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Superconducting circuit testing and materials loss characterization requires robust and re-
liable methods for the extraction of internal and coupling quality factors of microwave res-
onators. A common method, imposed by limitations on the device design or experimental con-
figuration, is the single-port reflection geometry, i.e. reflection-mode. However, impedance
mismatches in cryogenic systems must be accounted for through calibration of the measure-
ment chain while it is at low temperatures. In this paper, we demonstrate a data-based,
single-port calibration using commercial microwave standards and a vector network analyzer
(VNA) with samples at millikelvin temperature in a dilution refrigerator, making this method
useful for measurements of quantum phenomena. Finally, we cross reference our data-based,
single-port calibration and reflection measurement with over-coupled 2D- and 3D-resonators
against well established two-port techniques corroborating the validity of our method.

I. INTRODUCTION

Microwave resonators are a key element in super-
conducting quantum computing. These structures are
widely used as filters,1–4 readout elements,5,6 and am-
plifiers,7–11 amongst other uses. In addition, the mea-
surement of the resonator internal quality factor, Qi,
can be used to evaluate circuit performance and char-
acterize both materials loss12–14 and experimentally in-
duced loss.15–17 The frequency response of frequency-
multiplexed, two-dimensional (2D) resonators is typically
measured in the hanger geometry with a transmission line
(see Fig. 1 below), referred to as hanger-mode herein.18,19

In the hanger-mode, multiple resonators can be coupled
to a single feedline and data fitting is simplified due to
the background self-leveling. Therefore, techniques can
be implemented to extract Qi accurately from the em-
bedding circuit.20–23

On the other hand, it is often desired to measure
devices using a reflection-mode. This is typically im-
plemented for 2D readout/drive-resonators for cross-
resonance gates,24,25 Josephson parametric amplifiers,26

and three-dimensional (3D) resonant cavities.27,28 The
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b)Electronic mail: suren singh@keysight.com
c)Present address: Quantum R&D Center, Keysight Technologies
Inc., Cambridge, MA 02142, USA
d)Present address: Rigetti Computing, Berkeley, CA 94701, USA

main advantage of the reflection geometry is that all of
the intracavity signal power is available for measurement.
This gives nominally a factor of 2 improvement of the
signal to noise ratio (SNR) relative to the hanger-mode,
where signal can leak back to the feedline. From a prac-
tical perspective, the reflection geometry is nice because
it requires only a single connection to the device under
test (DUT). Thus, multi-sample measurement is simpli-
fied because a single-pole switch can be utilized to test
multiple devices. Frequency multiplexing can be achieved
by using multiple circulators in a row or combining the
hanger mode with reflection by shunting one of the ports
to ground and measure the reflection from the other port.
The problem addressed herein is that there is currently
not a method to account for impedance mismatches in
the reflection-mode measurement chain.

Previously, there have been demonstrations of one- and
two-port calibrations for low temperature measurements,
but they have several limitations: some rely on simula-
tion results rather than actual measurements and target
specific applications;29 and others rely on room tempera-
ture calibration for DUTs that operate at cryogenic tem-
peratures. An additional possible variable for this latter
set of calibrations is the actual operating temperature of
the DUTs, i.e. L-He (≈ 4 K) vs. base temperature of
a DR (Tbase ≈ 10 mK).30 Previous work by Ranzani et
al., 2013 demonstrated a two-port, through-reflect-line
(TRL) calibration method31 that can be applied to DUTs
operated at Tbase.

32 However, this technique relies on
a relatively complicated scheme with two multi-position
switches and four separate S21 measurements to acquire
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Cryogenic single-port calibration for superconducting microwave resonator measurements 2

the full 2 × 2 S parameters required for calibration, as
well as additional external data processing software.

In this paper we demonstrate a single-port, short-open-
load (SOL) calibration at Tbase that requires only one
switch and no external software. To accomplish this, we
change setup of the VNA configuration so that the re-
flected signal is measured by the same port that sends
the output signal. In this way, only a single port of the
VNA is required and the built-in calibration functions
can be used directly for post-processing the measurement
data. Importantly, we note that this configuration can
be extended to two-port applications and beyond.

This paper is structured as follows: In Sec. II, we
briefly revisit hanger- and reflection-mode measurements
and use simulation results to demonstrate the impact of
calibration on Qi extraction in the reflection-mode mea-
surement; In Sec. III, we describe the theory for single-
port calibration using a VNA and calibration standards;
In Sec. IV, we illustrate the experimental setup and pro-
cess for single-port data-based calibration and verify the
accuracy of the calibration by measuring different test
standards; In Sec. V, we experimentally demonstrate the
improvement on Qi measurement accuracy by applying
the calibration to 2D and 3D superconducting microwave
resonators; and lastly, in Sec. VI, we summarize our work
and give the outlook for future developments.

II. THE RESONATOR MODEL

Resonators measured in the hanger- and reflection-
modes both exhibit a Lorentzian-shaped response at res-
onance. However, various parameters in the fitting, e.g.
background and phase of response, in the two modes due
to impedance mismatches and non-idealities in the mi-
crowave embedding circuit are very different. This sec-
tion outlines the basic parameters required to fit the re-
sponse from these two modes.

