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Thermo-Mechanical EM Models for Broadband
Cryogenic VNA Calibration Including Numerical
Uncertainties Down to 4.2 K

E. Shokrolahzade™, Graduate Student Member, IEEE, F. A. Mubarak™, Senior Member, IEEE, J. Wiedmayer"”,
C. De Martino”, Member, IEEE, L. Oberto”, F. Sebastiano"”, Senior Member, IEEE,

and M. Spirito

Abstract—Increasing demand for cryogenic electronics aimed
at quantum sensors and computing technologies asks for accu-
rate and quantifiable calibration methods and techniques. In
this work, we present a structured approach to generate the
nominal RF responses of standard artifacts, enabling wideband
vector network analyzer (VNA) calibration algorithms, i.e., short,
open, load, and reciprocal (SOLR), at cryogenic temperatures.
Moreover, we present an EM simulation strategy to generate the
perturbations in the artifacts’ responses based on mechanical
fabrication tolerances and calculate an equivalent RF response
uncertainty. Both the nominal and perturbed standard responses
are computed at (user defined) cryogenic temperatures, by
combining thermo-mechanical responses with the electromagnetic
solver. A circuit simulator-based measurement model (MM) is
used to compute the uncertainties of the cryogenic setups used
in this work. Error contributions arising from the propagation of
VNA noise, switch nonidealities, calibration artifacts uncertain-
ties, temperature fluctuations, and temperature gradient over the
interconnects are included in the MM. For validation, measured
results of a coaxial air transmission line at 77 K and 4.2 K are
presented and compared with 3-D EM simulation predictions.
Finally, the measurement uncertainties are detailed in a budget
analysis describing the individual contributions.

Index Terms—Cryogenic measurements, low temperature mea-
surement, microwave calibration, S-parameters, uncertainty
analysis, vector network analyzer (VNA).
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I. INTRODUCTION
C RYOGENIC RF circuits and systems are used in various

cutting-edge technologies, covering fields from quantum
computing to astrophysical observations and particle physics
(11, [2], [3], [4].

Accurate characterization and modeling of the components,
both active and passive, used to realize the circuits targeted
for these applications, play a crucial role in the further
development and uptake of these technologies [5], [6], [7],
[8].

High-frequency device characterization sets its accuracy by
precise removal of the systematic errors introduced by the
measurement setup, in the calibration process. To acquire and
remove systematic errors in S-parameter measurements, mul-
tiple artifacts with known RF responses, either full or partial,
depending on the calibration algorithm, are measured in the
process [9]. In the cryogenic environment, no physical replace-
ment of the calibration artifacts is possible without breaking
the cold state. For this reason, the entire calibration process
can only be carried out over multiple cooling cycles or by
using cryo-compatible switches in the calibration path, as was
introduced in [10]. The latter has become the preferred method
[11], [12] thanks to the reduced impact of temporal-related
uncertainties in the calibration procedure, such as drift and
setup alterations. Moreover, moving to a single cooling step
minimizes the otherwise extremely long experiment duration,
making these setups more practical in the R&D environment.
In the last decade, different approaches have been employed to
derive the cryogenic calibration standard definitions, from the
direct usage of the measured ambient temperature responses
[13], to employing air transmission lines with longitudinal
single-dimensional scaling in a cryogenic TRL procedure [14],
to the generation of cryogenic standard definitions transferring
the cryogenic TRL calibration (with its bandwidth limitation)
onto the lumped standards (i.e., short, open, and load) placed
in the low temperature cryostat [12].

While the recent scientific literature has highlighted the
improvement in fully calibrated test-benches with a single
cooling cycle (summarized in Table I), there is still a lack
of cryogenic broadband calibration standards, defined from
the MHz range to the setup upper limit, to enable accurate
measurements for device model extraction and verification.

Moreover, there is a current lack of a complete uncertainty
budget calculation for cryogenic measurement, including both
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TABLE 1
COMPARISON WITH STATE-OF-THE-ART PAPERS WITH CONNECTORIZED SETUPS
. Arakawa Stanley Stanley - . . Wang
This work ctal[15] etal[11] ctal[12] Simbierowicz et.al.[13] Shin et.al.[16] ctal[17]
i‘igg;ﬁt}‘l‘r’;‘ SOLR[18] SOLT mTRL SOLR SOL mTRL SOL
Standard EM(CST) RTECal | PMOSD: | i a3k RT ECal Zo via estimated | pppypace
Definition Full structure Zy shrinkage
Standard Temp. 77K, 42K RT <20 mK 3K RT 30 mK RT
Measurement 77K,42K | 4-300K | <25mK 3K 30 mK 30 mK 15 mK
Temperature
Frequency 2 MHz- 1-10 0.5-18
Range 0.05-20 GHz 26.5 GHz GHz GHz 0.01 - 18 GHz 0.5—-18 GHz 4 -8 GHz
Uncertaint
Analysisy Monte Carlo NA NA NA J 02 o my + 0% switeh var NA NA
Air Air
Verification | TESIiSsion | Flush g, NA NA Transmission |
- 0
Parameters compared

