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The authors designed, implemented, and tested cryogenic rf filters with zero dc resistance, based on
wires with a superconducting core inside a resistive sheath. The superconducting core allows low
frequency currents to pass with negligible dissipation. Signals above the cutoff frequency are
dissipated in the resistive part due to their small skin depth. The filters consist of twisted wire pairs
shielded with copper tape. Above approximately 1 GHz, the attenuation is exponential in ��, as
typical for skin depth based rf filters. By using additional capacitors of 10 nF per line, an attenuation
of at least 45 dB above 10 MHz can be obtained. Thus, one single filter stage kept at mixing
chamber temperature in a dilution refrigerator is sufficient to attenuate room temperature black body
radiation to levels corresponding to 10 mK above about 10 MHz. © 2008 American Institute of
Physics. �DOI: 10.1063/1.2835716�

I. INTRODUCTION

Many cryogenic experiments involve electronic trans-
port measurements, which typically require leads connecting
the sample to room temperature instrumentation. Without ap-
propriate filtering, those electrical connections will also
transmit parasitic signals to the sample. Many samples are
very sensitive to such disturbances, especially when the rel-
evant energy scales are in the millikelvin region and the de-
vices are small. The effect of extrinsic noise, which can be
either anthropogenic or thermal from higher temperature
sources, can simply be to heat the electrons in the sample
above the lattice temperature. Because of their small volume,
mesoscopic devices are particularly sensitive to even very
small amounts of power.1 In some experiments, such as
single electron transistor-based devices or solid state qubits,
microwave radiation may directly affect the quantum dynam-
ics under study through effects such as photon assisted
tunneling2 or excess dephasing.3

To mitigate these undesirable effects, it is crucial that
electrical connections to the sample are filtered sufficiently.4

With an increasing number of experimentalists exploring
quantum physics at the nanoscale, there is a growing need
for simple filtering solutions. We present here a filter design
similar to the one in Ref. 5, but with a dc resistance limited
only by contact resistances. It allows us to supply currents on
the order of 50 mA to the mixing chamber of a dilution
refrigerator while maintaining a respectable base tempera-
ture. In our case, such large currents are required in order to
locally apply a magnetic field using a micron scale field coil
integrated in a scanning superconducting quantum interfer-
ence device �SQUID� susceptometer,6 intended primarily for
magnetic response measurements on mesoscopic samples.7,8

Similar requirements also occur for flux bias lines of super-
conducting qubits. Most flux biased qubit experiments cur-
rently employ a conventional superconducting magnet, but

the individual tuning of several qubits in a well shielded
environment9 is only achievable with locally generated
fields.

The vanishing dc resistance of our filters is achieved by
using composite wires with a superconducting core sur-
rounded by resistive material, which are wrapped in copper
tape to form a lossy transmission line. At dc, all the current is
flowing in the superconducting core, so that there is no dis-
sipation. At higher frequencies, the skin effect restricts the
current flow to the resistive part, so that once the skin depth
� is smaller than the thickness of the resistive sheath, the
dissipation quickly approaches that of a purely resistive con-
ductor. The low frequency attenuation is increased by adding
two discrete capacitors to ground along each line. At fre-
quencies below the intrinsic inverse RC time of the transmis-
sion line, those capacitors together with the frequency depen-
dent resistance of the transmission line act as a two-pole RC
filter. When they become ineffective above their self-
resonance, the attenuation is entirely due to the transmission
line. Since some of our wires can tolerate a larger resistance,
we have also implemented filters with purely resistive wires,
which allowed us to reduce their length.

Our filters provide an attenuation of at least 45 dB above
10 MHz and reach 120 dB at 500 MHz, with a strong ex-
trapolated increase at higher frequencies. This attenuation
exceeds the ratio of the photonic power spectral density
S�� ,T�=�� / �exp��� /kBT�−1� at room temperature to that
at 10 mK above f =� /2�=10 MHz �See Fig. 4�. Thus, it is
sufficient to use a single filter stage. Since dissipative circuit
elements, including filters, emit thermal radiation, they have
to be kept at the base temperature of the cryostat. Filters for
nine resistive and six superconducting twisted wire pairs in-
side the copper tape shield fit into a cylindrical space with a
diameter of 80 mm and a height of 120 mm. If required,
additional filtering to eliminate extrinsic radiation can be
added at room temperature, for example, at a shielded room
feedthrough or cryostat breakout box.