A. Hanger-mode measurement

The hanger-mode is realized by coupling the resonators
to a microwave feedline through a capacitor or an induc-
tor. When measured in a two-port setup [Fig. 1(a)], the
transmission S21(ω) can be represented by

S21(ω) = 1−
Q
Qc
eiθ

1 + 2iQ δω
ω

(1)

near resonance frequency ω0, where Q is the total qual-
ity factor, Qc is the coupling quality factor, δω = ω−ω0

and θ is a rotation angle with respect to the off-resonance
point caused by imperfect coupling. As shown in Eq. 1,
S21(ω) is essentially just a Lorentzian function subtracted
from unity. Its trajectory on the complex plane is a cir-
cle with the off-resonance point near (1, 0) in the com-
plex plane. Here, the cable delay, loss, attenuation, and
amplification in the measurement chain are removed by
normalizing to unity. Hence, the diameter of the circle is

port 1 Z01, l1Z1

TL1
port 2Z2

TL2
Z02, l2

(a) hanger-mode

(b) reflection-mode
1

2

3

Cc

C LR

TL1 circulator

Z01, l1

TL2

T
L3

Z02, l2

Z
03 , l3

port 1 Z1
port 2Z2

Cc

C LR
T

L3
Z

03 , l3

FIG. 1. Circuit diagram of (a) hanger-mode and (b)
reflection-mode measurement of a parallel LCR resonator ca-
pacitively coupled to the environment with arrows indicating
the direction of signal travel. Transmission lines are labeled
as TLx, where x is the number index, with characteristic
impedance Z0x and electrical length lx. Port impedance is
labeled as Zx. For hanger-mode, l3 is often set to be 0 for 2D
planar resonator (which is the case in this paper), or approx-
imately 13 mm when using a sub-miniature version A (SMA)
Tee for 3D cavity (see Appendix E).

Q/Qc ≤ 1 and Qi of the resonator can be found through

1

Qi
=

1

Q
− 1

Qc
. (2)

Equation 1 is often referred to as an “ideal resonance”.23

However, its magnitude will pass unity if θ 6= 0, which
appears to violate energy conservation. As a result, Eq. 1
returns an incorrect, inflated value of Qi. This is due
to the fact that the normalization process increased the
diameter of the circle by 1/ cos θ. To account for this,
we implement the diameter correction method (DCM),
where Qi is corrected as20

1

Qi
=

1

Q
− cos θ

Qc
. (3)

In Appendix A, we briefly discuss the effect of DCM by
reviewing the resonance circle and the limitations on the
rotation angle θ.

B. Reflection-mode measurement

The reflection-mode is typically realized by directly
measuring the reflected signal from a resonator shunted
to ground. Unlike the hanger-mode, the reflection-mode
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Cryogenic single-port calibration for superconducting microwave resonator measurements 3

is technically a single-port, S11, measurement. How-
ever, when measuring the quantum-level response of sam-
ples at Tbase in a dilution refrigerator, the input line
is normally heavily attenuated in order for thermaliza-
tion and noise reduction. Therefore, the reflected signal
is very low, and would be further attenuated if an at-
tempt was made to measure it coming back up the input
line. Hence, directional devices such as circulators or
directional-couplers are used to route the reflected signal
back out of the DR along an amplified output line. In
this manner, the measurement is converted to a two-port
S21 measurement [Fig. 1(b)]. Near resonance, S21 can be
expressed by27

S21(ω) = 1−
2 Q
Qc
eiθ

1 + 2iQ δω
ω

. (4)

Eq. 4 differs from Eq. 1 by a factor of 2 in the Lorentzian
term. Unfortunately, despite the similarities in the two
forms, it is not possible to normalize the reflection-mode
signal so a DCM-method is not applicable.

In Fig. 2, we show the simulated results for a parallel
LCR resonator with fixed Qc and ω0 but varied Qi in two
different impedance mismatch scenarios: the input port
and output port impedance are set to 20 Ω and 120 Ω
(these extreme values are chosen to better demonstrate
the effect caused by mismatches) for both cases but the
electrical length of TL3 is set to 0◦ for first scenario and
45◦ (at 6 GHz) for second scenario. Similarly to hanger
mode, the mismatches suppress the transmission back-
ground so the off-resonance point before normalization
is lower than unity. After normalization, the diameters
are magnified, and the resonance circles can pass unity.
This results, again, in an incorrect, inflated value of Qi.
The mismatches can cause the resonance circle to rotate
around the off-resonance point. However, in the first sce-
nario [(a)-(b)], there is almost no rotation in the signal
and in the second scenario [(c)-(d)], the reported rota-
tion angle is too small to compensate the magnified di-
ameter, showing that the DCM is not useful. In fact, in
the fit for the over-coupled resonator (red dotted circle)
can even return negative values of Qi, thus indicating a
false, unphysical gain. Experimental results in Sec. V
also demonstrate this effect.

Compounded with the effects of impedance-
mismatches, the imperfect isolation of the circulator
used for signal separation, normally ≈ 20 dB, also
affects the measurement accuracy. In Table I, we show
Qi’s extracted from simulations of various isolation
values. Port impedance, transmission line characteristic
impedance and circulator port impedance are all set to
50 Ω. It can be seen that the extracted Qi deviates
significantly from the actual value as isolation decreases
from near infinity to 20 dB. That means the leakage
from port 1 of circulator to port 3 will interfere with
signal coming from port 2 to port 3. The error caused
by the non-ideal isolation is similar to that caused by
the directivity in coupler-based signal separation used
in S-parameter measurements.33 It is worth noticing
that the error mechanism discussed here affects only the
separation of Qc and Qi from the total Q. As a result,
the error of Qi extraction will decrease with decreasing

-1       -0.5         0         0.5         1 

(a)                                (b)

(c)                                (d)

Re[S21] Re[S21]

Im
[S

21
]

Im
[S
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]

-1       -0.5         0         0.5        1 

1.0

0.5

0.0

-0.5
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1.0

0.5
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-1.0

before normalization after normalization

l 3
 =

 0
°

l 3
 =

 4
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plot       Qi designed      Qi extracted      θ(rad)

