
Directional Filter Design and Simulation for

Superconducting On-chip Filter-banks

Louis H. Marting1,2*, Kenichi Karatsu2, Akira Endo1,
Jochem J. A. Baselmans1,2, Alejandro Pascual Laguna1,2,3

1*Faculty of Electrical Engineering, Mathematics and Computer Science,
Delft University of Technology, Mekelweg 4, Delft, 2628 CD,

Zuid-Holland, The Netherlands.
2SRON–Netherlands Institute for Space Research, Niels Bohrweg 4,

Leiden, 2333 CA, Zuid-Holland, The Netherlands.
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Abstract

Many superconducting on-chip filter-banks suffer from poor coupling to the detec-
tors behind each filter. This is a problem intrinsic to the commonly used half
wavelength filter, which has a maximum theoretical coupling of 50%. In this
paper we introduce a phase coherent filter, called a directional filter, which has
a theoretical coupling of 100%.
In order to to study and compare different types of filter-banks, we first ana-
lyze the measured filter frequency scatter, losses, and spectral resolution of a
DESHIMA 2.0 filter-bank chip. Based on measured fabrication tolerances and
losses, we adapt the input parameters for our circuit simulations, quantitatively
reproducing the measurements. We find that the frequency scatter is caused by
nanometer-scale line-width variations and that variances in the spectral resolution
is caused by losses in the dielectric only.
Finally, we include these realistic parameters in a full filter-bank model and sim-
ulate a wide range of spectral resolutions and oversampling values. For all cases
the directional filter-bank has significantly higher coupling to the detectors than
the half-wave resonator filter-bank. The directional filter eliminates the need to
use oversampling as a method to improve the total efficiency, instead capturing
nearly all the power remaining after dielectric losses.
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1 Introduction

On-chip superconducting filter-bank spectrometers are a promising technology for
wideband spectroscopic observations in the (sub-)millimeter wavelength range [1–3].
However, the efficiency of current on-chip filter-banks is poor. Partly this is due to
dielectric loss in the filters, but more fundamentally the current designs based on
shunted half-wave resonator filters have a maximum theoretical coupling to the detec-
tor behind each filter of 50% [4–6]. Here, we introduce a phase-coherent filter, called a
directional filter, as an alternative filter design that ideally has an efficiency of 100%.

We model the performance of a directional filter numerically and compare it to
the standard shunted half-wave resonator. This is done for an individual filter and
for a full filter-bank. Additionally, we study the effects of fabrication tolerances and
dielectric losses for a filter-bank with a spectral resolution of R = f0/∆f0 = 500 in a
frequency band of 220GHz to 440GHz, which is the target design for the DESHIMA
2.0 instrument [7], soon to be fielded to the ASTE telescope in Chile. In our model
we use the measured losses as well as the measured variations in losses and resonance
frequency of the DESHIMA 2.0 filter-bank as input. Finally, a comparison is made
between filter-banks using either directional filters or half-wave resonator filters for a
variety of spectral resolutions and oversampling values.

In Section 2 we introduce the directional filter and show its performance. In
Section 3 we show the results of simulations of a filter-bank model with ideal compo-
nents. In Section 4 we introduce fabrication tolerances and dielectric loss. In Section 5
we study these tolerances and losses in realistic filter-banks across a range of spectral
resolutions and oversampling values with full filter-bank simulations.

2 Directional Filter

A directional filter [8–12] is a symmetric four-port device that acts as a channel sep-
arating filter. Directional filters are characterized by four basic properties [8]: 1) they
have four ports, one of which is always isolated from the input port; 2) the input power
is filtered to one port with a band-pass response, while the remaining power emerges
from another port with a complementary band-stop response; 3) the input port is
non-reflecting when the other ports are impedance-matched; 4) these properties apply
no matter which of the four ports is used.

A schematic of a directional filter, which consists of two half-wave resonators capac-
itively coupled to transmission lines at the top and bottom, is shown in the left panel
of Figure 1. The half-wave resonators are separated by a quarter wavelength at the
top and by three-quarter wavelengths at the bottom. By making port 1 be the input:
port 2 gives a band-stop response; port 3 has a band-pass response; and port 4 is iso-
lated. In this configuration, the top transmission line, which we call the signal line,
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carries the wideband input signal captured by a broadband antenna. This configura-
tion is as easily fabricated as two half-wave resonators next to each other. The only
additional requirements are that there is enough room for each coupler and that the
bottom transmission line has a meander to create the additional half-wavelength. Both
conditions are easily satisfied.

