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Abstract: Microwave SQUID (Superconducting QUantum Interference Device) multiplexing is a
suitable technique for reading a large number of detector channels, using only a few connecting lines.
In the HOLMESexperiment, this is based on inductively coupled rf-SQUIDs fed by TES (Transition
Edge Sensors). Operation of the whole rf-SQUID chain is achieved with a single transmission line, by
means of the recently introduced flux-ramp modulation technique—a sawtooth signal which allows
signal reconstruction while operating the rf-SQUIDs in an open loop condition. Due to the crucial
role of the sawtooth signal, it is very important that it does not suffer from ground-loop disturbances
and electromagnetic interference (EMI). Introducing a transformer between the sawtooth source and
the SQUID is very effective in suppressing disturbances. The sawtooth signal has both slow and fast
components, and the frequency can vary between a few kHz up to a MHz, depending on the TES
signal and SQUID characteristics. A transformer able to handle such a broad range of conditions
must have very stringent characteristics and needs to be custom designed. Our solution exploits
standard commercial and inexpensive transformers for LAN networks, stacked in a user-selectable
number, to better fit the bandwidth requirements. A model that allows handling of the low- and
high-frequency operating range has been developed.

Keywords: EMI suppression; analogue electronic circuits; microwave multiplexing system;
rf-SQUIDs; TES detectors; high frequency transformer modeling

1. Introduction

The use of SQUIDs (Superconducting QUantum Interference Devices) in cryogenic particle
detectors allows implementation of the readout of large arrays using different configurations.
A promising approach for reading out a large number of detectors with a SQUID array using a common
transmission line is microwave rf-SQUID multiplexing. This technique can be leveraged to read the
signals from many detectors with high energy resolution and a large signal bandwidth. A multiplexed
microwave readout will be used in the HOLMES detectors [1], an array of 1000 micro-calorimeters
based on TES (Transition Edge Sensors) [2], each coupled to a rf-SQUID. The HOLMES detectors are
Mo/ Cu bilayer TESs with gold absorbers, in which **Ho ions will be implanted [3]. HOLMES aims to
push the sensitivity on the neutrino mass below 1 eV, by performing a calorimetric measurement of
the energy released in the electron capture decay of '3Ho.
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The rf-SQUID is a superconducting ring interrupted by a thin insulating layer, the Josephson
tunnel junction, through which Josephson tunnelling is possible. In a very simplified picture,
by coupling the SQUID to a magnetic field, the flux through the ring is quantized and the resulting

current in the loop is [4-7]:
. . 27T©tot _ h
i = Ipsin ( oy > , O = % (1)

where I is a current dependent on SQUID composition, ®;, is the total induced flux, and @y is the flux
quantum. Figure 1 shows a typical single channel rf-SQUID readout. The rf-SQUID is the circle with a
cross, which represents the Josephson tunnel junction. The rf-SQUID is inductively coupled to the TES,
with the RF bias ®y;,s, and the feedback that sets the working point (see the plot at the bottom of the
figure). The feedback forces the flux @, in the rf-SQUID opposite to the input flux @g;, in order to
maintain the total flux constant, generating an unbalance in the amplifier output voltage proportional
to @ ;¢ (The scheme of Figure 1 is over-simplified, since the RF bias is removed from the signal by
means of an additional circuit block at the amplifier output, not shown). The flux generated from the
signal is much slower than that of the RF bias, and is easily de-convolved at the amplifier output.
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Figure 1. Simplified diagram of a rf-SQUID linked to a TES sensor and read out in closed-loop
configuration. The rf-SQUID is the circle with a cross that represents the Josephson tunnelling junction,
coupled to 3 inductors: The rf-bias and reading node, the feedback, and the signal inductors. The
diagram represents (1). @,y = —Pg;q, and the output voltage is proportional to Dy;,.

