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ABSTRACT Designing large-scale superconducting quantum circuits involves complex microwave engi-
neering to minimize loss, spurious reflections, and signal crosstalk. Essential for engineering more complex
circuits is precise knowledge of devices” microwave performance, which can be characterized by measuring
its calibrated scattering parameters (S-parameters) at mK temperatures. In this work, we introduce a
full 2-port calibrated S-parameter measurement setup which can characterize superconducting quantum
integrated circuits and other RF integrated circuits operating at mK temperatures. The design and architecture
of the measurement system consisting of in-house developed microwave calibration unit (MCU) housing the
newly designed cryogenic calibration standards and the device under test (DUT) is discussed in detail. The
measurement setup is then used to demonstrate the first calibrated S-parameter measurements of an in-house
developed superconducting qubit integrated circuit at mK temperature.

INDEX TERMS Dilution refrigerator, low temperature measurements, microwave calibration, quantum

integrated circuits, superconducting qubit circuit, vector network analyzer.

I. INTRODUCTION

Measurements of quantum integrated circuits at mK tem-
peratures take on new importance today because of their
immediate applications in quantum simulations [1], quantum
sensing [2], and quantum computing [3]. One prominent
technology for constructing a quantum computer involves
superconducting qubits [4]. These are physically realised at
the circuit level and implemented using nominally lossless
capacitors, inductors, and Josephson junctions and packaged
as integrated circuits [4]. Although these circuits operate
only at mK temperatures inside a dilution refrigerator, all
the additional supporting microwave components (directional
couplers, circulators, isolators, amplifiers, attenuators, etc.)
required to control and/or read out the quantum integrated
circuits are often designed for use at higher temperatures
(typically 10-300 K) and are merely assumed to operate
normally at mK temperatures. However, when the entire
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setup including the microwave components is cooled to mK
temperatures, the S-parameters of the components are likely
to change. This makes it particularly challenging to design
the whole microwave circuitry, as the successful operation of
quantum circuits requires very good impedance matching and
elimination of reflections [5].

In order to measure the actual S-parameters of a quantum
integrated circuit at mK temperatures, a calibration scheme
that shifts the reference planes of the measurement to the ends
of the quantum circuit/device needs to be implemented, thus
de-embedding the intervening passive and active components
up to the ports of the vector network analyzer (VNA) measur-
ing instrument, operating at room temperature.

Non-idealities in the measurement setup caused by imper-
fect connectors and cabling, and even the response of the test
instrument will introduce errors into the measurements. For
both transmission and reflection measurements, impedance
mismatches within the test setup cause measurement uncer-
tainties that appear as ripples superimposed on the measured
data, when displayed in the frequency domain. These errors
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can distort the signal and make it difficult to determine
which reflections are from the DUT and which are from
other sources. The calibration process effectively removes
the systematic errors that cause uncertainty in measuring a
DUT. During calibration, the VNA measures actual, well-
defined standards and mathematically compares the results
with ideal “models” of these standards. The accuracy of these
calibration techniques depends on the availability of high-
quality calibration standards. At low temperature, however,
calibrating the set-up becomes more complicated since tem-
perature will change the microwave characteristics of the cal-
ibration standards due to changes in physical characteristics
of the materials such as their impedance, dielectric constant
or physical size due to thermal contraction.

Previously, there have been demonstrations of one- and
two-port calibrations for low temperature measurements,
however, with several limitations. Some relied on using sim-
ulation results rather than actual measurements [6] and others
relied on room temperature calibration for DUTs that operate
at cryogenic temperatures [7]. In [8]-[10], the three standards
were cooled down to low temperature through different ther-
mal cycles before measuring the sample. The main drawbacks
with these methods rely on the fact that the various cool-
downs are not performed in perfectly identical conditions and
that they do not fully consider the systematic errors induced
by thermal gradients. Other techniques have been developed
for measurements at 4K and higher temperatures [11]-[13]
but were not directly suited for deployment at the mK stage.
The most promising work in this area was demonstrated
in [14], using a Thru-Reflect-Line (TRL) calibration method
that was applied to connectorized coaxial DUTs operating at
mK temperatures. Currently, there has been no demonstration
of calibrated measurements of non-connectorized devices
such as quantum integrated circuits operating at mK temper-
atures, and this capability is becoming more and more cru-
cial for precision-engineering of large-scale quantum circuits.
In this work, we have developed new cryogenic non-coaxial
calibration standards to characterize non-coaxial components
such as RF integrated circuits and quantum integrated cir-
cuits. Using our S-parameter measurement setup, we have
demonstrated the calibrated S-parameters characterization of
a superconducting qubit circuit at milli-kelvin temperatures
for the first time.

