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We present an electromagnetic study of a metamaterial receiver based on split-ring resonators with integrated cold-electron bolome-

ters. We suggest a modified antenna design that allows one to significantly increase the absorbed power and the bandwidth. The

trade-off between the bandwidth expansion due to miniaturization and the reduction in absorption efficiency determined by the Airy

spot size of the coupling lens is investigated. To solve this issue, a simultaneous miniaturization of the size of the entire structure

with an increase in the number of array elements is proposed. The design with a 37-element array demonstrates an increase in

power absorption by a factor of 1.4 compared to the original 19-element single-ring array, as well as an increase in operating band-

width from 160 to 820 GHz.

Introduction

Highly sensitive receivers with broadband antennas are of sig-
nificant interest for advanced spectroscopic applications and
various radioastronomy tasks [1-5]. In particular, broadband
receiving systems are required for use with a Fourier-transform
spectrometer based on the Martin—Paplett interferometer that is
planned to be used in future missions such as BISOU (Balloon
Interferometer for Spectral Observations of the Universe) [3,4]
and Millimetron [2,5]. The use of cold-electron bolometers
(CEBs) is particularly advantageous for such systems, enabling

operation in a wide frequency range from gigahertz frequencies

to X-rays [6-8] due to a normal-metal absorber. CEBs offer
several advantages over other types of receivers such as transi-
tion edge sensors [9-11]. These advantages include their
micrometer-scale size, which facilitates direct integration into
antenna slots without the need for microwave feed lines (e.g.,
microstrip or coplanar lines), thus simplifying the design and
preventing signal degradation at higher frequencies [12].
Furthermore, the natural electron cooling mechanism in CEBs
[13-15] is highly suitable for operation with cryogenic systems
such as 3He sorption fridges. Perhaps most critically, CEBs
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demonstrate exceptional hardness against cosmic rays [16], a

paramount requirement for balloon and space missions.

Our group has recently designed, fabricated, and characterized a
metamaterial receiver with integrated CEBs, operating in a
broad frequency range [17]. In that work, each element repre-
sented a ring antenna with two embedded CEBs connected
parallel in DC, whereas the antennas in the array were
connected in series. In the present work, we propose and numer-
ically investigate a new design of a CEB metamaterial receiver
based on double split-ring resonators (SRRs) [18] to increase
both the magnitude of the absorbed signal and the working
bandwidth. We consider various geometrical modifications of

this design and perform a comparative analysis.

Design and Simulation Approach

In our previous work [17], a metamaterial comprising 19-ring
antennas enabled the reception of external electromagnetic
signals in the broad band from 150 to 550 GHz, as well as in the
band from 900 to 1300 GHz. To further enhance signal absorp-
tion, we propose replacing simple ring antennas with SRRs [18-
21]. The SRR is a well-established magnetic metamaterial ele-
ment whose resonant properties are governed by its internal
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inductance and capacitance, allowing for a strong magnetic
response and associated current loops at the designed reso-

nance frequency.

The simulations of the metamaterial arrays were performed in
the time-domain solver of CST MWS in 3D mode. The simu-
lated receiving structure is placed on a 500 um thick silicon
substrate. A 4 mm-diameter silicon hyperhemispherical lens is
placed on the rear side of the substrate to efficiently couple the
incident radiation into the planar structure. The external signal
is incident from the H;; mode of the round waveguide port lo-
cated behind the Si lens, simulating a realistic excitation source.
The electric field of the incident wave is directed perpendicular-

ly to the gaps in the receiving elements.

The signal is received by an array of the proposed ring
resonators. Two CEBs are embedded into the outer ring of each
SRR element. In the simulations, each CEB is modeled as an
RC circuit (see inset in Figure 1), where R, = 75 Q represents
the resistance of the CEB’s normal-metal absorber, and Cgpn =
20 fF is the capacitance of the two SIN junctions of the CEB
connected in series. The total absorbed power is calculated as
the sum of the powers absorbed in these discrete ports repre-

Figure 1: Schematic layout of the investigated metamaterial arrays. (a) 19-element array of single-ring antennas; (b) 19-element array of split-ring
resonators; (c) 37-element array of miniaturized SRRs. Inset: a single unit cell with two embedded CEBs represented as an RC circuit.
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senting the CEBs. The power in our modeling is normalized to
the power outgoing from the waveguide port, which is equal to

0.5 in arbitrary units.

