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ABSTRACT
We describe a simple system to measure the temperature and levitation height of levitating cryogenic devices in rotation. Devices of
this kind are the half-wave-plates rotating on superconducting magnetic bearings used in several cryogenic polarimeters for the cosmic
microwave background. The temperature measurement is important to monitor the radiative background and potential systematic effects
in the polarimeter. In our implementation, the temperature sensor is a thermistor, physically mounted on the rotating device. The sensor is
biased with an AC current, which is transferred from the stationary electronics to the rotating device via capacitive coupling. The levitation
height sensor is a network of capacitors, similar to the one used for the capacitive coupling of the thermistor. We describe the optimization
of the readout system and its performance, which has been tested on a room-temperature prototype. We show that this system reaches an
accuracy better than 3% for the measurement of the thermistor resistance and an accuracy of ∼10 μm for the measurement of its levitation
height.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0005498., s

I. INTRODUCTION

Modern measurements of Cosmic Microwave Background
(CMB) polarization1 use large-throughput arrays of transition edge
sensors (TESs)2–5 or kinetic inductance detectors (KIDs)6–9 operat-
ing in a cryogenic environment. The detectors are cooled to sub-K
temperature to maximize their sensitivity, and the optical compo-
nents of the polarimeter are also cooled to reduce the radiative
loading on the detectors and minimize systematic effects. A Stokes
polarimeter uses a rotating half-wave-plate (HWP) and a polarizer
to modulate the linearly polarized component. The HWP temper-
ature should also be minimized. This is very important, in partic-
ular, for space-based experiments (such as LiteBIRD10), where the
thermal emission of the HWP can load the detectors, increase their
photon-noise budget (basically limited by the CMB brightness), and
produce modulation-synchronous effects (see Refs. 11 and 12 for a

discussion). For these reasons, the temperature of the HWP should
be kept lower than 10–20 K, depending on the frequency of oper-
ation of the detectors. Similar arguments with relaxed require-
ments are applicable to balloon-borne (such as LSPE-SWIPE13) and
ground-based (such as QUBIC14) experiments. Superconducting
magnetic bearings provide a nearly frictionless, fast rotation of the
HWP, perfectly compatible with the cryogenic implementation of
the Stokes polarimeter.15–18 The HWP assembly levitates and rotates
in the magnetic field produced by the interaction of a permanent
magnet in the rotor and a set of static superconducting bulks, reach-
ing a mechanical rotation speed f o ∼ a few Hz and modulating the
polarized signal at ∼4f o.

In this configuration, however, there is no mechanical contact
between the HWP and the rest of the system. Any power dissipation
(for example, due to eddy currents) or absorbed power (for example,
due to the radiative load from the external environment) raises the
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temperature of the rotating assembly and the HWP, which can cool
down only radiatively. At low temperatures, radiative cooling of the
HWP is not effective, so the power dissipation on the rotor should
be carefully minimized. In Fig. 1, we show the results of a simula-
tion, performed with Comsol Multiphysics,19 of the temperature of
a rotating metal-mesh HWP mounted on an aluminum rotor and
surrounded by a 5 K environment. The simulation allows for thermal
gradients in the plastic HWP (the conductivity of the very thin metal
meshes is neglected). The temperature is monitored in the center
of the HWP, while the gradient within the HWP itself is negligible
(≲10 mK). We assume 0.02 HWP emissivity, flat in the relevant fre-
quency band, while we assume to have blackened (emissivity ∼0.5)
the cryostat-side of the aluminum ring to favor cooling. The heating
power comes from the radiation of the surrounding environment
(2.7 K sky and 5 K cryogenic system) and from the eddy currents
produced by the driving coil currents. With these assumptions, the
total expected heat load is ∼0.1 mW, evenly distributed over the edge
of the aluminum ring. We also considered more pessimistic cases
(0.2 mW and 0.5 mW, see Ref. 20 for details). From Fig. 1, it is
evident that such small power inputs can produce a HWP temper-
ature rise of a few K to tens of K, resulting in an increased radia-
tive load on the detectors, photon noise, and spurious synchronous
signals.