Section II focusses on introducing an S-parameter mea-
surement set up for characterizing quantum/RF integrated
circuits at mK temperatures. The setup allows the circuits to
be operated in the quantum regime without degrading their
‘quantum performance’, and to extract their RF character-
istics. The microwave calibration unit (MCU) housing the
custom developed cryogenic calibration standards and the
DUT is explained in Section III. The calibration technique
and the design of the calibration standards are also described
in detail in Section III. Calibrated S-parameter measure-
ments of a superconducting qubit circuit at mK tempera-
tures is demonstrated in Section I[V. The MCU deployed at
mK temperatures has been designed to perform S-parameter
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measurements in the range 2-12 GHz, which is sufficient for
most superconducting quantum computing applications.

Il. CRYOGENIC S-PARAMETER MEASUREMENT SETUP
The architecture of the cryogenic S-parameter measure-
ment setup which has been inspired and adapted from [14]
to incorporate calibration standards to characterize non-
connectorized devices is shown in Fig. 1. The dilution
refrigerator is split into 6 stages of decreasing temperatures
(~300 K, ~50 K, ~4 K, ~800 mK, ~100 mK, and 20 mK)
and consist of thermalized and attenuated RF lines and DC
lines running through each of these stages.

4-port Vector
Network Analyzer

!'n:lcrowa\fe I L microwave
in in 300 K out2 outl

-6dB 50K

-20dB 4K | /\ Zyamé

FIGURE 1. Cryogenic S-parameter measurement set-up.

The RF lines are realized as semi-rigid microwave cables
and contain various microwave components such as attenu-
ators, filters and amplifiers from the input side to the output
side. While operating superconducting qubit circuits at mK
temperatures, the number of thermal photons in the RF lines
arriving at the coldest stage (T < 20 mK) of the dilution
refrigerator should be well below the single photon level
which can be achieved by adding a total attenuation of at least
60 dB in each of the RF input paths [15]. The bandwidth
of the RF lines is chosen to be large enough to cover the
typical frequency range of operation for superconducting
quantum computing circuits (2-12 GHz). In the setup shown
in Fig. 1, all four uncalibrated S-parameters are obtained
by measuring the respective RF input and output coaxial
lines which connects the MCU consisting of calibration stan-
dards and DUT at the coldest stage to the four ports of
a commercial 4-port VNA such as Keysight Technologies
PNA-X N5247B. The input RF signal is coupled to the MCU
through cryogenic directional couplers with 20 dB directivity
from 4 to 12 GHz. Wideband directional couplers operational
from 0.3 to 18 GHz will be used for future measurements.
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FIGURE 2. Calibrated S-parameter measurement set up to characterize quantum integrated devices at mK temperatures.

The RF power reaching the MCU for this setup is around
—100 dBm which includes losses in cables, multi-stage atten-
uation and directivity of directional coupler. These are typ-
ical power levels at which quantum circuits operate and is
required to limit the number of thermal photons in the RF
lines arriving at the coldest stage (T < 20 mK) of the dilution
refrigerator to be well below the single photon level [15].
It also ensures that any DUT or standard is not accidentally
overheated by the calibration, which is likely to affect the
result.

The output microwave signal from the MCU is ampli-
fied using a state-of-the-art high electron mobility tran-
sistor (HEMT) amplifier with ultra-low noise temperature
of 2K anchored to the 4 K stage and having a gain of
~37 dB and a frequency range of operation from 4 to 8 GHz
(LNF-LNC4_8C). This amplifier is well suited for charac-
terizing quantum integrated circuits due to their low noise
performance [16], however, other models can be used to
obtain a wider calibration frequency range on the expense
of reduced noise performance. In this work we thus per-
form all the cold stage measurements in the frequency
range 4-8 GHz, even though the calibration unit can work
from 2-12 GHz.

The noise power is given by the amplifier input noise
temperature (Tp = 2K) and bandwidth (B) of 4 GHz of the
first amplifier (HEMT LNA),

NdBm = 1010g10 kT()B
= 101log;((1.38 x 1072 x 2 x 4 x 10%)
= —132dBm 1)

where k is the Boltzmann’s constant.
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As the RF power level (—100 dBm) is significantly larger
than the noise power level (—132 dBm) in this case, there
is minimal effect on the S-parameter measurements, when
characterizing quantum circuits. The cryogenic amplifiers
are followed by a 2-stage room temperature amplification
which brings the signal levels as high as —20 dBm, which
is sufficient input power for VNA measurements. If the RF
power is reduced well below —100 dBm closer to the noise
power level, dynamic range of measurements will be reduced,
which will be evident when characterizing devices with very
low reflection coefficient such as matched load or when char-
acterizing the isolation level of an isolator. However, when
characterizing such microwave components at mK temper-
atures, it is not strictly required to operate at such low RF
power. The dynamic range and accuracy of measurements is
further improved by employing noise reduction techniques
such as operating the VNA at low IF receiver bandwidth
(10 Hz) and using sweep averaging feature (averaging factor
of 10) in the VNA.