Results

The design of the previously studied metamaterial with CEBs
and single-ring antennas is shown in Figure 1a. To increase the
absorbed power and the working frequency band, we propose
and analyze a new design based on SRRs (Figure 1b,c). The
geometric parameters of the structures are as follows: A single
ring has an outer ring diameter of dey¢ = 80 pm and an inner
ring diameter of dj,; = 70 um. The lattice constant (period) of
the metamaterial array is P = 86 um. The total size of the struc-
ture is 424 pm. A large-scale SRR has an outer ring with an
external diameter of dex; 1 = 80 um and an internal diameter of
dint,1 = 70 um. The inner ring has an external diameter of
dexi2 = 40 um and an internal diameter of dj,; » = 30 pm. The
period of the metamaterial array is P = 86 um. The total size of
the structure is 424 um. A small-scale SRR is a scaled-down
version with dgyi 1 = 40 um, dip 1 = 35 pm; dex o = 20 pm,
dint,2 = 15 pym. The lattice period for this dense array is
P =43 um. The total size of the structure is reduced to 298 pym.
This scaling of the SRR geometry is intended to shift the central
frequency of the metamaterial to a higher value while main-
taining the increasing absorption of the double-ring design.

The transition from a single-ring antenna to a double split-ring
resonator design, while keeping the number of elements con-
stant, resulted in a significant improvement in performance. The
addition of the inner ring, which increases the total capacitance
of the resonant element, leads to a slight reduction of the central
frequency [20]. More importantly, it yielded a 1.5-fold increase

in the total absorbed power.

The amplitude—frequency characteristics (AFC) for the simu-
lated single-ring and SRR designs are presented in Figure 2. For
the single-ring array, the absorbed power in the first resonance
maximum reached a value of 0.18 (normalized units, with 0.5
maximal total power) with the bandwidth at half maximum
(FWHM) spanning from 100 to 545 GHz (Figure 2, red curve).
In contrast, the SRR array demonstrated a higher absorbed

Table 1: Parameters of metamaterial structures with CEBs.

Design (according  Type of unit cell Number of cells

to Figure 1)

a single-ring antennas 19
split-ring resonators 19
split-ring resonators 37
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power of 0.27 within a bandwidth of 105 to 440 GHz (Figure 2,
blue curve). Parameters of metamaterials with CEBs and differ-

ent designs are given in Table 1.
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Figure 2: Amplitude—frequency characteristics of the metamaterial
receiver. (a) 19-element array of single-ring antennas with a lattice
period of P = 86 um (red curve); (b) 19-element array of SRRs with

P =86 pm (blue curve). The dashed black curve shows the experimen-
tally measured response of the single-ring metamaterial.

As an experimental reference for our simulations, Figure 2 also
shows the frequency response measured for a fabricated sample
consisting of a 19-element single-ring metamaterial (black
dashed curve). This sample had the design described in [17] and
was characterized using the same experimental setup described
there. This setup employs a YBaCuO Josephson junction oscil-
lator as a broadband source, with the signal delivered to the
sample via an oversized waveguide. Therefore, the measured
frequency response is the combined frequency response of the
entire path (oscillator, waveguide-feeder, lens and the CEB
metamaterial itself), with “fingers” due to the used log-periodic
antenna of the Josephson oscillator, which was not fully
matched to the antenna. Despite this convolution, the experi-
mental data clearly confirm the calculated dual-band behavior
of the metamaterial, showing two broad peaks centered at
approximately 350 and 1100 GHz. This agreement validates our

simulation model.

