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Abstract
Superconducting on-chip filter banks provide a scalable, space saving solution to 
create imaging spectrometers at millimetre and submillimetre wavelengths. We pre-
sent an easy to realise, lithographed superconducting filter design with a high toler-
ance to fabrication error. Using a capacitively coupled �∕2 microstrip resonator to 
define a narrow ( �∕Δ� = 300 ) spectral pass band, the filtered output of a given spec-
trometer channel directly connects to a lumped-element kinetic inductance detector. 
We show the tolerance analysis of our design, demonstrating < 11% change in filter 
quality factor to any one realistic fabrication error and a full filter-bank efficiency 
forecast to be 50% after accounting for fabrication errors and dielectric loss tangent.
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1 Introduction

Millimetre wavelength astronomy contains a wealth of largely untapped informa-
tion about the universe, ranging from measurements of the cosmic microwave 
background, to high redshift sources, to the inner workings of the dust-enshrouded 
regions of space. In the millimetre range, current, conventional spectrometer tech-
nology cannot scale up effectively to meet the sensitivity requirements for next-gen-
eration science cases. However, by capitalising on the small energy gap of supercon-
ductors, high sensitivity and ease of microwave circuit integration, superconducting 
filter-bank spectrometers (FBS) will be central in a range of future surveys in the 
millimetre region of the spectrum.
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FBS make use of the low-loss properties of superconductors operating well below 
the superconducting critical temperature ( Tc ), integrated microwave circuitry, and 
the sensitive and multiplexing capabilities of kinetic inductance detectors (KIDs) to 
create an efficient, compact and sensitive spectrometer that does not need large dis-
persive optical components, complex readout systems, or noise limiting amplifiers 
and local oscillators.

This paper presents a novel filter geometry with the application tailored to a 
medium-resolution mm-wave FBS, which to date has been demonstrated in two 
alternative instruments [1, 2]. This FBS is motivated by the SPT-SLIM project 
which is discussed in more detail in [3, 4]. Each filter bank will consist of 200 fil-
ter channels with a spectral resolution of R = 300 covering the 2 mm atmospheric 
transmission window (120–180 GHz).

2  On‑Chip Filter‑Bank Spectrometer Design

Incident light is coupled onto a transmission line via an antenna and guided to the 
filter bank. The filter bank is made up of a series of capacitively coupled half-wave 
( �∕2 ) resonators each with a different resonant frequency, f0 , set by the length, and 
spectral bandwidth, Δf  , set by the coupling to the feedline.

The two key performance metrics of an on-chip spectrometer are the spectral res-
olution and the filter efficiency. The resolution, R, is equivalent to the quality factor, 
Qfilt , of each filter channel’s resonator,

The filter efficiency is defined as the ratio of the total signal output through the chan-
nels to that coupled to the FBS. The maximum power transferred through the filter 
to the detector that can be achieved for a feedline filter T-junction such as this is 50% 
of the incident signal. Note that this is only the limit for a single filter; the overall 
FBS efficiency can exceed this with over-sampled filters [5].

3  Filter Geometry

The device will be built from a silicon on oxide (SOI) substrate (see Fig.  1) due 
to requirements for the architecture of the orthomode transducer (OMT) antennas 
and detectors. For further details, see [4]. Niobium is used for the feedline and filter 
structure since it is nearly lossless for the range of operation, due to its large super-
conducting gap.

A filter channel is created by coupling a �∕2 resonator to the main filter-bank 
feedline. On resonance, the current distribution results in a current node at each 
end of the resonator. This enables two coupling methods: inductively, by exploit-
ing the current maximum in the centre as demonstrated by SuperSpec [1, 6]; or 
capacitively, using the voltage maximum at the ends, as seen in the DESHIMA 

(1)R = Qfilt =
f0

Δf
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[2, 7] device. Both examples tune the coupling quality factors, QC , via the sepa-
ration between feedline and resonator. Due to fabrication tolerances, the tuning 
precision of QC is somewhat limited for such proximity couplings. We present an 
alternative coupling scheme that uses a pseudo-lumped-element capacitor island 
in the ground plane to form parallel plate capacitors, two at either end of the reso-
nator, as shown in Fig. 1. This allows for a highly tuneable capacitive coupling 
using a microstrip architecture to minimise losses due to radiation [8].