The classical set-up of Figure 1 is not convenient when one wants to minimize the number of
connecting lines to the array, since every channel needs its own feedback link. To overcome this
limitation, flux-ramp modulation was recently successfully implemented. A simplified scheme is
displayed in Figure 2. We give here a very short description of its principles of operation. Details
can be found in [8-10], where this technique was introduced for the first time. Now, the rf-SQUID is
operated open-loop and it is fed by the sawtooth signal generator (ST). Provided that the period of the
sawtooth is an integer multiple of the ratio of the flux quanta over its flux slope, d®/dt, the rf-SQUID
current, as depicted at the bottom of the figure, is then given by:

. . 27Tsyt 27-"'(I)sz'g dd
= ] = —. 2
i = Iysin < oy + oy , Sy T )

If the frequency of the sawtooth is much higher than the highest frequency component of the
input signal, then the signal can be considered as a pure phase term. By evaluating the phase shift as a
function of time, the signals due to particle interactions are properly reconstructed. This is depicted
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in Figure 2, where feedback is not needed anymore, and the ST signal can be common to all of the
rf-SQUIDs in the array. Now that we are able to feed all the rf-SQUIDs with a single line, we need to
do the same with the reading of the rf-SQUID outputs. To tag every channel, a stub of different length
is connected in series to every rf-SQUID output inductor, in such a way that every stub resonates at
the frequency for which the stub is a quarter wavelength: The Sum_of_sines generator will therefore
provide a superimposition of sinusoidal tones applied to this common line, read out by a cryogenic
High Mobility Transistor (HEMT) amplifier. In this way, the signal from every rf-SQUID will modulate
its own tone. So far, only two transmission lines are needed to operate the rf-SQUID array: One to
read out the output signals, and the other to provide the ramp signal.

Sum_of sines To other ch
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Figure 2. Simplified diagram of a rf-SQUID configured in open-loop with sawtooth flux-ramp
modulation. One generator, ST, is connected in series to all the rf-SQUIDs, and one line collects all
the outputs, through stubs of quarter wavelength, which each determine a tagging frequency. If the
sawtooth is faster than the TES signal, the signal is seen as a phase shift of the current in the SQUID;
see the diagram below, which represents Equation (2).

As stated above, the sawtooth frequency must be larger than the highest frequency components
of the input signal. At the same time, it is limited by the sampling frequency of the ADC. For the
final configuration of HOLMES, the detector signal-rise time is expected to be close to 10 us, and
the ramp frequency will be set to 500 kHz. In the current R&D studies, however, it is required to
work down to small frequencies, as several TES optimized for different ranges are foreseen. Since the
flux-ramp modulation has a crucial role in the reconstruction of the signal, any disturbance, such as
ground-loop and EMI, must be suppressed. In this paper, we describe our solution based on the use of
a coupling transformer between the signal generator ST and the rf-SQUID coil of Figure 2. Two main
requirements need to be satisfied: The rise of the sawtooth must be a straight line so that the oscillation
pattern of the rf-SQUID is preserved over time, and the fall time of the sawtooth must be fast enough
to guarantee phase alignment. This is obtained if the transformer presents a flat frequency response
from the sawtooth fundamental, up to a frequency about ten times larger. Since the frequency of the
sawtooth is expected to be in the range from a few kHz to 500 kHz, the transformer should provide a
flat response between a few kHz to a few MHz. We developed a simple circuit, based on the use of
commercial and inexpensive transformers for LAN networks, avoiding the design and construction of
an ad hoc device. The circuit allows selection of a suitable number of transformers to be connected
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in series, in order to increase their low-frequency input impedance, matching, and to preserve the
sawtooth shape. In addition, the selection of value of an impedance, to be connected in parallel to
the input coil of the transformer, gives additional flexibility. To confirm the validity of the developed
system, we characterize and model the transformers.

2. Principles of Operation and Modeling

The ideal principle of operation is in Figure 3: The source of the signal drives the primary coil
of the transformer through a coaxial line, terminated at its input with Rg. The secondary coil of the
transformer drives the load impedance R;, at the end of the coaxial line. The primary and secondary
coils are equal, and the ratio of the input to the output coil voltage is one. To preserve the shape of
the fast component of the sawtooth signal, reflection across the transmission lines must be avoided,
and the terminating resistors Rg and R; must be equal to the characteristic line impedance (50 () in
our case). In this arrangement, the input and output grounds are isolated and ground-loops and EMI
disturbances are strongly suppressed.

Figure 3. Configuration of an ideal transformer terminated at its input and output.

The dropout voltage V4 across the input coil equals the sum of the voltage across the input
inductance, Ly, and the voltage due to the mutual inductance, M. A similar consideration applies to
Vg and the output coil, Ls. In the complex frequency domain (s = iw) the network is ruled by

Va = sMis + sLyip, (©)]
Vp = sMiy, + sLsis. 4)
The system of equations that solve the network of Figure 3 is then

Vs — VA VA — SMis
R s 5)
sMiy + sLsis + Ris = 0.