Period of structure, Peak absorption, Frequency band,

um a.u. GHz

86 0.18 100-545
86 0.27 105-440
43 0.25 160-820
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The AFC of the single-ring and SRR metamaterials with
various scaling factors are presented in Figure 3. The optimal
number and size of the resonators are governed by the require-
ment to fill the Airy spot of the silicon lens. If the total array
size is smaller than the Airy spot, a portion of the incident
signal will not interact with the metamaterial, instead scattering
into the surrounding space. Our simulations confirm this prin-
ciple: A reduction in the SRR dimensions and the array period
by 20% led to a broadening of the absorption bandwidth and a
small shift of the first resonance maximum towards higher
frequencies. A further reduction of dimensions by 40% resulted
in an even wider bandwidth; however, the peak absorbed power
began decreasing, indicating that the array size was becoming
insufficient relative to the Airy spot. A drastic 60% size reduc-

tion caused a severe deterioration of absorption.

To achieve the widest possible bandwidth using SRRs, our
results shown in Figure 3 suggest prioritizing somewhat smaller
unit cell sizes. Simply scaling down a fixed 19-element array
leads to less efficient signal reception since the array is
becoming smaller than the Airy spot. As an efficient alternative,
we propose to halve the SRR dimensions and array period while
simultaneously increasing the number of elements from 19 to
37 (Figure 1c). This approach successfully increased the
absorbed power to 0.25, which is by a factor of 1.4 higher than
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that of the single-ring array, while also achieving an ultrawide
receiving band from 160 to 820 GHz (Figure 4, black line). If
the 37-element array structure occupies the same area as the
original single-ring structure, larger absorption efficiency at the
first peak can be achieved (Figure 4, red line), but the working
bandwidth will be narrower than for the structure with smaller

37-element array of SRRs
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Figure 4: The amplitude—frequency characteristics of the 37-element
array of SRR-based metamaterial for different periods of the lattice.
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Figure 3: Top: AFC of the 19 single-ring antenna metamaterial for different geometric scaling factors. (a, black curve) outer ring diameter doyt =

80 um, inner ring diameter di, = 70 pm, period P = 86 um; (b, red curve) doy; = 64 uym, di, = 56 um, P = 68.8 um; (c, blue curve) dgyt = 48 ym, dip, =
42 ym, P = 51.6 um; (d, purple curve) doyt = 32 ym, di, = 28 um, P = 34.4 um. Bottom: AFC of the 19 SRR-based metamaterial for different geometric
scaling factors. The design parameters and scaling factors (0%, 20%, 40%, and 60%) correspond to the upper plot.
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rings. Thus, by selecting the overall structure size, a compro-
mise can be found between the maximum absorption efficiency

and the widest receiving bandwidth.

It is important to note that the choice of the number of receiving
antennas should be in a proper balance. Although a larger array
can better fill the Airy spot, it also increases the total number of
bolometers. This, in turn, increases the differential resistance of
the structure at the operating point and increases the current
noise contribution of the readout amplifier [17,22]. Further-
more, a larger number of elements increases the fabrication
complexity. Crucially, nearly doubling the number of elements
(from 19 to 37) does not produce a proportional increase in the
absorbed power (Figure 5).

——a) 19 SRR, Period = 43 um
——b) 19 SRR, Period = 86 um
0.3 c) 37 SRR, Period = 43 um
—~ ——d) 37 SRR, Period = 86 um
=] - e) 37 SRR, Period = 43 um, opt
&
e
s
20.24
Qo
el
o
e}
—
o
38
< 0.11
0.0 T T T
0 500 1000 1500 2000

Frequency (GHz)

Figure 5: Dependence of the absorbed power on the number of ele-
ments in the SRR array.

Figure 5 shows the AFC of the SRR metamaterial with a differ-
ent number of elements. For the large-scale design (period
P =86 um, rings: doyt,1/din,1 = 80/70 um, dyyy,2/din2 =
40/30 pm), doubling the number of elements increases the
absorbed power by about 7% only, with a minor increase in
bandwidth. The same doubling for the miniaturized design
(P =43 um, rings: dgoy, 1/din,1 = 40/35 um, doyi2/din 2 =
20/15 pm) is more efficient, leading to 17% increase in power.
This higher efficiency is directly linked to the Airy spot cover-
age: Adding elements to the smaller array more effectively in-
creases its total area towards the optimal size. For the already
large array, new elements are added at the periphery or outside
the most intense part of the Airy spot, which does not actually
help.

