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Abstract— Development of RF and microwave metrology capa-
bilities at cryogenic temperatures is critical for the development
of high-performance microwave devices to facilitate commercial-
ization of cryogenic quantum technologies. This article presents
a broadband microwave S-parameter calibration scheme suitable
for cryogenic environments operating at temperatures down to
tens of milli-kelvin (mK). The technique is based on a weighted
multi-line thru-reflect-line (TRL) calibration approach and is
demonstrated using coaxial air line calibration standards. One-
and two-port microwave devices commonly used in cryogenic
quantum computing applications, a cryogenic 50 � matched
load and a cryogenic 6 dB attenuator, were measured. The mea-
sured results at mK temperatures indicate that when combined
with calibration standards of appropriate electrical length, the
weighted multi-line TRL calibration scheme allows broadband
frequency coverage compared to conventional TRL calibration
schemes utilizing a single line standard. The mechanical and
electrical properties of the line standards at mK temperatures
were investigated and discussed. These findings establish the
feasibility of utilizing multiple off-the-shelf coaxial air lines to
enhance the frequency range of calibrations at mK temperatures.

Index Terms— Low temperature measurement, microwave
calibration, S-parameters, superconducting quantum, thru-
reflect-line (TRL) calibration.

I. INTRODUCTION

CRYOGENIC quantum technologies such as quan-
tum computing and quantum sensing utilize RF and

microwave components operating at temperatures down to
tens of milli-kelvin (mK) [1], [2]. Microwave components
commonly used at mK temperatures for these applications
are attenuators, circulators, isolators, etc. [2], [3]. Typically,
these components are not designed for operation in cryogenic
environments (<−200 ◦C) and manufacturers typically char-
acterize the devices only over a limited temperature range
(−40 ◦C to +80 ◦C). Due to potential changes in material
properties such as the dielectric constant of substrate materials,
resistivity of metal conductors, and thermal contraction at
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cryogenic temperatures, S-parameters of devices are likely to
change when operating in such conditions. For example, atten-
uators and matched loads feature resistors that are potentially
temperature dependent [4]. Therefore, the components need to
be characterized at the operating temperature to ensure reliable
operation.

To characterize these components precisely, implementing
appropriate calibration routines is essential. This is particularly
important in the cryogenic environment as lossy cables, inter-
connects, and attenuators are used to connect the devices under
test (DUTs) inside a dilution refrigerator with test instruments
such as the vector network analyzer (VNA) operating at room
temperature. Implementing an appropriate calibration scheme
allows the calibration reference plane to be placed as close to
the DUT as possible.

Several VNA-based calibration methods have been proposed
to characterize a DUT at cryogenic temperatures. For example,
in [5], silicon-based on-chip calibration standards were used
to implement a conventional thru-reflect-line (TRL) two-port
calibration. However, the technique was only applicable over
a limited frequency range of up to 4.5 GHz. In [6], a two-port
calibration technique using a TRL scheme was implemented
at 6.6 K for measuring superconducting microwave resonators.

In [7], a single-port calibration technique using short-
open-load (SOL) standards was implemented at 4.2 K using
polymer-based conductor-backed co-planar waveguide (CPW)
calibration standards.

Stanley et al. [8], [9] have recently demonstrated PCB-based
calibration standards suitable for use in the cryogenic
environment.

S-parameter calibrations for coaxial-based device measure-
ments have been demonstrated at mK temperatures using
dielectric-filled coaxial standards [10], [11]. However, in the
cryogenic environment, the characteristics of polymer-based
dielectrics are very difficult to precisely predict, and this will
compromise the accuracy and reliability of the calibration.

This study focuses on using coaxial air lines as calibra-
tion standards. Air lines are coaxial transmission lines that
feature air as the dielectric rather than polytetrafluoroethylene
(PTFE) or some other material. As a result, air lines have
highly predictable characteristics with very low reflection and
transmission loss that can be modeled using the mechanical
dimensions of air line. This makes them ideal for the cryo-
genic environment as they avoid uncertainties associated with
dielectric-filled coaxial standards. Recently, Stanley et al. [12]
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and Skinner et al. [13] have demonstrated the feasibility of
using custom-made air lines as calibration standards using
the TRL calibration scheme incorporating a single line stan-
dard. In this article, an improved, broadband (up to 18
GHz) calibration technique utilizing weighted multi-line TRL
is demonstrated for characterizing S-parameters of two-port
devices at mK temperatures. Commercially available long air
line calibration standards with electrical lengths of multiples of
the operating wavelengths are used to characterize the devices.
The DUTs include a cryogenic attenuator and a cryogenic
50 � near-matched load. The electrical properties of the air
lines at mK temperatures such as electrical length, resistivity,
and characteristic impedance are also determined and com-
pared with room temperature determinations. The feasibility of
utilizing multiple long air line calibration standards at mK tem-
peratures is assessed and the sources of measurement error are
discussed.