For this reason, it is very important to monitor the temperature
of the HWP using precise measurements. In the case of a contact-
less rotor, one way to measure the temperature of the HWP is by
monitoring its thermal emission. There are two basic ways of imple-
menting such a measurement. The first one is to measure directly
the emission of the optical device, provided it is sufficiently emis-
sive at the measurement wavelength and in the temperature range of
interest. Since the temperature of the HWP is expected to be <20 K,
its thermal emission will be very weak for wavelengths much shorter
than 150 μm. Monitoring the emission at wavelengths longer than
150 μm is also difficult, since the materials currently used in HWPs
for CMB measurements (sapphire or polyethylene embedding thin

FIG. 1. Simulation of the temperature of a levitating rotating metal-mesh HWP (300
mm diameter, which is the range of interest for the HWP of the LiteBIRD exper-
iment10,21), radiatively heated with three different levels of input power, starting
from a base temperature of 5 K. See the text for details.

metal meshes) have low emissivity at wavelengths longer than
150 μm. In this case, it is difficult to modulate the thermal emis-
sion to be measured. The second approach is to blacken, e.g., two
quarter sectors of the ring supporting the HWP optical device and
make the other two quarter sectors reflective. The detector can look
at the rotating ring, measuring the modulated signal produced alter-
nating the emissive and reflective quarters of the ring. If the reflec-
tive sectors reflect a stable background, the amplitude of this signal
will depend on the temperature of the support ring, which might
be considered a good proxy of the temperature of the HWP. The
blackened sectors of the ring will also help to cool down the rotating
HWP assembly. The signal detected with a reasonable throughput
(0.2 cm2 sr) and optical bandwidth (20%) at a sensing wavelength
of, e.g., 1.4 mm is in the 1–100 pW range for temperatures between
3 K and 20 K. For a precision measurement, sensitive detectors are
required, especially at the lowest edge (∼3 K) of the temperature
range.

Here, we describe a simpler, cost effective, reliable method to
measure the temperature of the rotating assembly, avoiding the use
of such a complex detection system. This is based on a regular ther-
mistor, mounted on the rotating assembly. The thermistor is capac-
itively coupled to the steady readout system and biased with an AC
current.

A simple extension of the method also allows for monitoring
the distance of the rotor with respect to the stator along the rotation
axis, i.e., its levitation height. This is also a very important param-
eter of the system, and since the coupling capacitor capacitance is
a strong function of the distance between the plates, the proposed
measurement system will also serve efficiently to this purpose.

In the following, we describe the measurement system, its opti-
mization, and its performance. In Sec. II, we describe the capacitively
coupled readout of the thermistor and of the rotor levitation height,
including the general design and the optimization of the electronics.
In Sec. III, we describe the results of a validation of the method, car-
ried out using a room-temperature 600 mm diameter rotating disk
as a stand-in for the cryogenic half-wave plate rotor. In Sec. IV, we
summarize and discuss the results.

II. THE CAPACITIVELY COUPLED THERMISTOR
A. Practical implementation

The block diagram of the proposed system is shown in Fig. 2. A
regular thermistor for cryogenic temperature measurements [RuO2
resistor, CERNOXTM (Ref. 22), or similar, with resistance values
ranging between 500 Ω and 50 kΩ] is mounted on the rotary assem-
bly. Each contact of the thermistor is connected to one pole of a
plane capacitor, i.e., a simple rectangular copper pad (10 mm wide
× 50 mm long, see below) mounted on the rotating assembly. The
other pole of the same capacitor is similar and is mounted on the
stator. At a certain angle of the rotation of the HWP, the two poles
of both capacitors will align one on top of the other, with a gap
of ∼1 mm between the poles, thus creating two capacitors. Each
capacitance can be computed as

2C = ϵ0
A
d
∼ 4.4 pF. (1)

The steady pole of the first capacitor is connected to an AC
voltage generator, while the steady pole of the second capacitor
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FIG. 2. Schematic diagram of the tem-
perature and distance measurement
concept. The dimensions refer to the
room-temperature demonstration mock-
up (600 mm diameter) where the HWP
was replaced by an inertially equivalent
aluminum disk rotating on a low-friction
ball-bearing.

is connected to a low-value load resistor (RL ∼50 Ω) closing
the circuit to ground. When the poles are aligned, an AC cur-
rent flows through the thermistor with an amplitude depending
on its resistance R, which, in turn, depends on its temperature
[R = R(T)].