The obtained results can be further enhanced through opti-
mized design parameters of the structure. Specifically, increas-

ing the substrate thickness to 700 um enables an increase in
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absorbed power up to 0.3 a.u. across an ultrabroad frequency
range of 200-1200 GHz (Figure 5e). Such a thick substrate can
be realized by using commercially available substrates with
greater thickness (or by stacking and bonding multiple thinner
substrates), or by employing a lens with a pedestal structure.

Discussion

Solving the problem of broadband high-sensitivity reception for
terahertz applications naturally entails comparing the metamate-
rial-based approach presented here with traditional broadband
antenna solutions such as the log-periodic [23-25] or spiral
antennas [26,27]. These antennas are indeed a well-established
technology, providing wideband frequency response and high
detection/radiation efficiency. However, their widespread use is
subject to a fundamental limitation: The active receiving ele-
ment is typically a single detector unit located at the antenna’s
feed point. This configuration can become a bottleneck when
detecting ultralow power signals in the presence of high back-
ground radiation, as the single detector must handle the entire
power load, potentially limiting the dynamic range and compli-

cating the optimization of noise-equivalent power (NEP).

There have been proposals to integrate multiple sensing ele-
ments directly into the structure of a log-periodic antenna [28-
30]. While promising, such designs face significant challenges
in implementation. The complex geometry of the antenna
makes it difficult to integrate a large number of detectors and to
design complex series—parallel electrical networks necessary for
optimal power distribution and impedance matching. In
contrast, the metamaterial approach offers a fundamentally
more flexible paradigm. A periodic array of resonators, such as
our SRR-based design, inherently functions as a multiabsorber
system. This architecture allows for the precise engineering of
the detector network, that is, the number of CEBs, their indi-
vidual connection (series or parallel), and the overall array con-
figuration to achieve an optimal balance between power load,
responsivity, and total noise [17,22].

This capability is particularly critical for applications like
cosmic microwave background polarimetry or high-resolution
spectroscopy, where the detector must operate photon-noise-
limited under a specific background power load. For CEBs, we
have previously demonstrated that the optimal configuration for
minimizing the total NEP with a given readout amplifier
involves a specific series—parallel combination of bolometers.
The metamaterial platform is ideal for implementing such an
optimized multiabsorber receiver. By adapting the array geome-
try and the electrical connection scheme between CEBs, one
can precisely control the power absorbed per bolometer and the
resulting differential resistance, thereby achieving photon-

noise-limited performance across a wide bandwidth. This level
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of design control is considerably more challenging to realize
within the constrained geometry of a single-feed log-periodic

antenna.

Conclusion

In this work, we have presented a comprehensive electromag-
netic study on the design and optimization of a metamaterial
receiver based on split-ring resonators integrated with cold-
electron bolometers. The transition from a conventional single-
ring antenna design to a double SRR configuration has been
demonstrated to be a highly efficient strategy to enhance the
receiver performance. This design improvement resulted in a
substantial 1.5-fold increase in the absorbed power, confirming
the theoretical advantage of SRRs in providing a stronger mag-
netic resonance and greater field concentration within the

capacitive gaps where the CEBs are located.

Our investigation of the scaling of the metamaterial array
revealed a critical design trade-off. While reducing the dimen-
sions of the SRR unit cells effectively broadens the operational
bandwidth, it also reduces the total absorbed power if the
array’s physical size becomes smaller than the Airy spot of the
coupling lens. We successfully resolved this issue by imple-
menting a strategy of simultaneous miniaturization and increas-
ing the array density. By halving the SRR dimensions and
lattice period while nearly doubling the number of elements
(from 19 to 37), we achieved an optimal compromise. The re-
sulting receiver exhibits both enhanced absorption (by a factor
of 1.4 larger than the original single-ring design) and an ultra-
wide bandwidth spanning from 160 to 820 GHz.

Furthermore, we quantified the non-linear relationship between
the number of array elements and the absorbed power, showing
that the benefit of adding elements is significantly higher for a
miniaturized array that initially underfills the Airy spot. This
provides a crucial practical guideline for designing efficient
multiabsorber receivers, balancing performance gains against
the increased technological complexity and noise considera-

tions associated with a larger number of bolometers.