setup uncertainties and cryogenic standard uncertainties, with
broadband calibration standards. Such an uncertainty budget
would allow for isolating the sources of error that largely
contribute to the overall uncertainty, with the general goal of
improving the metrology quality of cryogenic measurements.
In addition, such uncertainty budget calculation/estimation
could allow isolating measurement setup uncertainty from
the device under test (DUT) process variation. This is a
crucial step to improve the modeling and understanding of
technologies used outside their classical operation ranges, as
in [19].

In this contribution, we present a simulation-assisted
approach to enable true broadband cryogenic calibration capa-
bility based on the following two-step procedure.

1) Usage of 3-D thermo-mechanical simulation of devices
employed in the calibration and verification process,
in which the mechanical contraction of the artifacts,
caused by temperature change, is applied at different
temperatures (i.e., 77 K and 4.2 K).

2) Full-wave EM simulation of the modified structures to
acquire the nominal responses of the artifacts at the user-
defined temperature.

The proposed approach is independent of setup limita-
tions, as it allows for generating “true” broadband cryogenic
responses of the calibration artifacts. Thus, setup imperfec-
tions, such as switch asymmetries and frequency limitations,
are not transferred to the standard definitions. To include
standard residuals, the proposed approach considers device
mechanical tolerances (i.e., fabrication-centric) as opposed to
the more common definition based on measurement uncer-
tainties (i.e., laboratory-centric). In the conventional approach,
only available at room temperature (RT) or where a primary
standard is present, the uncertainties of the measurement setup
used to extract the artifact response, are propagated to the mea-
sured data, defining the uncertainty for the specific DUT. In
the approach proposed in this work, the fabrication tolerances
are mapped as an uncertainty bound and scaled to the defined
temperature, compounding the “family” of responses for that
device/fabrication process, detailed in Section II.

Finally, this contribution presents, for the first time to the
best of the author’s knowledge, a complete uncertainty budget
analysis, based on a circuit simulator measurement model
(MM) [20], of the different cryogenic setups employed in this
work.

This article is structured as follows: Section II presents
details on the EM modeling of devices, Section III describes
the cryogenic modeling of device nominal and perturbed
responses. The proposed circuit simulator-based MM is
described in Section IV. Section V details the modeling
approach to account for cable and interconnect tempera-
ture gradients and fluctuations, and Section VI describes the
inclusion of switch nonidealities. Finally, in Section VII,
measurement setups and results for calibration and validation
at 77 K and 4.2 K are shown and discussed in Section VIIIL

II. EM-BASED STANDARDS RESPONSE

The work carried out in this contribution is based on
cryogenic terminations [21], [22], [23] fabricated by XMA
corporation with sub miniature version A (SMA) connectors
for the vector network analyzer (VNA) calibrations and a
Wiltron 75 mm 19SAS50 precision coaxial air transmission
line utilized as a verification device. For the full-wave elec-
tromagnetic EM simulations, CST Studio Suite software from
Dassault Syst’emes is used [24].

A. EM Model Generation

The 3-D models implemented in the full-wave (EM) sim-
ulations are based on the mechanical models used in the
fabrication process. The dimensions are specified at RT,
assumed to be 293.15 K in this study, and include the RT
electrical properties of the materials, such as conductivity,
dielectric constant, and loss tangent.

The modeling (i.e., 3-D representation) of the metallic parts

of the devices includes the following simplifications.

1) The stratification of the thin gold compound plating
on top of the copper beryllium base is removed from
the models. A uniform material employing the electrical
properties of gold and thermo-mechanical properties of
copper beryllium is instead used. It is worth noting that
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Fig. 1. Cross section view of the mechanical model of (a) SMA load standard.
(b) SMA short standard. (c¢) SMA open standard with the lossless adaptor
employed in the full-wave 3-D EM simulations.

Fig. 2. Cross section view of CST model of the 75 mm air transmission line
(pin color altered for visibility).

the loss contribution of the base material is only relevant

at lower frequencies below the skin depth of the layer,

where the conductive losses are already extremely low.
2) No surface roughness is considered in the models.

The simplification choices described above allow for opti-
mizing the meshing process and minimizing computation time.