The bottom transmission line is part of the microwave kinetic inductance detector
(MKID), where the sub-millimeter radiation is absorbed and detected. The quarter
wavelength and three-quarter wavelength sections could be swapped without changing
the function of the directional filter due to the symmetry of the structure. This configu-
ration is chosen to reduce the signal line length, and thus its loss. Daisy-chaining ports
1 and 2 of separately tuned filters creates a filter-bank, as we shall do in Section 3.
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Fig. 1: A lossless directional filter with resonance frequency f0 at 330GHz. The circuit
schematic is shown on the left. The bottom transmission line is part of the MKID
detector, for details we refer to the text. On the right, the filter S-parameters around
the resonance frequency are shown. The numerical response is calculated by building
a circuit model similar to Pascual Laguna et al. [4].

The right panel of Figure 1 shows the numeric response of the directional filter
around its resonance, for comparison the |S31|2 for a half-wave resonator filter is also
given. Shunted half-wave resonator filters cause an impedance mismatch on-resonance,
which results in a theoretical transmission limit of 50% to the detector behind each
filter. The directional filter overcomes this limit by matching the incoming and outgo-
ing signal using a phase-coherent structure. The maximum on-resonance transmission
of an ideal directional filter is instead 100%.

To absorb the power in the aluminium (Al) section of a λ/4 niobium titanium
nitride (NbTiN)/Al hybrid MKID [13], we integrate the hybrid section of the MKID
with the bottom of the coherent filter circuit by coupling co-planar waveguide (CPW)
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lines with an Al central line to ports 3 and 4. These must have sufficient length
to absorb all power in the Al central line. In this case both ports 3 and 4 see the
characteristic impedance of the line, allowing to match both ports. This satisfies the
third basic property of a directional filter. The hybrid CPW line to be connected to
port 4 is in series with a wide NbTiN CPW section which is parallel-coupled to the
microwave readout line. The equally long hybrid CPW MKID section to be connected
to port 3 is short-circuited to ground to set the other boundary condition establishing
the λ/4 microwave resonance of the MKID.

3 Filter-bank model

We will now discuss the performance of a filter-bank consisting of directional filters
using a numerical model based on the model developed by Pascual Laguna et al. [4].
For the filter-bank model we use ideal components and a filter overlap at 50% of the
peak response. The target design is a spectral resolution of R = f0/∆f0 = 500 in a
220GHz to 440GHz band, which is the target design for the DESHIMA 2.0 instrument
[7]. This configuration is a choice and other configurations are also possible [14], but
we present our results in the most general way possible.

Figure 2 shows the spectral response of a lossless filter-bank consisting of directional
filters. Across the filter-bank operating band, the total aggregate power captured by
all channels varies from 85% to 100%, being maximum at the resonance frequency of
each individual filter. The average peak response of individual filters is around 70%.
Comparatively, the peak response of half-wave resonator filters is only 40%. Hence,
the directional filter is almost twice as efficient in a filter-bank configuration compared
to a half-wave resonator filter under ideal conditions (lossless and nominal design
parameters) and no oversampling. Oversampling is defined as the ratio of the full-
width half-maximum channel width over the channel resonance frequency separation,
∆fi/(fi − fi−1).
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Fig. 2: Response of a lossless filter-bank with directional filters (solid lines) and half-
wave resonator filters (dashed lines). Color lines indicate the response of each channel.
The thin black line indicates the total power absorbed by the directional filter-bank.
The thick black line highlights an individual filter.

