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Abstract Ground-based cosmic microwave background (CMB) experiments are
undergoing a period of exponential growth. Current experiments are observing with
1000–10,000 detectors, and the next-generation experiment (CMB stage 4) is propos-
ing to deploy approximately 500,000 detectors. This order of magnitude increase in
detector count will require a new approach for readout electronics. We have devel-
oped superconducting resonators for next-generation frequency-domain multiplexing
(fMUX) readout architecture. Our goal is to reduce the physical size of resonators,
such that resonators and detectors can eventually be integrated on a single wafer.
To reduce the size of these resonators, we have designed spiral inductors and inter-
digitated capacitors that resonate around 10–100MHz, an order of magnitude higher
frequency compared to current fMUX readout systems. The higher frequency leads to
a wider bandwidth and would enable higher multiplexing factor than the current ∼50
detectors per readout channel. We will report on the simulation, fabrication method,
characterization technique, and measurement of quality factor of these resonators.
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1 Introduction

Measurements of the cosmic microwave background (CMB) have revealed a wealth of
information about the universe we live in. Muchmore information about cosmological
parameters such as the equation of state of dark energy, neutrino parameters, and the
energy scale of inflation is expected to be constrained by upcoming CMB experiments.

Currently, the most popular detector technology in use, in experiments such
as POLARBEAR-2, Simons Array, SPT-3G, SAFARI [1–3], SPIDER, BICEP2,
BICEP3, KeckArray [4], EBEX [5], SPTpol (90GHz) [6], ABS, CLASS [7] andACT-
pol [8], consists of transition-edge sensor (TES) bolometers. Because TES bolometers
are operated in a photon-noise-dominated regime, the way to increase the sensitivity
of an experiment is to increase detector count.

Here, we focus on the readout of TES bolometers, using frequency-domain multi-
plexing (fMUX). As the detector count of experiments scales from the 102–103 regime
into the 105–106 regime, fMUX technologymust improve in order to keep the detector
readout manageable. In this work we will present an effort to increase the available
multiplexing bandwidth by designing LC resonators with higher resonance frequen-
cies, in order to ultimately increase the multiplexing factor. The higher frequency also
reduces the feature size of the multiplexing element (the LC resonators) and allows
possible integration of the detectors with the resonators in future.

Current fMUX systems run with LC resonators with resonance frequencies of
5MHz or lower. In Sect. 2, we describe the design of our superconducting induc-
tors and capacitors with resonance frequencies up to 90 MHz. In Sect. 3, we discuss
the fabrication process used for LC chips. In Sect. 4 we describe our testing methods
of measuring equivalent series resistance of the resonators and will present our results.

2 Design Considerations

The primary goal is to design LC resonators with high resonance frequencies
(∼100MHz) for which f = 1/2π

√
LC . To achieve this, one needs to design induc-

tors and capacitors with smaller values of L and C, respectively. The capacitance of
the interdigitated capacitors (IDC) can be reduced by designing capacitors with fewer
fingers which in turn results in smaller sized capacitors.

One of the obstacles to design LC circuits with higher resonance frequencies is the
parasitic elements in the LC components. For instance, spiral inductors have two main
sources of parasitic capacitance. One is due to capacitive coupling between adjacent
turns of the inductor, and the other is due to capacitive coupling to the Nb ground plane
on the back of the LC chip. These extra capacitances cause the inductor to have a self-
resonance frequency (SRF) of 1/2π

√
LCp, where Cp is the parasitic capacitance. If

this frequency is close to or lower than the resonance frequency of the LC system, then
the resonators would not be able to resonate at desired frequencies. One way to reduce
the capacitive coupling to the ground is to remove the Nb ground plane on the back
of the chip which sits on a printed circuit board. We also lowered the inductance of
the spiral inductors used in previous fMUX systems [9] from 5 to 60µH by reducing
the number of turns of each inductor and consequently reducing its size. However, if
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Fig. 1 Photograph of the lithographed LC resonator. The size of the inductor in this picture is 1mm × 1mm,
and the linewidths are 2µm

we adopt the 5µH inductors we need to change the design of our current bolometers
to reduce the TES resistance accordingly (∼ 10 m�) in order to keep the bandwidth
Δω = R

L fixed for all the LC resonators. Therefore, the requirement for ESR becomes
more stringent.

Smaller LCs fulfill our second objective which is to eventually integrate the fMUX
circuit into the detector wafer on the focal plane. This reduces the complexity of the
large arrays and minimizes parasitic elements. We also fabricated IDCs with trace
width of 2µm to minimize the surface area of the LCs. We managed to reduce the
surface area of individual inductors and capacitors to less than 1mm2.