To derive the response of the calibration components (i.e.,
short, open, and load) shown in Fig. 1, an ideal port adaptor
is used to interface the CST waveguide port to the pin/socket
connector. This adaptor is required as the waveguide port in the
simulation software needs an even plane to excite the proper
(Quasi-TEM) EM mode. The geometry and dimensions of
the adaptor are based on those of the coaxial test-port used
in the experiments (SMA). The adaptor is composed of a
lossless dielectric with the same permittivity as that used in
the component and perfect electrical conductor (PEC) parts,
as shown in Fig. 1. The response of this port adaptor is
removed by the CST de-embedding process as a homogeneous
transmission line, producing the same results as obtained by a
conventional ABCD matrix de-embedding [25]. The recess on
the adaptor corresponds to the recess of the measurement test
port [see Fig. 1(a), test port recess] and increases the model to
hardware correlation. This is necessary as the open standard
structure does not have a pin, and this recess will impact its
RF response.

The nominal response of the transmission line validation
device, employed in Section VII, is acquired from a 3-D
model, shown in Fig. 2, with the same simplifications of
metallic parts.

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 73, NO. 11, NOVEMBER 2025

B. Process Variation at RT

The EM simulations provide the nominal responses for the
components, which allows us to numerically derive the knowl-
edge to carry out the deterministic part of the device responses
(similar to [26] and [27]). As previously mentioned, the RT
uncertainty of a specific device, is obtained by propagating
the combination of calibration residuals (obtained from the
primary calibration) and the setup uncertainties through the
calibration equations [28], [29], [30]. In a cryogenic environ-
ment, the same approach is not possible due to the lack of a
primary calibration. Therefore, in this contribution, we derive
the residuals of the device responses used in the calibration
process from parametric EM simulations. This is realized by
incorporating the device’s mechanical and electrical tolerances
(i.e., machining and sample variation) in the EM simulations,
thus generating a “family” of responses for the same device
(i.e., short, open, and load).

The models for the devices used in this study were parame-
terized, using four parameters for the load, three for the short,
and two for the open standard. The parameters are labeled in
Fig. 1, while the tolerances employed in the parametric EM
simulations, are mapped in Table II. Note, the load internal
dielectric length tolerance has only a positive occurrence per
assessments of the manufacturer. The Bottom plane offset in
the short standard parameters is the nonideal gap between
the ideal adaptor and reflecting plate of the short standard
(adjacent to the reference plane), causing delays in phase.

Fig. 3 presents the RT nominal response of the short artifact
with the uncertainty bound extracted from the parametric sim-
ulations, providing a 30 coverage(99.7% confidence interval)
of the total variations. Similar responses are also obtained
for the load and open standards, and are not presented in
graphical form for space considerations. This o is calculated
assuming a Gaussian distribution of the responses according
to type B uncertainty response guidelines [31]. Given the high
number of mesh cells, a reduction to only the combinations
of maximum, minimum, and nominal of each perturbation
parameter was used, resulting in 54 loads, 27 shorts, and
nine open simulations to be used for the computation of the
artifacts’ residual uncertainty.

It is important to mention that the model uncertainty for the
load is expanded in the area underlying the nominal value to
zero to account for the higher possible fabrication variation of
this device.

To provide a first-level validation of the EM derived
responses with their estimated uncertainties, the parametric
simulations are compared with traceable measurements. Four
instances of each device were measured in RT at the Dutch
metrology institute VSL, and they are depicted in Fig. 4,
each with separate measurement uncertainty (dark blue). The
combined load uncertainty is considered to expand over the
limited number of samples available (light blue region with
black lines). The comparison between the numerical model
responses and experimental data, both with their uncertainty
bounds, is given in Fig. 4.

As can be seen by the various plots in Fig. 4(a), good
agreement is found between the model, the measurements, and
their respective bounds. It is worth noting that the numerical

Authorized licensed use limited to: TU Delft Library. Downloaded on December 08,2025 at 08:18:55 UTC from IEEE Xplore. Restrictions apply.



SHOKROLAHZADE et al.: THERMO-MECHANICAL EM MODELS

TABLE I
MODEL MANUFACTURING PARAMETERS USED FOR PERTURBATION

Parameter Nominal Max
Descrintion Symbol | Temp (K) value inch | Tolerance
P (um) | inch (um)
0.28 +4E3
TEE 29315 K 7112) | (101.60)
; 0273 +3.90E-3
;:ylmger ! 77K (6930) (99.06)
engt 1K 0.269 +3.85E-3
: (6830) (97.79)
293.15K-
PTFE ¢, . 1o K 2.1 £1E2
8.5E-3 £1E3
- 293.15K (215.9) (25.4)
§ Dielectric 7K 1.161E-2 9.9E-4
gap g (294.9) (25.15)
1335E2 | 9.88E-4
42K (339.1) (25.09)
0.05 23
293.15K (1270.0) (50.8)
Center pin 77K 0.04985 1.9994E-3
outer d (1266.2) (50.784)
diameter ik 0.04984 | 1.99936E-3
: (1265.9) | (50.783)
0.036 123
Center oin 235K 9144 (50.8)
Ofmf P 4 I 0.03589 | 1.994E-3
diameter O1L6) (50.6)
1o K 0.03588 1.93E-3
: (911.3) (49.0)
% | Bottom ) 0(0) +1E-3
% |plane offset (25.4)
0.085 £1E3
293.15K (2159) (25.4)
Center pin | 77K 0.0836 9.97E-4
length (2123) (25.32)
0.08358 | 9.965E-4
42K (2122.9) (25.31)
0.162 42E3
Insid 293.15K (4114.8) (50.8)
chamber (4102.4) (50.65)
1o K 0.16143 1.993E-3
g : (4100.3) (50.62)
S 0.115 +1E3
. 293.15K 2921) 254)
o ; - 0.11465 9.976-4
%ffset (2912.1) (25.32)
1o K 0.11459 | 9.965E-4
: (2910.6) (25.31)