The remainder of this paper is organized as follows: Af-a�Electronic mail: tohbluhm@fas.harvard.edu.
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ter briefly describing filtering concepts that have appeared in
the literature so far in Sec. II, we discuss the physical imple-
mentation of our design in Sec. III. A model for the filter is
developed in Sec. IV, followed by test result in Sec. V.

II. CONVENTIONAL FILTERING STRATEGIES

This section will give a brief overview of different fil-
tering strategies suitable for cryogenic applications. A more
detailed review can be found in Ref. 4. Commercially avail-
able reflective filters such as pi-filters are a convenient
choice for filtering technical noise at room temperature.
However, impedance mismatches in the connected lines may
cause resonances which severely compromise their perfor-
mance, and combining several stages to achieve a high at-
tenuation may not have the desired result. If they are to be
used at cryogenic temperatures, one should keep in mind that
the properties of some models may change dramatically at
low T.

Simple RC filters may be quite useful for low to inter-
mediate frequencies if a large resistance �and/or capacitance�
can be tolerated. At microwave frequencies, parasitic induc-
tances and capacitances of the lumped elements tend to limit
their performance, in contrast to copper powder or transmis-
sion line filters which typically feature a very strong atten-
tions above about 1 GHz. Copper powder filters are the clas-
sic design for low temperature applications, first reported in
Ref. 10 and further optimized in Ref. 11. They are based on
the dissipation of energy by high frequency stray fields
through eddy currents. Since copper powder filters are usu-
ally made with a single wire, they are more convenient for
coaxial cables than for twisted pairs. Due to the high cutoff
frequency �e.g., 15 dB at 100 MHz�,4 a combination with an
RC or LC stage is often necessary. Reference 12 reports a
variant with superconducting wire, which shows a similar
attenuation as our filters if configured as pi-filters.

Over the last decade, various versions of dissipative
transmission lines have been used as filters. Some of them
are essentially resistive coaxial cables.13 Vion et al.14 have
developed a relatively compact lithographic implementation.
More recently, Spietz et al. reported a very flexible and low
cost version based on resistive wire wrapped in copper tape,5

which underlies the approach described here. Our modifica-
tions of this design are primarily the use of wire with a
superconducting core, which eliminates the undesired dc re-
sistance, and the addition of discrete capacitors for increased
attenuation at intermediate frequencies. With the exception
of Vion et al.’s compact filters, the above transmission line
filters rely on the skin effect, which confines ac magnetic
fields and therefore currents in a conductor with resistivity �
to one skin depths �=�2� /�0� below the surface. Due to
this constriction of the current flow, the resistance increases
as ��, leading to an attenuation of the form exp�−�� /�0�.

III. PHYSICAL IMPLEMENTATION

The transmission line part of our filters consists of “cop-
per tape worms,” as described in Ref. 5. Three twisted pairs
are arranged in parallel and wrapped in copper tape, which
forms the outer conductor of the transmission line and

shields the signal-carrying wires. Our first tape worm gen-
eration was sealed by soldering along the seams as indicated
in Fig. 1 in order to achieve optimal rf tightness. However,
the soldering process appeared to degrade the wire insula-
tion, which caused frequent shorts to the copper tape or be-
tween the wires. Furthermore, unavoidable thickness varia-
tions of the solder seam lead to sharp kinks at the thinnest
spots which sometimes caused the copper tape to break. To
avoid these problems, we eliminated the soldering step in a
second generation. To maintain an acceptable rf tightness
without soldering, it is crucial to have a large overlap along
the seams. The width of the unsoldered filter ribbon
��8 mm� was about one third of that of the tape used, so that
the overlap extended over the full ribbon width. The test
results reported in Sec. V are from a prototype filter of the
first generation.

We used 3M copper tape with nonconductive adhesive
�type 1194�. The conductive-adhesive variety �1181� is un-
suitable because its adhesive contains small metal spikes that
can penetrate the wire insulation. Since even some tape rolls
with nominally nonconductive adhesive tend to be contami-
nated with such spikes, the tape should be checked carefully
under a microscope and discarded if any spikes appear.