The spectral resolution of a single channel can be written as the inverse sum of 
the quality factors due to losses within resonator, Qloss , the coupling to the feed-
line, Qfeed , and detector coupling, Qdet , [1],

Qfeed and Qdet can be controlled by changing the overlapping surface area of the 
parallel plates. For this design, Qfilt is largely controlled by the capacitor widths 
“capIn” and “capOut” [see Fig. and f0 by the resonator length (see Fig. 1)]. Using 
Sonnet EM [9] to simulate the geometry in Fig. 1, for a variety of resonator lengths 
across the band, a simulation sweeping capIn values was carried out with the port 3 
impedance set high enough to resemble an open circuit. Fitting Lorentzian curves, 
the capIn yielding a Qfeed = 600 can be interpolated. This value is then used whilst 
sweeping capOut with a matched load at port 3 to obtain the capOut value giving 
a peak value of 0.5 in the |S31|2 . This should ideally be when QC = 300 , yet this is 
not quite the case since the inability to fully de-embed the port 3 output line limits 
the complete removal of the contribution to QC of capOut when optimising capIn. 
This data was used to build an interpolation table that yields the required geometry 
needed for a filter with any desired f0.

There is a small section of microstrip between the feedline and “capIn”, 
which off-resonance acts as a very short stub, which is well modelled as a para-
sitic capacitance to ground. An effect analogous to the impedance engineering 
in superconducting parametric amplifiers [10] occurs when multiple small mis-
matches are present along the feedline. From our simulations, to prevent the 
resulting stopband entering into the operational frequency band, the electrical 
length between filters must be suitably small ( < 𝜆∕4 ) compared to the smallest 
half wavelength in the band.

(2)
1

R
=

1

Qfilt

=
1

QC

+
1

Qloss

=
1

Qfeed

+
1

Qdet

+
1

Qloss

.

Fig. 1  (Color figure online) (Left) Lumped-element circuit diagram of the filter where the �∕2 resonator 
has been modelled as an LRC circuit with the resistor representing the loss mechanisms. (Centre) Top-
down view of a filter channel microstrip geometry. (Right) Schematic of the SOI wafer structure in the 
region of a filter channel
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4  Loss Tangent Impact

The presence of a dielectric layer introduces a loss mechanism due to parasitic two 
level systems (TLS), which has been extensively studied [11, 12]. The dielectric loss 
tangent, tan� , is a measure of the energy dissipated through this mechanism and hence 
can be expressed as a quality factor and is considered to be the dominant contribution 
to Qloss in Eq. (2) thus, tan� = 1∕Qloss . Whilst there are limited published results for 
the loss tangent of SiN, those that are found in the literature are measured at microwave 
frequencies below 10GHz [13, 14] and require a rough extrapolation of the frequency 
dependence up to the relevant frequencies for mm-wave astronomy. Moreover, the die-
lectric tan� varies considerably depending on the deposition system and process, thus it 
will be crucial to characterise our SiN tan� . For this study, we assume a SiN dielectric 
tan� of 7 × 10−4 [15], since this is similar in process and device architecture.

When optimised, the maximal fraction of power, � that passes through the �∕2 filter 
and terminates at the detector (filter efficiency) depends on the ratio of Qfilt to Qloss as 
[6]

Figure 2 shows the impact on � that the loss tangent has over a range of Qfilt,lossless 
predicted by Eq. (3), as well as a Sonnet simulation corrected for the effective 
dielectric constant, which shows good agreement with a Qfilt,lossless = 337 filter at 
148 GHz. There is also the expected trade-off between R and � for a given dielectric 
tan� , and Fig. 2 clearly shows what stands to be gained from lower loss dielectrics 
such as 1 × 10−4 as is expected from amorphous silicon [2].

(3)�max =
1

2

[
1 −

Qfilt

Qloss

]2
.

Fig. 2  (Color figure online) Trade-off between the filter resolution, R and efficiency, � for a range of ini-
tial lossless filter quality factors, Qfilt,lossless and tan� values. Note, to compare to the simulation, the model 
tan� has been scaled by the effective dielectric constant of the inverted microstrip geometry



1 3

Journal of Low Temperature Physics 

5  Fabrication Error Tolerance

The largest source for disagreement between simulated and fabricated filters is 
generally due to fabrication error, a somewhat unavoidable aspect of micro-fab-
rication. Deviations in the kinetic inductance, Lk , of the superconducting film, 
the dielectric thickness/constant, and over or under etching, have all been shown 
to have a considerable impact on the filter properties, and this is particularly the 
case for etch sensitivity with proximity-coupled filters [16]. Therefore, it is neces-
sary to understand the tolerance of a design to a variety of fabrication errors. Fig-
ure 3 shows the filters’ Qfilt,lossless and f0 sensitivity to variations in key features of 
our architecture using the python model described in Sect. 6, to study the impact 
of typical deposition and lithography error based on unoptimised fabrication runs 
at Cardiff.