The sizing of the capacitor poles and their separation is a trade-
off between different needs. The distance between the moving and
steady poles (nominally 1–2 mm) is a tradeoff between the need of
maximizing the capacitance and the need to operate in a relatively
wide range of levitation heights and to cope with the small height
drop expected when the rotor is released from its clamping device.
We have to limit the global size of the sensor to accommodate it
above the rotor ring and within the shields protecting the optical
beam crossing the HWP. On the other hand, a large area of the poles
would produce a large capacitance and thus a large transmitted sig-
nal. It would also produce a wider signal peak when the steady and
moving poles align: this would make it easier to properly sample it
and evaluate its maximum amplitude. For simplicity of implemen-
tation, we accommodated the steady poles of the input and output
capacitors on the same printed circuit board (PCB); the same lay-
out has been used for the moving poles. A large distance between
the two poles on the same PCB would reduce the parasitic capac-
itance (see below). In our prototype, the best tradeoff was found
for rectangular poles, 10 mm wide × 50 mm long, separated by a
20 mm gap.

Parasitic capacitances are present in the setup sketched in Fig. 2.
Since two poles of different capacitors are present on the same PCB,
there is a parasitic capacitance between these poles, CpB for the
steady poles and CpT for the moving poles. Its effect is to transfer
part of the bias signal directly from the input to the output with-
out biasing the thermistor. The 20 mm distance between the poles
reduces this parasitic capacitance to ∼1 pF, assuming ϵr = 4.4 for the
PCB material. This applies to both the input and output poles of the
steady capacitors and to the input and output poles of the moving
capacitors, whereCpT is in parallel to the thermistor. In an optimized
implementation, we can reduce CpT and CpB by a factor of ∼4 using
separate standoffs for the input and output poles. In any case, in the

analysis of the capacitively coupled thermistor, CpB and CpT are not
negligible with respect to 2C.

From Eq. (1), it is immediately evident that the capacitance is a
strong function of the distance between the poles. Hence, the ampli-
tude and phase of the signal transferred to the rotating assembly via
the capacitors will be a function of the levitation height. This means
that we have to disentangle the two effects (changes in thermistor
resistance and changes in levitation height). This can be done by
doubling the moving sets of capacitor poles. We will use one set
of capacitor poles to bias the thermistor connected between them
(thermistor network) and the other one to bias a metal wire, with
negligible resistance, connected between the two moving poles (ref-
erence network). The amplitude of the signal of the reference net-
work depends only on the levitation height, allowing a measurement
of it and a correction of measurements of the thermistor network.
We discuss these issues in Sec. III.

B. Basic circuit analysis and optimization
The equivalent circuit of the capacitively coupled thermistor is

reported in Fig. 3.

FIG. 3. Equivalent circuit of the temperature measurement. The excitation ΔV in is
produced by a voltage generator at frequency f = ω/(2π). The rotating capaci-
tors have capacitance 2C; R(T) is the thermistor resistance; CpT is the parasitic
capacitance between the steady poles of the two capacitors; CpB is the parasitic
capacitance between the rotating poles of the two capacitors; and RL is the load
resistor.
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The transfer function for the circuit in Fig. 3 can be written as

ΔVout

ΔVin
= 1

1 + Z
RL

, (2)

where ΔVout and ΔV in are the measurement and drive voltage,
respectively, RL ∼ 50 Ω is the load resistor, and Z is the combined
impedance of the network of horizontal components in Fig. 3. We
obtain

Re(Z) = R(T)
(1 + CpT/C)2 + ω2R2(T)C2

p

, (3)

Im(Z) = − 1
ωC
(1 + CpT/C) + ω2R2(T)(C + CpB)Cp

(1 + CpT/C)2 + ω2R2(T)C2
p

, (4)

Cp = CpB(1 + CpT/C) + CpT , (5)

where ω = 2πf is the angular frequency of the drive signal.

FIG. 4. Modulus (top) and phase shift (bottom) of the transfer function of the read-
out circuit for thermistor values between 1 kΩ (top line) and 10 kΩ (bottom line)
in 1 kΩ steps. The optimal frequency range of operation (significant and roughly
equalized response to thermistor resistance variations) is approximately bracketed
by the two dashed lines.