This work solidifies the position of CEB-based SRR metamate-
rials as a highly promising platform for constructing ultrabroad-
band, high-sensitivity receivers essential for next-generation
spectroscopic and radioastronomical applications, particularly
in demanding space and balloon-borne environments. One more
important potential application for such broadband receiving
system is the use for axion search experiments with broadband
coaxial dish antennas [31,32]. Future work will focus on the ex-
perimental fabrication and characterization of the proposed
miniaturized 37-element SRR array to validate these simulation

results.

Beilstein J. Nanotechnol. 2025, 16, 2199-2206.

Funding
The work is supported by Russian Science Foundation Grant
No. 21-79-20227.

Author Contributions

Ekaterina A. Matrozova: data curation; formal analysis; investi-
gation; methodology; software; visualization; writing — original
draft; writing — review & editing. Alexander V. Chiginev:
conceptualization; data curation; formal analysis; investigation;
methodology; software; validation; writing — original draft;
writing — review & editing. Leonid S. Revin: conceptualization;
formal analysis; investigation; methodology; software; valida-
tion; visualization; writing — original draft; writing — review &
editing. Andrey L. Pankratov: conceptualization; formal analy-
sis; funding acquisition; investigation; methodology; project
administration; resources; supervision; validation; writing —

review & editing.

ORCID® iDs

Ekaterina A. Matrozova - https://orcid.org/0000-0003-1013-1365
Alexander V. Chiginev - https://orcid.org/0000-0002-6676-9141
Andrey L. Pankratov - https://orcid.org/0000-0003-2661-2745

Data Availability Statement

Data generated and analyzed during this study is available from the corre-
sponding author upon reasonable request.

Preprint
A non-peer-reviewed version of this article has been previously published
as a preprint: https://doi.org/10.3762/bxiv.2025.58.v1

References

1. Ajito, K.; Nakamura, M.; Tajima, T.; Ueno, Y. Terahertz Spectroscopy
Methods and Instrumentation. In Encyclopedia of Spectroscopy and
Spectrometry, 3rd ed.; Lindon, J. C.; Tranter, G. E.; Koppenaal, D. W.,
Eds.; Academic Press: Oxford, UK, 2017; pp 432—438.
doi:10.1016/b978-0-12-409547-2.12092-x

2. Likhachev, S. F.; Larchenkova, T. . Phys.-Usp. 2024, 67, 768-778.
doi:10.3367/ufne.2024.03.039662

3. Maffei, B.; Aghanim, N.; Aumont, J.; Battistelli, E.; Beelen, A.;
Besnard, A.; Borgo, B.; Calvo, M.; Catalano, A.; Chluba, J.; Coulon, X.;
de Bernardis, P.; De Jabrun, C.; Douspis, M.; Errard, J.; Grain, J.;
Guiot, P.; Hill, J. C.; Ishino, H.; Kogut, A.; Lagache, G.;

Macias-Perez, J.; Masi, S.; Matsumura, T.; Monfardini, A.;

O'Sullivan, C.; Pagano, L.; Patanchon, G.; Pisano, G.; Pitre, L.;
Ponthieu, N.; Remazeilles, M.; Ritacco, A.; Savini, G.; Sauvage, V.;
Shitvov, A.; Stever, S. L.; Tartari, A.; Thiele, L.; Trappe, N.;

Aubrun, J.-F.; Bray, N.; Louvel, S. BISOU: a balloon pathfinder for
CMB spectral distortions studies. In Millimeter, Submillimeter, and
Far-Infrared Detectors and Instrumentation for Astronomy XII,
Yokohama, Japan, June 18-22, 2024; Zmuidzinas, J.; Gao, J.-R., Eds.;
SPIE, 2024; 131020N. doi:10.1117/12.3018371

