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Superconducting quantum interference devices (SQUIDs) are low-noise amplifiers that are essential for the readouts
of translation edge sensors (TESs). The linear flux range is an important parameter for SQUID amplifiers, especially those
controlled by high-bandwidth digital flux-locked-loop circuits. A large linear flux range conduces to accurately measuring
the input signal and also increasing the multiplexing factor in the time-division multiplexed (TDM) readout scheme of
the TES array. In this work, we report that the linear flux range of an SQUID can be improved by using self-feedback
effect. When the SQUID loop is designed to be asymmetric, a voltage-biased SQUID shows an asymmetric current—flux
(I-®P) response curve. The linear flux range is improved along the /-@ curve with a shallow slope. The experimental
results accord well with the numerical simulations. The asymmetric SQUID will be able to serve as a building block in the
development of the TDM readout systems for large TES arrays.

Keywords: translation edge sensors, superconducting quantum interference device (SQUID), self-feedback
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1. Introduction

Transition edge sensors (TESs) are high-performance
energy-resolved photon detectors, which are the key compo-
nents of the Hot Universe Baryon Surveyor (HUBS), a pro-
posed Chinese space x-ray telescope aiming to search for the
so-called “mission baryons”.[!l The detector array of HUBS
consists of more than 3600 TES pixels. To read such a large
number of low temperature detectors, a multiplexed readout
technique is required to reduce the number of cables that con-
nect superconducting quantum interference device (SQUID)
amplifiers with room temperature electronics.!?l Otherwise,
the thermal loads caused by the cables may exceed the cooling
power of the cryo-cooler. A multiplexed readout is also indis-
pensable for a space mission to meet the critical requirements
for the weight and power consumption of the readout elec-
tronic system. Time-division multiplexing (TDM) is a mature
multiplexed readout technique,?! and it is considered as a can-
didate readout technique for HUBS. The basic idea of TDM is
to connect a certain number of sensor SQUID amplifiers in
series and each individual sensor SQUID is coupled with one
TES pixel. The signal from each individual TES pixel can be
amplified sequentially by activating the sensor SQUIDs one by
one, and the multiplexed readout is realized. The number of

TES pixels in one readout module is the multiplexing (Mux)
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factor of the TDM system. ¥ The larger this number, the less
readout modules are needed. The Mux factor N is constrained
by the maximal tolerable readout noise and also by the linear
flux range of the sensor SQUID amplifier. The TDM tech-
nique suffers a noise penalty because of the enhanced noise
bandwidth, which is scaled up linearly with the Mux factor.
Therefore, the current noise of the TDM readout is scaled up
with N'/2. The TDM usually incorporates a digital flux-locked
loop (DFLL) technique. [5]' All the sensor SQUIDs in a readout
module are initially locked to their own working points. Dur-
ing operation, the error signal (the deviation from the initial
locking point) of each sensor SQUID is measured. The error
signal is used to calculate the flux feedback signal,which will
be used in the next time frame to restore the sensor SQUIDs
back to their working points. Proper working of the DFLL cir-
cuit should keep the error signal within the linear flux range
of the sensor SQUID.!! The flux variation between two suc-
cessive readouts of one sensor SQUID needs to be less than its
linear flux range, and satisfy the following condition:

dr
A® =My N froy - | max < - LFR - &, (1

where M, is the mutual inductance of the input coil of the sen-
sor SQUID, t,w is the dwell time for each sensor SQUID in
one-time frame, N is the Mux factor, dI/df(max) is the maxi-

mal slew rate of the current signal generated by the TES, LFR
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is the linear flux range normalized to one flux quantum, and ¢
is a factor referring to the percentage of the linear flux range
allocated to the rising edge of the TES current signal.!” In-
creasing the flux range raises the upper limit of the Mux factor
N and makes a higher mutual inductance feasible, which also
conduces to reducing the current noise of the SQUID ampli-
fier. In this paper, we present a method to increase the linear
flux range by designing a sensor SQUID with asymmetric loop
inductance. Both numerical simulations and the experimental

characterizations are conducted.