 (b)         2.2 x 1010         -2.05 x 106       0.005

 (d)         2.2 x 1010         -1.30 x 107      0.176

 (b)         2.2 x 106          -2.92 x 107       0.005

 (d)         2.2 x 106           2.65 x 106       0.176

red

brown

FIG. 2. (Color online) Simulated S21 of a parallel LCR res-
onator measured in reflection-mode. Electrical length varies
between l3 = 0◦ [(a), (b)] and 45◦ [(c), (d)] at 6 GHz. Circuit
model is shown in Fig. 1(b). S21 is plotted on the complex
plane before [(a), (c)] and after [(b), (d)] normalizing the off-
resonance point to 1. Simulation parameters: Z1 = 20 Ω,
Z2 = 120 Ω, Z01,02,03 = 50 Ω, l1,2 = 90◦ at 6 GHz, l3 = 0◦

for (a) and (b) and 45◦ for (c) and (d) at 6 GHz, circulator
port isolation 300 dB with no insertion loss, C = 580 fF and
L = 1.2 nH sets the resonance frequency to be near 6 GHz,
R = 1012 Ω for designed Qi of 2.2 × 1010 and 108 Ω for de-
signed Qi of 2.2×106. Cc = 1 fF sets Qc to be approximately
3× 105. The blue circle is the unity circle. The green line is
the diameter from off-resonance point to the resonance point
for the red circle as a guide to the eye for the rotation angle.
Eqs. 3 and 4 are used for extraction of Qi shown in table.

TABLE I. Error induced by imperfect circulator. Here, we
set Z1,2 = Z01,02,03 = 50 Ω, l1,2 = 90◦ at 6 GHz, l3 = 0◦,
Cc = 1 fF, C = 580 fF, L = 1.2 nH, R = 108 Ω.

Isolation Qi designed Qi extracted θ
300 dB 2.2× 106 2.2× 106 0
30 dB 2.2× 106 1.73× 106 0
23 dB 2.2× 106 1.39× 106 0
20 dB 2.2× 106 1.22× 106 0

Qi/Qc ratio.20

Due to the difficulty of accounting for impedance mis-
matches and imperfect circulator isolation, single-port
calibration at cryogenic temperatures that can move the
reference plane to the sample input port is critical for the
accuracy of reflection measurements. In the next section,
we show a method of calibration that accounts for these
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Cryogenic single-port calibration for superconducting microwave resonator measurements 4

effects by using the built-in functions of a commercial
VNA and reconfiguring the front panel test set connec-
tions. Before starting the discussion of measurement and
errors of using VNA on resonators, it is worth pointing
out both Eq. 1 and Eq. 4 are not sufficient enough to de-
scribe the measurement of ultra-high (≥ 109) Qi device
due to the imperfectly matched port to the environment
that the signal reflected from resonators can be reflected
again by VNA test ports thus cause further errors. A
cavity ring down measurement could be more accurate
and time sufficient.

III. SINGLE PORT MEASUREMENT AND
CALIBRATION USING A VNA

DUT
b1

a1

a0

b0

(a)                                           (b)VNA channel 1

PORT 1

S
O

U
R

C
E

 O
U

T
P

O
R

T
1

C
P

LR
 T

H
R

U

SOURCE

R1 RA

A
D

C

A
D

C

C
P

LR
 A

R
M

R
C

V
R

 A
 IN

Error Adapter

S11m
S11a

a0

b0

e'00 e'11

e'10

e'01

FIG. 3. (a) Diagram of single-port measurement using a
VNA. a0 is the applied signal from the source, b0 is the mea-
sured reflected signal, a1 is the applied signal on the DUT,
and b1 is the reflected signal from the DUT. The dashed lines
represent front panel jumper wires that can be removed to
reconfigure the VNA. Some commercial VNAs do not have
front jumpers, but the source, signal separation devices and
receivers are universal. (b) single-port measurement error
model. The red-outlined box represents the error adapter
(also known as error box) from the measurement port to the
DUT. S11a is the actual S11 and S11m is the measured S11.

In order to understand the calibration protocol neces-
sary for integrating the directional nature of microwave
measurements in a DR it is necessary to have a more de-
tailed understanding of the internal workings of a VNA.
Here, we briefly introduce the VNA setup, sources of
error, and calibration for a single port measurement.
Fig. 3(a) shows the block diagram of one channel of a
typical VNA. A source creates an outgoing wave that is
split by a directional coupler into two signal paths. One
goes to receiver R1 and is measured as a0. The other is
routed to the SOURCE OUT port, then passes a jumper
cable to the CPLR THRU port. It then travels from
VNA PORT 1 to the DUT’s input port and is labelled
as a1. The reflected signal from the DUT, b1, travels
through another directional coupler to the CPLR ARM
port, then through a jumper cable to the RCVA A IN
port, and then back to receiver RA to be measured as
b0. The ratio b0/a0 is the measured S11m while b1/a1
represents the actual S11a of the DUT.

The measurement accuracy of S11 using the VNA is
dependent on three key performance factors: directivity
of the system (e′00), i.e. the ability of the VNA to sep-
arate waves a1 and b1; reflection tracking (e′01e

′
10), i.e.

the ability of the system to track the frequency response
of the reflected signal; and source matching (e′11), i.e.
the ability of the system impedance to match that of the
DUT. Because these quantities are unique to the system
architecture, they are considered to be systematic errors
that can be quantified and accounted for by using a set of
known calibration standards.34 Fig. 3(b) shows the flow
graph model35 used to describe these systematic quanti-
ties and their relationship to the measured quantities of
a single-port device. The error adaptor measured for our
calibration can be found in Appendix F.