The modulus and phase shift of the transfer function are plot-
ted in Fig. 4 for a thermistor resistance R(T) ranging from 1 kΩ to
10 kΩ, a coupling capacitance 2C = 1 pF (a value expected for a
distance of ∼4 mm between the steady and moving poles in our
prototype), a parasitic capacitance between the steady poles of the
two capacitors CpT = 0.3 pF, and a parasitic capacitance between the
rotating poles of the two capacitors CpB = 0.3 pF (as expected using
separate standoffs for the two poles).

From Fig. 4, it is evident that for the typical values of the com-
ponents considered here, the optimal excitation frequency is in the
20–50 MHz range, where the output signal excursion is significant
and roughly equalized. This frequency range also has the advan-
tage of being significantly higher than the typical bias frequency
of frequency-domain multiplexed TES (∼1 MHz) and significantly
lower than the typical bias frequency of KID (∼1 GHz) so that the
crosstalk between this signal and CMB detector signals is minimized.

The expected non-linear relation between the resistance of the
thermistor and the output signal is shown in Fig. 5.

With an excitation amplitude of 1 Vrms, the output signal is in
the range of 10 mVrms. However, in the range of temperatures of
interest here, the rms voltage across the thermistor must be limited
below 0.01 Vrms to avoid self-heating of the thermistor. This requires
an excitation amplitude of the capacitor–thermistor network smaller
than 1 Vrms, as shown in Fig. 6. For example, at 25 MHz, for an
excitation amplitude of 50 mVrms, we have a signal across the ther-
mistor of ∼10 mVrms and a power dissipation in the thermistor of
∼100 nW. This adds negligible heating in the thermistor and in the
rotor. Note also that the biasing is intermittent, further reducing the
heat load. The small excitation, however, results in very small (order
of 0.3 mVrms) output signals across the load resistor of Fig. 3. For this
reason, a custom readout scheme has been developed, as described
below.

C. Excitation and readout circuit
In the simplest implementation, the excitation signal is

obtained from a 25 MHz digital clock, which is filtered by a reso-
nant circuit to obtain a sine-wave. We prefer to remove the higher

FIG. 5. Expected output voltage as a function of the thermistor resistance for
excitation frequencies f = 20 MHz, 30 MHz, and 40 MHz (bottom to top lines).
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FIG. 6. Expected power dissipated in the thermistor, as a function of the thermistor
resistance, for excitation frequencies f = 20 MHz, 30 MHz, and 40 MHz (bottom to
top lines) for a 1 Vrms excitation amplitude. The power scales as the square of the
excitation voltage and must be reduced to avoid self-heating of the thermistor.

harmonics present in the original square-wave, since they produce
large spikes through the capacitor–thermistor network of Fig. 3,
which are difficult to model due to the presence of stray capacitance
and uncertainties in the high frequency gain of the active compo-
nents in the following signal recovery chain. Having a pure tone
would also minimize the crosstalk between this signal and the sig-
nals from the CMB detectors. The sine-wave signal is equally split
between two lines using a simple SMA (SubMiniature version A) tee
adapter. One line is used to bias the capacitively coupled thermistor,
and the other is read by an amplitude monitor. The tone supply-
ing the capacitively coupled thermistor is reduced in amplitude by
means of a −20 dB, 50 Ω SMA coaxial attenuator to obtain the exci-
tation signal ΔV in and connected via a 50 Ω, 2 m long stainless steel
coaxial cable to the capacitor–thermistor network. This results in
an excitation across the thermistor ΔV th ∼ 10 mVrms. The signal
across the load resistor is connected via a 50 Ω, 2 m long coaxial
cable to the input of a low-noise amplifier, based on a Mini-Circuits
MAR-8 MMIC23 module, with gain ∼30 dB. The output is low-pass
filtered and sent to an RF-to-rms converter based on an Analog

Devices AD836124 chip. The DC output of the AD8361 is amplified
by a factor of 10 and digitized. In the amplitude monitor, a −10 dB,
50 Ω SMA coaxial attenuator adapts the signal level to the input of
a second RF-to-rms converter, used to monitor any change in the
excitation amplitude. The block-diagram of the readout electronics
is shown in Fig. 7.