II. MEASUREMENT SETUP

This section describes the measurement setup used to per-
form the S-parameter measurements of the DUTs at both room
temperature (taken here to be 296 K) and mK temperatures.
A two-port Keysight PNA N5222B VNA was used for the
S-parameter measurements at both temperatures. It is imprac-
tical to measure each of the calibration standards and DUTs
over separate cooling cycles due to the long cooling period of
2–3 days required to operate a dilution refrigerator operating at
mK temperatures. Moreover, connecting and disconnecting the
calibration standards and DUTs between cooldowns will intro-
duce additional errors. For rapid measurements, we remotely
switch between each calibration standard and DUT using a
pair of six-port cryogenic RF switches [Radiall SP6T Ramses
subminiature version A (SMA)] [8], [9], [10], [11], [12], [13].
This approach also minimizes calibration and measurement
errors due to system drift and other random error sources such
as noise. Each standard is connected to the switches using
phased-matched, semi-rigid cryogenic coaxial cables manufac-
tured by Maury Microwave. The two RF switches (dc to 18
GHz) used in the calibration unit are commercially available
mechanical pulse-latched SP6T switches. The switches operate
by means of electrical pulses (28 Vpp at 296 K and 5 Vpp
at 30 mK) of short duration (10 ms) to latch the switch
to different positions, so no electrical signal is applied to
the switch in its quiescent state. The switches are software
controlled to activate/deactivate the respective standard/DUT
during the measurements. A switching pulse results in an
increase in cryostat temperature of only a few mK for a
brief period. Therefore, a significant waiting period is not
required to perform the full calibration at mK temperatures,
minimizing drift errors. The pre-connected switch setup is
shown in Fig. 1. Each switch is populated with five 3.5 mm
TRL calibration standards and one DUT. The switches are
mounted on copper fixtures to thermalize the setup. With
five calibration standards, only one pair of switch ports is
available for the DUT. Therefore, two measurement cycles
were undertaken to measure the two DUTs (the 6 dB attenuator
and the 50 � matched load). The frequency range was limited
to 18 GHz as this is the upper limit of the SMA cables utilized
inside the dilution refrigerator.

Fig. 1. Photograph of the calibration unit showing a pair of SP6T switches
populated with five calibration standards and a DUT.

TABLE I
PROPERTIES OF MEASURED DEVICES

Uncalibrated S-parameter measurements of the calibration
standards and DUTs were recorded for offline post-calibration.
The calibration standards are described in Section III. Table I
summarizes the DUTs measured in this study.

A. Room Temperature Measurement

For the room temperature (taken here to be 296 K) setup,
each port of the VNA is connected to the common port of
each of the switches using a pair of metrology grade, phase-
stable 3.5 mm coaxial cables and semi-rigid coaxial cables.
The schematic illustration and in situ measurement setup are
shown in Fig. 2(a) and (b), respectively.

B. mK Measurement

For the mK S-parameter measurements, the switch system
was mounted inside the dilution fridge’s mixing chamber
(<30 mK during the measurement). The dilution refrigera-
tor has six different temperature stages: room temperature
(296 K), 50 K, 4 K, 800 mK, 100 mK, and ∼30 mK. The
cryogenic measurement setups used in [8] to characterize
quantum circuits typically consisted of coaxial lines of high
attenuation (i.e., of 60 dB or more) which reduce the pop-
ulation of microwave photons to ensure reliable operation
of the quantum devices and minimize heating inside the
dilution refrigerator. However, this approach requires multiple
amplification stages to generate acceptable signal levels for the
VNA measurements. These architectures present difficulties in
terms of VNA receiver linearity [14] and for measuring the
VNA switch terms, which are used to account for the change
in reflection coefficient of the VNA’s internal switch ports.