We start by relating the measured S11m to the actual
S11a using

S11m =
b0
a0

= e′00 +
(e′01e

′
10)S11a

1− e′11S11a

. (5)

The error terms can be extracted and calibrated by in-
dependently measuring three known devices. These are
typically referred to as calibration standards. Commonly,
a short, open and load are used. The standards are pre-
measured with high accuracy. There are two common
methods used to describe the standards: polynomial cal-
ibration that uses a set of closed-form polynomial equa-
tions to describe the standards’ physical properties,36–38

and data-based calibration that uses the measurement
data directly.36–38 In this paper, we use the data-based
calibration method.

IV. EXPERIMENTAL SETUP

The experimental setup for calibration and resonator
measurements is shown in Fig. 4. The VNA (model num-
ber: PNA-X N5242B) test set is reconfigured by remov-
ing the two jumper cables [see Fig. 3(a) and Sec. IV A]
and connecting the SOURCE OUT and RCVR A IN
ports to the DR input and output respectively. The re-
flection coupler is being bypassed here and replaced with
a circulator down at 10 mK. By doing this, the loss prior
to the DUT can be moved to the other side of the sam-
pler, greatly improving sensitivity of measurements and
calibration. A DR with base temperature below 15 mK
is used. On the input side, the setup includes 20 dB
attenuation on the 3 K plate and another 40 dB attenua-
tion on the mixing chamber followed by a low-pass filter
with a linear filtering slope (1 dB/GHz). The total com-
bined cable loss on the input side is roughly 10 dB. Be-
cause the input line is heavily attenuated, a circulator,
with a working frequency band of 4 − 12 GHz, is used
to route the input signal to a six-way mechanical switch
(Radial R583.423.141). Six nominally identical cables are
used to connect the switch channels to different DUTs.
The output signal is routed by the circulator to a double
stage isolator, followed by a 40 dB-amplification high-
electron-mobility transistor (HEMT) with a 4 GHz to
8 GHz bandwidth, and then another 30 dB amplification
at the DR output. In this setup, RA receives the output
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Cryogenic single-port calibration for superconducting microwave resonator measurements 5
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FIG. 4. (Colored online) DR wiring diagram for cryogenic
microwave measurement. The VNA is reconfigured with cor-
responding front jumper wires (shown in Fig. 3) removed for
reflection measurement. Temperature plates with no devices
attached are excluded. The reference plane is marked by the
green dashed line. Cryogenic switch channels 1-3 are con-
nected to testing and verification DUTs. Open, short and load
standards (Fairview Microwave SMA standards) on channels
4-6 are calibration standards and are left in place for all cool-
downs in this work.

signal while R1 still calibrates the source. Effectively,
the VNA measures the reflection using a single-port S11

measurement instead of the two-port S21 measurement
described in Sec. II B. This method allows for a relatively
simple calibration using typical built-in functionality of
VNAs that calculates the error terms without the need
of external software.

A. Calibration Protocol

A set of cryogenically compatible open-, short- and
load-standards were initially measured at ambient tem-
perature to create a data-based calibration kit. The
standards were also measured at Keysight Metrology lab
to ensure the treacibility to NIST gauge block measure-
ments at ambient temperatures. We measured the stan-
dards from 4 to 8 GHz which is set by the working band-
width of HEMT. The standards are then connected to
the switch at Tbase of the DR, as shown in Fig. 4. The
only assumption, i.e. that each port of the switch and
the cables connecting the devices are identical, was vali-
dated by switch repeatability tests and ambient temper-

(a)

(b)

(c)

open

short

load

RT magnitude15 mK magnitude
RT phase15 mK phase

f (GHz)

FIG. 5. (Colored Online) Measurements of three calibration
standards at base temperature, open (a), short (b), and load
(c), with data-based calibration method applied at cryogenic
temperatures and compared with room temperature (RT)
measurement using ECal. Blue and green lines are the re-
sponse of data-based calibration and the orange and pink lines
are the response of ECal. The phase response of the short for
both calibrations are almost identical so they are not distin-
guishable in plots (a) and (b). Assuming 2/3 c phase velocity,
the short has a physical length of 2 mm and the open is about
1.72 mm long. For the load measurement, the signals are at
very low levels due to the low-reflective nature of the stan-
dard; thus, the phase responses contain no useful information
and are not shown here.

ature channel comparisons (see Appendix D and Refer-
ences 31,32). A 1 kHz intermediate frequency (IF) band-
width was used, with 2,001 data points, to achieve desired
resolution and dynamic range and to limit noise. We
reset/set the switch position by sending short-duration
(15 ms) DC pulses to disconnect/connect each channel,
respectively. The switch operation voltage at Tbase is 4 V.
These two successive operations tend to heat the mixing
chamber by approximately 1 mK, and a wait time of ap-
proximately 25 to 30 minutes is required to allow the DR
mixing chamber to reach a stable temperature.

B. Calibration Results and Verification

In this section, a calibration method using data-based
description evaluated at ambient and cryogenic temper-
atures was applied to the measurement of the calibra-
tion standards, and the results are used as first-level ver-
ification. Preliminary ambient temperature calibrations
using electronic calibration (ECal) were conducted as a
baseline and gave expected results (see Fig. 5).

At cryogenic temperatures, the short- and open-
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Cryogenic single-port calibration for superconducting microwave resonator measurements 6

calibration samples are expected to demonstrate similar
microwave responses as ambient, while the load is ex-
pected to deviate slightly.

Results of these tests are shown in Fig. 5. With the
data-based calibration we find that the return loss is
within 0 ± 0.01 dB for the open and −0.02 ± 0.01 dB
for the short. Both short and open have linear phase
delay indicating uniform offsets. Compared to ambient
Ecal results, we can see that for open and short, the
magnitudes are both very close to 0 dB and the cryo-
genic one has lower loss, which is expected. The phase
responses are also almost the same, indicating very small
length change: the open becomes 4% shorter whereas
the short has no obvious change at cryogenic tempera-
ture. For the load, at 15 mK, it has a flatter response
than the room temperature one while on average they
both have more than 30 dB isolation over the calibra-
tion bandwidth. Overall, the data-based calibration at
cryogenic temperature gives results that agree with ex-
pectations.