The wire used for the superconducting filters is a cus-
tomized version of persistent current switch wire purchased
from Supercon Inc. The 0.05 mm diameter superconducting
core is made of NbTi and the resistive outer part of Cu70Ni30,
with a resistivity of 38.5 �� cm. To obtain a sufficient resis-
tance at 10 MHz, we chose a total outer wire diameter of
0.2 mm. The wire insulation is 15 �m thick Formvar. The
nonsuperconducting filters were made of 37 AWG Stablohm
800 wire, which has a resistivity of 132 �� cm. Their insu-
lation has thicknesses of 6 and 16 �m for the first and sec-
ond generations, respectively. The thinner insulation was
chosen initially to maximize the capacitance between the
wire and the tape, but then replaced in order to reduce the
likelihood of shorts.

To increase the attenuation between about 10 and
100 MHz, we connected 5.1 nF capacitors from the 700B
series manufactured by American Technical Ceramics Inc.

FIG. 1. �Color online� Schematic cross section of a copper tape worm of the
first generation, with a soldered seam. The width of a ribbon with three
twisted pairs is about 8 mm.
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�ATC� between each filter wire and the shield, one quarter of
the total filter length from each end. Those high quality rf
capacitors are very compact �approximately 2.8 mm cubes�
and have a high self-resonance of 100 MHz and a negligible
temperature dependence. They were placed in 20 mm long
boxes made of 3 /16 in. square brass profile. The ends of
these filter housings were closed by soldering in matching
brass plugs with a hole to feed through the wires. One con-
tact of the capacitors was directly glued onto those plugs
using Epotek H20E conductive epoxy. In the first generation,
the copper tape shield was soldered directly into the holes of
the end plugs. These direct connections were replaced by
short adapter pieces made of 1 /16 in. brass tubing for im-
proved mechanical stability in the second generation. In or-
der to protect the wire from excessive heating and sharp
metal corners, the part inside the brass tubing was threaded
through Teflon tubing. The same techniques were used to
connect the tape worm to copper parts used as feedthroughs
towards the sample area. To avoid vacuum problems, the
capacitor boxes were filled with Stycast 1266 through small
holes, which were later electrically sealed with silver epoxy.

The superconducting filters are about 4 m long. Due to
their larger resistance, 2 m is enough for the resistive ver-
sion. They were accommodated in our dilution refrigerator
by coiling them around an oxygen free high conductivity
copper support below the mixing chamber. For 2 m of filter
ribbon with three twisted pairs, this requires a height of
about 1.5 cm and a diameter of about 8 cm, including the
space for the capacitors. Figure 2 shows a partially as-
sembled superconducting filter consisting of two such coils.
For good thermal contacts, the filters were clamped between

machined copper parts with groves to accommodate the
wires. It is important not to apply pressure to the latter to
avoid shorts.

After elimination of initial problems with frequent
shorts, the filters turned out to be reliable over several
cooldowns. Some of them were operated at voltages of more
than �180 V with respect to ground, i.e., 360 V between the
wires of a pair. However, they tend to suffer from dunking in
liquid nitrogen, as some liquid enters the tape worm and
forces it apart when expanding upon warming up.

IV. MODELING

A. Approximate analysis

Although the model discussed in Sec. IV B provides a
fairly accurate quantitative description, the simplified analy-
sis of this section is useful in order to better understand the
significance of the different model parameters and as a rough
tool for preliminary design work. In the following, C and L
denote the capacitance and inductance per unit length of the
transmission line.

The dissipation in the resistive material becomes signifi-
cant once the skin depth �=�2� /�0� becomes of order or
smaller than the thickness ri−rc, where ri and rc are the
radius if the inner conductor and its superconducting core,
respectively. Above this cutoff, the current flows within a
layer of thickness � below the surface, so that the frequency
dependent resistance per unit length is R����� /2�ri�
= �1 /2�ri�����0 /2.

