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We investigated and optimized the low-frequency noise characteristics of a preamplifier used for read-
out of direct current superconducting quantum interference devices (SQUIDs). When the SQUID
output was detected directly using a room-temperature low-voltage-noise preamplifier, the low-
frequency noise of a SQUID system was found to be dominated by the input current noise of the
preamplifiers in case of a large dynamic resistance of the SQUID. To reduce the current noise of
the preamplifier in the low-frequency range, we investigated the dependence of total preamplifier
noise on the collector current and source resistance. When the collector current was decreased from
8.4 mA to 3 mA in the preamplifier made of 3 parallel SSM2220 transistor pairs, the low-frequency
total voltage noise of the preamplifier (at 0.1 Hz) decreased by about 3 times for a source resistance
of 30 @ whereas the white noise level remained nearly unchanged. Since the relative contribution
of preamplifier’s input voltage and current noise is different depending on the dynamic resistance or
flux-to-voltage transfer of the SQUID, the results showed that the total noise of a SQUID system at
low-frequency range can be improved significantly by optimizing the preamplifier circuit parameters,
mainly the collector current in case of low-noise bipolar transistor pairs. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4878342]

. INTRODUCTION

A dc SQUID (superconducting quantum interference de-
vice) system consists of a SQUID sensor and its readout elec-
tronics. The system sensitivity depends on both the SQUID
intrinsic noise ®;, and the preamplifier noise ®p,cqmp. To min-
imize ®pyeqpp, different readout schemes were introduced. To
operate a SQUID using a direct readout scheme (DRS), re-
duction of preamplifier noise contribution is always required.
There are two different ways for this: (1) to increase the flux-
to-voltage transfer coefficient 9V/0® of the SQUID, e.g., us-
ing a voltage feedback circuit, such as additional positive
feedback (APF),! noise cancellation (NC),> SQUID boot-
strap circuit (SBC),? double relaxation oscillation SQUID,*
dc SQUID with small-sized junctions,” or a weakly
damped SQUID.® and (2) to reduce the preamplifier noise
directly.

An operational amplifier (e.g., AD797 (Analog Device))
is usually employed as a preamplifier in DRS. The pream-
plifier noise consists of two components, voltage noise V;
and current noise /,. Typically, the voltage noise V,, of about
1 nV/,/Hz dominates the preamplifier noise contribution
while the current noise I, of about 2 pA//Hz in the white
noise region can be neglected for SQUID readout.”

To improve the noise impedance match between SQUID
and preamplifier, several pairs of bipolar-type transistors (e.g.,
SSM2210 or SSM2220) are connected in parallel to reduce
the voltage noise V,, of a single transistor to V,/,/n (n: number
of transistors). We call such type of preamplifier a parallel-
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connected bipolar transistor (PCBT). At n = 6, the voltage
noise of the PCBT can be reduced to about 0.35 nV/,/Hz in
the white noise frequency region.®? In this case, the current
noise of PCBT increases, however, to /n x I, so that its
contribution should not be neglected.

In this study, we investigate the noise performance of
PCBT at n = 6 with different collector currents to find the
optimal noise impedance match. The SQUIDs with different
Stewart-McCumber parameters B, exhibit different dynamic
resistances Rjy. It is found that the current noise of PCBT dom-
inates the SQUID system noise in the low frequency region in
the case of a large Ry. Indeed, the collector current of PCBT is
a key parameter to balance both V,, and [, for different Ry (or
B.), thus minimizing the total preamplifier noise contribution
of the PCBT.