4. Coulon, X.; Maffei, B.; Aghanim, N. EPJ Web Conf. 2024, 293, 00012.
doi:10.1051/epjconf/202429300012

2204


https://orcid.org/0000-0003-1013-1365
https://orcid.org/0000-0002-6676-9141
https://orcid.org/0000-0003-2661-2745
https://doi.org/10.3762/bxiv.2025.58.v1
https://doi.org/10.1016%2Fb978-0-12-409547-2.12092-x
https://doi.org/10.3367%2Fufne.2024.03.039662
https://doi.org/10.1117%2F12.3018371
https://doi.org/10.1051%2Fepjconf%2F202429300012

5. Novikov, D. I.; Doroshkevich, A. G.; Larchenkova, T. |.;
Malinovsky, A. M.; Mihalchenko, A. O.; Osipova, A. M.; Parfenov, K. O.;
Pilipenko, S. V. Phys.-Usp. 2025, 68, 987—1000.
doi:10.3367/ufne.2025.08.040006

6. Anghel, D. V.; Kuzmin, L. S. Phys. Rev. Appl. 2020, 13, 024028.
doi:10.1103/physrevapplied.13.024028

7. Pimanov, D. A.; Pankratov, A. L.; Gordeeva, A. V.; Chiginev, A. V.;
Blagodatkin, A. V.; Revin, L. S.; Razov, S. A.; Safonova, V. Yu.;
Fedotov, I. A.; Skorokhodov, E. V.; Orlova, A. N.; Tatarsky, D. A.;
Gusev, N. S.; Trofimov, I. V.; Mumlyakov, A. M.; Tarkhov, M. A.
Supercond. Sci. Technol. 2025, 38, 035026.
doi:10.1088/1361-6668/adb942

8. Nahum, M.; Martinis, J. M. Appl. Phys. Lett. 1995, 66, 3203-3205.
doi:10.1063/1.113723

9. Irwin, K. D.; Hilton, G. C. Transition-Edge Sensors. Cryogenic Particle
Detection; Topics in Applied Physics, Vol. 99; Springer: Berlin,
Germany, 2005; pp 63—150. doi:10.1007/10933596_3

10. Withington, S. Contemp. Phys. 2022, 63, 116-137.
doi:10.1080/00107514.2023.2180179

11.Safonova, V. Y.; Gordeeva, A. V.; Blagodatkin, A. V.; Pimanov, D. A.;
Yablokov, A. A.; Pankratov, A. L. Beilstein J. Nanotechnol. 2024, 15,
1353-1361. doi:10.3762/bjnano.15.108

12.O'Brient, R.; Ade, P.; Arnold, K.; Edwards, J.; Engargiola, G.;
Holzapfel, W. L.; Lee, A. T.; Myers, M. J.; Quealy, E.; Rebeiz, G.;
Richards, P.; Suzuki, A. Appl. Phys. Lett. 2013, 102, 063506.
doi:10.1063/1.4791692

13.Gordeeva, A. V.; Pankratov, A. L.; Pugach, N. G.; Vasenko, A. S.;
Zbrozhek, V. O.; Blagodatkin, A. V.; Pimanov, D. A.; Kuzmin, L. S.
Sci. Rep. 2020, 10, 21961. doi:10.1038/s41598-020-78869-z

14.Pimanov, D. A.; Frost, V. A.; Blagodatkin, A. V.; Gordeeva, A. V.;
Pankratov, A. L.; Kuzmin, L. S. Beilstein J. Nanotechnol. 2022, 13,
896-901. doi:10.3762/bjnano.13.80

15. Lemziakov, S. A.; Karimi, B.; Nakamura, S.; Lvov, D. S.; Upadhyay, R.;
Satrya, C. D.; Chen, Z.-Y.; Subero, D.; Chang, Y.-C.; Wang, L. B.;
Pekola, J. P. J. Low Temp. Phys. 2024, 217, 54-81.
doi:10.1007/s10909-024-03144-8

16. Salatino, M.; de Bernardis, P.; Kuzmin, L. S.; Mahashabde, S.; Masi, S.
J. Low Temp. Phys. 2014, 176, 323-330.
doi:10.1007/s10909-013-1057-5