At frequencies where the discrete capacitors are domi-
nant, their time constant R���C needs to be as large as pos-
sible for strong attenuation. The value of the capacitors is
limited by availability and size considerations. R��� is at the
first glance proportional to ��; however, the wire thickness
2ri required to force the current into the resistive sheath also
increases as ��, so that not much would be gained from a
higher resistivity.

For the chosen type of wire, the cutoff frequency accord-
ing to the above criterion is � /��0�ri−rc�2=17 MHz. The
resistance at cutoff is about � /�ri

2=12 � /m, giving an RC
roll-off frequency of 1.3 MHz for a 2 m long section termi-
nated by a 5 nF capacitor. Thus, one can expect a significant
attenuation at cutoff. �Note that the resistance at 1.3 MHz is
much smaller though.�

For a two-pole RC filter with R	��, one obtains a roll
off of 60 dB/decade. This will provide sufficient attenuation
up to the capacitor self-resonance at 100 MHz. At larger fre-
quencies, the transmission line needs to provide all the
attenuation. We first derive a simple expression for its
performance.

In a transmission line with perfect conductors and a ho-
mogeneous dielectric with relative permittivity 
r, the rela-
tion between the electric and magnetic fields of a TEM
mode15 imply that LC=
r /c2, with c denoting the speed of
light in vacuum. Thus, the line impedance Z0=�L /C is given
by Z0=�
r /Cc. �This is valid in as long as the field penetrat-
ing the conductor does not contribute significantly to the
inductance, which holds if ��ro−ri, i.e., above about
300 MHz where �=20 �m. At lower frequencies, about one

FIG. 2. �Color online� Partially assembled superconducting filter. When
fully assembled, several such filters are stacked and the aluminum bars
shown in the picture are replaced by long copper bars connecting the filters.
The brass parts in the center accommodate the capacitors.
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skin depth of the resistive material acts as “dielectric” with
infinite 
r. It contributes to L, but does not reduce C below
the value determined by the insulator because only magnetic,
but no radial electric fields can penetrate the conductor.�
With I, P, and V denoting the current, power, and voltage of
a forward propagating mode in the line, the power loss per
unit length is dP /dx=RI2=RIV /Z0= �R /Z0�P. Integrating
this along the transmission line gives a power attenuation of
e−lR/Z0, where l is the total length. Since Z0	1 /C as ex-
plained above, we thus have to maximize the RC constant of
the line. As the capacitance is proportional to the area over
which the wire faces the shield and R is the surface imped-
ance divided by the wire circumference, the RC product is
approximately independent of the wire diameter. However,
R���	��, so that a high resistivity is desirable, as long as
ri−rc is adapted accordingly.

B. Model for a coaxial geometry

We now turn to the more accurate model that we used to
fit the test results. The copper tape worm sections are mod-
eled as a dissipative transmission line with a frequency de-
pendent resistance per unit length, R���. According to the
standard transmission line model,16 the local voltage between
the two conductors, V�x�, and the longitudinal current, I�x�,
are related by V�x�=V0e�����x and V�x�= �Z0���I�x�. The
propagation coefficient � and line impedance Z0 are given by

���� = �i�C�i�L + R� �1�

and

Z0��� =� i�L + R

i�C
. �2�

To compute the frequency dependence of R���, the skin ef-
fect and the presence of the superconducting core have to be
taken into account. In order to avoid a numerical computa-
tion of the fields inside the transmission line, we first con-
sider a circular coaxial geometry with a composite inner con-
ductor of outer radius ri, which has a superconducting core
of radius rc. ro denotes the inner radius of the outer conduc-
tor. The dielectric between the conductors is assumed to have
a homogeneous relative dielectric constant 
r. As the resis-
tivity of the copper shield is much smaller than that of the
wire, its resistance will be neglected for simplicity in the
following. For this geometry, C=2�
r
0 log�ro /ri� and L
=2��0 log�ro /ri�. R��� is the ratio between the longitudinal
electric field at the surface of the inner conductor, Ex�ri�, and
the total current I. Now I=.B ·ds=2�riB�ri� and Ex�ri�
=�jx�ri�= �� /�0����B�x= �� /�0r���rB�r�� /�r, so that we
get

R��� =
�

�02�ri
2

��/�r�r=ri
�rB�

B�ri�
. �3�

To evaluate Eq. �3�, we compute B�r� as a solution of
�2B+ �2i /�2�B=0. In cylindrical coordinates with B
=B�r�ê, this equation reduces to

�

�r
�1

r

�

�r
�rB�r��	 + 2i/�2B�r� = 0.