bounds on the magnitude component of the low-loss reflect
standards are smaller than the experimental ones, since no
contact resistance is present in the EM simulation. Contrary,
a larger bound for the phase components in the EM gener-
ated bounds is shown, which is a direct result of including
all the process fabrication tolerances. For the load artifacts
[Fig. 4(e)], multiple measurement lines are shown with a
shared uncertainty region (light blue) to highlight the larger
inter-component variation of this device, due to the presence
of a resistive layer and a dielectric core. To better illustrate the
difference between the measured data and the model response,
Fig. 4(f) presents the normalized /I'gpen, Which is calculated
using the expression, Norm(£I[') = /I" — /I'get, for both the
uncertainty bound and the nominal response.
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Fig. 3. Numerical RT response of the SMA short used in this work, including
the nominal response and the 30 uncertainty bound calculated from the
parametric EM response using the perturbation values described in Table II.
(a) Shows [I'spor | and (b) shows ZI'short -
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Fig. 4. Comparison of EM simulations responses of standards at RT with

process fabrication uncertainty bounds, versus measured responses of the
same standards, performed at VSL, (a) shows a comparison for |I'shor |,
(b) for /T'short, (c) for |1"0Pen , (d) for ZTopen , () for Ipoaq |, and (f) for
Norm (ZFOpen ) = Zl—‘Open - Zl—‘Open meas -

III. THERMO-MECHANICAL FLOW FOR CRYOGENIC
RESPONSE

To generate the response of the devices used in the cal-
ibration process at different temperatures (i.e., 77 K and
4.2 K), the approach proposed in this work is to combine the
artifact thermo-mechanical variation due to the temperature
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TABLE III TABLE IV
CRYOGENIC MATERIAL PROPERTIES CST SIMULATOR SETTINGS
Parameter Value
P t ipti Temp. 1 .
arameter description emp Value Boundaries Open and Opep add
space (Port-side)
z Solver accurac 1E-6
- 293.15K 429 E+7 S/m B Y 4
3 . o Waveguide ports
§|  Conductivity 77K 5357 E+9 S/m Excitation (Singgl . mo%e)
42K 6.84 E+9 S/m Starting Temperature 293.15K
Young’s module 293.15-42 K 127.5 GPa n Accuracy 1E-6
Poisson’s ratio 293.15-42K 0.30 & | Excitation Temperature source
£ Specific heat 293.15-42 K 420 J/K/kg Boundaries Open add space
g Accuracy 1E-4
z 293.15-42 K 117.5 W/K/kg | Thermal conductivity & | Excitation Thermal field import
g Mesh type Tetrahedral
§ 293.15K Unused 17E-6 /K Symmetry 2-planes
i Normal
Thermal expansion | g3 15 77k | 13,6 WK (mean valuc) Background
coefficient (custom &)
d
293.15-42K | 10.8 wK (mean value) Solver order 2" order
Electrical permittivity | 293.15-4.2 K 2.1
293.15K 2 E-4
Tan o 77K 4 E-6
42K 1 E-6
Young’s module 293.15-42 K 0.5 GPa
m -17.5 12 8 4 0 4 8 12 17.5 pm
& Poisson’s ratio 293.15-42 K 0.4
=%}
Specific heat 293.15-4.2 K 1000 J/K/kg Fig. 5. 'Ther'mally induced m'echanical displacement in longitpde and trans-
verse axis with respect to device center shown for a short device at 4.2 K.
Thermal conductivity | 293.15-4.2 K 0.2 W/K/kg
20315 K Unused used in the artifact along the three cardinal axis and apply
] fuse them to the RT model and its mechanical perturbations. In the
Thermalf;:_x;?antswn 293.15-77K | 140 wK (mean value) cryogenic models, the metallic sect10n§ of the components are
coctheren scaled with 1:0.9970 and 1:0.9968 ratios for 77 K and 4.2 K,
293.15-42K | 71.8 wK (mean value) respectively, and with 1:0.9860 and 1:0.9810 for Teflon. The

geometry. These EM simulations also incorporate the changes
in the electrical properties of the composing materials at the
defined temperature. Both the coefficient of thermal expansion
(CTE) of the materials as well as their electrical properties
are acquired from the literature [32], [33], [34], and [35] as
summarized in Table III. Since none of the components used
in this study are hermetic, the background materials in the
simulation environments are replaced with the cooling liquids
for the cryogenic models (i.e., liquid nitrogen for the 77 K
and liquid helium for the 4.2 K).

