ISSN 1064-2269, Journal of Communications Technology and Electronics, 2023, Vol. 68, No. 9, pp. 983—988. © Pleiades Publishing, Inc., 2023.
Russian Text © The Author(s), 2023, published in Radiotekhnika i Elektronika, 2023, Vol. 68, No. 9, pp. 897—903.

ON THE 70th ANNIVERSARY OF THE INSTITUTE OF RADIOENGINEERING

AND ELECTRONICS, RUSSIAN ACADEMY OF SCIENCES

Comparison of Methods for Calculation of Superconducting
Integrated Structures Using Semi-Analytical Calculation
and 3D Numerical Simulation
F. V. Khan® % *_  A. A. Atepalikhin“?, L. V. Filippenko®, and V. P. Koshelets*

¢ Kotelnikov Institute of Radioengineering and Electronics, Russian Academy of Sciences, Moscow, 125009 Russia
b Moscow Institute of Physics and Technology, Dolgoprudnyi, Moscow oblast, 141701 Russia
*e-mail: khanfv@hitech.cplire.ru
Received May 10, 2023; revised May 10, 2023; accepted May 25, 2023

Abstract—Superconducting integrated structures are simulated in a frequency range of 300—750 GHz using
two methods: (i) ABCD matrices related to each element of the circuit and (ii) Ansys HFSS software. The
surface impedance of superconducting films is numerically calculated using expressions from the Mattis—
Bardeen theory. For samples with microstrip line widths of less than one quarter of the wavelength, both
models are in qualitative agreement with each other and with experimental data. It is shown that an increase
in the width of the lines and the geometric dimensions of other circuit elements leads to generation of trans-
verse modes and non-plane wave front of waves propagating along the lines, which causes discrepancy
between the semi-analytical and numerical calculations, while the latter are in agreement with the experiment

for all samples.

DOI: 10.1134/51064226923090115

INTRODUCTION

Devices of modern superconducting electronics
are widely used in both applied areas and fundamental
research due to unique characteristics that are impos-
sible for devices based on alternative principles: the
noise temperature of superconducting receivers
reaches several values of the quantum limit [1—3] and
nonlinearity near the gap voltage at sufficiently low
temperatures is the strongest known to date [4]. Mix-
ers based on Josephson tunnel junctions are the main
components in receiving systems of ground-based
submillimeter telescopes (e.g., ALMA telescope
(https://almaobservatory.org), = APEX telescope
(https://www.apex-telescope.org), and complex
under construction on the Suffa plateau (http://asc-
lebedev.ru/index.php?dep=16)). The use of super-
conducting mixers is also planned in upcoming space
missions (for example, Millimetron (https://millime-
tron.ru/). A superconducting heterodyne receiver was
used in the study of human body radiation in the tera-
hertz (THz) range [5]. Similar devices were also used to
analyze the composition of the atmosphere both in labo-
ratory [6] and on board a high-altitude balloon [7].

In almost all cited works, superconducting devices
have been fabricated as planar integrated structures
that combine microstrip lines, antennas, and distrib-
uted and lumped Josephson junctions. The efficiency
of superconducting receivers depends on both param-

eters of single Josephson junctions and matching of
circuit elements [7, 8]. In this regard, it is expedient to
consider design of devices with the necessary parame-
ters.

On the one hand, such devices can be designed
using the ABCD matrix method, which is widely used
in calculation of electrical circuits [9, 10] and, on the
other hand, we can directly calculate the field distribu-
tion in the structure using commercial 3D simulators, for
example, Ansys HFSS ( https://www.ansys.com/prod-
ucts/electronics/ansys-hfss). This work compares the
results of both methods with each other and with
experimental data.

1. SIMULATED DEVICES

Figure 1 schematically shows a device under study.
Such integrated circuits are used to study various
superconducting detectors and generators in the THz
range [11, 12] and also serve as components of a super-
conducting integrated heterodyne receiver [2, 13].

A flux-flow oscillator (FFO) based on long
Josephson junction is used as a generator of microwave
signal (see Fig. 1). The power emitted by the FFO
propagates along the matching network 2, 3 and 4 (see
Fig. 1) and is detected using a lumped superconduc-
tor—insulator—superconductor (SIS) Josephson junc-
tion (position is indicated with arrow). Figure 2 presents
the current-voltage characteristic (IVC) of the SIS junc-
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Fig. 1. Microphotograph of the circuit of the supercon-
ducting microwave structure under study: (/) microwave 02
signal generator on FFO, (2) step impedance transformer <
between FFO and (3) dc block, (4) step impedance
transformer between SIS detector and dc block, and 0.1F
(5) radial stub for detuning of the capacitance of the SIS
junction.
0

tion with the critical current suppressed by magnetic
field. The presence of an external alternating electro-
magnetic field leads to a significant increase in the
probability of quasiparticle tunneling through the bar-
rier in the SIS junction [14]. This leads to the appear-
ance of a so-called quasiparticle step on the I'VC that
is displaced by a voltage of Af/e from the gap (fis the
frequency of the external signal); the current on it is
used to estimate the fraction of power having passed
through the circuit (see Fig. 2, dashed line).