The output of this readout circuit has a significant offset due
to the parasitic capacitance and the rms value of the noise of the
thermistor and amplifier but is usable anyway if the noise level
is stable (i.e., if external noise and radio-frequency interference
(RFI) sources do not couple significantly to the capacitor–thermistor
network).

In Fig. 8, we plot the measured response of the readout circuit
to different values of the thermistor resistance. The measurement
has been carried out by replacing the thermistor with different fixed-
value precision resistors.

In the previous analysis, we have neglected the effect of resis-
tive losses in the coaxial cables. Low heat conductivity stainless steel
coaxial cables, few meters long, have a high resistance of the order
of a few 100 Ω. This is of the same order of the impedance of the
coupling capacitors at our readout frequency and of the order of
the resistance of the thermistor at the lowest temperatures. More-
over, its value changes with temperature from room-temperature to
cryogenic temperatures, so it cannot be easily calibrated out using
room-temperature measurements alone. If not properly taken into
account, the change in resistive losses can produce a systematic
error in the measurement of the temperature of 10%–20% in the
low-edge of the temperature range. On the other hand, at vari-
ance with ∼DC measurements, 4-wire measurements are difficult
to carry out at these frequencies due to the need of terminating all
the coaxial lines with 50 Ω matched loads, implying that the read-
out lines cannot be of high impedance. For all these reasons, our
approach is to use an additional reference network, measuring a
stable capacitor, with the same capacitance as the moving capaci-
tors. The stable capacitor is read by means of a couple of coaxial
lines identical to the ones used for the temperature and levitation
height measurements and using the same generator and RF level
meter used for the other measurements. The output signal from this
channel will depend only on the losses in the coaxial cables and
can be used to normalize out the effect of their temperature-driven
changes.

FIG. 7. Block-diagram of the simplest
excitation and readout scheme. All com-
ponents other than the capacitively
coupled thermistor are shielded and
operated at room-temperature. The ther-
mistor and its coupling capacitors oper-
ate at cryogenic temperatures (few K).
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FIG. 8. Measured response of the readout circuit shown in Fig. 7 to different values
of the thermistor resistance (black dots). For these measurements, we replaced
the thermistor with a set of fixed-value precision resistors. The measurement fre-
quency is 25 MHz. The red dots represent the measured values of the excitation
amplitude monitor output. If the thermistor is a CERNOXTM model CX-1050, resis-
tance values between 1 kΩ and 10 kΩ correspond to temperatures between
∼10 K and ∼2 K, which is the range of interest for the HWP of the LSPE13 and
QUBIC25 experiments.

The output noise of the readout circuit depends on the Johnson
noise of the thermistor, on the noise of the amplifier, and on the elec-
tromagnetic interference (EMI) on the capacitive sensor. For a 50 Ω
load resistor, the Johnson voltage noise is

√
4kBTR ∼ 1 nV/√Hz.

Given the small value of the source resistance, the current noise of
the amplifier is negligible, while the voltage noise of the amplifier is
∼1 nV/

√
Hz. Over a bandwidth Δf ∼ 30 MHz, with a gain G ∼ 30,

the standard deviation of the output of the amplifier is rms ∼ 0.2
mVrms. The RF-to-rms converter operates with a time constant τ ∼
20 μs and with a gain Gc ∼ 7.5 V/Vrms, and an additional gain Ga =
10 is provided by the output amplifier. The minimum fluctuation of
the output of the readout circuit is thus σout = GcGa × rms/√2τΔf ∼
0.5 mVrms.

The average value of the output due to the bias signal is
of the order of several hundreds of mVrms to ∼2 Vrms, resulting
in an expected signal-to-noise ratio much larger than 100, if the
interference is negligible.

We have tested the previous forecast acquiring the output of the
readout with a 24-bit analog-to-digital (A/D) converter. The mea-
sured rms fluctuation is consistent with the expected value when the
capacitor network is well shielded in a grounded metal box. Such a
configuration is representative of the operation of the sensor inside
the metal cryostat of a CMB polarimeter.

