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junctions with barriers from amorphous silicon [56] or HfTi [57]. SQUIDs involving these 
junctions often require bias reversal schemes for low-frequency applications. Also, high-Tc 
SQUIDs are almost always operated with bias current reversal. Detailed reviews on SQUID 
readout including the various bias reversal schemes are found in literature [4,58].  
 
A. Flux-Locked Loop Basics 
 
In principle, a SQUID can be operated in a small-signal mode around the optimum working 
point W which is typically located near the steepest part of the V-Φ characteristic (the 
inflection point). As illustrated in Fig. 14(a), a small change in the applied flux δΦ will 
produce a proportional change in the voltage δV = VΦδΦ (VΦ = ∂V/∂Φ is the transfer 
coefficient at the working point). However, the proportionality between voltage and flux is 
maintained only for very small δΦ, and the output becomes strongly distorted if the applied 
flux exceeds the linear flux range Φlin which is typically a few percents of a flux quantum 
only. As SQUIDs are commonly applied to measure weak signals, this small dynamic range 
might just be sufficient. However, in practice there are usually much larger disturbing signals 
(for example the 50 Hz or 60 Hz power line interference) superimposed to the measurement 
signal, which makes a small-signal readout usually impossible unless the SQUID is very well 
shielded. Further disadvantages of the small-signal readout are that the transfer coefficient VΦ 
depends on the bias settings of the SQUID, and that the SQUID noise increases if the applied 
flux shifts the working point too far away from optimum.  
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Fig. 14. Fundamentals of SQUID readout: (a) V-Φ characteristic and (b) basic flux-
locked loop (FLL) circuit. The SQUID is drawn as a circle with two crosses 
indicating the resistively-shunted Josephson junctions, and the bias current source is 
omitted for clarity.  

 
     The dynamic range can be considerably increased by negative feedback. The basic circuit 
of the so-called flux-locked loop (FLL) is depicted in Fig. 14(b). The SQUID is biased at the 
working point W as in the small-signal readout. The deviation of the SQUID voltage V from 
that at the working point Vb is amplified, integrated, and fed back into the SQUID via a 
feedback resistor RF and a feedback coil that is magnetically coupled to the SQUID via a 
mutual inductance MF. Commonly, feedback resistances in the kΩ range are used, making the 
impedance of the feedback coil negligible in the frequency range of interest. For infinite 
integrator gain, the flux in the SQUID is kept constant by the negative feedback and the 
voltage VF across the feedback resistor depends linearly on the applied flux. In this case, the 
transfer coefficient of the flux-locked SQUID  

 GFLL = ∂VF/∂Φ = -RF/MF    (18) 

becomes independent of the working point. The noise does not degrade with applied flux 

feedback resistormutual inductance
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falls with NS
2 but the current noise term remains constant and becomes the limiting 

contribution to SΦ,t for large value of NS. We see that amplifier noise can substantially degrade 
the overall noise performance. In the following sections we will describe the two most 
common methods to minimze the amplifier’s noise contribution.  
 
B. Flux Modulation Readout 
 
Amplifier noise effects are conveniently discussed on the basis of the noise temperature [58]. 
For a resistive source, the total effect of amplifier noise is converted into an equivalent 
increase in the source resistor’s temperature. For given voltage and current noise levels, the 
amplifier noise temperature depends on the source resistance. It has a minimum Tmin for an 
optimum source resistance Ropt for which the contributions from amplifier voltage and current 
noise are equal: Ropt = (SV,Amp/SI,amp)1/2. For lowest noise, the amplifier should be designed 
such that Ropt is matched to the dynamic resistance of the SQUID Rdyn. The resulting amplifier 
noise temperature should be sufficiently low compared to the noise temperature of the 
SQUID, which is about four times its operation temperature according to simulations [13,14].  
     The achievable Tmin and Ropt depend of the type of transistors used in the input stage of the 
amplifier. Bipolar transistors allow low values Ropt ≈ 50 Ω, but have a relatively a high Tmin 
between about 30 K and 100 K (about 200 K are possible for Ropt ≈ 10 Ω). These noise 
temperatures are acceptable for the readout of high-Tc SQUIDs, but for low-Tc SQUIDs 
special measures have to be adopted to boost the SQUID output (section III C). In contrast, 
amplifiers based on junction-field effect transistors (JFETs) allow very low noise 
temperatures down to Tmin ≈ 1 K at source resistances above about 1 kΩ. Therefore, the noise 
of JFET-based amplifiers is sufficiently low for SQUID readout, but there is a large mismatch 
between Ropt and typical values of Rdyn.  
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Fig. 15. SQUID readout with flux modulation: (a) V-Φ characteristic and (b) FLL circuit. A square-
wave modulation flux Φmod toggles the SQUID periodically between working points W+ and W- with 
positive and negative transfer coefficient VΦ. Components inside the dashed box are at cryogenic 
temperature. The dc source for biasing the SQUID is omitted for clarity.  