17.Revin, L. S.; Pimanov, D. A.; Pankratov, A. L.; Blagodatkin, A. V.;
Matrozova, E. A.; Chiginev, A. V.; Gordeeva, A. V.; Fedotov, I. A.;
Skorokhodov, E. V.; Gusev, N. S.; Masterov, D. V.; Parafin, A. E.;
Sobolev, A. S. Phys. Rev. Appl. 2024, 22, 064040.
doi:10.1103/physrevapplied.22.064040

18. Sydoruk, O.; Tatartschuk, E.; Shamonina, E.; Solymar, L.
J. Appl. Phys. 2009, 105, 014903. doi:10.1063/1.3056052

19.Pendry, J. B.; Holden, A. J.; Robbins, D. J.; Stewart, W. J.
IEEE Trans. Microwave Theory Tech. 1999, 47, 2075-2084.
doi:10.1109/22.798002

20.Reddy, A. N.; Raghavan, S. Split ring resonator and its evolved
structures over the past decade: This paper discusses the nuances of
the most celebrated composite particle (split-ring resonator) with which
novel artificial structured materials (called metamaterials) are built. In
2013 IEEE International Conference ON Emerging Trends in
Computing, Communication and Nanotechnology (ICECCN),
Tirunelveli, India, March 25-26, 2013; IEEE, 2013; pp 625-629.
doi:10.1109/ice-ccn.2013.6528575

21.Marqués, R.; Martin, F.; Sorolla, M. Metamaterials with Negative
Parameters: Theory, Design and Microwave Applications; John Wiley &
Sons: Hoboken, NJ, USA, 2008. doi:10.1002/9780470191736

Beilstein J. Nanotechnol. 2025, 16, 2199-2206.

22.Kuzmin, L. S.; Pankratov, A. L.; Gordeeva, A. V.; Zbrozhek, V. O.;
Shamporov, V. A.; Revin, L. S.; Blagodatkin, A. V.; Masi, S.;
de Bernardis, P. Commun. Phys. 2019, 2, 104.
doi:10.1038/s42005-019-0206-9

283. Tarasov, M.; Kuzmin, L.; Stepantsov, E.; Kidiyarova-Shevchenko, A.
Quasioptical Terahertz Spectrometer Based on a Josephson Oscillator
and a Cold Electron Nanobolometer. Nanoscale Devices -
Fundamentals and Applications; NATO Science Series, Vol. 233;
Springer: Dordrecht, Netherlands, 2006; pp 325-335.
doi:10.1007/978-1-4020-5107-4_22

24. Stepantsov, E.; Tarasov, M.; Kalabukhov, A.; Kuzmin, L.; Claeson, T.
J. Appl. Phys. 2004, 96, 3357-3361. doi:10.1063/1.1782273

25.Gao, X.; Zhang, T.; Du, J.; Weily, A. R.; Guo, Y. J.; Foley, C. P.
Supercond. Sci. Technol. 2017, 30, 095011.
doi:10.1088/1361-6668/aa7cc1

26. Tretyakov, I. V.; Khudchenko, A. V.; Rudakov, K. |.; lvashentseva, I. V.;
Kaurova, N. S.; Voronov, B. M.; Kirsanova, M. S.; Larchenkova, T. |.;
Goltsman, G. N.; Baryshev, A. M.; Hesper, R.; Khan, F. V,;
Zhukova, E. S.; Chekushkin, A. M.; Melentev, A. V.; Zhivetev, K. V.;
Terentiev, A. V.; Koshelets, V. P.; Likhachev, S. F.
IEEE Trans. Terahertz Sci. Technol. 2025, 15, 191-199.
doi:10.1109/tthz.2024.3505592

27.Malnou, M.; Luo, A.; Wolf, T.; Wang, Y.; Feuillet-Palma, C.; Ulysse, C.;
Faini, G.; Febvre, P.; Sirena, M.; Lesueur, J.; Bergeal, N.
Appl. Phys. Lett. 2012, 101, 233505. doi:10.1063/1.4769441

28.Yu, M.; Geng, H.; Hua, T.; An, D.; Xu, W.; Chen, Z. N.; Chen, J.;
Wang, H.; Wu, P. Supercond. Sci. Technol. 2020, 33, 025001.
doi:10.1088/1361-6668/ab5e13