When operated in the laboratory, outside the metal shielding,
the system is sensitive to the position with respect to the rotator and
the environment and also to cell-phones and computer-generated
electromagnetic interference (EMI). These effects limit the perfor-
mance of the system in the measurements reported below, which,
nonetheless, reach an acceptable performance level.

The improved performance of the readout and reduced sensi-
tivity to EMI might be obtained by reducing the bandwidth at the

amplifier output, e.g., replacing the low-pass filter in Fig. 7 with a
resonant filter. In order to avoid thermally driven mismatches
between the filter response and the generator frequency, a lock-
in demodulation might be used. We leave this to future develop-
ments, since even for the simple readout circuit described above, the
readout noise is not the limiting factor, as we show below.

III. MEASURED PERFORMANCE
We tested the performance of the measurement method using

a room-temperature mock-up, where the levitating rotor is replaced
by a 600 mm diameter aluminum disk rotating on a low-friction
ball-bearing, and the thermistor has been simulated using resistors
with values spanning the expected range Rth ∼ 1 kΩ–10 kΩ. The
rotor driver, based on steady coils pushing or pulling on perma-
nent magnets on the disk, and the strong levitation magnet of the
superconducting magnetic bearing are the same as for the cryogenic
device. As explained at the end of Sec. II A, we have a reference net-
work for levitation height measurements and a thermistor network
for temperature measurements. In the following, we describe the
measurements we carried out with the room-temperature mock-up
for both networks.

A. Distance measurements
The capacitance 2C of the coupling capacitors depends on the

distance between the steady and moving capacitor poles [Eq. (1)],
which depends directly on the levitation height of the rotor. In
the reference network, the two coupling capacitors are simply con-
nected in series by a short conductor replacing the thermistor
and connecting the two rotating poles. As a result, the amplitude
and phase of the transmitted signal depend only on the levitation
height. During the rotation of the rotor, the steady capacitor poles
will sequentially face the moving poles of the thermistor network
capacitors and the moving poles of the reference network capaci-
tors. Hence, the output of the readout chain will monitor in close
sequence the thermistor resistance and the distance between the
poles.

In Fig. 9, we report sample records of the raw readout output for
a system with four networks. Here, two thermistors with resistances
of 10 kΩ and 4.7 kΩ, spaced by 180○ in azimuth, are mounted on the
rotor. Each thermistor network is followed by its reference network.
The measurement has been repeated for different values of the dis-
tance h between the moving capacitor poles and the steady capacitor
poles while the rotor is spinning at ∼40 rpm. Note that at this spin
rate, the signal peak is ∼75 ms wide. This is much longer than the
integration time of the RF-to-rms converter (∼ 20 μs), thus allowing
for much faster spin rates without any significant degradation of the
peak height.

The data demonstrate that the reference network allows for a
good measurement of the distance between the poles. If we assume
a distance between the capacitor poles of 1 mm, the system has a
resolution dV/dh ∼ 1.6 V mm−1, while for a distance of 2 mm, the
resolution is dV/dh ∼ 0.75 V mm−1.

Note that the measured rms fluctuation of the readout output
σM is several mV rms larger than the one expected from the John-
son and amplifier noise alone. This means that significant perturba-
tions arise from the unshielded operation and the stray capacitance
variations with respect to the surrounding environment.
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FIG. 9. Sample records of the readout output while the rotor was spinning at
40 rpm. The four peaks (left to right) correspond to the first thermistor network
(Rth = 10 kΩ), its reference capacitor, a second thermistor network (Rth = 4.7 kΩ),
and its reference capacitor. The reference capacitors provide an effective way to
estimate the distance between the capacitor poles, which depends on the vertical
position of the levitating rotor.

Using anyway the measured noise, we can also compute the
error in the measurement of the levitation height,

σh = dV
dh

σM . (6)

We find that variations of the height as small as σh ∼ 6 μm and
σh ∼ 13 μm for distances h of 1 mm and 2 mm, respectively, can
be detected reading the reference capacitive networks.

Note that, in principle, any tilt of the rotor (which might intro-
duce systematic effects in high precision applications; see, e.g., Ref.
26) could be dynamically sampled by replicating the readout chain
and the assembly of static poles in three replicas separated by 120○

in azimuth.