The solutions are first order Bessel functions of the first and
second kind J1��r� and Y1��r�, with �=−�1− i� /�. Y1 di-
verges for r→0 while J1 is regular there but diverges for
r→�. Thus, the solution for a homogeneous resistive wire
would be B�r�=B�ri�J1��r� /J1��ri�. For the wire with
a superconducting core, the boundary condition at the inter-
face is

Ex�rc� = �jx�rc� = 
 �

�0r

�

�r



r=rc

�rB�r�� = 0.

Together with a given value for B�ri�, this determines the
coefficients of the two solutions. To evaluate the radial de-
rivative, it is useful to note that �J1��r� /�r= �� /2��J0��r�
−J2��r��. The same holds for Y1. Note that this procedure
automatically takes the contribution of the magnetic field
inside the resistive material to the total inductance into ac-
count. It is manifested in the imaginary part of R���.

The approximations made here are valid as long as the
longitudinal electric fields in the dielectric are much smaller
than the radial field and the radial current densities are much
smaller than the longitudinal ones. The largest expected at-
tenuation is on the order of 1 dB /cm in the gigahertz range,
so that the characteristic length scale over which the ampli-
tude changes significantly along the propagation direction is
about 10 cm. Comparing this to the submillimeter radial
length scale shows that the above condition holds well over
the full frequency range under consideration.

To compute the S matrix of a complete filter with capaci-
tors to ground whose self-resonance is modeled through a
series inductance, we use the ABCD-matrix formalism.5,16

The result is compared to measured S parameters in Sec. V.

C. Effect of twisted pair geometry

Due to the three-conductor geometry, there are two TEM
modes. By symmetry, one is a common mode for which both
wires have the same potential with respect to the shield, and
the other one a differential mode with opposite voltages on
each wire. Only the common mode can be measured using
standard microwave equipment typically featuring coaxial
connectors. In this case, the twisted pair can be treated as one
single conductor.

Lacking exact knowledge of the cross section geometry,
the capacitance and inductance per unit length, C and L,
cannot be calculated accurately and must be extracted from
measurements. Thus, only the resistance R��� needs to be
considered in order to transfer the model derived for coaxial
lines to this common mode. At low frequencies, where �
�ri, Eq. �3� reduces to the dc resistance of the wire. A
twisted pair without superconducting cores would trivially
have half the resistance of a single wire. In the opposite limit
���ri�, the factor 2�ri in Eq. �3� must be replaced by the
active circumference over which the wire surface is adjacent
to the shield. The inner region, where the two wires face
each other, will essentially be field free and thus contribute
little to the conductance, leading to a correction factor
slightly smaller than unity. Hence, one would expect the re-
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sistance of the pair to be up to a factor of 1 /2 smaller than
that of a single wire, with the largest corrections occurring at
low frequency. We have incorporated this into the model by
multiplying R��� as obtained from the known geometry and
resistivity by a correction factor �.

As only the common mode can be tested properly, the
attenuation of the differential mode needs to be estimated. It
is convenient to define all parameters for the differential
mode with respect to the voltage between one wire and the
ground shield. First, we consider C and L corresponding to
this mode. If the symmetry plane between the two wires
were replaced by a perfect conductor, the same boundary
conditions would arise: by symmetry, the electric field must
be normal to it and the magnetic field parallel. �The charge
and current on the second wire can simply be considered as
images of the first enforcing the boundary conditions on the
hypothetical conductor.� Since the copper tape shield is also
modeled as a perfect conductor, the differential mode should
therefore have very similar parameters as the coaxial geom-
etry. Now the capacitance C is approximately proportional to
the area over which the wire surface faces the ground con-
ductor, while the inductance L and resistance R��� are in-
versely proportional to it. �This is the origin of the factor
2�ri in Eq. �3��. Thus, the product determining the propaga-
tion coefficient of the transmission line �Eq. �1�� remains
unchanged compared to the common mode. Only the line
impedance Z0 will be affected. A more intuitive explanation
of this argument is that the common mode simply has a
different effective area between the two conductors.