The next level of verification is to measure the test
standards through planar superconducting resonators
mounted in sample boxes. Because the measurement
chain goes through wirebonds, sample boxes, resonators,
and SMA connectors, we expect to observe ripples in the
frequency response due to impedance mismatches. In
Fig. 6, we show calibrations applied on: a half-wave res-
onator terminated by a test open (a), an on-chip trans-
mission feedline with eight high Q resonators coupled to
it in hanger-mode terminated by a test short (b), and
an on-chip transmission feedline coupled with three low-
Q resonators in hanger-mode terminated by a load (c).
For the test open and short, we also compare the re-
sults to the un-calibrated measurement. For the samples
terminated by short and open, the data-based calibra-
tion results have a mostly flat background with small
ripples. For the load, the much higher return loss com-
pared to a bare load measurement [Fig. 5(c)] reveals the
mismatch from wirebonds, SMA connectors, and sample
boxes. We have noticed that the after-calibration base-
line can slightly pass 0 dB at certain frequencies. This
indicates the calibration is not perfect.

Since 3D superconducting cavities have high reflection
off-resonance and ultra low loss on-resonance, they are
especially useful to verify the calibration. Fig. 7 illus-
trates the effect of calibration on the background of a 3D
cavity with four quarter wave stub resonators inside (see
Fig. 13). Qi extraction is discussed in Sec. V. The data-
based calibration successfully removes the large ripples
at low frequencies, the frequency dependent loss which
is associated with cables and filters, and small ripples
across the entire experimental frequency range. Some
residual deviations of < 1 dB remain between 6.5 GHz
and 7.5 GHz and can be explained by the mismatch from
the launching SMA connector of the cavity.

Based on the above three levels of verification, we can
conclude that, although the calibration standards are ex-
pected to experience small changes in microwave behav-
ior between ambient and cryogenic temperatures, data-
based calibration results agree with measurement expec-
tations.

open

(a)

(b)

f (GHz)

5

0

-5

-10

-15

-20

short6
4
2
0

-2
-4
-6
-8

before calibration              after calibration

FIG. 6. (Colored Online) Measurement results of three 2D
superconducting resonators at Tbase with data-based calibra-
tion applied. Samples are installed in similar sample boxes
with unused ports terminated by standards. Panel (a) shows
a half-wave resonator sample with fundamental resonance fre-
quency of 59.5 MHz terminated by an open. The resonances
are over-coupled with Q ∼ 104, which appear as deep and
broad dips. Panel (b) shows a sample with eight resonators
coupled to an on-chip coplanar waveguide (CPW) feedline
in hanger-mode terminated by a short. The resonances are
critically-coupled with Q ∼ 106, which are too narrow to be
seen here.

after calibration

before calibration

f (GHz)

FIG. 7. (Colored Online) Comparison of the magnitude of
reflection measurement of a 3D cavity input port with and
without data-based calibration applied. The resonances have
too high Q values to be seen at this density of points (2001
points over 4 GHz range).

V. RESONATOR MEASUREMENT WITH
CALIBRATION

We measure one 3D superconducting cavity and one
2D planar resonator with (reference plane on the sam-
ple input) and without (reference plane outside of DR)
data-based calibration to demonstrate the effect on fit-
ted performance metric Qi. Since the Qi of overcou-
pled resonators is more strongly affected by errors due to
impedance mismatch,20 overcoupled resonators are mea-
sured in this experiment. The data processing codebase
and fitting routines are available online.39
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Cryogenic single-port calibration for superconducting microwave resonator measurements 7

(a)                                               (b) 

before calibration      after calibration

f (GHz)

FIG. 8. (Colored online) Measurements of resonator 2 of the
3D cavity (4.02 GHz) before (in red) and after (in blue) cali-
bration at −85 dBm applied power. (a) is the magnitude and
(b) is the resonance circle on complex plane after normaliza-
tion.

Hanger Reflection w/o Cal

Q
i x

 1
0-6

Reflection w/o Cal, DCM

100 101 102 103 104 105 106 107 108 109

10

5

0

-5

<n>

3D resonator 1

FIG. 9. (Colored online) Linear-log scale plot of the Qi mea-
surements of resonator 1 of the 3D cavity in reflection and
in hanger-mode using an SMA tee (see appendix. E for the
background measurement), with hanger-mode measurements
serving as benchmarks. Green squares is hanger measure-
ment; Red circles is reflection measurement without calibra-
tion applied; Blue triangles is the reflection measurement us-
ing DCM.

A. 3D Cavity Measurements

The objective of cryogenic calibration is to measure
cryogenic devices with higher accuracy than the measure-
ment with reference plane outside of DR. To demonstrate
this we measured a 3D cavity with four stub resonators
(see Appendix B for details), referred to as resonators 1-4,
and designed to have fundamental resonance frequencies
3.80 GHz, 4.04 GHz, 4.09 GHz and 4.27 GHz. It is the
same device used in Sec IV B with background measured
(Fig. 7) for calibration verification . We measure this de-
vice in reflection through one of the two ports, strength-
ening the coupling to the two resonators nearest to the
measured port (1 and 3) and reducing the coupling to
the further two resonators (2 and 4). The measured res-
onance frequencies for the four resonators are 3.85 GHz,
4.02 GHz, 4.11 GHz and 4.25 GHz, close to the designed
values. Qc values are extracted to be 5.8×105, 1.8×106,
4.3× 105, and 3.7× 106 respectively.