Thorough thermalization of cables, attenuators, and
microwave components at the various temperature stages of
the dilution refrigerator is necessary for reducing the heat
load on the dilution refrigerator and for protecting super-
conducting qubit circuits from thermal radiation and noise.
In addition to thermal anchoring, filters with stop bands out-
side the frequency range of operation and infrared blocking
Ecosorb filters further suppress thermal radiation.

Additional DC lines are used for biasing the cryogenic
amplifiers, controlling RF switches and flux control of tune-
able frequency qubits. These lines are made from twisted
pair wires, typically low pass filtered and thermalized at each
temperature stage [17].
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lll. MICROWAVE CALIBRATION

A. MICROWAVE CALIBRATION UNIT

Modern dry dilution refrigerators, which utilize pulse-tube
cooling in place of liquid cryogens, have ample room at
the mK stages. Therefore, it is possible to place relatively
large microwave units at these mK temperatures. This in turn
enables the application of improved and advanced calibration
techniques as multiple calibration standards can be deployed
inside the coldest stage of the refrigerator and microwave
switches can be used to select the standards in situ thus
saving calibration time. One full thermal cycle of the cryostat
typically takes about 3 days, so a multiple-thermal-cycle
calibration requiring 3 standards would require an additional
9 days for calibration. However, with RF switches built into
the cryogenic MCU, all the calibration standards and DUT
can be measured within the same thermal cycle in less than
2 hours. This also significantly reduces the drift and ran-
dom errors in measurements and improves the quality of the
calibration.

The MCU housing the RF switches, cryogenic calibration
standards and the DUT is deployed in the coldest mK tem-
perature stage in the dilution refrigerator as shown in Fig. 2,
which also shows a zoomed image of the MCU and the DUT
housing. The two RF switches (DC to 18 GHz) used in the
MCU are commercially available mechanical pulse latched
Radiall SP6T switches that operate by means of electrical
pulses (5 Vpp) 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. These are software controlled
to activate/deactivate the respective standard/DUT during the
measurements. A switching pulse only results in a very mod-
erate increase in cryostat temperature of a few 10’s of mK,
which is important because the quantum circuits must not be
overheated.

The calibration technique is applied to shift the calibration
reference planes from the VNA test ports to the ends of the
DUT. In this work, we demonstrate the characterization of
S-parameters of a quantum integrated circuit consisting of
multiple superconducting qubits as the DUT. The DUT was
designed to function as an absolute-power quantum sensor at
mK temperatures, described in detail in [18].

B. CALIBRATION STANDARDS AND ALGORITHM

The Thru-Reflect-Line (TRL) technique can be used to cal-
ibrate non-connectorized devices fabricated in non-coaxial
medium such as microstrip, coplanar waveguide (CPW),
etc [19]. The advantages of the TRL calibration are (i) the
use of redundant calibration standards reduces the uncertainty
due to errors, such as connector repeatability, cable flex-
ure, test-set drift, and noise, and (ii) the foundation of the
calibration standard definitions depend solely on qualitative
requirements (uniformity of the lines, identical cross-sections
of the lines, and identical reflection coefficients of the Reflect
standards) without having the need to precisely characterize
the standards, compared to calibration techniques such as
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Short-Open-Load-Thru, making it more suitable for use at
mK temperatures. It is also difficult to design a precise Load
standard operating at mK temperatures.

The TRL calibration corrects systematic errors caused by
imperfections in the VNA and test setup based on an 8-term
error model [20]. The systematic errors are repeatable and
assumed to be time invariant and can be characterized during
the calibration process and mathematically removed during
measurements unlike the drift and random errors. The TRL
calibration accounts for systematic errors such as directivity,
source match and reflection tracking which are generated due
to reflections in the measurement setup. It can also correct
load match errors and transmission tracking errors, which are
generated due to transmission measurements [20].