Therefore, to enable characterization of the standards in this
environment, we have utilized a measurement architecture with
minimum attenuation when characterizing a microwave device,
thus eliminating the need for amplification stages, as shown
in Fig. 3(a).
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Fig. 2. Room temperature measurement setup. (a) Schematic illustration.
(b) In situ measurement setup.

This is similar to the measurement architectures used in [12]
and [13] for characterizing microwave devices at mK temper-
atures. Long lossy cables and a series of fixed attenuators are
included on each of the coaxial paths inside the cryostat to
limit the RF signal power entering the mixing chamber [15].
The insertion loss between the DUTs and the VNA test ports
is estimated to be around 10 dB at 0.5 GHz, increasing to
around 25 dB at 18 GHz. The output power from the VNA
is −10 dBm. Therefore, the signal power at DUT input is
less than −20 dBm (10 µW). This signal power is lower than
the cooling power (15 µW) of the mK stage in the dilution
refrigerator. Therefore, there was no observable temperature
increase at the base. The switch set-up featuring the calibration
standards and DUTs was directly attached to the baseplate
using a copper plate for thermalization. Note that the power
dissipated in the DUTs may go under these conditions up
to a few µW, meaning the DUT may be at a temperature
slightly above that of the refrigerator. Reducing the power at
the DUT by reducing the VNA output power or by increasing
the attenuation in the higher temperature stages would improve
this at the expense of increased calibration errors due to lower
signal levels. Attenuators are installed at the 50 K stage to
reduce thermal radiation and increase the thermal stability of
the cables. Fig. 3(b) shows the switch system mounted inside
the dilution refrigerator.

Finally, the VNA IF bandwidth was set to 10 Hz, with
no averaging. Although averaging can potentially help reduce
random errors such as noise, when using the mK RF mea-
surement system, longer sweep time risks an increase in drift
errors. Therefore, averaging was not applied in order to limit
the sweep time.

Fig. 3. mK measurement setup situated inside the dilution refrigerator.
(a) Schematic illustration. (b) Photograph.

III. CALIBRATION

Effective calibration of a VNA is critical for accurate
S-parameter measurements. Conventionally, for two-port room
temperature measurements, calibration schemes such as short-
open-load-thru (SOLT) [16], thru-reflect-match (TRM) [17],
and TRL [18] are used. SOLT and TRM are routinely used
for room temperature coaxial measurements as they do not
require air lines which can be expensive and difficult to use.
However, these schemes require one or more of the calibration
standards to be accurately pre-defined [19] at the operating
temperature. This may not be possible at mK temperatures
as the performance of standards, such as matched loads,
may change when cooled down. With the TRL scheme, the
calibration standards do not need to be accurately defined prior
to the calibration, only requiring the reflect standards used for
each port to be identical. This makes the TRL calibration well
suited for the cryogenic environment.

Despite these advantages, the conventional 1/4-wave TRL
calibration scheme is not without drawbacks. First, TRL
is band limited. The conventional TRL calibration scheme
utilizes a transmission line of quarter-wave delay as the line
standard. At frequency ranges where the relative phase of the
line standard approaches 0◦ or 180◦, the calibration fails due to
phase ambiguity. Typically, the TRL calibration is considered
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Fig. 4. Example of TRL calibration failure points.

Fig. 5. Calculated relative phase shift for the 1/4-wave line standard.

reliable for frequency ranges where the line standard’s relative
phase is between 20◦ and 160◦ [20].

Using an inappropriate line standard can result in multiple
calibration failures across the frequency band. Fig. 4 shows
an example of calibration failures due to use of an inadequate
line standard. The shaded regions show where the performance
of calibration is acceptable, i.e., where the line standard’s
relative phase is between 20◦ and 160◦, with the failure points
indicated by the spikes in the black trace.

For conventional single-line TRL, using a quarter-wave
line at the center of the frequency band will provide the
most extensive coverage of the frequency range. However,
as shown in Fig. 5, a single quarter-wave line of length
8.1 mm is insufficient to cover the entire frequency range of
interest in this work (0.5–18 GHz). Use of this line will result
in calibration failure will near the band edges, specifically
below 2 GHz and above 16.2 GHz. In addition, it is impractical
to construct a 3.5 mm coaxial air line with a mechanical length
of less than 9 mm without necessitating a specialized adapter
to mount the short air line.