A detailed comparison of calibrated and uncalibrated
S21 response for 3D stub resonator 2 is illustrated in
Fig. 8. Before correction, the magnitude line-shape is
asymmetric and the resonance circle has a rotation of
θ = 0.23. The corrected line-shape is closer to a sym-
metric Lorentzian, with θ = −0.05.

Power sweep results are shown in Figs. 9 and 10. The

(a)

(b)

(c)

Q
i x

 1
0

-7
Q

i x
 1

0
-7

Hanger Reflection w/o Cal Reflection w/ Cal
Q

i x
 1

0
-9

3D resonator 2

3D resonator 3

3D resonator 4

100 101 102 103 104 105 106 107 108 109

8

6

4

2

0

4

2

0

-2

4

2

0

-2

<n>

105 106

1.4

1.5

<n>Q
i x

 1
0

-7

FIG. 10. (Colored online) Linear-log scale plot of the internal
quality factor Qi as a function of average photon number in
the cavity 〈n〉 for three of the four quarter-wave resonators
inside a 3D cavity. Plot (a), (b) and (c) are results of the 3D
stub resonators 2, 3 and 4 respectively. Inset in (b) shows
the hanger and calibrated reflection results zoomed in near
〈n〉 = 105 − 106. Green squares is hanger measurement; Red
circles is reflection measurement without calibration applied;
Black diamonds is reflection measurement with calibration
applied.

power is converted to average photon number in the cav-
ity 〈n〉, determined by13,40

〈n〉 =
2

~ω2
0

Z0

Zr

Q2

Qc
Papp, (6)

with the applied power (Papp) estimated by the VNA
output power subtracting 70 dB cable loss and attenua-
tion, and Z0, Zr are the characteristic impedance of the
environment and the resonator impedance respectively.
The frequency of resonator 1, f0 = 3.85 GHz, is out-
side the calibration bandwidth, so it cannot be used to
compare the Qi fitted before and after calibration is ap-
plied thus we plot the results in a different figure than
the other three resonators. However, it can be used
as an example to clearly demonstrate that DCM does
not apply to the reflection measurement (shown in the
Fig. 9). The Qi values reported in Fig. 10 are extracted
using Eqs. 2 and 4. Resonators 2 and 3 [Fig. 10(a)-(b)]
have unphysical negative Qi before calibration, indicat-
ing a strong impedance mismatch due to wiring and mi-
crowave components. After calibration, Qi is within the
expected range of 1.5 × 107 − 4 × 107. Fig. 10 demon-
strates a comparison of calibrated and uncalibrated re-
flection measurements to benchmark hanger-mode mea-
surements, which are unaffected by choice of reference
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  after calibrationbefore calibration
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FIG. 11. (Colored online) Linear-log scale plot of the inter-
nal quality factor Qi as a function of average photon num-
ber in the cavity 〈n〉 for two high-order, overcoupled har-
monic modes of a 2D half-wave resonator at 4.49 GHz (a)
and 4.61 GHz (b) in reflection.

plane. For 3D stub resonators 2-4 the calibration moves
reflection Qi closer to the values when the resonators
are measured in the self-referencing hanger-mode. All
four resonators exhibit very weak power dependent S
shaped curve in both hanger mode and calibrated reflec-
tion mode, indicating small tow-level system (TLS) loss
participation, which fits our expectation.

B. 2D Planar Resonator Measurements

The 2D resonator sample measured is a 40 cm long
half-wave coplanar waveguide (CPW) resonator made
of NbTiN, with a design as in Ref. 41 and the far end
port terminated by a short. It is the same sample men-
tioned in Sec IV B with the far end terminated by an
open and then measured for calibration verification. We
measure resonances at 4.49 GHz and 4.61 GHz. The res-
onator mode spacing is around 59.5 MHz, close to the
designed value of 60 MHz. The resonator is designed to
be near critically coupled at its fundamental mode, but
it is strongly overcoupled at high-order harmonics in the
4 − 8 GHz measuring frequency bandwidth. The Qc is
around 1.7× 104 for both modes.

Fig. 11 shows the Qi of this device before and after cal-
ibration as a function of power. We observe both ultra-
high and negative Qi values before calibration. After
calibration, Qi is positive at all powers and an S-shaped
curve is seen (see Appendix C), characteristic of TLS
power dependence.42,43 We extract an intrinsic TLS loss
of F tan δ0 = (1.8 ± 0.11) × 10−5 for the 4.49 GHz reso-
nance and F tan δ0 = (1.74±0.09)×10−5 for the 4.61 GHz
resonance. As the power decreases andQi approaches the
critically coupled regime for the 4.61 GHz resonance, the
difference between before and after calibration becomes
smaller. This agrees with our expectation that the error
in Qi extraction drops with decreasing Qi/Qc ratio.

VI. CONCLUSIONS AND FUTURE WORK

To conclude, we have demonstrated a single-port, data-
based SOL calibration at cryogenic temperature. This
was achieved by modifying VNA’s front panel configura-
tion so the calibration can be performed using the built-
in calibration functions. This data-based calibration has
high accuracy and can be easily adapted for 2D and 3D
superconducting microwave resonator measurements in
reflection. We demonstrate that DCM does not correct
rotations in reflection measurements, and therefore cali-
bration is essential for those experiments.