The highest frequency filter, which is first in the signal line from the antenna,
shows the 100% efficiency that we expect from the single filter model. The other
filters settle at an efficiency of 70%. This is a direct result of the 50% overlap design
choice (oversampling = 1), where the tails of neighboring filters absorb the remaining
30%. This is further evidenced by the asymmetry of the filter shape in the zoom-
in in Figure 2 and by the 100% of the total power being absorbed (

∑
i |Si1|2, i ∈

[3, . . . , Nfilt. + 2]) at each filter’s resonance frequency. It shows that power at those
frequencies is neither reflected at the filter-bank input port nor dissipated at the load
terminating the signal line. Even at the intersection between adjacent filters the total
power coupled is 85%, significantly more than the value of 60% reported for the
half-wave resonator filter (see Pascual Laguna [15], Fig. 3.7).

4 Tolerance analysis

Using data from a half-wave resonator filter-bank for DESHIMA 2.0, we can include
representative fabrication tolerances and dielectric losses in the filter-bank model. The
blue data in Figure 3 shows these variances measured in the resonance frequency f0
and loaded quality factor Ql for the DESHIMA 2.0 chip. The loaded quality factor Ql

is equal to the spectral resolution R = f0/∆f0, i.e. an oversampling value of 1. The
normalized f0 scatter is defined as: ∂fmeas.

0 = (fmeas.
0 − f0)/∆f0. The normalized Ql

scatter is defined as: ∂Qmeas.
l = (Qmeas.

l )/Ql. The first step in our analysis is to find
which parameters in our model are responsible for the observed scatter in f0 and Ql.

Each resonator in the directional filter model in Figure 1 has five input parameters,
namely lres, εeff , C, Z0 and Qi. Two parameters vary for each resonator in our filter-
bank design: lres is the resonator length; and C is the coupling capacitance. They
are used to set the resonance frequency f0 and coupling quality factor Qc. The other
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Fig. 3: Normalized scatter of ∂Qmeas.
l and ∂fmeas.

0 for a DESHIMA 2.0 chip with
design values Ql = 500 and f0 = 220GHz to 440GHz. ∆f0 = f0/Ql. The blue points
indicate the measured data, the orange points indicate our model results, we refer to
the text for details. The offsets in the measurements have been normalized to only
show scatter.

parameters, εeff , Z0 and Qi, define the resonator transmission line and are given by
its cross-sectional dimensions and the material properties. They ideally stay constant
across the filter-bank.

By taking a single resonator and varying each of these parameters slightly we
can find how strongly each of them affects f0 and Ql. In turn, we can model with
SONNET how strongly each of these parameters is affected by realistic fabrication
tolerances. The result, reported in Table 1, is a set of model input parameters with
their sensitivities mapped and linked to various underlying fabrication errors. The
table gives the deviation for each parameter required to create a change in Ql or f0
of 12% for a single resonator, which is the measured variance in DESHIMA 2.0 (see
Figure 3).

It should be noted that the parameters are affected by multiple causes (e.g. varia-
tions in gap width of the couplers, line width, thickness of the materials, etc.), which
were all investigated. However, only the most sensitive cause affecting the parameters
is reported.

From Table 1 we can conclude that the scatter in Ql can only be explained by
Qi scatter as any other parameter causes a scatter in f0 well exceeding the measured
value in DESHIMA 2.0. To understand why Qi scatter affects Ql so much, consider
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Table 1: Mapping of our model parameters to fabrication errors. The last two columns
give the error needed to achieve the offset in the column heading. The offset corre-
sponds to the normalized variance of the measured DESHIMA 2.0 data in Figure 3.
The bold parameters are used to add variances to the model. An empty value means
that the parameter has no influence on that variance.

Parameter Cause ∂fmeas.
0 = 12% ∂Qmeas.

l = 12%

lres length 42 nm 17.7 µm
εeff Rs → Lk 0.2 pΩ/□ 113 pΩ/□
C gap width 5.5 nm 20 nm to 60 nm
Z0 line width 1nm1

Qi dielectric loss 23.4%
1 1 nm corresponds to a variance of ∂Z0/Z0 = 1.2% in our model

the following equation:
1

Ql
=

2

Qc
+

1

Qi
. (1)

This equation gives Ql in terms of Qc and Qi, assuming two equal couplers on each
end of the resonator (hence the factor 2). From 1 it is clear that the sensitivity of Ql to
Qi largely depends on the ratio between Qc and Qi. If Qi is relatively small compared
to Qc, any variance on it will have a large impact on Ql. The average measured Qi of
this chip is approximately 1200, which is close to the Qc values of the measured chip.