These results clearly demonstrate that this design has a high tolerance to fabri-
cation error, particularly given that worst-case errors were used. The resonant fre-
quency is most sensitive to variations in Lk ; however, this is only approximately 
3.5% and suitably constant across the band. Thus, all filters should shift by the 
same amount. Note, changes in Lk due to a variation in niobium thickness were 
not considered as Lk for niobium is expected to vary slowly with thickness for 
≈ 300-nm-thick niobium with a magnetic penetration depth of ≈ 135 nm. Further-
more, we see a promising forecast for the tolerance of the geometry to the vari-
ables that are the main controllers of QC , namely “CapIn”, “CapOut”, and “SiN 
Thickness” since these control the capacitance of the coupling capacitors, each 
resulting in a shift in Q between 2 and 3%. By comparison, proximity-coupled 
filters demonstrate a far higher sensitivity to etch error at the coupling geome-
try where a change in 100 nm can triple the value of QC [16]. This low tolerance 
removes the need to use electron beam lithography, a more precise but time-con-
suming etching method, reducing the cost and speed of device turn around.

Fig. 3  (Color figure online) Simulated single-filter quality factor, Qf ilt , (left) and resonant frequency, f0 , 
(right) tolerance to the worst-case fabrication errors for different variables
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6  Filter‑Bank Performance

Sonnet EM captures electromagnetic behaviour otherwise overlooked by lumped-
element simulation software. This is at the cost of simulation run time and there-
fore unsuitable for simulating the performance of an FBS with more than three 
filters. Furthermore, niche issues start to become a problem such as larger box 
sizes result in dimensions that are a similar size to the signal wavelength creating 
interfering box modes.

We have developed a Python model based on Scikit-rf, an open-source mod-
ule to create a series of cascaded lumped-element networks connected by trans-
mission lines to simulate an N-channel filter bank. Similar methods have already 
been developed to simulate and analyse FBSs [17] but only from the perspective 
of resonator parameters, rather than using physical properties as the simulation 
handles, such as geometry dimensions and dielectric thickness. The model pro-
duces similar microwave responses to Sonnet by extracting the microwave com-
ponent and material properties from small-scale Sonnet simulations to produce 
libraries for use across full, cascaded simulations. For example, the coupling 
capacitors were modelled as a lumped capacitance with parasitic series lumped 
inductances on either side with values calibrated against Sonnet simulations. A 
single filter typically taking ≈ 10 min to simulate in Sonnet can be simulated in < 
5 s. The agreement between Sonnet simulations and the python model is shown 
in Fig. 4. This code enabled the tolerance analysis shown in Sect. 5 and allowed 
us to qualitatively observe the impact the fabrication errors have on the spectral 
response when errors are considered across multiple interacting (over-sampled) 
channels.

An example of the full FBS can be seen in Fig. 5. The impact of these fabrica-
tion errors is minor compared to that of tan� = 7 × 10−4 , which accounts for much 
of the difference between the ideal and realistic FBS, displaying a large change in 
� as expected from the results seen in Sect. 4. Despite this, the FBS should still 
exhibit � ≈ 50%.

Fig. 4  (Color figure online) Comparison of the S-parameters simulated by the Scikit-rf python model to 
that output by Sonnet for a single filter with an intended f0 of 132 GHz (left) and a three filter bank with 
f0 = 134.0, 134.5 and 135.0 (right)
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7  Conclusion

We have presented a new filter design for a superconducting microstrip FBS and pre-
sented the optimisation process and the tolerance analysis of the design for a variety 
of key fabrication errors. The main differences in design compared to other FBSs [1, 
2] include: the use of microstrip transmission line reducing loss by radiation loss, 
and parallel plate capacitor couplers at the end of each resonator rather than proxim-
ity coupling. Whilst also being a simple and easy to realise design, simulations show 
these filters have a high tolerance to fabrication error. The quality factor of each 
filter is most sensitive to variations in microstrip line widths (smallest width: 2 μ m) 
due to over or under etching, resulting in a worst-case shift in Qfilt of ≈ ±10% for a 
pessimistic etch uncertainty of ±0.2 μm . The resonant frequency of each filter is also 
suitably robust, with the largest shift in f0 of ≈ ±3.5% being due to a ±0.02 pH/sq 
deviation in the niobium kinetic inductance.

A python model, calibrated with Sonnet simulations was used to simulate the 
FBS and study the impact of fabrication errors on the spectral response. These simu-
lations imply there will be limited impact on the FBS performance with a smoothly 
varying etch error and dielectric thickness over the wafer. Instead, improving the 
dielectric loss tangent is the aspect of the filter-bank design that will yield the great-
est improvements in optical efficiency. For example, the lossless FBS could achieve 
� = 80% , whereas with the expected SiN tan� , we see this reduce to just under 60% 
in the best case.
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Fig. 5  (Color figure online) Two python model simulations of an SPT-SLIM filter bank between 120–
180 GHz with an oversampling, Σ = 1.6 showing the single and total channel power transmission for an 
ideal and a realistic FBS. The colored profiles are realistic channel responses. The “Realistic” simulation 
includes etch error, tan� = 7 × 10−4 and SiN thickness variation profiles over the length of the FBS based 
on data from unoptimised fabrication runs at Cardiff. Whereas the “Ideal” results do not include fabrica-
tion error nor loss tangent
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