The data-based SOL calibration with VNA reconfigu-
ration described in this paper can be easily extended to
a two-port setup by implementing a second set of stan-
dards and a cable that serves as an unknown through.
Future work includes implementing this two-port data-
based short-open-load-through (SOLT) calibration fol-
lowing the same procedure, as well as other two-port
methods. Also, given that we have utilized data-based
standards that have uncertainties, these together with
the system noise performance and repeatability may
be used to provide an overall S-parameter uncertainty
utilizing commercially available software (for instance
Keysight’s real-time uncertainty option for the VNA
S93015B).
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Appendix A: The resonator model and diameter correction

Here we briefly discuss the mismatch in hanger-mode
and how DCM works by reviewing the resonance circle.
Consider a parallel LCR resonator capacitively coupled
to a transmission feedline with wirebonds connecting to
the environment as shown in Fig. 12(a). This is similar to
the actual measurement setup if we neglect the attenua-

Page 8 of 12AUTHOR SUBMITTED MANUSCRIPT - QST-101214.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Cryogenic single-port calibration for superconducting microwave resonator measurements 9

Port 1
Z01, l1Z1

TL1 Port 2

Z2

Cc

C LR

TL2
Z02, l2Z03, l3

TL3
Z04, l4

TL4
(a)

          
          (b)                                  (c)
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FIG. 12. (Colored online) Simulated S21 on the complex
plane of a parallel LCR resonator connected in hanger-mode
with wirebonds represented by inductors L1 and L2 on either
side. (a) The circuit diagram of simulation setup, similar to
Fig. 1(a). (b)[(d)] is the resonance circles before normalization
while (c)[(e)] is the corresponding circles after normalization.
The simulation parameters are: Z1,2 = Z01,02,03,04 = 50 Ω,
L1 = 0.5 nH, L2 = 1.5 nH, C = 580 fF, L = 1.2 nH,
R = 1012 Ω for red solid dot and 108 Ω for brown open
triangle, Cc = 1 fF sets Qc to be approximately 6 × 105.
l3 = l4 = 90◦ for (b) and l3 = 107◦ and l4 = 17◦ for (d).
The off-resonance point is marked as A and θ is the rotation
angle. The blue circle is the unity circle.

tion, amplification and cable loss. The wirebonds can be
modeled as small inductors. To simplify the discussion,
here we assume the mismatch only comes from the wire-
bonds, meaning all the port impedance and transmission
line characteristic impedance are the same (50 Ω), and
the wirebonds have non-zero inductance.

The mismatch caused by wirebonds will suppress the
background level of the resonance to be lower than 1. For
a high Q resonance, the background is nearly at a con-
stant level for several bandwidths and can be noted as A.
For a low Q resonance, A can be frequency-dependent.
When this dependency is non-linear, the resonance circle
will be distorted and cannot be used to fit for Qi. There-
fore, avoiding mismatch is always desirable. The back-
ground normalization process, which is necessary to re-
move cable loss, attenuation and amplification, will mag-
nify A to be 1, thus magnify the size of the resonance

circle. Shown in Fig. 12(c), some area passes unity after
normalization, which appears to get unphysical gain.

Consider a strongly overcoupled resonator in hanger-
mode, near resonance, the impedance is approaching
zero, thus acts as a short to ground which reflects all the
incoming signals. Therefore, the measured on-resonance
transmission S21 is 0. This means the resonance circle
of such resonator has to pass through the origin, which
is demonstrated by the red circle in Fig. 12(b) and (d).
When the rotation angle θ is not zero, this circle has a
second intersection on the imaginary axis. It is trivial to
prove that this intersection has to be the on-resonance
point. Before normalization, the diameter of the circle
can then be found to be A/ cos θ. The circle cannot pass
beyond the unity circle due to energy conservation, thus,
as illustrated in Fig. 12(b), the maximum allowed rota-
tion θmax is when the resonance circle and the unity circle
are tangent:

θmax = cos−1A. (A1)

For a given off-resonance transmission levelA, θ is limited
to the range of [−θmax, θmax]. When θ is equal to 0,
it does not imply no impedance mismatch. As shown
in Fig. 12(d), A is about 0.9, which is smaller than 1,
indicating imperfect background transmission, while the
rotation is very small (θ = 0.02).

After normalization, as shown in Fig. 12(c), the diam-
eter of the red circle (strongly over-coupled) after nor-
malization is 1/ cos θ. However, for such a resonator, the
diameter of resonance, which is Q/Qc, should be equal to
1. This implies that the diameter is magnified by 1/ cos θ.
Qc extracted from Eq. 2 will be lowered than the actual
value and Qi will be raised. To correct this error, Qc
needs to be “normalized” as Qc/ cos θ and Qi can then
be found through Eq. 3. In other words, normalizing the
off-resonance to 1 can cause error in Qi extraction be-
cause the diameter gets magnified. However, the amount
of magnification is a single value function of θ. This is
the reason why for hanger-mode, the impedance induced
error can be corrected through the amount of rotation of
the resonance circle. The circle for finite Qi but same res-
onance frequency and Qc (brown triangle) has the same
amount of magnification in the diameter, thus DCM can
also be applied. Following the same process of review-
ing the resonance circle, it can be seen that the diameter
magnification and rotation angle θ in both reflection- and
transmission-mode are not correlated as a single value
function. As a result, both modes require a calibration
to accurately measure Qi.

23,44

Appendix B: 3D cavity

The 3D cavity (shown in Fig. 13) was conventionally
machined using a computer numerical control (CNC) ma-
chine and is comprised of a single piece of 5N5 high purity
aluminum. Surfaces were treated in a bath of commer-
cially available phosphoric-nitric acid mix at 50◦C for
four hours while refreshing at the two-hour point to pre-
vent etchant saturation. This process removed 100 µm
of material from the inner surface of the cavity in order
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(a)                                               (b)

2 cm 1 cm

FIG. 13. (Colored online) Top-down view of the cavity before
assembly (a) and the cavity design (b). The device is a 3D
RF cylindrical cavity encompassing four quarter-wave stub
resonators of varying heights.

to improve surface quality thereby enhancing the inter-
nal quality factor of the resonator modes. There are two
coupling ports located on opposite sides of the outer rect-
angular walls which allow us to evanescently couple to the
resonator modes via SMA pin couplers.

f0 = 4.61 GHz

(a)

(b)
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FIG. 14. (Colored online) Logarithmic plot of the internal
loss 1/Qi as a function of photon number 〈n〉 of 4.49 GHz
resonance (a) and 4.61 GHz resonance (b) of the 2D resonator
measured in Sec. V B in blue open circles. The red lines are
the fitted two-level system (TLS) loss extraction function.