The Thru, Reflect and Line standards are designed,
and fabricated, using separate PCBs as grounded co-planar
waveguide (GCPW) transmission line structures as shown in
Fig. 3(a). A GCPW structure is chosen as it provides better
thermalisation of the PCB and DUT at mK temperatures.
In addition, there is an additional advantage of reduction
in crosstalk between the two ports as the ground trace sur-
rounding the central conductor is grounded through vias.
Rogers RO4350B with relative permittivity 3.48 and loss
tangent 0.0037 at 10 GHz at room temperature is used as
the PCB substrate. The size of each of the PCB boards is
20.4 mm x 14.7 mm with a thickness of 0.5 mm. The top and
bottom copper ground planes of 1.4 mil (=36 pm) thickness
are connected by using shorting filled via holes of 0.5 mm
diameter. The design dimensions of the GCPW structure
(such as the center conductor width, the gap width between
the center conductor and the two grounds, and substrate
thickness) are estimated by solving the analytical equations
in [21] for a characteristic impedance of GCPW transmission
line of 50 € and optimized using CST Microwave Studio
simulations.

The middle of the Thru PCB standard is set as the reference
plane. The Reflect standard could be realized as a pair of
short-circuits or open-circuits, with two nominally identical
short/open-circuits implemented on a single PCB to provide
the two Reflect standards. The reflection coefficient of both
these short/open-circuit standards does not need to be known
at mK temperatures; however, they should be identical for
a good quality calibration [21]. The Line standard is imple-
mented as an extra section of transmission line that provides
a change in the transmission phase, with respect to the Thru
connection. In a !/s~-wave TRL calibration, the Line standard
is designed to provide a change in the transmission phase,
with respect to the Thru connection, of approximately 90° —
i.e. !/s-wavelength— at frequencies around the middle of the
frequency band. The calibration failure points occur at 0°
and 180°. Therefore, when implementing a !/s-wave TRL
calibration procedure, phase changes are designed to be at
least 20° greater than 0° and at least 20° less than 180°.
In this work, a single line standard is designed to be 6 mm
(i.e. 1/ of the GCPW wavelength at 7 GHz) longer than the
Thru standard to cover the frequency range of 2-12 GHz.
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(b)

FIGURE 3. (a) PCBs containing the various Thru-Reflect-Line standards
with reference planes and port numbers marked (b) The MCU layout
including DUT and standards.

The DUT is connected to the transmission lines on both sides
of the DUT fixture PCB, as shown in Fig. 3(a), either via
solder or using wire bonds.

For characterization of quantum integrated circuits such
as superconducting qubit circuits, the DUT along with the
PCB fixture and each of the calibration standards are typi-
cally enclosed within a specialized metal box as shown in
Fig. 3 (b). The sealed box is made from copper for good
thermal anchoring and shielding of the device from thermal
photons. The box shown here is specifically adapted for the
superconducting quantum sensor discussed in [18], but can
accept any integrated circuit of size up to ~5 mm x 5 mm.
The GCPW PCB for each standard and DUT is fabricated
using the Electroless Palladium Autocatalytic Gold (EPAG)
process with gold finish which is non-magnetic and suit-
able for wire bonding. A U-shape based calibration standard
is used instead of a straight one to implement the stan-
dards within the metal box. The PCB standards are soldered
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inside these metal boxes which are fitted with SMA connec-
tors. Coaxial-to-GCPW transitions are added to the ends of
the PCB standards to ensure radiation free wave propaga-
tion, and hence minimize any degradation of the microwave
calibration.

The suitability of the fabricated calibration standards for
use with the TRL calibration technique is tested at room tem-
perature by characterizing a commercial 10 dB microwave
attenuator before deploying the standards in the dilution
refrigerator. The PCB circuitry inside of a 10 dB coaxial
attenuator [22] was used as the DUT by connecting it to the
PCB fixture within the metal box using wire bonds. The mea-
sured S-parameters of the attenuator are shown in Fig. 4. The
reflection coefficient performance is good (i.e. better than
—10 dB) and agrees with the manufacturer’s specification.
Also, the variations in Sp; from 10 dB are less than 0.6 dB
up to 6 GHz, which again agrees with the manufacturer’s
specifications. The tested calibration standards and DUT are
attached to a copper mounting plate as shown in Fig. 3(b) and
connected to the ports on the RF switches via a set of short
(76 mm) and nominally identical commercial semi-rigid
SMA coaxial cables with aluminium jacket to the MCU,
which then connects to the VNA through the rest of the
dilution refrigerator hardware. The effect of wire bonds in the
S-parameter results is currently being investigated and will be
reported in a future publication.