Another important factor that should be taken into account is the equivalent series
resistance (ESR) of the LC resonators. The LC chips do not behave like an ideal LC
circuit so we expect to see some energy loss that can be modeled as a series resistance
with L and C. One vital requirement for our LC design is for the ESR to be less than
10% of the bolometer resistance (Rbolo) which is about 1� [5]. If this requirement is
not met, then the power dissipated in the bolometers due to the absorption of photons
becomes indistinguishable from power loss in LCs. To minimize this effect, we chose
high-resistivity silicon (∼ 5000�m) as our substrate with low loss tangent [10].

3 Fabrication Process

We use 150mm silicon (Si) wafers, with resistivity of 5000�m to fabricate our chips.
The process involves : (1) sputtering a 300 nm layer of niobium on one side of the
wafer, (2) spin coating the wafer with photoresist (PR), (3) pattering the PR using
one-to-one projection lithography, (4) developing the exposed PR, (5) de-scumming
of wafers with a weak oxygen plasma using a reactive ion etcher (RIE), (6) baking the
remaining PR, (7) etching away the Nb with chlorine gas, and finally (8) removing
the remaining PR using a PR stripper. At the end of the process, we dice the wafer.

We used Nb as our conducting trace because Nb has a high quality factor [11]
and its superconducting transition temperature is 9 K. Niobium’s superconducting
temperature is well above the operating temperature of our detectors, and thus, the
resonators are deep in transition. It is also above the temperature of liquid He which
allows us to use an evaluation setup as described below. High-resistivity silicon has a
relatively low loss tangent which makes it a good candidate as a dielectric.
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Fig. 2 Left is the circuit diagram of the S21 measurement. Right is the printed circuit board used to measure
ESR (Color figure online)

As was mentioned in the previous section, the Nb ground plane was removed to
minimize the parasitic elements. Therefore, only one side of the silicon wafer was
sputtered with Nb. To reduce the size of LCs, the width of the traces was reduced to
2µm compared to previous designs [9], as shown in Fig. 1.

4 Results

Testingwas done by immersing the LC chips into liquidHe-4. The boiling temperature
of 4He is 4 Kwhich is five Kelvin below the superconducting transition temperature of
Nb. The LC chip was mounted and wirebonded to a printed circuit board (PCB) using
aluminum (Al) bond wires. To measure the ESR of LC resonators at frequencies close
to 100 MHz where parasitics are more significant, we need a method that is robust
against those effects. A two-port shunt measurement technique is the RF equivalent
of the four-point measurement, and it is sensitive to very low impedances [12]. If we
calculate the impedance of the LRC circuit in Fig. 2 using the S21 parameter, then the
impedance is related to the S21 by Eq. (1).

ZLRC = 25
S21

1 − S21
Ω (1)

At the resonance frequency, the reactive part of the impedance is zero. Therefore,
ZLRC gives us the ESR of the resonators. It is important to mention that the impedance
calculated with this method is the impedance of LRC and other possible parasitic
elements that are either in series or parallel with the LC chip. Tominimize the parasitic
effects, two bond wires were used to connect port one and port two of the PCB to one
leg of the LC chip and two other bond wires to connect the other leg of the LC chip to
grounds of port one and two. This way the grounds of both ports are connected at the
LC which minimizes the possible parasitic elements in series with the chip. Finally,
both ports of the PCB are connected to a vector network analyzer (VNA) through an
SMA cable.

The left plot of Fig. 3 shows the S21 versus frequency measurement of an LC
resonator with resonance frequency of 42MHz, The measured ESR from this plot is
50 ±10m� . The right plot shows the same measurement for an LC with resonance
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Fig. 3 Left is the S21 measurement of a 42MHz LC resonator. Right is the S21 measurement of a 84MHz
LC resonator. Both of thesemeasurement were done using an input power of−65dBm (Color figure online)

Fig. 4 Left plot of equivalent series resistance versus input power for an LC with resonance frequency of
42MHz. Right same measurement for an LC with resonance frequency of 84MHz (Color figure online)

frequency of 82MHz, and the measured ESR is 90 ±10m�. The inductance of the
tested resonators is 5µH, and both are compact-LC circuits with trace width of 2µm.
The input power of the VNA for these measurements was set to − 65dBm using a
series of −10dB attenuators. The ESR of each resonator was measured with different
input powers, and as we can see in Fig. 4 an excitation-dependent loss is observed in
the resonators. We speculate that this effect could arise due to one of the following
reasons: exceeding the critical current density of Nb films at around −40dBm [13]
or very high magnetic field densities around the sharp corners of the square spiral
inductor [14].

In summary, we designed LC resonators with resonance frequencies up to 84 MHz
by increasing the self-resonance frequency of our planar inductors. The LC resonators
are also small in size and therefore capable of being integrated on the focal plane of the
telescope. Our results show that at power levels used in CMB experiments (∼ − 110
dBm) the ESR of the LC resonators decreases to ∼ 50m�. In order to use the 5µH
inductors we need to further investigate means to reduce the ESR of our resonators
to ∼ 10m�. However, since the ESR is frequency-dependent [10], we can implement
the present design inductors for frequencies up to 20MHz.
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