Il. LOW-NOISE PREAMPLIFIER
A. Preamplifier circuit

Figure 1(a) schematically describes a PCBT preamplifier
consisting of three pairs of SSM2220 (audio dual matched
PNP transistors), i.e., n = 6. Because the base voltages V.
and V,_ approach zero, the emitter voltage V. remains at
0.6 V. The total collector current I, of the 6 transistors is
controlled by an adjustable current source located below the
transistor emitters. We hold the collector voltage V. ~ —1 V
by adjusting V_. Here, two high-precision collector resistors
Reo = 1.5 k2 (0.05%) were used for the symmetric balance
of this differential circuit. At Vi, we introduce a resistor Rg,
which simulates the SQUID dynamic resistance Rq, to per-
form the noise measurements. Indeed, the circuit of Fig. 1(a)

© 2014 AIP Publishing LLC
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FIG. 1. Circuit diagram of the preamplifier of PCBT consisting of three pairs of SSM2220. (a) Details of the circuit diagram, and (b) equivalent functional

diagram of the preamplifier as an operational amplifier.

functions as an operational amplifier as shown in Fig. 1(b),
whose gain G (= 1000) is determined by R,/R;.

B. Preamplifier input noise vs. collector current

The preamplifier input total voltage noise V), o consists
of 3 components, i.e., the input voltage noise V;, the input
current noise I, and the Nyquist noise T, = /4kgTR; of the
source resistance R,. The relation between them is

Viior = (V2 + (IR, + 4k TRs)", (1)

where kg is the Boltzmann constant and 7 denotes the
environmental temperature at Rg. It is found that both V;, and
I, vary with collector currents /.. By changing /., and Rq,
we measured Vy, I, and Vy 1o With a dynamic signal analyzer
(HP35670A). Flat top window was used for the averaging.
Due to limitation in the frequency resolution of HP35670A,
the spectral curves were taken in 3 different frequency ranges
and then combined together to have a single wide window
range.

By shorting the preamplifier input, the voltage noise V;,
was measured for 3 different values of the collector current
I.o1 (0.3, 3.0, and 8.4 mA). The result is shown in Fig. 2.
The corresponding voltage noise values V;, are 1.43, 0.46, and
0.34 nV//Hz at 1 kHz, for I, of 0.3, 3.0, and 8.4 mA, re-
spectively. The frequency dependence of V,, is similar, with
the 1/f corner frequency around 1 Hz for all the 3 cases. At
0.1 Hz, V, values of 3.66, 1.15, and 1.64 nV/,/Hz were found
for I of 0.3, 3.0, and 8.4 mA, respectively. Comparing the
two V, values for I, of 3.0 mA and 8.4 mA, it is clear that
Vi is higher for lower I, in white noise region while lower
in the low frequency region (below 1 Hz), so that preampli-
fiers exhibiting lower white voltage noise do not necessar-
ily yield lower 1/f noise. Particularly, if I, is too low (e.g.,
0.3 mA), V, becomes much higher in the whole frequency

range measured.
To measure [,,, a 50-2 resistor was used as source re-

sistance. To minimize the influence of Nyquist noise, and

thus the error in measuring I,, the resistor was cooled
in liquid Helium using a SQUID insert. For connection
to room temperature, twisted Cu wire with a total resis-
tance of 1.5 Q was used. From the measured total voltage
noise, the current noise was calculated using the relation
I = (Vasor>— V> —4kpTR,—4kg To Ry,) /R, wWhere Ty, de-
notes the average temperature of the Cu wire (assumed to be
150 K), and R,, is the average resistance of the Cu wire.

The current noise [, in the white frequency region at
10 kHz was found to be 13.45, 6.90, and 7.23 pA/,/Hz at
collector currents I, of 0.3, 3.0, and 8.4 mA, respectively
(shown in Fig. 3). Though differences in the current noise I,
for different values of the collector currents I, are not large
in the white noise region, the current noise becomes larger at
lower frequencies (below about 10 Hz). For the highest I.q
(i.e., 8.4 mA), it starts to increase already from about 1 kHz,
with a 1/f corner frequency of about 400 Hz. By decreas-
ing the collector current, the curves become more flattened
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FIG. 2. Input voltage noises V;, of the preamplifier with shorted input, for 3
different collector currents I.op: (a) 0.3, (b) 3.0, and (c) 8.4 mA, respectively.
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FIG. 3. Input current noises I,, of the preamplifier for 3 different collector
currents /012 (a) 0.3, (b) 3.0, and (c) 8.4 mA, respectively.

toward the lower frequency region and the 1/f corner fre-
quency decreases.