At frequencies where the discrete capacitors are impor-
tant, the situation for the differential mode is slightly less
favorable. As there is now only one rather than two parallel
capacitors between the wire and shield, the capacitance seen
by the propagating wave is simply half as large as for the
common mode. The correction factor � on the other hand
will be close to unity, but was larger than 0.5 for the common
mode as explained above. Thus, one can expect the RC-time
constant to decrease by about 20%–30%. Due to the increase
of R��� with higher frequency, the roll-off frequency will
change less than that.

V. TEST RESULTS

We tested a complete prototype filter and shorter copper
tape worms without additional capacitors by soldering them
to copper blocks fitted with SMA connectors. Both wires
were connected to the center pin so that we measured the
common mode transmission. The characterization from
50 MHz to 20 GHz was carried out using a HP 8510 vector
network analyzer. Below 20 MHz, we used a sine wave gen-
erator and a digital oscilloscope. All measurements were per-
formed in a 50 � environment. Additionally, we measured
the capacitance per unit length at kilohertz frequencies using
a capacitance bridge. For the common and differential
modes, respectively, we obtained 0.61 and 0.23 nF /m. The
latter value was measured between the two wires with a
floating shield so that it has to be doubled to conform with
the definition form Sec. IV C. The ratio of 0.61 /0.46=1.3 is

just the ratio of the effective areas, corresponding to a cor-
rection �=1 /1.3=0.77 for the common mode resistance
compared to the coaxial geometry.

Figure 3 shows the result of the low frequency measure-
ments at 300 and 4 K and the corresponding models, for
which we used �=0.65. As expected, �=0.5 slightly im-
proves the agreement between model and data at low fre-
quencies. The peak in the 4 K data around 3 MHz is due to
a resonance caused by the discrete capacitors and the induc-
tance of the transmission line.

As can be seen in the inset of Fig. 3, measurements of
the complete filter are not very revealing at higher frequen-
cies because the signal disappears in the noise floor of the
network analyzer. To extrapolate the filter performance, we
measured two shorter tape worm pieces of length l=52 and
88 cm without additional capacitors �Fig. 4�. Scaling the re-
sult to l=4 m, assuming that the attenuation is exponential in
the lengths, shows that the two curves collapse reasonably
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well. The parameters for the model of a 4 m tape worm
without capacitors were adjusted to obtain a good agreement
with the data up to 1 GHz. The resulting capacitance of
C=0.55 nF /m is in reasonable agreement with the value of
0.61 nF /m obtained from the bridge measurement. The
ripple in the data at subgigahertz frequencies is due to reso-
nances in the transmission line caused by the impedance mis-
match between the filter and the 50 � environment. They
can be fitted quite well with a model using the actual worm
length, but they naturally do not appear in the model for
l=4 m.

From the measured heat load due to a quasi-dc current
running through a finished superconducting filter, we can set
an upper limit of 3 m� on its resistance, with a negligible
increase of the dissipated power up to 1 kHz. Since this
value includes solder joint resistances outside the filter, its
actual resistance is most likely lower.

VI. CONCLUDING REMARKS

There are a number of points that may have an effect on
the filtering performance which we have not checked in de-
tail, or which were changed after testing the prototype.
Among those is the effect of using silver epoxy rather than
solder to connect wires and seal holes for epoxy injection. It
is also likely that the rf tightness of unsoldered tape worm
version is inferior compared to the one with the seam sealed
by soldering. Due to aging of the tape adhesive and a result-
ing reduction of the capacitance between the wires and the
shield, the filtering performance may degrade after thermal
cycling. For the resistive version, we have relied on an ad-
aptation of the model from Sec. IV without extensive testing.

Although the design discussed here is seemingly simple,
its development and implementation has taken several
months of graduate student time, partly due to shorts in the
first filter generation and the resulting need to modify the
design. On the other hand, the construction of a complete

filter was a matter of days once the procedures were final-
ized. Eliminating the capacitor boxes would make the imple-
mentation significantly simpler.
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