 
     The straight-forward method for impedance matching is the utilization of a cold 
transformer in a flux-modulated readout scheme [61,62]. As shown in Fig. 15, a square-wave 
modulation flux Φmod(t) is applied to the SQUID to toggle between two working points W+ 
and W- placed at adjacent slopes of the V-Φ characteristic. Without applied flux (δΦ = 0), 
zero voltage across the SQUID is obtained. Applying a positive flux δΦ > 0 results in a 

FLL with modulation and step-up-transformer
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1.3 The dc SQUID: A First Look

shown in Figure 1.6(a). When this voltage is connected to a lock-in detector refer-
enced to fm, the output is zero. On the other hand, when the flux is (n + 1/4)U0

[Figure 1.6(b)], the output from the lock-in is a maximum. Thus, as one increases
the flux from nU0 to (n + 1/4)U0, the output from the lock-in steadily increases; if
instead we decrease the flux from nU0 to (n – 1/4)U0, the output from the lock-in is
negative [Figure 1.6(c)]. After integration, the signal from the lock-in is coupled, via
a resistor, to the same coil as that producing the flux modulation. A flux dUa applied
to the SQUID results in an opposing flux –dUa from the feedback loop to maintain
(ideally) a constant flux in the SQUID, while producing an output voltage across the
resistor proportional to dUa.

With judicious design, the electronics adds very little noise to the intrinsic noise
of a dc SQUID at 4.2K. The oscillating voltage across the SQUID is amplified by
either a tank circuit or more commonly a transformer that boosts the dynamic resis-
tance of the SQUID – typically of the order of 10X – to the value required to opti-
mize the noise temperature of the preamplifier which is typically a few kilohms.
Since the noise temperature of the optimally-coupled preamplifier is typically about
1K at frequencies of a few hundred kilohertz, it does not contribute significantly to
the system noise. Typically, the white flux noise for a low-Tc SQUID at 4.2K is
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Fig. 1.5 Flux modulation and feedback circuit for the dc SQUID. The modulation
oscillator shown operates at the frequency fm.
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Fig. 1.6 Flux modulation scheme showing voltage across the dc SQUID for
(a) Ua = nU0 and (b)Ua = (n +1/4)U0. The output VL from the lock-in detector
versusUa is shown in (c).

Lock-in operation

VL = 0

1.3 The dc SQUID: A First Look

shown in Figure 1.6(a). When this voltage is connected to a lock-in detector refer-
enced to fm, the output is zero. On the other hand, when the flux is (n + 1/4)U0

[Figure 1.6(b)], the output from the lock-in is a maximum. Thus, as one increases
the flux from nU0 to (n + 1/4)U0, the output from the lock-in steadily increases; if
instead we decrease the flux from nU0 to (n – 1/4)U0, the output from the lock-in is
negative [Figure 1.6(c)]. After integration, the signal from the lock-in is coupled, via
a resistor, to the same coil as that producing the flux modulation. A flux dUa applied
to the SQUID results in an opposing flux –dUa from the feedback loop to maintain
(ideally) a constant flux in the SQUID, while producing an output voltage across the
resistor proportional to dUa.

With judicious design, the electronics adds very little noise to the intrinsic noise
of a dc SQUID at 4.2K. The oscillating voltage across the SQUID is amplified by
either a tank circuit or more commonly a transformer that boosts the dynamic resis-
tance of the SQUID – typically of the order of 10X – to the value required to opti-
mize the noise temperature of the preamplifier which is typically a few kilohms.
Since the noise temperature of the optimally-coupled preamplifier is typically about
1K at frequencies of a few hundred kilohertz, it does not contribute significantly to
the system noise. Typically, the white flux noise for a low-Tc SQUID at 4.2K is

11

Vf

IntegratorLock-in
detector

Oscillator

Amplifier

Ib

fm

Fig. 1.5 Flux modulation and feedback circuit for the dc SQUID. The modulation
oscillator shown operates at the frequency fm.

!a

VL

(n+1/2)!0

!a

V

!a=(n+1/4)!0

!a

V

!a= n!0

(a) (b) (c)

Fig. 1.6 Flux modulation scheme showing voltage across the dc SQUID for
(a) Ua = nU0 and (b)Ua = (n +1/4)U0. The output VL from the lock-in detector
versusUa is shown in (c).

VL ≠ 0, maximum

quasi static flux

modulation amplitude ½ Φ0

1.3 The dc SQUID: A First Look

shown in Figure 1.6(a). When this voltage is connected to a lock-in detector refer-
enced to fm, the output is zero. On the other hand, when the flux is (n + 1/4)U0

[Figure 1.6(b)], the output from the lock-in is a maximum. Thus, as one increases
the flux from nU0 to (n + 1/4)U0, the output from the lock-in steadily increases; if
instead we decrease the flux from nU0 to (n – 1/4)U0, the output from the lock-in is
negative [Figure 1.6(c)]. After integration, the signal from the lock-in is coupled, via
a resistor, to the same coil as that producing the flux modulation. A flux dUa applied
to the SQUID results in an opposing flux –dUa from the feedback loop to maintain
(ideally) a constant flux in the SQUID, while producing an output voltage across the
resistor proportional to dUa.

