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Superconducting Notch Filter for RFI Mitigation in
Ground-Based Radio Telescope

Charles J Turner, Thomas Stevenson, Robin Cantor, Lawrence Hilliard, Thomas E Murphy, and Berhanu Bulcha

Abstract—This paper presents a high-rejection, thin-film HTS,
microstrip bandstop filter to prevent a local and high-power RFI
source from interfering with NASA GGAO’s VGOS cryogenic
receiver. This filter has an excellent 2.7%, 50-dB-fractional-
bandwidth and a center stop-band frequency of 9.41 GHz. It does
not contain any narrow or interdigital features as found in some
designs, which reduces the fringing electric fields and improves
its power handling capability. The YBCO films were grown on
435-µm-thick R-plane sapphire substrate and the anisotropic
behavior was modeled and simulated with a high degree of
accuracy. The device was tested while cooled to 77 K and the
measurements agree well with simulation.

Index Terms—high-temperature superconductors, radio as-
tronomy, bandstop filters

I. INTRODUCTION

Radio Frequency Interference (RFI) mitigation can have
a critical impact on the performance of receivers used for
radio astronomy. Cryogenic receivers provide the necessary
sensitivity to detect weak RF signals of galactic origin, but are
especially susceptible to local RFI [1], [2]. Very Long Baseline
Interferometry (VLBI) is a high angular resolution geodetic
technique that uses cosmic radio sources as a reference to ac-
curately measure global reference frames and monitor Earth’s
orientation and variations. VLBI Global Observing System
(VGOS) is the next-generation network of 12 m telescopes
that provide broadband receiver systems with four frequency
bands ranging from 2 to 14 GHz and high data rates to
achieve a measurement accuracy of 1 mm in station position
and 0.1 mm/year in station velocity on global scales [2], [3].
The Goddard Geophysical Astronomical Observatory (GGAO)
is home to one of these VGOS helium-cooled receivers in
Greenbelt, MD. Co-located approximately 110 m from this
receiver, the Satellite Laser Ranging (SLR) system uses a 9.4
GHz radar to detect and prevent accidental illumination of
overhead aircraft [4]. Under certain orientations, the VLBI
receiver will measure one of the radar’s sidelobes. This sce-
nario will saturate the front-end LNA and compromise receiver
sensitivity, as well as potentially damage sensitive electronics.
The presence of this interfering source imposes constraints on
the dish orientation, sky coverage, and schedule; limiting both
the scope and duration of observations.
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Fig. 1. Photo of the 12 m GGAO VGOS antenna (courtesy of NASA SGP)

Fig. 2. Layout of microstrip self-coupled hairpin resonator notch filter design

Fortunately, the RFI falls between the various observation
bands of this radio telescope and a suitable band rejection
filter prior to the low-noise amplifier (LNA) would both
protect sensitive electronics and enable uninterrupted full-
sky observation. In our demonstrated filter, High Temperature
Superconductor (HTS) planar circuits are used to minimize
insertion loss in the pass-band and meet a strict form factor
of 25 mm width, 32 mm length, and 6 mm height to fit in
available space inside the existing receiver dewar. This notch
filter must handle the higher-power radar sidelobe without a
change in performance and requires at least 50 dB of signal
rejection over 250 MHz of bandwidth with the stop-band
centered on 9.4 GHz. To the best knowledge of the authors,
no published HTS planar notch filter design has demonstrated
a 50 dB fractional bandwidth of 2.7% in measurement.

We report here a notch filter realized in thin-film YBCO
microstrip capable of rejecting a high-power local RFI source.
The filter design consists of seven modified hairpin resonators
where the arms are folded to increase parallel coupling. The
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self-coupled hairpin resonator geometry provides the necessary
shunt reactance to achieve higher stop-band rejection, demon-
strates good quality factors to avoid significantly increasing
insertion loss in the observation bands, and avoids the use
of narrow-width microstrip or interdigital features. Current
concentration at the resonator edges are the limiting factor
in power handling capacity of HTS filters [5]. Using small
features as in some other designs [6], [7] increases the amount
of fringing electric fields along the microstrip edges and risks
degrading the filter’s performance while exposed to the local,
high-power RFI source.