To address the above issues, in this study, we opted for
an approach where three line standards with different lengths
were utilized. Each line was selected to cover specific fre-
quency ranges, and by combining the results from these three
line standards in an appropriate manner, the performance of
the calibration would be acceptable over the entire frequency
band.

Three commercially available 3.5 mm air lines of different
lengths were selected: 50, 60, and 75 mm. The relative phase

Fig. 6. Calculated relative phase shift for the line standards.

shifts of each air line were calculated and are presented
in Fig. 6. The shaded regions represent the phase coverage
ranging from 20◦ to 160◦ for each line. Notably, the entire
plot area is shaded, indicating that every frequency across
the range is covered. The darker shaded areas indicate that
the corresponding frequency ranges are covered more than
once, ensuring robust coverage across the entire frequency
band.

With three line standards selected to sufficiently cover the
entire frequency band, the next step is to determine an appro-
priate method of combining the results from the individual line
standards. Frequency ranges can be assigned to each line stan-
dard and results from each combined without any overlapping
frequencies. This is a viable approach for use of a conventional
1/4-wave TRL calibration kit, which typically involves only
a few transitions over the frequency range of interest. With
our three-line setup this is not practical, as the relatively long
lengths of the lines give rapidly changing relative phase and
so would involve over 20 transitions across the frequency
range. In addition, this method can cause artifacts such as
discontinuities due to abrupt changes in the results from one
line to another [21]. To avoid these problems, a systematic
combining scheme is introduced in a post-processing step that
effectively combines the results from all three line standards.
The discontinuities will be removed by using the proposed
combining scheme.

At each frequency point, the results are weighted according
to the confidence in the calibration. For example, the scheme
assigns weights of a line to be 1 and 0 when the relative phases
are 90◦ and 0◦, respectively. The weights (wi ) are determined
according to the following:

wi = sinn ϕi (1)

where ϕi is calculated relative phase shift of the i th line
standard and n is a power coefficient that determines the
shape of the weighting curve. The coefficient n needs to be
an even integer as the weight cannot be a negative value.
Fig. 7 shows the calculated weights for the 50 mm air
line standard. As shown in Fig. 7, n = 4 was chosen as
it rejects the TRL calibration failure region (ϕi ≈ 180◦)

more effectively than n = 2. Note that alternative functions
for determining weights could be employed to enhance the
calibration accuracy. However, a detailed exploration of these
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Fig. 7. Calculated weights for the 50 mm air line.

TABLE II
SPECIFICATIONS OF THE CALIBRATION STANDARDS

functions and their impact on calibration accuracy falls beyond
the scope of this article.

The final S-parameter result, Sf (real and imaginary),
is determined using the weighted mean of the S-parameter
data

Sf =

∑3
i=1 wi Si∑3

i=1 wi
(2)

where Si is the TRL-corrected S-parameter data using the
line standard, i . Further investigation will be required to
quantify the uncertainty for this type of cryogenic S-parameter
measurement.

A. Calibration Standards

The female and male connectors of each port at the
calibration reference plane were connected to establish a zero-
length “Thru” connection, ensuring zero phase delay. With the
Thru connection, forward and reverse switch correction terms
were measured as well as the standard two-port uncalibrated
S-parameters [22]. For the Reflect standards, 3.5 mm male
and female coaxial offset short circuits were selected, both
with an offset length of 5.1 mm. The three aforementioned
air lines utilized as the line standards were manufactured by
Maury Microwave. Table II summarizes the specifications of
the calibration standards.

IV. MEASUREMENT RESULTS AND DISCUSSION

A. 6 dB Attenuator

Fig. 8(a)–(c) shows calibrated S21 magnitude, S21 phase, and
S11 magnitude of the 6 dB attenuator, respectively, at room
and mK temperatures. Results of measurements taken at room
temperature without using the switch system are included as

Fig. 8. Calibrated S-parameter results for the cryogenic 6 dB attenuator.
(a) Magnitude of S21. (b) Phase of S21. (c) Magnitude of S11.

a reference. This reference measurement will not suffer from
any error contributions relating to the RF coaxial switches or
cables connecting the switches to the standards and DUT.