If we consider M = |/LyLs and L, = Ls, the solution is

st

VO = _ISR - mvs

(6)

From (6), the absolute value of the transfer function is zero at DC, increases up to the cutoff
frequency, and is flat from the cutoff frequency upwards. This ideal model does not fully describe
the real behavior of the circuit, and we identified two major effects that led us to formulate a more
accurate model, described below.

1. The first deviation from the ideal model can be appreciated from the measured transfer function
obtained with the selected transformer (Wiirth Elektronik 749012011), shown in Figure 4:
A high-frequency roll-off, not predicted by (6), is present. We have verified that this high-frequency
limitation deteriorates if the value of the load impedance Ry is decreased. This can be modeled
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with the presence of a small parasitic inductance Lpsr in series to the output of the transformer,
forming a low pass filter with termination resistance R .

2. The roll-off gets a 20 dB/dec slope, due to the pole R} / Lpag, only at high frequency, but shows a
smaller slope near its —3 db frequency. This second effect can be accounted for by the presence of
some distributed parasitic capacitance between and within the coils.

102 10% 10° 108
f (Hz)

Figure 4. Transfer function (the ratio between the output and the input in frequency domain) of the
selected transformer, Wiirth Elektronik 749012011.

To pursue our final aim of implementing a system capable of replicating undistorted sawtooth
signals, we developed an essential model which summarizes several previous circuit solutions [11-19],
all based on passive networks. We know from circuit theory that the transfer function of a passive
network in the frequency domain is the ratio of two polynomials. The degree of the denominator,
having roots with negative real part, is greater than or equal to that of the numerator, which can have
negative or positive roots to shape the phase properly. So, rather than trying to find a passive network
that gives the desired response, we left it implicit and we described its behavior with the ratio of
two same-degree polynomials, a(w), as the final frequency roll-off is left accounted for by the pole at
Ry /Lpag. The term a(w) is used to bind the input and output windings of the transformer:

_ _((+sza)(1+5szp) |
L =a(@)’Ly = <(l +spa)(l +sPB)) b @

The squaring of a(w) is convenient as the final transfer function is linearly dependent on a(w),
while the two poles and zeros are the minimum number of parameters we found adequate to fit the data.
The final model is shown in Figure 5 with the transformer inside the dashed rectangle. The transformer
is seen as an ideal transformer (namely, a voltage generator) having as input impedance the primary
coil Lp in parallel to Z; = (Ka(w))?(sLpar + Rr) ~ sLpar + Ry. The coefficient K ~ 1 accounts for
tolerance in the component values, and R, Rggg, and R} are additional components mounted on the
board. The network now has independent input and output loops, and is easily solved:

sLp [| Rin || (Rp +sLpar)
= S
sLp||Rin|[(Rp +sLpar) + R + Rsgr

Va

®)
Vo — Ka(w)— Rty
o a(w)SLpAR-i-RL A



Instruments 2019, 3, 3 6 of 12

Figure 5. Circuit implementation of the model of Equation (7). The transformer is inside the dashed
rectangle, and the termination resistors are outside.

In order to obtain the ratio V,/V;, we used the MATLAB Symbolic Math toolbox and its
least-squares solver. Figure 6 shows the imaginary and real components of the transfer functions of
the selected transformer (Wiirth Elektronik 749012011) fitted with the new model. The model fits the
measured data fairly well, except for a small deviation at high frequency.
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102 103 10* 10° 10° 10’ 108
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Figure 6. Measured real and imaginary parts of the transfer function of the transformer, fitted with the

model of Figure 5 and Equation (7). The continuous lines are measured data, while the dash-dot lines
are the fitting curves.

Now, we have to analyse the behaviour of the transformer response to a sawtooth input signal.
Figure 7 shows this for a 5 kHz frequency, which highlights the limitation: The linear rising part is
largely bent. The reason for this is understood, looking at the first relation of (8): V4 is AC-coupled to
Vs, with a zero at the origin. The proportionality becomes flat only above the frequencies at which sLp
approaches Ry || Ryy. To lower this frequency, we can follow two methods:

1. Lower the value of Ry, || Rn: In this case, the signal V4 will be attenuated and Vs will need to be
increased to maintain the appropriate output value (there is a lower limit in frequency beyond
which the transformer core saturates); and/or