HTS filters have been employed in radio astronomy re-
ceivers in the past [8]. However, thin-film HTS notch filter
designs are relatively neglected compared to their band-pass
counterparts. Other resonator geometries have been measured
at high external quality-factors, but impose an increased risk
for this application due to their small features such as interdig-
ital fingers or narrow meander lines [9]–[14]. HTS bulk disk
and patch resonators have demonstrated higher power-handling
capabilities [15]–[17], but in practice these bulkier resonators
would not allow us to simultaneously achieve the quality
factor, 50 dB fractional bandwidth, and volume requirements.
Although not essential for this application, this filter layout is
compatible with and could be modified by other filter design
techniques such as Defected Ground Structure (DGS) [18] and
cul-de-sac coupling configuration [19] to tailor its performance
to other requirements.

II. BANDSTOP FILTER DESIGN

A. Materials

We selected 300 nm thin film YBCO on 435 µm thick R-
plane sapphire substrate. This process achieved good epitaxial
growth of YBCO and results in high-quality films to minimize
surface resistivity. The selected substrate thickness and filter
layout ensures a wide safety margin between the simulated
current density and critical current density of the YBCO, such
that the device could reliantly handle a 1 Watt RFI signal
with 50 Ω microstrip transmission lines when cooled to 20
K. R-plane sapphire provides low-dielectric losses and high
thermal conductivity, but requires accurate electromagnetic
(EM) simulation to address its anisotropic permitivity [20].

εr =

10.0842 −0.7842 0.7038
−0.7842 10.0842 −0.7038
0.7038 −0.7038 9.9316


The 3D EM model incorporates this anisotropic permittivity

matrix and is simulated through Ansys HFSS. In order to
prevent a simulation error caused by the negative values in
this permitivity matrix, it is necessary to insert a thin isotropic
buffer (εr = 10) on the ends of the anisotropic substrate
and de-embed the waveports. The filter layout’s orientation
on the substrate could result in a frequency-shift of the stop-
band and the EM model enabled us to accurately predict
the impact of fabrication tolerances. At an ideal orientation,
the simulation results agreed with an equivalent isotropic
model with no noticeable impact to the field line behavior

Fig. 3. Equivalent lumped circuit model for self-coupled hairpin resonator.
When the sum C1 + C2 is held constant, the slope reactance and external
quality factor will scale proportional to α.

or scattering parameters. However, rotating the filter layout
near its optimal orientation results in approximately a 15 MHz
shift per degree of rotation. Multiple design variations were
produced on the wafer layout where the outer arm of the
resonator was adjusted by increments of 25 µm to ensure a
usable filter for the receiver in the first fabrication run.

B. Circuit

Fig. 2 illustrates the design layout and defines its physical
dimensions. This filter design requires a 50-dB fractional
bandwidth greater than 2.7%, and a 3-dB fractional bandwidth
less than 5.3% to maximize stop-band RFI signal rejection
and minimize pass-band insertion loss. Chebyshev values for
a seven-element notch filter circuit set each element’s required
reactance slope values and external Q-factor (Qe) values as
large as 845 Ω and 35, respectively [21]. These relatively
large values can be difficult to physically realize with planar
microstrip. A typical planar microstrip notch filter design
consists of a series of coupled half-wavelength resonators,
each positioned a quarter-wavelength apart (with respect to the
filter’s center frequency ω0) along the direction of propagation
[21]. However, these designs limit coupling between the length
(l) of the resonator and transmission line, making it difficult to
achieve a larger coupling capacitance. Decreasing the gap (S1)
between the resonator and the transmission line will increase
this capacitance, but only at the expense of decreasing (Qe).
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Fig. 4. Current density for various microstrip resonator geometries

Where:

α = (1− C2

C
)−2, β =

√
1− C2

C
(6)

The lumped element circuit in Fig. 3 approximates the
response of the edge-coupled (transmission line to resonator),
self-coupled (between resonator arms), hairpin resonator close
to its resonant frequency. Folding the microstrip resonator
introduces a parallel capacitance between its arms. The effect
is equivalent to introducing a capacitance C2 in parallel to
the shunt inductance L in a lumped RLC circuit. If R, L
and C = C1 + C2 are held constant, the resonant frequency
ω0 holds as C2 increases and C1 decreases. It also increases
the reactance slope, insertion loss near the resonant frequency,
and external quality factor as described by Eq.1 through 6.
Eq. 1 equivalently describes both the resonant frequency for a
common shunt RLC circuit and the depicted circuit with the
given circuit parameter definitions. Eq. 2 and Eq. 3 define the
circuit reactance and reactance slope respectively. Finally, Eq.
4 and Eq. 5 account for the insertion loss (or signal rejection)
at frequencies near the resonant frequency and the external
quality factor of the resonator.