The thermo-mechanical simulation assumes that the devices
are fully thermalized, the materials are homogenous and
isotropic, and that their spatial orientation with respect to
gravity direction has negligible effects on the contraction of
the devices. Thus, the shrinkage effect occurs uniformly for
every cardinal axis, see Fig. 5. For this reason, we extract from
the compressed 3-D model, a scaling factor for each material

model dimensions for all temperatures are listed in Table II.
This approach avoids long simulation times and errors due to
the differences between thermal, mechanical, and EM mesh
grids.

To avoid the manual task, the perturbation simulations
are automated using a MATLAB [36] script controlling the
CST simulation environment. The following flow is then
implemented by the script.

1) Opens the device simulation file and updates the
parameters.

2) Runs the simulation for every perturbation and saves the
results.

3) Repeats the procedure of 1) and 2) for all (the user
selected) temperatures.

For EM simulations, the CST frequency domain solver
(FEM) was utilized and for the thermo-mechanical simula-
tions, the CST steady state thermal solver (THs) and the
mechanical solver (ST) were used. The settings used in the
simulations are listed in Table IV.
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SHOKROLAHZADE et al.: THERMO-MECHANICAL EM MODELS

0.015 0.15
—T77K
"t 0.01 —aK 5 041
< o
] o
~ —~
< 0.005 < 0.05
0 0
0 10 20 0 10 20
(a) Freq (GHz) (b) Freq (GHz)
0.02
— 0.015
T
L
c 0.01
<
— 0.005
0
0 10 20
(c) Freq (GHz)

Fig. 6. Standards responses comparison over different temperatures: (a) short,
(b) open, and (c) load.

0.015 0.015
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,n 0.01 Load o 001
° w
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Fig. 7. (a) Complex vector difference ([I'3-p scaled — I'Notscaled|) Of standard

responses of 4.2 K standards with 3-D scaled models versus not scaled models.
(b) WCEB of an air transmission line at 4.2 K, 1-D scaled with respect to
the 3-D scaled case as reference.

In Fig. 6, the absolute difference between the room-
temperature and the cryogenic reflection coefficient of the
devices versus frequency are shown for each standard, com-
puted using (1). It provides quantitative information on the
change of the one-port standard when changing temperatures

|AL'| = [Ccryo — Iyl (D

To quantify the impact of the 3-D scaling on the responses
of the standards used in the calibration process, Fig. 7(a)
presents the complex difference at 4.2 K between the case
where no mechanical scaling is considered (i.e., only material
response shift) and the full 3-D scaling with change in material
properties (i.e., the proposed approach). As can be seen by the
values of the vector difference in Fig. 7(a), the proper scaling is
required when an accurate calibration is targeted, considering
that an error below 0.01 (linear) in I" is often the accuracy
level required by the calibration process.

Likewise, as shown in Fig. 6, the |AI'| of standards with
respect to RT is higher than the 0.01 accuracy limit, indicating
the need to use cryogenic standard responses.

It is important to mention that when considering traveling
standards, i.e., coaxial air transmission lines for the calibration
process/validation, as in [16] and [37], the often employed
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1-D scaling provides sufficient accuracy. Using the worst case
error bound (WCEB) metric [38], shown in (2), the difference
between 1-D to 3-D scaling, see Fig. 7(b), is negligible

WCEB = max |S; - 5] (2)

where S is the scattering matrix (1-D-scaled transmission
line) and S’ is the reference scattering matrix (3-D-scaled
transmission line), and i, j € [1,2].

The two temperatures, 77 K and 4.2 K, used in this study
for the models are the boiling points of liquid nitrogen (LNj)
and helium (He), respectively, and are used in the experiments
presented in Section VIIL.

IV. NUMERICAL MM FOR UNCERTAINTY ESTIMATION

To increase confidence in cryogenic RF measurements and
to allow inter-laboratory comparisons, this work proposes
the usage of a numerical MM to evaluate the measurement
uncertainties [20]. The MM is realized in two parts.

1) Part one is a schematic model of the measurement setup,
using a circuit simulator environment to allow a strong
correlation between the model and the hardware imple-
mentation. The proposed implementation was realized
in Keysight Advance Design System (ADS) [39]. The
simplified sketch of the ADS schematic environment is
shown in Fig. 8.

2) Part two is a MATLAB script that controls the ADS
environment, conveying the address of data files, running
(Monte Carlo) simulations, gathering results, adding
VNA noise, and applying calibration equations.