S-Parameters (dB)

—— S22

Frequency (GHz)

FIGURE 4. Measured S-parameters of a commercial 10 dB attenuator
characterized using the TRL calibration kit at room temperature.

To extract the actual S-parameters of the DUT at mK tem-
peratures, the uncalibrated S-parameters of the DUT and the
TRL calibration standards are recorded, and then an offline
TRL calibration routine is applied to solve the 8-term error
model. The VNA switch correction terms have been mea-
sured to be negligible for this configuration due to the high
attenuation in the forward position and due to the high isola-
tion of the amplifiers in the reverse position and is hence not
incorporated in the error model for TRL calibration. These
terms are usually included in the 12-term error model to
account for the change in reflection coefficient at the VNA’s
internal switch as it is switched from the forward to reverse
positions [23]. The reference impedance of the calibration is
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the characteristic impedance of the line standard. If necessary,
the measured S-parameters can be renormalized to a desired
impedance by estimating the characteristic impedance of the
transmission line [24], [25].

C. CALIBRATION ERRORS
The part of the measurement setup from the room temperature
VNA down to the low temperature RF switches is accounted
for in the error model during calibration. The calibration
algorithm assumes that the calibration standards and DUT
fixtures are identical up to the calibration reference plane. The
cryogenic RF switch ports and the cables connecting the RF
switches to the standards and devices need to be as identical as
possible at mK temperatures to minimize calibration errors.
The RF switch ports can create differences in transmission
paths and return losses intrinsic to the switches. The variation
in the performance of RF switch ports is investigated by
characterizing one of the RF switches at room temperature.
The calibrated S; with measurement reference planes at the
common input port of the switch and each activated output
port is measured and plotted in Fig. 5(a). The maximum
variation in the transmission coefficient between the various
transmission paths is within 0.006 dB in the given frequency

range.
The variation in S is linear scale defined as
j J
ey = max;j—1..6 (‘Sél -8, D (2)
The variation in Sy is defined as
j J
£ = max; iy g (‘S{l s D 3)

The reflection coefficients of all the RF output switch ports
were measured and found to be less than —27 dB as shown
in Fig. 5(b) and so any variation in reflection coefficient
between these ports are considered small enough to be
neglected.

The switch repeatability errors of the RF switch port is
measured by switching ON and OFF one of the RF switch
output ports multiple times and measuring the transmis-
sion coefficient between this output port and the common
input port of the switch in the ON state. The results in
Fig. 6 shows that the variation in transmission coefficient is
within 0.005 dB. The impact of the switch port variations
on the calibration depends on the affected path (DUT or
standards). The worst case is when only the DUT path is
affected because the errors affect the calibration coefficients
directly. The worst-case effect of the switch port differences
on the DUT S-parameters is given by [36],

AS?IUT — SIDIUT + gllnlax,varl (4)

AS12)1UT — Sé)]UT(l 4 ggnlax,varl 4 Egnlax,varZ
is;ﬁax,repl + Sgnlax,repZ) (5)
where &5 lax‘varl and &5, Va2 are the transmission loss errors

due to variation in switch ports in RF switch 1 and RF switch

. 1 rep2 .
2 respectively and s;" lax’rep and 8;"1” "P> are the transmission
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loss errors due to repeatability of switch ports in RF switch 1
and RF switch 2 respectively. The maximum variation in
reflection performance due to variation in switch ports in RF
switch 1 is denoted by STIM‘V“”

The variations in the microwave path connecting the low
temperature RF switches and the devices (cables, connectors,
device fixtures) can also create calibration errors. Connector
repeatability errors will be introduced due to the differences
in the return loss performance of the SMA connectors used
with the metal box standards, variations in soldering of the
SMA connector to the PCB standards/DUT, RF switch ports
and cables. These can generally be controlled by using good
quality RF components. The cable performance is investi-
gated by characterizing the transmission coefficient at room
temperature as shown in Fig. 7. In the given frequency range,
the maximum variation between the six nominally identical
RF SMA cables was within 0.006 dB.

-0.07 T T T 0.008

- 0.006

- 0.004
-0.08 4

- 0.002

S21(dB)

r0.000

Max Variation (dB)
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i -0.002

g |-0.004
Y

; . -0.006
8

Frequency (GHz)

-25

2304

$22(dB)

Port 1 ON
Port2 ON
Port 3 ON
Port 4 ON
Port 5 ON
Port 6 ON

354 /)

-40 +11 . . ,
4 5 6 7 8
Frequency (GHz)

(b)

FIGURE 5. Measured variability in performance of SP6T RF switch ports at
room temperature (a) Transmission coefficient (S,;); (b) Reflection
coefficient (S,;).