A dc block represented as a slot antenna is located
in the circuit between the generator on the FFO and
the SIS detector. Such a structure allows their inde-
pendent dc connection and, at the same time, pro-
vides transmission of a microwave signal. To detune
the capacitance of the SIS junction, the circuit con-
tains a radial stub, which introduces additional induc-
tance. The circuit for matching of FFO, SIS detector,
and dc break is implemented using step impedance
transformers in the form of microstrip lines of a cer-
tain thickness. The geometric dimensions were chosen
for each sample to provide the best signal transmission
in the required range.

The technology for manufacturing of supercon-
ducting thin-film integrated multilayer structures
studied in this work has been described by many
authors [15—17].

2. DESCRIPTION OF MODELS
2.1. Semi-Analytical Model

In the simulation of the structures under study
using the ABCD-matrices (transfer matrices)
method, each element of the circuit is represented as a
matrix [9, 10, 18]. Multiplication of the ABCD matri-
ces of all elements in the appropriate order yields a
transfer matrix of the entire structure. Expressions for
the impedance of a slot antenna can be found, for
example, in [19].

The results of [20, 21] show that the propagation
constant and characteristic impedance of a microstrip
line with superconducting electrodes differ from those
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Fig. 2. Experimental IVCs of the SIS junction (dashed
line) in the presence of external alternating electromag-
netic field with a frequency of 400 GHz and (solid line) in
the absence of the field. The pump current at the working
point (shown with arrow) is used to determine the incom-
ing power. The critical current is suppressed using mag-
netic field.

of a perfect microstrip due to the penetration of the
magnetic field into the electrodes. Accurate calcula-
tions taking into account fringe effects yield the
expressions [20]:

- Jz_jglgz(ZHZ')
Ve V7

jgkee (2" + Z'
'Y=\/_k§€eff+ S ff( ),
No&i

where 1, is the wave impedance of vacuum, k; is the
wave vector of the wave in free space, €. is the effec-
tive permittivity of the insulator layer corrected for
field inhomogeneity in the microstrip line, g, takes
into account effects of fringing field related to the
finite thickness of the electrodes and the field outside
the line, and g, takes into account penetration of the
magnetic field into the electrodes. Surface imped-
ances Z" and Z' of the upper and lower electrodes,
respectively, were calculated using the expressions of
the Mattis—Bardeen theory [22]. Weaker effects related
to the finite free-path time [23, 24] turn out to be insig-
nificant for films produced by magnetron sputtering
due to small value of the mean free path [25].

The IVCs of the SIS detector in the presence of an
external alternating signal can be calculated using the
known autonomous IVC with the aid of expressions
from [14]. The differential resistance near the opera-
tion point (at the quasiparticle step closest to the gap)
at high frequencies can be considered approximately
equal to R,. At high frequencies, the capacitance of the
SIS junction must also be taken into account. In addi-

ZO = s
kOnO (1)
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tion, the presence of an SIS junction causes significant
changes of the current flows in the electrodes of
microstrip. To take this effect into account, we add an
inductive term to the impedance of the SIS junction:
L

spread

=4n (7\,“ coth (ﬂj + A, coth (ﬂj + ﬁj In (&], ()
7\’“ 7\‘1 2 Rsis

where A, A, and d, d, are the penetration depths of the
magnetic field and thickness of the upper and lower
electrodes, respectively; H is the thickness of the insu-
lator layer; Rgg is the radius of the SIS junction; and
R, is the characteristic distance at which the current
lines are significantly bent. In all calculations, R.,, was
chosen to be 3 um.

A significant limitation of this model is the
assumption that only longitudinal (quasi-TEM)
modes are possible in the lines [21]. The use of multi-
step impedance transformers, needed for matching of
the dc block, both with the generator and with the
detector on the SIS junction leads to a significantly
non-plane wavefront at the interface of two microstrip
lines. However, in most systems, the length of such
fragments is much less than the length of microstrips
on which the wavefront is plane and, therefore, the
experimental characteristics only slightly differ from
the calculated ones.

2.2. Simulation in Ansys HFSS

In Ansys HFSS, microwave fields in a structure are
calculated using the finite element method with an
adaptive mesh: the structure is successively divided
into tetrahedrons and each subsequent division is per-
formed in areas with the greatest change in the field
upon passage through the boundary of the tetrahe-
drons at the previous step. Solutions to the Maxwell
equations are found as polynomials (by default, linear)

using minimization of functional [ oAQd’r [26],
where @ is the electrostatic potential and integration is
performed over the entire volume.

Signal excitation and reception in 3D simulators
are carried out using ports. In fact, a port represents a
certain plane for which, first, eigenmodes are found
and, then, the solution becomes the boundary condi-
tion for a 3D problem. In this work, it turned out to be
most convenient to use lumped ports due to the fact
that the port corresponding to the SIS detector must
be located inside the simulated region, where installa-
tion of a wave port is impossible.