The ADS schematic is composed of RF components from
the simulator library (i.e., the source, couplers, and so on),
measurement-based data (i.e., the purple blocks in Fig. 8),
which allows the nominal response of the simulation to match
the systematic errors of the laboratory test setup closely, and
a set of S-parameter blocks where the EM simulated response
of the components can be loaded (i.e., the calibration and
verification artifacts).

To add calibration device uncertainties and the effects of
cable temperature fluctuation uncertainties to the MM, we
employ Monte Carlo simulations. These effects are conveyed
through changing the data blocks used by the ADS schematic.

Embedding a combination of synthetic and measurement
data in the MM allows for proper propagation of the uncer-
tainties to the device level by applying realistic systematic
errors and the calibration equations on the results.

It is important to note that the proposed MM does not aim
to replace uncertainty calculating software like METAS VNA-
Tools [40] or NIST Microwave Uncertainty Framework [41],
but aims to provide a tool with strong hardware correlation
that allows to compare and optimize complex measurement
architectures by providing numerical uncertainty data (prior)
to the measurement experiments.

A. VNA Noise Inclusion

In this work, the VNA noise is added, in the MATLAB
script, to the incident and reflected waves from the ADS
simulation. The noise of the waves is calculated according
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and test-setup components.
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Fig. 9. RT comparison of uncertainty (30-) prediction of MM versus Metas
VNATools on Magnitude and phase of S of a Thru connection. Interconnects
temperature gradient and fluctuations inclusion.

to the noise model presented in [42], based on multiplicative
and additive noise contributions, modeling both the trace-noise
and the noise floor of the VNA. The frequency-dependent
coefficients to model these noise contributions are experimen-
tally characterized by employing repeated measurements on
high-reflective and transmissive devices [43]. The standard
deviation of both magnitude and phase of the incident and
reflected waves are acquired at low power levels, to quantify
the additive component, and at increasing power levels to
quantify the multiplicative component.

Fig. 9 shows the validation of the proposed ADS-based
VNA model versus METAS VNAtools [40] in an RT

experiment. The experimental setup consists of a VNA (mea-
sured for its noise contribution in both VNAtools and the
proposed ADS MM) and a 3.5 mm calibration kit, measured
at the VSL laboratories. A Monte Carlo analysis with 100
iterations is used in the MM to generate the uncertainty bound
on a nonzero Thru connection, used as a DUT, of which the 30
uncertainties of S,; magnitude and phase responses are shown
in Fig. 9. The good agreement between the two tools provides
confidence in the proposed VNA noise model implementation,
which will be used for the cryogenic setups considered in this
work.

V. TEMPERATURE GRADIENT AND FLUCTUATION OF
CABLES

As stated in Section IV, accurate evaluation of systematic
errors is required for accurate assessment of the measurement
uncertainty. Hence, in the cryogenic setups, it is important
to include temperature gradients (systematic error) and tem-
perature fluctuations (random error) effects over the different
interconnections used across different stages of the cryostat.

To realize a versatile model of interconnects with a custom
temperature gradient, CST simulations are used. By employing
thermo-mechanical simulations on a short line section (i.e., 5
mm length) and computing the RF response over temperature
using the EM simulator.

To enable Monte Carlo simulations for calculating uncer-
tainties of a small temperature variation, i.e., |AT| < 1 K,
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Fig. 11. Generated 60 cm cable S,; at three thermal conditions: RT, 77 K,
and temp. Gradient from RT to 77 K (a) Magnitude and (b) phase normalized
to RT case.

the response of each cable (sub)-section is computed by
using linear interpolation on the magnitude and phase of the
S-parameters over temperature.

The frequency and temperature (constant or gradient case)
dependent cable with user-defined length is then computed by
cascading the short cable sections. Each section is set at a
uniform temperature and cascaded to realize the “complete”
response of the cable, see Fig. 10.

To demonstrate the approach, in Fig. 11, we present the
response of a 60 cm cable for three cases:

1) Constant RT temperature.

2) Linear gradient from RT to 77 K.

3) Constant 77 K temperature.

As can be seen in Fig. 11, the transmission loss and the
phase delay of the cable follow the expected behavior with the
temperature gradient case among other cases. The losses and
phase delay reduce with temperature due to increased metal
conductivity and shrinkage of the length of cables.

The proposed approach can then be employed to account
for the temperature fluctuation effects on a cable experienc-
ing a thermal gradient. In Fig. 12, the normalized thermal
perturbations and the mean of |S,;| and 4S,; is seen for a
60 cm cable, which has a linear temperature gradient from
300 K + 0.5 K (rectangular distribution) at the start of the
cable till the 15 cm point, from which it is at a constant
77 K (inside liquid nitrogen). In Section VIII, the effective
uncertainty contribution of this effect in two different setups
is reported.