An important caveat for the measurement of the switch
and test-cable symmetry is the fact that these measure-
ments are performed at room temperature and not at the
cryogenic temperatures at which the DUT and standards
are measured. To precisely estimate the variability and
repeatability of the RF switch ports and the variability of
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cables at mK temperatures, the RF switches along with the
cables will need to be characterized in detail as a DUT at
mK temperatures. As the RF switches are coaxial devices,
an S-parameter measurement setup employing coaxial cal-
ibration standards will need to be designed and setup to
measure the calibrated S-parameters of RF switches. This is
planned as a future activity and is beyond the scope of this
work. At low temperatures, the cables must be connected
in a symmetric configuration to have identical temperature
effects on each cable such as differential thermal contraction
at mK temperatures. The impact of the cable variations on the
calibration depends on the affected path (DUT or standards).

-0.07 T T T 0.008
A\ - 0.006
- 0.004 =
[11]
-0.08 T
c
- -0.002 .2
1] ©
2 W 5
5) W -0.000 3
% ©
-0.09 0N =
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Round 1
—— Round 2
Round 3 WA W | A
Round 4 AN \ +-0.004
Round 5 MW
Round 6 \
Max Error (dB) V
-0.10 T T T -0.006
4 5 6 7 8

Frequency (GHz)
FIGURE 6. Measured repeatability in transmission coefficient when

Port 1 of one of the SP6T RF switches is repeatedly turned ON at room
temperature.
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-0.45 T T T -0.006
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FIGURE 7. Measured variability in performance of transmission
coefficient for 6 nominally identical short (15 cm) commercial male to
male RF SMA cables attached to one of the RF switches at room
temperature.

During the extended period of the measurement cycle, any
drift occurring due to temperature changes inside and outside
the dilution fridge will introduce drift errors in calibration.
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Cable movements in the room temperature stage can also
introduce drift errors. The variations at room temperature
can create drifts in the amplifier stage, cables, and the VNA.
By regularly re-calibrating the measurement system, drift
errors can be minimised. To demonstrate the performance
variation due to temperature variations at mK, the maximum
variation in the uncalibrated forward transmission coefficient
of the Thru standard observed for a range of different tem-
peratures (15-40mK) and several switching cycles is plotted
in figure 8, determined using eq (5). The variation in S71 can
be as much as 0.18 dB which would create significant error in
subsequent measurements. Hence, it is necessary to minimise
any change in temperature while operating the RF switches at
the mK stage.

T T T 0.2
Q 251 0.1
= [11]
by o
a3 <
c
- L 3
. 0.0 5
;
S ©
= =
§ P 01
——15mK IT U 1 -o.
= 20mK i
25mK
30 mK { 1
35mK | i | !
40 mK
(= Max Error (dB)| |
-35 T T T -0.2
4 5 6 74 8
Frequency (GHz)

FIGURE 8. Variation in transmission coefficient performance due to
temperature changes and switching in the mK stage.

IV. DEVICE CHARACTERIZATION

Using the cryogenic MCU, quantum integrated circuits such
as superconducting qubit circuits or other passive or active
RF integrated circuits (RFICs), such as attenuators, power
amplifiers, isolators, etc., can be characterized by reliable
measurements. In this section, the calibrated S-parameters of
an in-house developed superconducting flux qubit embedded
in an IC [17] as the DUT is characterized at mK tempera-
tures. The DUT is wire bonded to the GCPW PCB which
is enclosed within the copper box and a shield made of
superconducting aluminium to reduce magnetic noise. The
device was designed to function as an absolute power quan-
tum sensor at mK temperatures and can be inserted as an addi-
tional low loss element into the transmission line close to the
reference plane of another device to facilitate calibration of
transmission lines, microwave components or devices within
dilution refrigerators. The detailed operating principle of the
quantum-based sensor is described in [17] and [26].

This specific DUT consisted of five independent flux
qubits in the same IC, positioned in the gap between the
signal and ground lines of the through CPW transmission-
line on the IC. The flux qubits are lithographically defined
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FIGURE 9. Simplified circuit diagram of a single flux qubit which acts as a
non-linear shunt admittance across the transmission line when tuned
into resonance.

micrometer sized loops of superconducting metal interrupted
by Josephson junctions. Each flux qubit is frequency tuneable
by application of a small magnetic field B resulting in a
magnetic flux ®,,; threading the superconducting loop of
area A. The frequency difference between ground and excited
state of the flux qubit changes approximately as