The room temperature and mK measurements show good
agreement for both the S21 and S11 results. Fig. 8(a) shows that
at the lower frequencies (<10 GHz), the deviation between the
room temperature and the mK results is less than 0.03 dB.
However, at the higher frequencies (>10 GHz), it can be
seen that the mK measurement results have more noisy ripples
compared to the room temperature results. This could be due
to higher path losses at higher frequencies induced by the long
coaxial cables and coaxial interconnects inside the cryostat that
are installed between the VNA and the switch system.

From Fig. 8(b), it is evident that there are slight trans-
mission phase differences between the room temperature and
mK results. The measured transmission phases of the 6 dB
attenuator at mK temperature were consistently smaller across
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Fig. 9. Calibrated S11 of the cryogenic 50 � matched load.

all frequencies, and this difference becomes more pronounced
as the frequency increases. At 18 GHz, a maximum deviation
of 3.5◦ was observed.

For the S11 results, there is no significant deviation between
the room temperature and the mK measurements across the
whole frequency range as shown in Fig. 8(c).

Fig. 8 also shows additional ripples in the results with
switches when compared to the results without switches. This
is mainly due to variations in transmission length and loss
between the different RF switch port paths and the coaxial
cables connected to each of these switch ports. Other factors
such as differences in source match of switch ports and
repeatability of switch port performance could also have an
impact.

B. Matched Load

Fig. 9 shows calibrated S11 results of the cryogenic matched
load at room temperature and mK temperatures. Note that
the operational frequency range of the matched load specified
by the manufacturer is 4–12 GHz. There are only minor
differences between the room temperature and mK results. The
degradation in performance below 4 GHz can also be observed
in the results at both temperatures, which is expected to be due
to this being outside the designed operating frequency range
of the load. Within the manufacturer specified operational
frequency range (4–12 GHz), the cryogenic matched load
performs very well, as shown by the S11 results less than
−20 dB throughout the specified frequency range at both room
temperature and mK temperatures.

C. Air Line Characteristics

In this section, the resistivities, characteristic impedances,
and electrical lengths of the air line standards are derived from
their observed loss.

The characteristic impedance (Z) of a transmission line is
defined as

Z =

√
R + jωL
G + jωC

(3)

where ω is the angular frequency and the circuit elements
R, L , G, and C are series resistance, series inductance, shunt

Fig. 10. Calculated resistivity of the 50 mm air line at room temperature
and mK temperatures.

conductance, and shunt capacitance, respectively. To calculate
these circuit elements, first the air line is assumed to be
lossless where the series resistance and shunt conductance are
considered to be zero. The lossless series inductance and shunt
capacitance of the air line can be calculated using expressions
from [23] and [24]. The values for the radii of the inner (a)

and outer (b) conductors at room temperature are required for
the calculation. Mechanically measured values are obtained
using the air-gauging method [25]. For a change in temperature
from 296 K to mK temperatures, the dimensions of the air lines
are estimated to contract by 0.3% by first order approximation
due to thermal contraction of the conductor metal (beryllium
copper—BeCu) [26]. However, as the air lines have small
losses due to the finite conductivity of the conductor elements,
certain corrections to account for these losses need to be
applied [23]. To calculate the equivalent circuit elements of
a lossy air line, the attenuation constant (α) is extracted from
the S-parameter measurements using the following equation:

α =

− ln
∣∣∣ |S21|+|S12|

2

∣∣∣
l

(4)

where l is the length of the air line. From the extracted α

and dimensions of the air line conductors, the high-frequency
resistivity (ρ) is approximated using the following equation
from [23]:

ρ =

[
200αb
1 +

b
a

]2
π

µ0 f
(5)

where µ0 is the free-space permeability (4π × 10−7 H/m) and
f is the frequency. The calculated resistivity of the 50 mm
air line is shown in Fig. 10. The equivalent circuit elements
(R, L , G, and C) are then calculated taking into account the
calculated resistivity.