With judicious design, the electronics adds very little noise to the intrinsic noise
of a dc SQUID at 4.2K. The oscillating voltage across the SQUID is amplified by
either a tank circuit or more commonly a transformer that boosts the dynamic resis-
tance of the SQUID – typically of the order of 10X – to the value required to opti-
mize the noise temperature of the preamplifier which is typically a few kilohms.
Since the noise temperature of the optimally-coupled preamplifier is typically about
1K at frequencies of a few hundred kilohertz, it does not contribute significantly to
the system noise. Typically, the white flux noise for a low-Tc SQUID at 4.2K is

11

Vf

IntegratorLock-in
detector

Oscillator

Amplifier

Ib

fm

Fig. 1.5 Flux modulation and feedback circuit for the dc SQUID. The modulation
oscillator shown operates at the frequency fm.

!a

VL

(n+1/2)!0

!a

V

!a=(n+1/4)!0

!a

V

!a= n!0

(a) (b) (c)

Fig. 1.6 Flux modulation scheme showing voltage across the dc SQUID for
(a) Ua = nU0 and (b)Ua = (n +1/4)U0. The output VL from the lock-in detector
versusUa is shown in (c).

► flux modulation by about  ½ Φ0

► for quasi static flux between nΦ0 and (n+1/4) Φ0 output voltage inreases linearly

► phase sensitive detection possible 
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Two-stage SQUID configuration
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Two-Stage configuration with series SQUID array
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Additional positive feedback
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4 SQUID Electronics

applied flux. Under this condition and with the help of Figure 4.8, the correspond-
ing preamplifier output signals for a change in flux dUa as well as for fluctuations
dU*, dV* and dV, can easily be determined (bold traces in the four bottom rows of
Figure 4.9). In the schemes involving lock-in detection, the signals at the lock-in
detector output are obtained by multiplying the preamplifier output signals with the
lock-in reference “Ref” (thin lines in the four bottom rows of Figure 4.9). The effect
of a fluctuation is suppressed if the time average of the lock-in detector output is
zero over one bias reversal period (i.e., for zero net area of the shaded regions in
Figure 4.9). In contrast, a nonzero time average means that a fluctuation will cause
a response at the FLL output. In the scheme with direct readout, the averaged pre-
amplifier output signal is the measure for a change in the FLL output signal. Ana-
lyzing the time traces in Figure 4.9, one can easily verify that the presented bias
reversal schemes indeed suppress I0,R fluctuations while preserving sensitivity for
magnetic flux.

We now briefly discuss the individual bias reversal schemes. Figure 4.9(a) shows
a standard bias reversal scheme with flux modulation where the frequency of the
bias current fb is different from that of the modulation flux fmod [46,50]. The ratio of
both frequencies must be an integer. Here we discuss the widely used case fb < fmod

(in Figure 4.9(a), fb = fmod/4 is arbitrarily chosen). From Figure 4.8 we see that the
flux-to-voltage coefficient changes its sign if the bias current is reversed (working
point pairs 1«4 or 2«3). Therefore, to preserve the flux sensitivity with bias rever-
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Fig. 4.10 FLL circuits with bias reversal: (a) scheme with lock-in detection and
(b) direct readout. Components inside the dashed boxes are at cryogenic temperature.
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Reverse Current Biasing4.3 The dc SQUID Readout

4.10(b)), the output of the SQUID is directly connected with the preamplifier and
integrated to generate the linearized system output.

With bias reversal, a large, parasitic ac voltage appears across the SQUID with a
peak-to-peak value of twice the bias voltage Vb. This oscillating voltage does not con-
tain useful information about the applied flux, but leads to switching transients in
the step-up transformer of flux-modulated systems. Their effect can be minimized
by connecting a resistor in series to the transformer primary, and passing a current
synchronously with Ib through this resistor such that the alternating voltages across
the SQUID and the resistor are equal (cf. Figure 4.10(a)) [46,47]. Recently, an alter-
native compensation scheme with a non-constant bias current was proposed [55].

In Figure 4.9, it is assumed for clarity that in all cases the bias voltage Vb is sub-
tracted from the SQUID voltage such that zero output signal appears without
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Fig. 4.9 Bias reversal schemes: (a),(b) flux modulation with fb „ fmod [46,50] and fb =
fmod [52], (c) SHAD scheme [48,49], and (d) direct readout [53]. The superposition of
square-wave bias current Ib and bias fluxUb switches the SQUID periodically between
the working points 0 to 4 according to the arrows in the V–Ua characteristics. A bias
voltage Vb is subtracted from the SQUID voltage in order to provide zero output sig-
nal without applied flux. Bold lines in the bottom four rows show the preamplifier out-
put for a change in flux dUa, for an out-of-phase or in-phase I0,R fluctuation dU* or
dV*, and for a voltage fluctuation dV, respectively. The lock-in detector output (thin
lines) is obtained by multiplying the preamplifier output with the lock-in reference
“Ref”. A change in the FLL output only occurs if the lock-in detector output has a
nonzero time average over one bias reversal period (shaded regions) except for direct
readout where the FLL output results directly from the averaged SQUID signal.
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