We changed the source resistance stepwise and compared
preamplifier input total noise V), depending on Io. Among
them, Fig. 4 shows the V}, 1o for R of 30 2 at 3 different /..
Here, the resistor was also cooled in liquid Helium. At the
lowest 1o of 0.3 mA, V; o is highest in the white noise re-
gion, but it is lowest for low frequencies (below 1 Hz). At I o
= 3.0 mA, low-frequency noise is a little higher while white
noise is much smaller than those of I.,; = 0.3 mA. On the
other hand, the largest I, of 8.4 mA yielded the lowest white
noise, but the low-frequency noise is much higher than those
of lower I, values. The increase of low-frequency noise at
the highest I value is definitely caused by the larger I, at low
frequencies. For a source resistance of 30 €2 at a frequency of
0.1 Hz, the current noise contribution dominates the total volt-
age noise.

C. Preampilifier input noise vs. source resistance

From Fig. 4, we can see that the noise curves cross each
other at certain frequencies, caused by different contribution
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FIG. 4. Total voltage noise Vj, o for a source resistance of 30 €2 at 3 different
collector currents Io): (a) 0.3, (b) 3.0, and (c) 8.4 mA, respectively.
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FIG. 5. Total voltage noise Vo Vs. source resistance R for 3 collector cur-
rents at 0.1 Hz: (a) Io of 0.3, (b) 3.0, and (c) 8.4 mA, respectively.

of voltage noise V;, and current noise IR at each frequency.
We compared the behavior of Vy ;o at 0.1 Hz depending on
the R, and showed the results in Fig. 5. As expected, the
lower collector currents (Figs. 5(a) and 5(b)) having lower
current noise exhibit a slow increase of V, with increas-
ing source resistance. But, in case of I, = 8.4 mA, V} o in-
creases rapidly with the source resistance.

For each frequency, we can define a threshold resistance
as the ratio of voltage noise to current noise, Ry, = Vy/I,,. At
0.1 Hz, the threshold resistance Ry, is 44.4, 6.6, and 3.6
for collector currents I, of 0.3, 3.0, and 8.4 mA, respec-
tively. Thus, if R, is larger than Ry, of that frequency, the
current noise contribution becomes dominant for frequencies
below this frequency, so that reduction of current noise is
needed by reducing the collector current. In the white noise
region at 10 kHz, the threshold values Ry, are 102.1, 66.7, and
40.5 Q, for I 0of 0.3, 3.0, and 8.4 mA, respectively. Thus, the
contribution of the current noise I, is smaller than the volt-
age noise V,, if the SQUID dynamic resistance is smaller than
40.5 2, which is usually the case for dc SQUIDs having
aV/0® less than about 500 uV/®y. For higher values of
dV/9d® or higher Ry, the contribution of [;, can be dominant.

lll. SQUID NOISE MEASUREMENT
A. SQUID parameters

We tested the SQUID flux noise using a dc SQUID with
a Ketchen-type structure with two square holes connected in
parallel to form a gradiometer configuration.'? The SQUIDs
were fabricated using standard Nb/AlO,/Nb Josephson junc-
tion technology. The size of each junction is 3 um x 3 um.
The SQUID was shielded using a superconducting Nb tube
and immersed in a stainless-steel liquid Helium container
without additional magnetic shielding. The SQUID induc-
tance L is 125 pH, and the maximum critical current is 12.5
1A. From the current-voltage curve of the SQUID, the dy-
namic resistance Rq was measured to be 33 2, which is much
larger than the shunt resistance per junction Ry of 6.1 .
The flux-to-voltage characteristics of the SQUID is shown in
Fig. 6. The modulation curve is quite steep with a swing volt-
age of 46 uVp, and dV/0 P of 410 uV/d,.
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FIG. 6. A flux-voltage curve of the dc SQUID.

