnetic flux inside 
a loop can only exist in integer multiples of the magnetic flux quantum Φ0 [2]. When the 
superconductor is interrupted by a thin insulating barrier, a so called Josephson junction (JJ) 
is formed. The current of the JJ in the superconducting state is limited to the critical current Ic. 
If this critical current is exceeded, the junction switches into the voltage state for a very short 
moment (some picoseconds). During this switching event, a single flux quantum leaves the 
loop and the loop current (Iloop) is reduced. Assumed a resistively overdamped JJ is used, the 
junction will return into superconducting state when Iloop < Ic. Thus, the JJ is acting as a 
current controlled gate, controlling the flux transfer into respectively out of the loop. In Rapid 
Single Flux Quantum (RSFQ) circuits a manipulation of flux quanta is realized using 
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overdamped JJs [3]. They are composed of very small superconducting loops and the data 
processing is based on small voltage pulses called Singe Flux Quantum (SFQ) pulses.  

The digital SQUID [4] is made of a large superconducting pickup loop and a digital circuit 
based on RSFQ electronics [3] in close vicinity to the loop. It is triggered by an external clock 
signal. A change of the magnetic flux in the antenna is compensated by the digital SQUID, 
representing an intrinsic feedback. As a consequence, the necessity for room-temperature 
feedback electronics vanishes. The flux compensation by the digital SQUID occurs 
exclusively in integer portion of a single flux quantum Φ0. 
For each flux quantum compensation, the output interface of the digital SQUID switches into 
a voltage state, which is thus detectable by room-temperature electronics. Hence, the output 
signal is a stream of voltage pulses and the change of the external field can be computed by 
counting the output pulses. The dynamic range of the sensor is theoretically unlimited as long 
as the superconducting state can be ensured. The available slew rate depends on the system 
clock frequency since the magnetic flux in the antenna loop of the sensor can be changed by 
one flux quantum per clock cycle only. Therefore, the slew rate of the external magnetic flux 
penetrating the loop should not exceed one flux quantum per clock cycle. 
 
 

II. OPERATION PRINCIPLE OF THE DIGITAL SQUID 
 

A. Schematics and Functional Principle 
 

The core of the digital SQUID consists of a Josephson comparator. The DC/SFQ converter 
is the input interface and the SFQ/DC converter the output interface to room-temperature 
electronics. The digital SQUID is driven by a tri-level bias supply illustrated in Figure 1 [4]. 
The DC/SFQ converter generates a positive SFQ pulse when the bias supply is switched to 
the positive level and a negative SFQ pulse when the bias supply is switched to negative 
level. 
 
 
 
 
 

 

 

 

 

 

Fig. 1.  Schematics of the digital SQUID. 

 
When an SFQ pulse reaches the comparator, junction J1 switches. Hence, the comparator is 

triggered and either junction J2 or J3 has to switch to liberate the flux quantum introduced by 
the clock pulse. If the pickup coil coupled to J3 is exposed to external magnetic field, a 
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current Iloop is induced. Depending on the direction, this current increases or decreases the 
overall current flowing through J3, thus advantaging or disadvantaging J3 to switch. 
Whenever J3 switches, the resulting SFQ pulse is transmitted to the SFQ/DC converter by 
switching of J4. The SFQ/DC converter subsequently generates a voltage output signal which 
is detectable by conventional semiconductor electronics. A switching event of J2 will be 
unnoticed and does not change the flux in the pickup loop. 

The switching event of J3 involves the movement of exactly one flux quantum into or out 
of the pickup coil for decreasing or increasing the overall magnetic flux, respectively. Thus, 
the total magnetic flux in the pickup loop is kept constant by the digital SQUID because any 
change of the external magnetic flux is compensated by the switching of J3. Due to this 
intrinsic feedback external feedback electronics become dispensable. At the same time, the 
change of the external magnetic flux is translated into a stream of SFQ pulses, which are 
amplified by the SFQ/DC converter. In order to detect both increasing and decreasing 
magnetic fields, positive and negative SFQ pulses are required. For that reason, ternary bias 
currents are used to drive the digital SQUID. 

  
 

Fig. 2.  Pulses at the output of the SFQ/DC converter and reconstructed signal for a sinusoidal 
input signal. 

 
Consequently, the output pulse stream has positive and negative voltage pulses coding 

increasing and decreasing magnetic fields, respectively. The spacing of consecutive pulses 
reflects the steepness of change in the input signal as shown in Figure 2. Any change of the 
external magnetic field is directly converted into a digital data stream. 
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B. Sensor Configurations and Measurement Setup 
 
In Figure 3 (a) the digital SQUID composed of the RSFQ circuit and the pickup coil is 
sketched. In addition, the chip is equipped with an input coil which we used for the 
experiments. To create a well-defined test set-up, the experiments were done in a 
magnetically shielded sample holder and the input coil created a well-defined magnetic field 
in the pickup loop of the digital SQUID. In this configuration, the digital SQUID is a current 
sensor detecting the magnetic fields generated by the input coil. 
 
(a)                                                                                (b) 

  

Fig. 3.  (a) Digital SQUID with integrated input coil, (b) Block diagram of the measurement setup. 