2. Design of asymmetric SQUID
2.1. Self-feedback effect

A DC SQUID consists of two Josephson junctions em-
bedded in a superconducting loop. The superconducting loop
is usually divided into two branches, as schematically shown
in Figs. 1(a) and 1(b). The inductances of the two branches,
denoted as Liefe and Lyighe, can be equal or different, depend-
ing on where the bias current flows into/out of the supercon-
ducting loop. The critical current of the SQUID is tuned by
the magnetic flux through the superconducting loop. The to-
tal magnetic flux through the SQUID is the sum of the exter-
nally applied flux and the flux generated by the current that
flows through the SQUID. If the inductance of the left branch
and the right branch are equal, the bias current flows sym-
metrically through both branches and the net magnetic flux
produced by the bias current is zero. If the inductances Licg
and Lyjgp; are not equal, the current in the left branch and the
right branches will be different. Therefore, the bias current of
the SQUID will contribute to the total magnetic flux through
the SQUID. ®! Inspired by the talk of Irwin,!”! we call this the
self-feedback effect, and we study its influence on the SQUID
response to an externally applied flux.

a b
R ®
I,
thh g Lh‘“ g
I

I
Fig. 1. Schematic diagram of (a) symmetric and (b) asymmetric SQUID loop

design.

2.2. Numerical simulations of SQUID responses

We numerically simulate the response of SQUID to an
externally applied flux for the SQUID designs as shown in
Figs. 1(a) and 1(b). The simulation is a transient analysis in

the time domain, and the externally applied flux is realized by

a piecewise linear sweep current. Table 1 gives the simula-
tion parameters of both SQUIDs. The parameters are derived
from the geometry of the SQUID designs and from the known
fabrication process parameters. We simulate the response of
current-biased SQUID and voltage-biased SQUID to the ex-
ternally applied flux. In the voltage-biased case, a bias resistor
with a resistance of 0.5 Q is connected in parallel with the
SQUID."Y We simulate the currents flowing through the left
branch and the right branch of the SQUID loop, which vary
with externally applied flux.

Table 1. Simulation parameters.

Variable Parameter Symmetric SQUID  Asymmetric SQUID
I. (LA) critical current 7.8 7.8
C;; (fF) JJ capacitance 315.8 315.8
R, (Q) shunt resistance 7.6 7.6
Mese (pH) mutual inductance 89.9 89.9
Miigh (PH) mutual inductance 89.8 89.8
Liere (pH) left branch inductance 68.5 119.7
Lyigne (PH) ~ right branch inductance 68.5 17.3

Figures 2(a) and 2(b) show the results for current-biased
SQUIDs. The bias current is set to 16.2 pA, which is slightly
greater than 2/.. For the two SQUID designs, the currents
flowing through the left branch (fieff) and the right branch
(Iight) are mirror images of each other, so the total current
through the SQUID is a constant. In both cases, the V-@ curve
does not show any asymmetry, and the slopes along the posi-
tive and negative sides are equal to each other. The difference
in the SQUID design only results in a phase shift in the V-
curve. For the symmetric design, the maximum of the V-@
curve appears at @ /2, whereas for the asymmetric design, the
maximum deviates from that position.

Figures 2(c) and 2(d) show the results for the voltage-
biased SQUIDs.
ure 2(c) shows the simulation results for a symmetrically de-

The bias current is set to 20.9 pA. Fig-

signed SQUID. The branch currents fief; and Ljgp, are expected
to be identical, which is confirmed by the simulation. The
slight phase shift is caused by the time delay when the flux
bias current flows through two series-connected input induc-
tors, one of which is coupled to Li.g and the other is coupled
to Lijgne. The total current through the SQUID, which is the
sum of fiere and Ljgp, is also shown by the black dotted line.
As seen in the figure, the Iy —P curve is symmetric.

We now turn to the SQUID with asymmetric loop induc-
tance. As seen in Fig. 2(d), the current flowing through the
left branch and the current flowing through the right branch
are significantly different from each other. The modulation
depth is higher for the current flowing through the branch with
lower inductance. The [ —P curve is asymmetric with the

positive slope steeper than the negative slope.