VI. SWITCH NONIDEALITIES

As mentioned, connectorized cryogenic setups commonly
employ switches, as first demonstrated in [10], at the last cryo-
stat stage, to allow calibration in a single cooling cycle. The

|*~Meas
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0 5 10 15 20
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Fig. 13. Channel response (a) [S11] and (b) |S2i| comparison among two
switches at RT and the equivalent calculated uncertainty bound (30) used in
this study (dashed lines).

downside of this approach is that it propagates the error arising
from switch repeatability and switch asymmetries (among the
different switch ports) on the calibrated DUT measurements.
In this study, we characterize and use Radial SP6T SMA
26.5 GHz latching switches. The switches are first character-
ized for their repeatability, which is realized by performing 20
repeated reflection coefficient measurements of short-circuited
switch channels. This test provided a repeatability error lower
than 5E-3 at 20 GHz. Second, the 12 switch paths (six channels
from two switches) are characterized independently, and their
relative variation is plotted in Fig. 13, as a random uncertainty
contribution, and is an order of magnitude larger than the
repeatability effect.

The mean response of all switch channels from the RT
characterization (shown in Fig. 13) was used in the MM as

Authorized licensed use limited to: TU Delft Library. Downloaded on December 08,2025 at 08:18:55 UTC from IEEE Xplore. Restrictions apply.



9066

Switch Controller vl -

N
€6 CLyq F

Fig. 14. 77 K dipstick with 75 mm air-lines and calibration standards installed
on the switches (left) and the measurement setup including VNA and liquid
nitrogen dewar (right).

an equivalent nondeterministic uncertainty in the Monte Carlo
simulation.

VII. CRYOGENIC MEASUREMENT VALIDATIONS

In this section, we report on the measurements performed
on the coaxial air transmission line in the two cryogenic setups
developed at VSL.

A. Measurement Setup for Model Validation at 77 K

For the validation at 77 K, a specific measurement setup was
realized. It employs an RT VNA with connecting cables and a
dipstick setup enabling full submergence in a liquid nitrogen
dewar (see Fig. 14), the switches, calibration standards, and
the DUT, a 75 mm precision coaxial air transmission line.

The fixture holding the switches allows the in-line (opposite
face) positioning of the switches. Given that the chosen
calibration algorithm, i.e., short, open, load, and reciprocal
(SOLR), does not require any information on the reciprocal
device, i.e., any uncharacterized cable can be employed, allows
the distance between the two switches to be set by the
DUT (i.e., coaxial air transmission line) without the need
for auxiliary cables. This approach reduces the measurement
uncertainty since further de-embedding of these auxiliary
cables is no longer needed. As both switches have female
ports, a male-male adaptor is used on one of the ports of the
air transmission line and is then de-embedded using its RT
measurement results.

The measurements were made using a 20 GHz four-port
Copper Mountain VNA set at -10 dBm power level. In Fig. 15,
the measurement results, including the uncertainties computed
by the MM, are shown and compared with the results from
the transmission line CST simulation (see Fig. 2).

Each plot shows two uncertainty bounds: a red one, repre-
senting (combined) measurement uncertainty calculated using
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(d) Norm(zS,;1) at 77 K with MM uncertainties (30) versus CST model
S-parameters red area shows the combined measurement uncertainty (Includ-
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the numerical MM, and a gray bound, representing uncertain-
ties only from the calibration standards. In addition, the blue
lines represent CST simulation results of the model of the
transmission line.

Given that the air transmission line is submerged in liquid
nitrogen, in the 3-D model (see Fig. 2), air is replaced with
the relative electrical permittivity of liquid nitrogen, i.e., &, =
1.45 [44]. As can be noticed by Fig. 15(a), the presence of
nitrogen has shifted the response of the air transmission line
from a highly matched component to a partially mismatched
transmission line.

B. Measurement Setup for Model Validation at 4.2 K

For the measurements at 4.2 K, a similar setup was fab-
ricated (shown in Fig. 16). It consists of the same VNA,
connecting cables, and a dipstick designed for liquid helium

Authorized licensed use limited to: TU Delft Library. Downloaded on December 08,2025 at 08:18:55 UTC from IEEE Xplore. Restrictions apply.



SHOKROLAHZADE et al.: THERMO-MECHANICAL EM MODELS

4.2 K Dipstick

Fig. 16. 4.2 K dipstick with 75 mm air transmission lines and calibration
standards installed on the switches (left) and the measurement setup including
VNA and He dewar (right).

wet measurements. Positioning the switches in the same
configuration, facing each other, helps keep unnecessary uncer-
tainties out of the experiment. Fig. 17 shows S-parameters
of the coaxial air transmission line versus the CST model
of the same line at 4.2 K (shown in Fig. 2). The airline
simulation environment representing this setup has liquid He
as the simulation background material replacing air. The
relative permittivity of liquid helium (e, = 1.057 [45]) is much
closer to that of air, hence the reflection coefficient of the line
[Fig. 17(a)] is relatively smaller compared to the 77 K case.