TABLE II. TLS fitting results of the 2D resonator

f0 (GHz) F/Qi,0 × 105 nc Qi,other × 10−5

4.49 1.80± 0.11 1.74± 0.74 7.7± 0.29
4.61 1.74± 0.09 2.17± 0.81 2.57± 0.26

Appendix C: TLS fitting of 3D and 2D resonator

The power-dependent internal loss 1/Qi of a resonator
can be represented by45,46

1

Qi
= F

1

Qi,0

tanh
(
hf0
2kBT

)
√

1 +
(
〈n〉
nc

)β +
1

Qi,other
, (C1)

where F is the filling factor, 1/Qi,0 is the intrinsic TLS
loss, 1/Qi,other is the power-independent loss, 〈n〉 is the
average photon number inside the resonator, and nc is the
critical photon number where the TLS loss starts to sat-
urate. The fitting results of the 4.49 GHz and 4.61 GHz
resonances can be found in Tab. II and Fig. 14 shows
the loss as a function of photon number for the measured
data and fitted function. The intrinsic TLS loss for these
two resonances are similar, as expected.

Appendix D: Switch repeatability and stability

In Sec. IV, we assume the switch channels are identi-
cal. To test this assumption, we make series of measure-
ments at ambient temperature and assume that differ-
ences here will also be present at cryogenic temperatures
and vice versa. We connect the same cables used in the
cryogenic temperature calibration to all six switch ports,
perform electronic calibration (ECal) using the calibra-
tion set from the manufacturer, and then measure the
standard short. For example, as shown in Fig. 15(a), an
ECal is performed on channel 1. We then measure the
standard short using switch channel 1 in reflection with
ECal applied and use the result as benchmark. We then
manually connect and disconnect the standard short to
each one of the remaining channels, measure it in reflec-
tion and compare the results to channel 1 result. We then
perform ECal on channel 2 and repeat the same proce-
dure. We find that the differences between channels are
within ±0.1 dB. This is similar to what other works have
found,31,32 and is small enough to safely assume all chan-
nels are identical.

We also test the switch stability at cryogenic temper-
ature. We use the data-based calibration to measure the
standard short on channel 5 (see Fig. 4). We then ran-
domly connect and disconnect or switch back and forth
to other channels. After each switch operation, we wait
for about 30 minutes for mixing chamber temperature
stabilization. 11 measurements were performed within a
24 hour period. As shown in Fig. 15(b), drift continues
to increase over this period, with a total drift of around
0.25 dB from the first measurement. For the first 9 mea-
surements, which spans about 5 hours, the drift is below
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(a)

(b)

SC1 SC2 SC3 SC4 SC5 SC6

f (GHz)

f (GHz)

FIG. 15. (Colored online) (a) Measurement of the standard
short at different switch channels at ambient temperature
with ECal performed at switch channel 1 and applied to each
measurement. “SC” in the legend standards for “switch chan-
nel”. (b) Repeated measurement of the standard short using
the data-based calibration 11 times with the switch randomly
opened and closed or switched to different position and back
over a 24 hour period at 15 mK. The number in the legend is
the index of the corresponding measurement.

0.05 dB. Based on the test results, we recommend per-
forming calibration daily.

Appendix E: Background measurement of SMA Tee at
ambient temperature

Using a 3-port device like the SMA tee in hanger
mode inevitably introduces mismatches. We measured
the transmission of the Tee used for hanger-mode at am-
bient temperature to make sure the mismatch does not
have large effect at the frequency range of the resonators.
In Fig. 16, we can see the near 4 GHz, the background
is almost flat while near 6.8 GHz there is a large dip.
Therefore, using this tee will not distort the line-shapes
nor lower the signal for the 3D cavity resonances. But
if the designed frequencies are in the range of 6.5 GHz
to 7.5 GHz, the tee can increase the difficulty of hanger-
mode measurements.

(a)

(b)

f (GHz)

FIG. 16. (Colored online) (a) The background transmission
of the SMA Tee used for hanger-mode measurement of the
3D cavity described in Sec. V A at ambient temperature from
1 GHz to 9 GHz. The SMA tee introduces a mismatch that
causes large dips in transmission near 2.1 GHz and 6.8 GHz.
However, for the frequency range of interest in this work, near
4 GHz, transmission is nearly flat with minimal suppression
from 0 dB. (b) The actual SMA Tee used in this work.

Appendix F: Error adapter

The three terms of the error adapter for the data-based
cryogenic calibration are shown in Fig. 17. The biggest
change we expect when the fridge is cold versus warm
would be the superconducting cables connecting 3 K and
15 mK plates having lower loss and better match. This
is shown by the overall lower error extraction [Fig 17(b)].
The overall source match error extracted by the cryogenic
calibration is nearly is about -30 dB, which is less than
0.1%, in the region from 5 to 8 GHz. The directivity,
which drops from -20 to about −30 dB, is improved due
to the improvement of isolation of the reference and test
signals. For the frequency range below 5 GHz, one pos-
sible explanation is that the change is due to the atten-
uators’ response and requires further investigation. The
reflection tracking, which is a frequency response perfor-
mance, is improved from −10 dB to −20 dB at ambient
temperature to less than −10 dB at cryogenic tempera-
ture as well. In conclusion, we believe moving the refer-
ence plane to the operating temperature environment is
necessary to get better error extraction.
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