£ = hy/QEL(@ea/®0 — /202 + 42 (6)
e = B x A ™

where ®g = 2.068x 101> Wb is the magnetic flux quantum,
E} the inductive energy of the loop and A is the minimum
energy of the qubit determined by the Josephson junction
properties. The external magnetic field, B, is changed by
applying a current, /, through an external superconducting
coil placed in the MCU enclosure for the DUT as shown
in Fig. 3(a). The application of a magnetic field results in
approximately a parabolic frequency dependence described
by eq. (6) with a minimum frequency at q;%é‘ = 1/2.
The simplified circuit diagram of a single flux qubit used in
the sensor IC is shown in Fig. 9. Five of these flux qubits are
present in series along the IC CPW transmission line and can
be accessed independently. Their behaviour can be described
as a narrow-band and frequency tuneable shunt admittance at
low RF power, resulting in additional reflection and absorp-
tion of incoming microwave signal. At high RF power the
qubit is saturated and does not scatter the microwave signal,
which is another reason why calibration of quantum ICs
needs to be performed with large input line attenuation and
at very low signal levels.

To detect each flux qubit, the frequency of the incident
microwave signal is swept over a wide range using the VNA,
monitoring the transmission (Sj1, in this case) response of the
sensor IC at various currents, /. The amplitude of S,; at each
frequency and each current, /, is measured and normalized
against the amplitude of Sy at zero current and plotted in
Fig. 10. The resonant frequency of each flux qubit can be
observed to be varying as a parabolic function between cur-
rent and frequency in accordance with eq. (6), and the qubit
properties and coherence is similar to when measured sepa-
rately (without the calibration setup). The measured response
of each qubit strongly depends on frequency, intrinsic qubit
properties, its coupling to the transmission line, and the
driving power, which results in qubits appearing with differ-
ent intensity and widths as seen in Fig 10. The normalized
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FIGURE 10. Normalized forward transmission, S21 amplitude spectrum of
five flux qubits as a function of incident microwave frequency and current
through an external superconducting coil providing the flux bias that
tunes the qubit frequency.

transmission graphs provide information about the relative
change in transmission coefficient due to the qubits, however,
to understand the absolute transmission, reflection or the
insertion loss of the DUT IC, a full S-parameter calibration is
required.

As afirst step, the calibrated S-parameters of the sensor are
investigated when all the qubits are tuned outside the relevant
frequency band (here corresponding to zero current supplied
by the external solenoid). In this configuration, there will be
no coupling of RF power from the transmission line to the
qubits. The raw S-parameters data of the standards and the
DUT is recorded and then the calibration algorithm is applied
to obtain the calibrated S-parameters of the DUT. The cali-
brated response of the DUT in Fig. 11(b) shows significant
improvement in the visualization of the device behaviour,
when compared with the uncalibrated DUT data in Fig. 11(a),
by removing the unwanted electrical effects caused by the
presence of cables and other microwave components. It can
be seen from Fig. 11(b) that the reflection coefficients at
both ports are very similar and less than —10dB indicating
a good impedance match at both ports with respect to the
transmission line impedance. The transmission coefficient in
Fig. 11(b) shows that the insertion loss is below 1 dB from
4-8 GHz which agrees with the findings in [17] that the DUT
is low loss and does not affect significantly the performance
of an external circuitry if inserted as an additional element for
calibrating transmission lines or devices at mK temperatures.

Now, we investigate the calibrated S-parameters when one
of the qubits shown in Fig. 10 is tuned into the frequency
band by applying a small current to the external solenoid
(I = 0.751 mA). Fig. 12(a) shows the uncalibrated
response. Here it is very difficult to extract anything mean-
ingful from the raw data. However, in the TRL calibrated
response in Fig. 12(b), the qubit resonant frequency can
be easily observed in the transmission coefficient response
(S»1 and S12) at 6.5 GHz. The reflection coefficient response
(S11 and Sy») at both ports are very similar and agree well
with the reflection coefficient curves shown in Fig. 11(b),
except near the resonant frequency. This also confirms that
the only change in energy reflected from the sensor ports from
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qubit decoupled state to ““qubit 1°* coupled state is due to the
qubit coupling at a narrow band around the qubit resonant
frequency. By exciting each of the five qubits separately with
the respective current, / and plotting their corresponding cal-
ibrated S-parameters, no change in transmission or reflection
coefficient can be observed except at the narrow band around
the respective qubit resonant frequency. This is a very useful
insight as it demonstrates through S-parameter measurements
that there are no other unwanted non-uniform mode coupling
behavior occurring within the sensor when any of their qubits
are excited, which will compromise its use as a power sensor.
It is also useful to see that the insertion loss for the sensor
at different current drive remains the same, except at the
respective qubit resonant frequencies.
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FIGURE 11. S-parameters of the superconducting qubit circuit at 0 mA
current drive (a) before calibration; (b) after calibration. The inset shows
a close-up of the transmission parameters.