 
According to Figure 3(b), a LabView™ controlled PXI System from National Instruments 

is used to generate the ternary clock signal for the digital SQUID and to detect the output 
pulse stream amplified by a low-noise amplifier with a gain of 80 dB. The PXI system also 
measures the input signal which is generated by an arbitrary waveform generator. For the 
shown experiments we used a clock frequency of 20 kHz which was limited by the room 
temperature measurement setup. One of the next steps will be the increase of the speed to 
1 MHz at least, which is still much slower than the speed the digital SQUID could be operated 
at. 

The results of the initial experiments with the sensor in the PXI controlled test environment 
are displayed in Figure 4. A triangular input signal together with the reconstructed signal from 
the output pulse stream and the difference between both signals are illustrated. 

The error of the detected signal becomes most obvious using a triangular waveform. At the 
reversal point the signal has to overcome a certain signal amplitude before the digital SQUID 
is able to detect it. The x-y-plot with the input and reconstructed signal in Figure 4 (b) shows 
the hysteretic behavior of the sensor. To explain the reason for this characteristic, a detailed 
analysis of the comparator structure is necessary. 
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(a)                                                                            (b) 

 

Fig. 4.  Input signal, reconstructed signal and difference measured with the PXI system (a) and   
hysteresis (b).  These experiments were done with a small dynamic range and at low speed 

(fclk = 20 kHz). 

 
 

III. DETERMINATION OF THE HYSTERETIC BEHAVIOR 
 

In order to understand the hysteretic behavior, one has to investigate the switching probability 
of junction J3 (see Fig. 1) as a function of the loop current Iloop (Figure 5). Neglecting noise 
influence, during the positive part of the clock cycle, J3 will emit a positive pulse if Iloop 
exceeds the threshold current Ith. In Figure 5 this event is referred to as “1” state. During the 
negative part of the clock cycle all bias currents invert polarity whereas Iloop is independent of 
the clock state. Therefore, the right side of the graph can be mirrored along the ordinate. If 
Iloop drops below -Ith, J3 emits a negative pulse (“-1” state). For any loop current below |Ith|, no 
output pulse is generated. This state is referred to as “dead zone” [5]: changes in the input 
signal within this limit are not detected by the sensor.  

Fig. 5.  Switching probability of junction J3 without and with noise. 
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The threshold current |Ith| can be influenced by the circuit design. It is mainly determined 
by the ratio between the critical currents of junctions J2 and J3. For a specific set of 
parameters the dead zone vanishes. However, due to parameter variations caused by the 
fabrication process, there is only a small chance to produce a sensor without dead zone. 
Therefore it is important to find a way to influence |Ith| by means of compensation currents 
which can be adjusted after fabrication. 

 
 

IV. MEASUREMENT RESULTS 
 

A. Influence of Compensation Currents 
 

For a detailed analysis of the internal mechanism of the sensor we investigated the 
influence of various compensation currents Istore, Icomp and Isig (see Fig. 1) on the hysteresis of 
the digital SQUID. Since the width of the dead zone cannot be determined directly without 
destroying the pickup loop, a characteristic value has to be utilized. When the amplitude of 
the input signal is kept constant, the amplitude of the reconstructed signal can be used as a 
measure for the hysteresis. Several reconstructed signals for different compensation currents 
are illustrated in Figure 7 (a) below. The experimentally investigated influence of various 
compensation currents is shown in Figure 6 (a) and 6 (b). The goal is to maximize the 
amplitude of the reconstructed signal for a given input signal. The experimental results 
confirm the simulation results except for slight differences due to parameter deviation1

 

. The 
amplitude of the reconstructed signal is not influenced by the compensation currents Istore and 
Icomp. Consequently, they have no influence on the dead zone. The current Isig has a 
remarkable influence on the amplitude and the hysteresis. The amplitude maximum of the 
reconstructed signal indicates the optimum operating point for Isig. 

(a)                                                                                      (b) 

 

Fig. 6.  Influence of compensation currents on the amplitude of the reconstructed signal. 
 
 
 

                                                 
1 Deviation from design values. 
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B. Elimination of the Dead Zone 
 

With Isig adjusted to the optimum operating point, the dead zone vanishes, Figure 7 (a). The 
error between the scaled input signal and the reconstructed signal shown in Figure 7 (b) in 
comparison to Figure 4 is reduced by a factor larger than 10. There are many reasons for the 
remaining difference between the scaled input signal and the reconstructed signal which we 
are going to analyze. Besides the finite accuracy of the measurement of the input signal, a 
disturbing signal coupled into the pickup loop, the quantization error and the gray zone can 
also influence the remaining error. Our next experiments will focus on the gray zone. This is a 
region where the comparator has a noise introduced decision uncertainty as already illustrated 
in Figure 5 [6]. 

 
(a)                                                                                         (b) 

 

Fig. 7.  Influence of current Isig on the amplitude (a) and the error (b) of the reconstructed signal. 
 
 

V. CONCLUSION 
 
We reported on major nonlinearities of the digital SQUID. The suggested explanation of the 
dead zone is confirmed by various measurements, and influencing parameters are evaluated. 
By means of a compensation current, we managed to eliminate the dead zone and hence to 
obtain a non-hysteretic behavior of the sensor. We were able to reduce the error between the 
scaled input signal and the reconstructed signal by a factor larger than 10. In result the 
influence of the dead zone on the detected signal of a compensated digital SQUID can be 
neglected. 

In the near future we are going to analyze in detail the remaining errors and possible 
influencing factors. In parallel, we will improve our experimental set-up in order to be able to 
use higher clock frequencies and hence improve the slew rate. 
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