2. Increase the value of the inductance L, of the primary coil.

The latter approach is often pursued by designing an ad hoc transformer with an optimal number
of turns. With a large number of turns, the impact of parasitic capacitance and a possible increase
in Lpag should be considered. Since we need to face a broad range of sawtooth signals, from a few
kHz up to a MHz, we chose to implement a set-up that we call a trimmable-transformer, consisting of
several transformers (as the one characterized) connected in series, in order to match the low /high
frequency needs. In the final set-up, both approaches described above can then be followed, depending
on the signal characteristics.
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Figure 7. Transformer response to a 5 kHz sawtooth signal. The continuous, green line is the input
signal, and the red dash-dot and blue lines are the fit and the data, respectively. The agreement between
data and the model is at the level of 4%, as can be appreciated from the lower plot, which is the
difference between the output measured and fitted signals. Signals are normalized in amplitude.

3. The Trimmable-Transformer Set-Up and Results

3.1. Circuit Description

The circuit arrangement of our trimmable-transformer is shown in Figure 8. All transformers
and resistors show a tolerance with respect to the nominal values, but we are interested in the overall
output, so we summarize all non-idealities in only one global parameter K.

A number 7 of transformers can be connected in series, thanks to the presence of a set of switch
pairs SWxa and SWxb with 1 < x < n, which enable (open position) or disable (short position) the
corresponding transformer. Each transformer is modeled with the circuit of Figure 5. When the
switches are all in open state, the primary has, at its input, the load impedance Z; divided by n. If  is
the number of switches left open, then the equivalent circuit looks as in Figure 9 and:

syLp || Rin || (Rp +syLpar)

Va = s
syLp || Rin || (RL +57YLpar) + R+ Rser
)
Ry
V, =Ka(w)————V,.
’ ( )S’YLPAR+RL A

As evidenced by the first equation of (9), the primary coil has an impedance <y times larger and,
since Rjy and Ry, remain the same, the low frequency coupling is shifted to a lower frequency. At the
same time, from the second equation of (9), the parasitic impedance at the secondary coil is increased
to syLpar and the high frequency roll-off is lowered, too. By increasing the number of transformers,
both the low frequency coupling and the high frequency roll-off are lowered. A trade-off can be found:
The lower the sawtooth frequency, the less is required from the speed of its fast transition, and vice
versa for a high frequency sawtooth. The Wiirth Elektronik 749012011 has a pair of transformers. We
used 3 of these devices for a total of 6 coupled transformers, each one with a pair of configurable
switches. Figure 10 depicts our layout.
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Figure 8. Series connection of n transformers. The value indicated for the impedance Z; is for the case
where all n of the switches are open, and the transformers are all operating.

2y =syLpap TRy

Figure 9. Equivalent circuit to the setup of Figure 8, when vy transformers are activated: The transformer
input/output parameters are shown for this case.
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Figure 10. Picture of the circuit of Figure 8 mounted on a PCB (9.4 cm by 4.2 cm). The six transformers
are contained in the three SMD circuits in the center of the board. The six pairs of yellow switches are
SW1, ..., SW12.

3.2. Measurement Results

Measurements were taken in both time and frequency domains. We first characterized the
transfer functions with an Agilent 4395A spectrum/network analyzer and extracted the parameters of
our model (8) with the various available configurations of Figure 8. Results and simulated transfer
functions of the series of one to six transformers are shown in Figures 11 and 12 for the real and
imaginary parts. Inductance Lp was about 1090 pH, which grows linearly, up to about 6200 tH when
6 transformers were put in series. The parasitic inductor Lpsg was also found to be linearly dependent
on the number of transformers, with a value that was close to 500 nH for one transformer, up to
1700 nH for six transformers. A pedestal of about 200 nH resulted in this latter case, probably due to
the board layout. The sensitivity to z4, zp, p4 and pp lowered with the number of transformers, due
to the decreasing value of the cut-off frequency R; /Lp. With one transformer it resulted in —72 MHz
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and 138 MHz, for z4 and zp, respectively; and around —150 MHz for p4 and pp. A summary of the fit

parameters is in Table 1.
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Figure 11. Fits (dash-dot lines) and data (continuous lines) of the real part of the transfer function of

the circuit configuration of Figure 8 and Equation (9) when the number of transformers connected in

series varies from one to six.
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Figure 12. Fits (dash-dot lines) and measured data (continuous lines) of the imaginary part of the

transfer function of the circuit configuration of Figure 8 and Equation (9) when the number of

transformers connected in series varies from one to six.