Fig. 3 also illustrates the change in α and β as C2/C is
increased. The reactance slope and quality factor are propor-
tional to α and increasing the reactance slope will increase the
signal rejection at frequencies close to ω0. An additional ad-
vantage to this shunt circuit element is that as C2/C increases,
β decreases and reduces the effect a change in coupling
capacitance to the resonator (∆C1) would have on a change in
the resonator’s center frequency (∆ω0). This artifact reduced
the number of EM simulation model parameters and simplified
the optimization process for the final filter design. Using this
shunt circuit element enables us to choose inductance and
capacitance values which meet the necessary reactance slopes
of the Chebyshev filter model and can be realized with 50 Ω
microstrip resonators.

C. Layout and EM Simulation

Fig. 4 shows the current density maps for a selection of
various resonator geometries which were investigated for an

Fig. 5. ADS microstrip circuit model simulations of external quality factor
(Qe) and shift in resonant frequency (∆ω0) for various resonators geometries

applied 1 Watt of power at 9.4 GHz. The smaller feature sizes
of the interdigital or meander-line resonators result in more
fringing electric fields and increased current density, increasing
the current density beyond the targeted safety margin from
the estimated critical current density. The L-shape and split-
ring resonator examples had a lower Qe (set to an equivalent
coupling gap) and realized with 50 Ω transmission line. The
split-ring resonator Qe can be increased, but at the expense
of expanding its width perpendicular to the transmission line.
We chose the self-coupled hairpin resonator and set the gap at
127 µm as a trade-off between higher Qe and lower current
density.

Fig. 5 shows the ADS simulation results for a microstrip
circuit model of the self-coupled hairpin resonator at different
gaps between arms and compares it with microstrip circuit
models of the L-shape and split-ring resonators. Observing the
Qe plot, S2 is chosen for the range of achievable Qe values
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Fig. 6. Packaged notch filter with lid removed

while considering the current density from EM simulation. To
physically realize the filter circuit, the appropriate values of
S1 are chosen from this plot. The ∆ω0 plot highlights the
additional advantage of decreasing the coupling gap between
resonator arms. When S2 is decreased, the change in resonant
frequency also decreases with changing S1. This resulted
in a closer agreement between circuit and EM simulation
and reduced the simulation time and number of physical
parameters that needed to be optimized.

Ansys HFSS provided 3D EM modeling and simulation of
this filter design to account for the anisotropic substrate and
minor parasitic impedances not captured in the simplified ADS
circuit model. Optimizing the 3D EM model resulted in the
following values as identified in Fig. 2: w1 = 381 µm, w2 =
356 µm, l = 2.2 mm, S1,1 = 76 µm, S1,2 = 38 µm, S1,3 =
S1,4 = 25 µm, and S2 = 127 µm.

III. FABRICATION AND MEASUREMENTS

STAR Cryoelectronics performed the fabrication of the
filter chips on a 435 µm thick R-plane sapphire wafer. The
filter dimensions were patterned on thin-film YBCO with
photo-lithography and the microstrip maintained a minimum
356 x 0.3 µm cross-section. The selected R-plane crystal
orientation allowed good quality epitaxial growth of YBCO
films and the substrate thickness was important for achieving
50 Ω transmission lines with physically realizable feature
dimensions. For this application, the cryogenic receiver is
cooled by compressed helium to 20 K and the Tc of YBCO is
approximately 93 K, providing a buffer region of around 73
K. The film quality, cross-section, wafer thickness, operating
temperature, and resonator geometry enhances its capability in
rejecting higher-power RFI at 9.4 GHz without a degradation
in performance while measuring the desired radio astronomy
signals.