29. Sharafiev, A.; Malnou, M.; Feuillet-Palma, C.; Ulysse, C.; Wolf, T.;
Couédo, F.; Febvre, P.; Lesueur, J.; Bergeal, N.
Supercond. Sci. Technol. 2018, 31, 035003.
doi:10.1088/1361-6668/aa9d48

30. Glushkov, E. |.; Chiginev, A. V.; Kuzmin, L. S.; Revin, L. S.

Beilstein J. Nanotechnol. 2022, 13, 325-333. doi:10.3762/bjnano.13.27

.Knirck, S.; Hoshino, G.; Awida, M. H.; Cancelo, G. |.; Di Federico, M.;

Knepper, B.; Lapuente, A.; Littmann, M.; Miller, D. W.; Mitchell, D. V.;

Rodriguez, D.; Ruschman, M. K.; Sawtell, M. A.; Stefanazzi, L.;

Sonnenschein, A.; Teafoe, G. W.; Bowring, D.; Carosi, G.; Chou, A.;

Chang, C. L.; Dona, K.; Khatiwada, R.; Kurinsky, N. A; Liu, J.;

Pena, C.; Salemi, C. P.; Wang, C. W.; Yu, J. Phys. Rev. Lett. 2024,

132, 131004. doi:10.1103/physrevlett.132.131004

32.Hoshino, G.; Knirck, S.; Awida, M. H.; Cancelo, G. |.; Corrodi, S.;
Di Federico, M.; Knepper, B.; Lapuente, A.; Littmann, M.; Miller, D. W.;
Mitchell, D. V.; Rodriguez, D.; Ruschman, M. K.; Salemi, C. P.;
Sawtell, M. A.; Stefanazzi, L.; Sonnenschein, A.; Teafoe, G. W.;
Winter, P. Phys. Rev. Lett. 2025, 134, 171002.
doi:10.1103/physrevlett.134.171002

3

g

2205


https://doi.org/10.3367%2Fufne.2025.08.040006
https://doi.org/10.1103%2Fphysrevapplied.13.024028
https://doi.org/10.1088%2F1361-6668%2Fadb942
https://doi.org/10.1063%2F1.113723
https://doi.org/10.1007%2F10933596_3
https://doi.org/10.1080%2F00107514.2023.2180179
https://doi.org/10.3762%2Fbjnano.15.108
https://doi.org/10.1063%2F1.4791692
https://doi.org/10.1038%2Fs41598-020-78869-z
https://doi.org/10.3762%2Fbjnano.13.80
https://doi.org/10.1007%2Fs10909-024-03144-8
https://doi.org/10.1007%2Fs10909-013-1057-5
https://doi.org/10.1103%2Fphysrevapplied.22.064040
https://doi.org/10.1063%2F1.3056052
https://doi.org/10.1109%2F22.798002
https://doi.org/10.1109%2Fice-ccn.2013.6528575
https://doi.org/10.1002%2F9780470191736
https://doi.org/10.1038%2Fs42005-019-0206-9
https://doi.org/10.1007%2F978-1-4020-5107-4_22
https://doi.org/10.1063%2F1.1782273
https://doi.org/10.1088%2F1361-6668%2Faa7cc1
https://doi.org/10.1109%2Ftthz.2024.3505592
https://doi.org/10.1063%2F1.4769441
https://doi.org/10.1088%2F1361-6668%2Fab5e13
https://doi.org/10.1088%2F1361-6668%2Faa9d48
https://doi.org/10.3762%2Fbjnano.13.27
https://doi.org/10.1103%2Fphysrevlett.132.131004
https://doi.org/10.1103%2Fphysrevlett.134.171002

License and Terms

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjnano/terms), which is

identical to the Creative Commons Attribution 4.0
International License

(https://creativecommons.org/licenses/by/4.0). The reuse of

material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the

material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.16.152

Beilstein J. Nanotechnol. 2025, 16, 2199-2206.

2206


https://www.beilstein-journals.org/bjnano/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjnano.16.152

	Abstract
	Introduction
	Design and Simulation Approach
	Results
	Discussion
	Conclusion
	Funding
	Author Contributions
	ORCID iDs
	Data Availability Statement
	Preprint
	References