Simulation of structures in 3D simulators is some-
how easier with respect to correct taking into account
fringe effects and field distribution, as well as the
mutual effect of elements. However, most commercial
programs do not have a built-in module that would
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Fig. 3. (a) Scheme for connection of the SIS junction to a
microstrip line for the Ansys HFSS simulation and
(b) equivalent circuit.

allow them to take into account the superconducting
properties of materials.

To solve the problem, we propose setting of the
boundary conditions on the surfaces of objects corre-
sponding to the superconducting electrodes of the
transmission line. The results of [28, 29] show that
good agreement between the simulated and experi-
mental results can be achieved with the correct setting
of boundary conditions.

In all systems under study, the SIS junction is used
to directly detect the signal. The SIS junction was
installed as shown in Fig. 3 to take into account the
change in current flow in the vicinity of the lumped
SIS junction and to be able to set the port directly on
it. Lumped port R, (see Fig. 3a) is represented as a
rectangle touching the lower electrode and a cylinder
made of perfect electric conductor rpgc. The height
and radius rpgc of the perfectly conducting cylinder do
not affect the calculated results. The perfect conduc-
tor is surrounded by a ring, the outer radius of which is
equal to the radius of the SIS junction in the sample
and the inner radius is equal to the radius of the cylin-
Vol. 68
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Fig. 4. Results of (solid line) semi-analytical calculation and (dashed line) Ansys HFSS calculation of the §,; parameter for sim-
ulated structures and (solid squares) experimental data /;, (the corresponding structure is shown below each plot): (a), (d), and
(f) samples with a single-section impedance transformer between the SIS detector and the dc break (see item 4 in Fig. 1);
(b), (c), and (d) samzples with two-section transformer. The areas of the SIS detectors are (a) 0.67, (b) 2.55, (c) 0.87, (d) 0.69, (e)

1.05, and (f) 1.3 um~.

der. The boundary conditions on the ring correspond
to impedance Zgg of the parallel-connected capaci-
tance of the SIS junction and R, (normal-state resis-
tance). When recalculated per square of the surface,
the boundary conditions correspond to the expression

27
In (rSIs/rpC)

Figure 3b shows an equivalent circuit. To make a tran-
sition from the power detected by the port to the total
power arriving at the SIS junction, we must use the
expression obtained using the Kirchhoff rule:

+1010g(1+wl,

ort

Z, = ZLgs 3)

SIS __  gport
S2l — P21

C))
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where R, is the port resistance, which, in all simula-
tions, was chosen to be 1 mQ (much less than
Re(Zs15)).

3. DISCUSSION

Figure 4 presents calculations performed using
both models and experimental results. In total, we
simulated more than 10 samples with different topolo-
gies and parameters of SIS junctions. The areas of SIS
junctions in the samples under study range from 0.5 to
2.5 um?, and the tunneling current densities range
from 5 to 25 kA/cm?. Each sample is designed to pro-
vide the best matching in the required range. For most
structures, the positions of specific features on the .S,
curves calculated using both models coincide in fre-
Vol. 68
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Fig. 5. Distribution of the electric field amplitude at a fre-
quency of 500 GHz near the transition from the SIS detec-
tor to the radial stub with an outer radius of 48 um calcu-
lated using Ansys HFSS; the constant-phase surfaces are
strongly curved.

quency with the measured response of the SIS junc-
tion.

Note that a generator based on a distributed
Josephson junction is a complicated dynamic system,
with strong nonlinearity. Thus, the signal at the funda-
mental frequency is supplemented with waves with
multiple frequencies. This circumstance accounts for
the difference between calculated and experimental
results at frequencies of less than 350 GHz. It is also
difficult to estimate the power generated by the FFO,
and we can only talk about qualitative agreement
between calculated and experimental results.

As was mentioned in Section 2, the semi-analytical
calculation assumes propagation of a quasi-TEM wave
in the lines, in other words, the constant-phase sur-
faces have a plane front perpendicular to the edges of
the microstrip lines. Therefore, the results of semi-
analytical calculation for the sample in Fig. 4¢ do not
correspond to experimental and Ansys HFSS results.
Figure 5 shows the curvature of the wavefront between
the SIS junction and the radial stub.

CONCLUSIONS

We simulated superconducting integrated struc-
tures using two methods, the results of which are in
qualitative agreement both with each other and with
the experimental data. The implemented programs
already made it possible to design samples that cover
an entire interval of 400—650 GHz at a level of no less
than —3 + 1 dB. A number of samples were fabricated
and successfully tested, and several new samples are
being prepared for production. The methods outlined

JOURNAL OF COMMUNICATIONS TECHNOLOGY AND ELECTRONICS

987

in this work are applicable for a wide class of structures
and are already used in the design of superconducting
receivers and generators.
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