The final EM model incorporated multiple fabrication uncer-
tainties which could impact filter performance. This included
factors such as the circuit layout’s orientation and position
on the wafer. The sum effect of these various factors could
shift the stop-band by an amount slightly less than half of
the 50 dB fractional bandwidth. In order to ensure successful
fabrication of an implementable filter in the first fabrication
run, we created multiple design variations where the outer
arm of each resonator was lengthened or shortened by 25
µm. Small changes in temperature should not impact the

Fig. 7. Comparison of simulated and measured insertion loss and return loss
for packaged filter cooled to 77K

TABLE I
COMPARISON WITH COMPARABLE BANDSTOP FILTERS

Ref fc(GHz) ∆f20dB(%) ∆f50dB(%)

[22] 1.8 0.9 –
[19] 2.0 1.9 –
[23] 14.8 2.9 –
[8] 1.6 7.9 –

[24] 1.4 0.7 0.5
[11] 2.3 1.3 0.8
[10] 2.2 1.8 1.1
[13] 2.0 4.2 1.5
[12] 0.9 7.8 1.5

This Work 9.4 4.3 2.7

filter’s performance. The kinetic inductance in the YBCO film
was approximated as less than 0.22 pH/square if operating at
or below 20 K. This is a negligible contribution compared
to an estimated 180 pH/square for the geometric inductance
of the microstrip. As a result, initial testing of the filter
was performed with liquid nitrogen (77 K) in a laboratory
environment.

After dicing the wafer into chips, the nominal design was se-
lected and epoxied into aluminum housing with a silver epoxy
(EPO-TEK EJ2189-LV) suitable for cryogenic temperatures.
SMA connectors were mounted to each side and the pins were
similarly epoxied to 2 µm thick Au bond pads located on
each end of the microstrip. Fig. 5 shows a picture of the final
device without its lid. We used a Keysight VNA to measure
the filter’s insertion loss after reaching thermal equilibrium
while submerged in liquid nitrogen. The VNA was calibrated
for cable loss and stainless steel SMA cables were used to
minimize thermal contraction in the cable length.

Fig. 6 provides a plot of the ADS simulation results and
measurement. The measured filter achieved the target frac-
tional bandwidth and is compared in Table 1 to other published
notch filter designs. Another noteworthy achievement is that
this filter design achieved a higher 50 dB fractional bandwidth,
but in some cases a more narrow 20 dB fractional bandwidth
than previously reported measurements. This is favorable for
our application where we need strong stop-band rejection but
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do not want a deliberately wideband design that overlaps
with the observation bands of the radio telescope. The device
was tested at approximately 57 K warmer than its intended
operating temperature. Modeling the expected insertion loss
based on use of the Mattis-Bardeen equation to estimate the
quasi-particle dissipation at the actual operating temperature
results in an approximate 2 dB insertion loss in the upper
pass-band [25]. The maximum insertion loss in the lower
and upper pass-bands are 0.614 dB and 2 dB, respectively.
This loss is attributed to the test environment and impedance
mismatch in the connector-to-chip interface as is apparent in
the measured return loss as higher frequencies. We anticipate
the insertion loss will be reduced in future testing at lower
temperatures and in a revised packaging design. The measure-
ment agrees well with simulation and confirms our estimation
of kinetic inductance and insertion losses as a function of
ambient temperature. In a future effort, we will assemble the
filter chips in a new housing design and test these devices
under the correct temperature of 20 K. The SMA connectors
will also be replaced with 2.92 mm Ka-band connectors to
provide improved higher-frequency performance and resilience
to thermal cycling.

IV. CONCLUSION

Our team has successfully demonstrated a HTS microstrip
notch filter with a significant 50-dB-fractional-bandwidth
notch and low insertion loss in a wide pass-band to meet
the described application’s strict requirements. The selection
of YBCO films, substrate parameters, and resonator geometry
were tailored for a consistent filter response while exposed to
a local and high-power RFI source. The self-coupled hairpin
resonator design enabled us to physically realize the desired
filter circuit model using planar microstrip and maintain a
compact footprint. We anticipate improvements to the housing
design will reduce losses at higher frequencies, making this
device an immediately feasible solution for GGAO’s VGOS
RFI mitigation needs.
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