VIII. DISCUSSIONS

Figs. 15(a)—(f) and 17(a)-(f) provide a comparison of 77
K and 4.2 K measurement results with uncertainty bounds
and thermo-mechanical EM model nominal and normalized
curves. The general agreement between the experimental and
modeling responses of the verification device confirms the
validity of the proposed approach.

To explain the model exceeding the bounds in some fre-
quency points, it is worth noting that the air transmission line
model represents a best effort model of the actual device,
mapping accurately its thermal, mechanical, and electrical
properties. Nevertheless, it does not take into account uncer-
tainties, and a small systematic offset is attributed to the
following causes.

1) Transmission line manufacturing tolerances, including
eccentricity of inner and outer conductors of the air
transmission line [28].

2) Pin gap effect of connectors in coaxial measurements,
as mentioned in [28] and [46].

In addition, the uncertainty bounds are partially underesti-
mated due to the following procedure employed.
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1) The switches’ uncertainties contribution are based on
their RT data.

2) The adaptor response used in the de-embedding process
uses RT data.

Finally, the data shown in Table V does not include the drift
effect of VNA and receiver linearity error, as with the mea-
surements done in rapid succession after a long stabilization
period in a temperature-controlled laboratory and sufficient
power backoff from maximum VNA power, these contributions
are not significant.

In Table V, the detailed contributions of each considered
uncertainty source and its relative weight are summarized. As
the numbers show, the switch asymmetries are a major contri-
bution to the uncertainty budget at higher frequencies, further
proving the claim by [10] and [14] and highlighting the need
for methods to de-embed/mitigate these effects to significantly
reduce the total uncertainty at these frequencies. The results
also show that at the lower end of the spectrum, standard
uncertainties are the most contributing factor. As the standard
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TABLE V

UNCERTAINTY CONTRIBUTORS FOR ALL THE SETUPS ON AIR
TRANSMISSION LINE |S»; |00 = 3 (RELATIVE PERCENTAGE)

Thanks to the isolated characterization approach of differ-
ent uncertainty blocks (i.e., switches, VNA, and standards)
proposed in this study, the methods described remain general
and can be applied to different setup configurations at various
temperatures.

77 K Setup

500 MHz 10 GHz 20 GHz
VNA Noise 7.11E-05 1.19E-04 1.68E-04
-10dBm/ 50Hz (0.001%) (0.005 %) (0.0012%)
Standard 0.0216 0.015 0.018
Uncertainty (99.52%) (79.14%) (13.79%)
Switch 0.0015 0.0077 0.045
Asymmetry (0.48%) (20.85%) (86.20%)
Temperature 5.73E-06 5.91E-05 2.25E-04
Fluctuations* (7E-6%) (1.2E-3%) (2.2E-3%)
Combined
Uncertainty 0.0217 0.0169 0.0484

4.2 K Setup

500 MHz 10 GHz 20 GHz
VNA Noise 8.31E-05 2.94E-04 0.0021
-10dBm/ 50Hz (0.02%) (3.43%) (0.19%)
Standard 0.0063 0.0138 0.0096
Uncertainty (94.61%) (75.68%) (3.88%)
Switch 0.0015 0.0072 0.0477
Asymmetry (5.36%) (20.60%) (95.92%)
Temperature 2.59E-5 8.36E-4 1.95E-04
Fluctuations™ (2E-3%) (0.28%) (1.6E-3%)
Combined
Uncertainty 0.0065 0.0159 0.0487

*This item is calculated for a typical cable of the same length and material
based on explanation of Fig. 12

uncertainties are mostly dependent on the load definition, this
indicates that utilizing device-specific model tuning similar to
[26] could potentially reduce the overall standard uncertainty
contribution.

IX. CONCLUSION

In this contribution, we presented for the first time the
usage of EM simulations to model broadband cryogenic
calibration devices and to utilize perturbations in the model
based on fabrication tolerances to calculate uncertainty bounds
at user-defined cryogenic temperatures by leveraging thermo-
mechanical simulations.

Furthermore, it was shown that using an MM for cryogenic
setups, we could allow propagating uncertainties through
systematic errors and calibration to device level, enabling
the calculation of a complete uncertainty budget includ-
ing cryogenic standard definition uncertainties, VNA noise,
switch asymmetries, and temperature fluctuation effects on
the cables/interconnects. In the end, the results were reported
on measurements of the verification device, a coaxial air
transmission line, in two setups operating at 77 K and 4.2
K, and compared the results with the EM model. In addition,
a complete analysis of the uncertainty sources, including
relative contributions, was attained using the MM, providing
the capability to isolate the major uncertainty contributors in
each frequency region.
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