The frequency scatter is most likely caused by a variance in Z0, caused by nanome-
ter scale line width variations from filter to filter. This corresponds to the beam step
size used for our electron-beam lithography step that defines these features.

Applying a variance to our model using only the bold parameters in Table 1 results
in an f0 and Ql scatter given by the orange data of Figure 3. The model and mea-
surement distributions are in excellent agreement, showing we can accurately model
the fabrication errors.

5 Full filter-bank simulations

We now simulate realistic filter-banks across a range of spectral resolutions and over-
sampling values and we compare the directional filter against the half-wave resonator
filter. The realistic losses (Qi = 1200) and fabrication errors (bold parameters in
Table 1) are incorporated in this simulation. We note that in case of the directional fil-
ter the Qi and the Z0 variance are applied independently to both resonators. Figure 4
shows the results. The left-most column in each figure shows the near-isolated perfor-
mance of both filter types for a range of spectral resolutions, since the undersampled
filter-bank spaces the filters far apart in the spectrum. The bottom row is the case
where fabrication tolerances and losses hardly matter due to the low spectral resolu-
tion, hence these can be seen as an ideal case with no scatter and no losses in the
materials.

Figure 4 shows that the directional filter outperforms the half-wave resonator fil-
ter, even with realistic losses and fabrication errors. From the rightmost panels in
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Fig. 4: Simulations of realistic filter-banks (using the variations of the bold parameters
in Table 1) across a range of spectral resolutions and oversampling values, using Qi =
1200. The median values of both the on-resonance filter efficiency and the total power
absorbed (also on-resonance) for each filter configuration are shown in the graph. The
relative advantage of the directional filter is shown on the right.

Figure 4 it is clear that, for a given oversampling value, the performance ratio remains
similar between the directional filter and the half-wave resonator filter going from a
spectral resolution of 25, representing an ideal filter-bank without fabrication defects,
to higher spectral resolutions, representing a realistic case. In terms of on-resonance
filter efficiency, the directional filter is close to being twice as efficient as the half-wave
resonator filter for all spectral resolutions, showing that dielectric losses affect both
filter types equally. Additionally we can see the effect of the limited Qi deteriorating
the filter-bank performances in all cases for spectral resolutions above 100.

Only at high oversampling values does the median on-resonance filter efficiency
of the directional filter converge to the efficiency of the half-wave resonator filter.
At this point the filters are spectrally spaced so closely that the tails of neighboring
filters are absorbing a significant amount of the power on-resonance. However, even
at the highest oversampling presented, the total power absorbed by the directional
filter is still greater than that of the half-wave resonator filter. This means that even
if one wants to sum the outputs of multiple filters to improve the total absorption, the
directional filter configuration still remains the best choice.

Furthermore, the total power absorbed is near independent of oversampling for
the directional filter. This means that the directional filter eliminates the need to
oversample and sum outputs altogether [14]. The directional filter captures nearly all
the power available after dielectric losses are accounted for, and it is the most efficient
that any transmission line resonator filter can be.
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6 Conclusion

We have introduced a phase-coherent filter, called a directional filter, as an alterna-
tive to the widely used shunted half-wave resonator filter for superconducting on-chip
filter-banks. The directional filter overcomes the maximum pass-band response limit of
50% for a half-wave resonator filter, with an efficiency of 100% in a lossless scenario.
This is achieved by matching the incoming and outgoing signals using a phase-coherent
structure comprising two half-wave resonators. In a filter-bank configuration the direc-
tional filter retains its advantage and has a nearly two times better efficiency compared
to the half-wave resonator filter-bank.

Fabrication errors and dielectric losses are added to our model based on measure-
ments from DESHIMA 2.0. We found that the frequency scatter is mainly caused by
variations in the resonator characteristic impedance Z0 due to nanometer scale line
width variations. We also found that the loaded quality factor Ql scatter can only be
caused by internal quality factor Qi (dielectric loss) variations.

We can accurately represent a realistically fabricated filter-bank by incorporating
these fabrication errors and dielectric losses for both filter types. Comparing these
realistic filter-banks across a range of oversampling values and spectral resolutions
shows that the directional filter performs better in all cases.
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