As expected, Fig. 10 clearly shows that the resistivity of
the air line is reduced at mK temperatures. There is no clear
frequency dependence in the calculated resistivity, therefore it
is considered appropriate to summarize the resistivity using
an average (i.e., the median) value. At room temperature, the
median value of resistivity for the 50 mm air line is 79 n�·m;
at mK temperature, it is 37 n�·m. The calculated resistivity
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Fig. 11. Extracted characteristic impedance magnitude of the 50 mm air line
at room temperature and mK temperatures.

of the 50 mm air line has reduced by approximately 50%.
The air line has inner and outer conductors made of BeCu
and plated with a thin gold layer. The plating thickness is
unknown. According to [26], the resistivity of BeCu at 4 K
is 20%–40% lower than at room temperature, although this is
also dependent on the composition and thermal treatments.
Furthermore, the resistivity of gold is reported to reduce
significantly (>90%) at 4 K [27]. As a result, our estimate of
≈50% reduction in air line resistivity at the mK temperatures
can be considered reasonable. These results indicate that even
though the conductor material of the air line is not expected
to be superconducting over the mK temperature range of our
experiment (30 mK), the reduction in resistivity is significant
and may impact the characteristic impedance.

The characteristic impedance of air lines is calculated using
(3), incorporating the losses in the air line. The characteristic
impedance of the 50 mm air line is shown in Fig. 11.

According to the results in Fig. 11, there are small but
noticeable differences in the characteristic impedance across
the frequency range. Despite a significant reduction in resis-
tivity, the extracted characteristic impedances at mK were
typically only around 0.03% smaller compared to the room
temperature determinations. These findings suggest that these
air lines can still function as reliable impedance references for
TRL calibration at mK temperatures.

Finally, the electrical lengths of the air line standards are
extracted from transmission phase measurements to observe
any thermal contraction. The extracted lengths are then cor-
rected to reflect the measured electrical losses using the
method shown in [23]. The extracted electrical lengths for
lossless (uncorrected) and lossy (corrected) air lines at room
temperature and mK temperatures are shown in Fig. 12.

The results in Fig. 12 indicate that at mK temperatures
the air lines have shorter electrical lengths than at room
temperature due to thermal contraction. The electrical lengths
of the 50, 60, and 75 mm air lines are reduced by 0.30%,
0.37%, and 0.37%, respectively. Analytical thermal contraction
(1L) of the air lines due to change in temperature (1T =

296 K–30 mK) can be predicted using

1L = cteL01T (6)

where cte is the coefficient of thermal expansion and L0 is the
length of the air line at room temperature. The coefficient

Fig. 12. Extracted air line lengths (uncorrected and corrected for the air line
loss) at room temperature and mK.

Fig. 13. Analytically predicted and extracted thermal contractions of air lines
operating at mK temperatures.

of thermal expansion was extrapolated from [26]. Fig. 13
shows the comparison of analytical prediction and extracted
thermal contraction of the air lines. In addition, data from
a 10 mm air line from the authors’ previous work [13] has
been included for comparison. The analytically predicted and
measured (extracted) values demonstrate strong agreement,
indicating the reliability of this analysis. Moreover, the results
validate our previous assumption of a 0.3% reduction in air
line dimensions for estimating resistivity.

It is important to note that the difference in electrical
length and loss in the switch paths and the cables have an
observable impact on the measured and calculated results [12].
To minimize these errors, phase-matched cables and cryogenic
switches were used in this study.

V. CONCLUSION

This study demonstrated a broadband microwave calibration
scheme for S-parameter measurement at cryogenic (30 mK)
temperatures. A weighted multi-line TRL calibration scheme
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using a set of three 3.5 mm coaxial air line calibration stan-
dards was employed to measure one- and two-port cryogenic
devices typically used in quantum computing applications. The
measured results have shown that with appropriate selection of
line standards, the weighted multi-line TRL calibration scheme
offers effective broadband coverage at mK temperatures that
is otherwise challenging to achieve with the conventional
single-line TRL approach. Despite the significant reduction
in resistivity of the air line materials at low temperatures,
only a minimal change in characteristic impedance was
observed (0.03%). Furthermore, the extracted thermal contrac-
tion of the line standards shows that the thermal contraction
behaviors were highly predictable even using only first-order
approximations. In conclusion, the study highlights that the
employed measurement technique, utilizing multiple air line
standards, is an effective calibration approach for characteriz-
ing microwave components at cryogenic temperatures over a
broad frequency range for applications in cryogenic quantum
technologies.
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