B. SQUID noise

Flux noise spectra of the SQUID system at 3 different
1. are shown in Fig. 7. Even though the intrinsic noise of the
SQUID is the same, the noise of the SQUID system shows
different patterns depending on I .. In other words, different
noise characteristics of the preamplifier become dominant at
different collector currents. Since the dynamic resistance of
the SQUID is 33 €2, the SQUID flux noise curves of Fig. 7
are quite similar to the noise curves of Fig. 4 corresponding
to a source resistance R, of 30 2. This means that it is possi-
ble to predict the low-frequency noise behavior of a SQUID
system if we know the dynamic resistance of the SQUID and
its intrinsic flux noise. And, SQUIDs of similar dynamic re-
sistances yield similar flux noise curves.

In Fig. 8, we decomposed the measured SQUID system
noise into preamplifier noise contribution and SQUID intrin-
sic noise. The SQUID noise measurement was done with
1o of 3.0 mA, corresponding to the curve of Fig. 7(b). The
preamplifier noise contribution was calculated from V), of
the preamplifier for a source resistance of 33 €2, divided by
410 uV/®y. The intrinsic SQUID noise exhibits a white noise
level of 1.2 u®y//Hz and a typical 1/f* behavior for decreas-
ing frequency, with « = 0.5 and a 1/f corner frequency of

100

Flux noise (u® /VHz)
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1 T T T T T T
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FIG. 7. Noise spectra of the SQUID system with different collector currents
Io1: (2) 0.3, (b) 3.0, and (c) 8.4 mA, respectively.
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FIG. 8. Sources of noise. (a) Total noise of the SQUID system in the FLL
operation, (b) preamplifier noise contribution, and (c) intrinsic noise of the
SQUID. The collector current was set to 3.0 mA.

6 Hz. Using the equation for the intrinsic noise of the uncou-
pled SQUID," &, = [2kgT{L*/R; + 2R4/V4>}1°>, the theo-
retical intrinsic noise is 0.34 pu®o/,/Hz. Thus, the measured
intrinsic noise level is only about 3.5 times larger than the
theoretical one.

Even though the total voltage noise of the preamplifier
was optimized by adjusting the collector current, the pream-
plifier still contributes most part of the system noise in the
low-frequency range as shown in Fig. 8. This shows that it is
indispensable to consider the preamplifier input noise when
optimizing direct SQUID readout. If one used a preamplifier
having a higher input noise, the total system noise would have
increased accordingly, especially in the low-frequency range.

IV. CONCLUSION

Conventional approach considering only voltage noise
with a shorted input does not result in the lowest total noise
of a SQUID system. As the source resistance of the pream-
plifier increases, the contribution of current noise increases
and becomes dominant above a threshold resistance. Depend-
ing on the dynamic resistance of the SQUID, the contribution
of the current noise can be larger than the voltage noise con-
tribution, so that dynamic resistance should be considered in
preamplifier design. All the approaches to increase the flux-
to-voltage transfer of the SQUID, such as additional posi-
tive feedback,' noise cancellation,> SQUID bootstrap circuit,’
double relaxation oscillation SQUID,* dc SQUID with small-
sized junctions,’ or a weakly damped SQUID,® all reduce
the contribution of preamplifier noise, but inevitably increase
the dynamic resistance. Thus, the contribution of the current
noise should be considered for low-noise SQUID systems es-
pecially when using these SQUID configurations. By optimiz-
ing the collector current of the preamplifier, we found a setting
that yielded the lowest total noise in the low-frequency range.
For a preamplifier made of 3 SSM2220 transistor pairs and
for a SQUID dynamic resistance of 33 €2, a collector current
of 3.0 mA resulted in the lowest total noise in both the white
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noise and the low-frequency regime. Another advantage of a
lower collect current is lower power consumption, resulting
in reduced voltage drift. Avoiding such drift is a serious issue
in multichannel SQUID systems.
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