B. Temperature measurements
The thermistor network is sensitive to both temperature

changes and levitation height changes. The distance measurements
from the reference network described in Sec. III A can thus be used
to correct the effect of distance fluctuations in the measurements of
the thermistor network.

In order to check the effectiveness of the method, we normal-
ize the peak signal of each thermistor network to the peak signal of
its reference network and plot in Fig. 10 their ratios. Regardless of
the distance between the capacitor poles, the ratio remains approx-
imately constant, confirming the effectiveness of the correction
method.

The measured output signal noise σM is readily converted
into an error in the temperature measurement, once the Rth(T)
characteristic of the thermistor is defined,

ΔT = dT
dR

σR = dT
dR

dR
dV

σM , (7)

where the first derivative is estimated from the calibration curve
of the thermistor Rth(T), while the second derivative is estimated

FIG. 10. Ratio between the peak signals of two thermistor networks (Rth = 4.7 kΩ
and Rth = 10 kΩ), each normalized to the peak signal of its reference network,
plotted for a wide range of distances between steady and moving capacitor poles.

FIG. 11. Error on the measured temperature, estimated for a CX-1050 sensor read
through the readout circuit described in the text.

from the calibration data V(Rth) of Fig. 8. In Fig. 11, we plot ΔT
for a CERNOXTM CX-1050 temperature sensor. Since the measured
σM does not depend on the value of the thermistor resistance, the
behavior of ΔT vs rotor temperature is due to the combination of
the thermistor resistance Rth(T) becoming steeper for lower temper-
atures and the V(Rth) of the readout circuit mildly decreasing for
the correspondingly larger resistances. The relative error remains
smaller than 3% in the entire temperature range of interest.

IV. CONCLUSIONS
We have designed, built, and tested a device able to sense the

temperature and position of a levitating rotor during its fast rotation
at cryogenic temperatures. The measurement is based on regular
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thermistors, mounted on the rotor, periodically and briefly biased
by a high-frequency AC current through a capacitive network.

We have demonstrated the correct operation of the capaci-
tive readout in a room-temperature real-world environment. We
included the electromagnetic interference of the rotor driver coils
and of the levitation magnet and even variable capacitive coupling to
the surrounding environment. The latter will arguably be absent in
the cryogenic operation inside a grounded cryostat shell. The pres-
ence of varying capacitive coupling toward the surrounding envi-
ronment results in increased output fluctuations with respect to the
ones due to resistors and amplifier noise, but the resulting noise
is sufficiently small to permit measurements of the temperature at
precisions required for upcoming experiments.

An alternative inductive coupling between the rotating ther-
mistor and the static readout system, while, in principle, possible
and effective, would be severely affected by the magnetic interference
from the driving coils.

We do not expect any change in the performance of the mea-
surement setup when cooled to cryogenic temperatures. The coaxial
cables we used have the same dimensions and length as those that
will be used in the cryogenic setup, and we do not use any elec-
tronic component near the capacitive networks that are intrinsically
temperature-independent.

Using a CX-1050 CERNOXTM thermistor, the error in the mea-
sured resistance converts into an error in the temperature smaller
than 3% for the 2–30 K temperature range of interest for the
levitating HWPs of cryogenic CMB polarimeters.

Reference capacitive networks read through the same circuit
allow for precision measurements of the levitation height of the rotor
with a resolution of ∼10 μm. This provides an important diagnostic
of the dynamics of the rotor and allows for corrections of the ther-
mistor resistance measurement fluctuations due to any variation in
levitation height.

The proposed monitoring system can be implemented in cryo-
genic CMB polarimeters with modest impact on the cryogenic sys-
tem and good scalability: it needs only two coaxial cables for the each
static set of capacitor poles plus two coaxial cables for monitoring
the resistive losses; it produces negligible dissipation on the HWP
rotating assembly (<0.1 μW per thermistor). The size of the coupling
capacitor poles can be tailored to fit any HWP support ring, if this
is wider than ∼1 cm. The system operates correctly for any reason-
able HWP rotation speed. We plan to install it in the forthcoming
SWIPE instrument of LSPE13 and possibly in the MHFT (Medium
High Frequency Telescope) instrument of LiteBIRD.10
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