In Fig. 13, the TRL calibrated forward transmission coef-
ficient for qubit 1 is compared with two different normal-
ization approaches. As explained in Section III. B, the TRL
algorithm can correct reflection and transmission systematic
errors such as directivity, source match and load match,
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reflection and transmission tracking. A full 2-port TRL cal-
ibration is necessary to extract the calibrated forward and
reverse transmission coefficients and reflection coefficient of
both ports.

The Thru response calibration is an approximate nor-
malization approach requiring only a Thru standard which
corrects only for the frequency response errors. This is
represented by:

SZ],norm (dB) = S21,uncal (dB) — SthruZl,unccal dB) (8)

where S21 norm 18 the Thru response normalized S»; of the
DUT, S21uncar is the uncalibrated Sp; of the DUT and
Sthruz1 unccar 15 the uncalibrated Sp; of Thru standard. This
technique results in residual errors which can clearly be seen
as ripples in the normalized S;; data in Fig. 14, thus giving a
poor estimate of insertion loss across the frequency range.
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FIGURE 12. S-parameters of the superconducting qubit circuit when
“qubit 1” is tuned by applying a small current to the external solenoid
(1=0.751 mA) (a) before calibration; (b) after calibration.

Another normalization approach commonly used is to nor-
malize the transmission coefficient of the sensor for a partic-
ular current drive with respect to the transmission coefficient
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at zero current drive. This is represented by:

821,n0rm (dB) = 821, 1=10 (dB) — S21, 1=0ma (dB) ~ (9)

where S21 u0rm 1S the normalized S»; of the sensor, S21,7=r10
is the uncalibrated S,; of sensor at current drive, I = [0 and
S21.1=0 ma is the uncalibrated S»; of sensor at I = 0 mA.

Although the normalization method (normalized to zero
current drive) helps to visualize the changes due to the qubit
circuit such as its resonance frequency through the forward
transmission coefficient, the disadvantage with the technique
is that other sensor specific information such as insertion
loss is lost. It is also not possible to extract the return
loss/calibrated reflection coefficient and reverse transmis-
sion coefficient of the DUT ports through the normalization
method. For example, in theory, the ideal qubit should be
on resonance in the low power limit resulting in complete
destructive interference in the forward direction of transmis-
sion and complete constructive interference in the backward
propagating direction [27], i.e. neglecting on-chip losses we
expect to observe S1; = 0 dB and Sy> = 0 dB on resonance.
From Fig. 12b we can see that this is clearly not the case,
on resonance each qubit still has a significant return loss. This
can be due to power saturation, qubit imperfections and/or
due to reflections elsewhere on the IC, which could be dis-
entangled in more detailed experiments using this calibration
setup.
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FIGURE 13. Calibrated forward transmission coefficient (S5;) of “qubit 1”
using several techniques described in the text.

The full two-port calibrated S-parameters of quantum IC’s
also enables the precise identification of issues including
insertion loss, spurious reflections and crosstalk in quantum
circuits across a broad parameter range that might limit device
performance. This will be of great value in validating RF
performance and material properties in increasingly complex
quantum circuits such as quantum processors [27], cryogenic
classical ICs that control quantum circuits [28], and on-
chip microwave components such as signal generators [29],
Josephson circulators [30], [31], switches [32], tunable cou-
plers [33], or quantum limited amplifiers [34], or other types
of quantum microwave photonic devices [35].
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V. CONCLUSION

In this work, the authors have presented the design of a full
2-port S-parameter measurement setup capable of performing
calibrated measurements of superconducting quantum inte-
grated circuits and RF integrated circuits at mK tempera-
tures. An MCU, consisting of newly developed cryogenic
calibration standards has been designed and deployed at the
mK stage inside a dilution refrigerator. The measurement
setup can perform calibrated S-parameter measurements in
the range of up to 2-12 GHz which is sufficient for most
quantum computing applications. The setup was then used
to demonstrate the calibrated S-parameter measurements of
a superconducting qubit circuit at mK temperatures. The
“true”” device performance is obtained from the calibrated
measurements which showed improvement in the visuali-
sation of the qubits by removing the unwanted effects of
cables and other microwave components. This measurement
capability will accelerate design and development of new and
improved quantum and microwave devices operating at mK
temperatures to advance quantum computing research.
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