Table 1. Summary of the parameters extracted from the measured data, using the model of Equation (9).

L, [uH] Lpagr [nH] K zp [MHz] 2z [MHz] p,s[MHz] pp[MHz]
Pedestal 0 200 0.97
Slope 1030 300 —0.008
Valid forn=1 —72 138 —150 —150

Time domain studies were done, applying the sawtooth signals and downloading the responses
from an oscilloscope. The simulated behaviors were determined from the parameters, measured with
the network analyzer. Figure 13 shows the response, superimposed to a 5 kHz sawtooth input signal
when six transformers are connected in series, Rjy = 4.7 Q) and Rgpr = 47 Q). Rgpr is at the receiving
end of the coaxial cable. It is used to set the input impedance of the circuit, given by the sum of Rggr



Instruments 2019, 3, 3 10 of 12

itself and the impedance at the transformer input, at 50 (. We can see now that the response matches
the input, compared to the response of Figure 7. The response to a faster sawtooth at 1 MHz frequency
is shown in Figure 14, where only one transformer is used with Rjy = o0 and Rggr = 0. In this way,
the fast transition is satisfied, as well. Another example is reported in Figure 15 where the signal is
10 kHz, Rjy = 11Q (Rggr = 39Q2) and ¥ = 4: The output signal is almost indistinguishable from the
input signal. The accuracy of the injected signal and scope data is at about 1% level, and this limits our
evaluation of the residuals. Simulated curves are very close to the superimposed measured signals in
Figures 13-15, proving the validity of our model. In Figure 16, we emulated the sinusoidal shape of
the quantized current in (2) at 25 kHz when the sawtooth is at 5 kHz, for the case R;y = 4.7 (2 and
Rspr = 47 Q). This sawtooth frequency is the lowest that ensures a good transmission with a negligible
error, with respect to the sinusoid generated from the input signal.

Vi i Fit Output
/| |——- Output
Input

Amplitude (V)

t (sec) x10

Figure 13. Measured and fitted sawtooth response with six transformers connected in series, y = 6
and Rjy = 4.7 ) in Figure 8 and Equation (9), superimposed onto a 5 kHz input signal. Fitted and
measured signals are indistinguishable. Signals are normalized in amplitude.

0.6 ‘
P i Fit Output u
04l Al Output 4 ]
: S Input ra
¥ 4 |
. s | V4
?/ 0.2r // | ,,/ ‘ 1
s | g ‘
[0} f | y.
S 0 7:’F{f | I"fr )
= d | v
Q_ " |
£ | / 7
< -02r1 \ S VA
| ¥ 4
| 2 r
v 7
-0.4 | ‘,(‘f s ]
1 ".,""
-0.6
0 0.5 1 1.5 2
t (sec) x107®

Figure 14. Measured and fitted sawtooth response with only one transformer, y =1 and Rjy = o in
Figure 8 and Equation (9), superimposed onto a 1 MHz input signal. Fitted and measured signals are
indistinguishable. Signals are normalized in amplitude.
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Figure 15. Measured and fitted sawtooth response with four transformers, 7 =4 and Rjy = 11 Q in
Figure 8 and Equation (9), superimposed onto a 10 kHz input signal. Fitted and measured signals are
indistinguishable. Signals are normalized in amplitude.
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Figure 16. Emulated sinusoid of (2) when the sawtooth is 5 kHz, R;y = 4.7Q) in Figure 8 and
Equation (9), the generated sinusoid is at 25 kHz and 7 = 6. This is the minimum frequency and
number of transformers needed to obtain a signal similar to that obtained from the input sawtooth.

4. Conclusions

The necessity to provide a sawtooth signal to multiplexed rf-SQUIDs which does not suffer
from ground-loop disturbances and EMI has triggered the development and modeling of the
trimmable-transformer; a circuit set-up which enables implementation of a 1:1 transformer ratio
with different values in the primary and secondary coil inductances. This trimmable-transformer is
composed of commercial SMD standard transformers, and can be configured to match the required
AC-coupling frequency with adequate bandwidth. Changing the number of transformers from one to
six and/or the input resistance results in a pass-band shift by a factor ~~14. This allows the coverage of
sawtooth signals over the frequency range of our application, from 5 kHz up to 1 MHz.
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