118501-2



Chin. Phys. B 32, 118501 (2023)

50 _T'/fj’ — 10
P I‘i»_— _
40 (> - - 8 <
o . @ z
5 20f 14 2
= -
10} 12 8
g
12
0% 1 2 3 0
BB,
121(e) Ao A /
10 f 1\ AL JEA /
f; \\ /[ \\ [[ \ fr
< 8rf N N SN
TS TN 7N /|
< SN
2 - 'j:oml
Linear _JI{
% 1 2 3

@/

50 — T 10
- a1z —
40ﬂ\)’\‘ E s I
~ (b) s E
E 30 6 §
- 5
5 20t {4 ©
N N
o}
10 2 g
@
% 1 2 30
&/,
12 \(d éﬁsr
10 \ A FAIRY 1R
\ TN 1\ I\
S S W A1 W 8 W S
i A/ AN | Nt \
N N ¥ % SN % DS
A/ A N/ A/ /AN
NI /TN JINTD /TN
9 N/ N/ NJ* Irotal
I L
Lifear —
% 1 2 3

@/,

Fig. 2. The V-@ curves of (a) symmetric and (b) asymmetric SQUID under current bias. Simulated /-& curves of (c) symmetric and (d)
asymmetric SQUID under voltage bias, with black straight lines representing linear fits.

We compare the values of linear flux range @y, of the
SQUIDs under voltage bias. The linear flux range depends
on the working-point of the SQUID. We usually set the work-
ing point on the /-® curve where the slope is maximized to
obtain an optimal noise performance. In Figs. 2(c) and 2(d),
the /- curves are approximated by the solid lines.['' 287 is
the usable current swing range and the transfer coefficient at
the working point is defined as I = 61/6®P. The linear flux
range is defined as 26 ®. For the symmetric SQUID design,
the transfer coefficient calculated at the chosen working point
is 18 pA/®, and the corresponding linear flux range is 0.23.
For the asymmetric SQUID design, the transfer coefficient at
the working point is 12 pA/®, and the linear flux range is
0.32¢&. The linear flux range is expanded by 45% in the latter
case.

2.3. Experimental characterizations

We fabricate the SQUID devices described above by us-
ing the standard Nb—(Al-AlOx)-Nb Josephson devices fab-
rication process developed at the Shanghai Institute of Mi-
crosystem and Information Technology.!'*!

To measure the /I-@ curve of a voltage-biased sensor
SQUID, we set up the circuit shown in Fig. 3. The sen-
sor SQUID is inductively loaded with the input coil of an
SQUID series array (SSA) amplifier. The SSA contains 16
single SQUIDs, and it operates in the flux-locked-loop (FLL)
mode and acts as a current-to-voltage amplifier.!'3] The trans-
impedance gain of the SSA is

AV M
Al

GrLL = fo- ()

=
We use a feedback resistor with a resistance of about 10 kQ,
and the input mutual inductance of the SSA, M;,, is approx-
imately equal to the feedback mutual inductance M;,. The

trans-impedance gain of the SSA in the FLL mode is roughly
10 kQ. A 200-Hz triangular wave signal is applied to the in-
put coil of the sensor SQUID to visualize the /- curve. The
amplitude of the triangular wave signal is set to 40 pA. The
bias resistance Rb is about 0.5 Q and the bias current is set to
21 pA.

My

Input coil g
M ( o

Feedback coil

SQUID
array

0 GND

q Ry,

O Ipias

d Illl
(Triangle wave)

g

o GND

Fig. 3. Schematic diagram for measuring /- curve of sensor SQUID.

Figures 4(a) and 4(b) show the simulated and mea-
sured /- curves of the symmetric SQUID and asymmetric
SQUID. The simulated curves match well with the experimen-
tal curves. Figures 4(c) and 4(d) each show the linear flux
range deduced from the experimental curve. The transfer co-
efficient at the working point and the linear flux range for the
symmetric SQUID design are 19 pA/@ and 0.25®; while the
corresponding values for the asymmetric SQUID design are
13 pA/® and 0.36 ®. The experimental results confirm that
the asymmetric SQUID design improves the linear flux range.
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Fig. 4. Comparison of simulated and experimental /-® curves between (a) symmetric SQUID and (b) asymmetric SQUID. Measured linear
flux ranges for (c) symmetric SQUID and (d) asymmetric SQUID, with solid lines representing experimental curves and black straight lines

referring to linear fits.

3. Conclusions

We designed an asymmetric SQUID by putting most of
the SQUID loop inductance on one side of the SQUID loop.
The self-feedback effect leads to an asymmetric /- curve of
the voltage-biased SQUID, which can be seen in the numerical
simulations and also confirmed by the experimental measure-
ments. The linear flux range is enhanced along the negative
slope side of the /-& curve. Sensor SQUIDs that adopt such a
design can be used to develop a two-stage TDM readout sys-

tem for TES array.
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