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Abstract

We present an electromagnetic study of a metamaterial receiver based on split-ring resonators with
integrated cold-electron bolometers. We suggest a modified antenna design that allows one to sig-
nificantly 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.
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Introduction

Highly sensitive receivers with broadband antennas are of significant interest for advanced spec-
troscopic 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 in-
terferometer 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 GHz to X-ray [6-8] due to a normal-metal absorber. CEBs offer several ad-
vantages over other types of receiver, such as Transition Edge Sensors (TESs) [9-11]. These ad-
vantages 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 elec-
tron cooling mechanism in CEBs [13-15] is highly suitable for operation with cryogenic systems
such as 3He sorption fridges. Perhaps most critically, CEBs demonstrate exceptional immunity to
cosmic rays [16], a paramount requirement for balloon and space missions.

Our group has recently designed, fabricated and characterized a metamaterial receiver with inte-
grated CEBs, operating in a broad frequency range [17]. In that work, each element represented 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 numerically investigate a new de-
sign of a CEB metamaterial receiver based on double split-ring resonators (SRRs) 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 absorption, we propose replacing simple ring



49

50

51

52

53

54

55

56

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. The Inset: a single unit cell with two embedded CEBs represented as an RC circuit.
antennas with SRRs [18-21]. The SRR is a well-established magnetic metamaterial element whose
resonant properties are governed by its internal inductance and capacitance, allowing for a strong
magnetic response and associated current loops at the designed resonance frequency.

The simulated receiving structure is placed on a 500 um-thick silicon substrate. A 4-mm-diameter
silicon hyperhemispherical lens is placed on the back side of the substrate to efficiently couple the
incident radiation into the planar structure. The external signal is incident from a waveguide port
located behind the Si lens, simulating a realistic excitation source.

The signal is received by an array of the proposed ring resonators. Two Cold-Electron Bolometers
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are embedded into the outer ring of each SRR element. In the simulation, each CEB is modeled

as an RC circuit (see inset in Fig. 1), where R, = 75 Q represents the resistance of the CEB’s
normal-metal absorber, and Cs;y = 20 {F 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 representing the CEBs.

The design of the previously studied metamaterial with CEBs and single-ring antennas is shown

in Fig. 1a. To increase the absorbed power and the working frequency band, we propose and ana-
lyze a new design based on SRR (Fig. 1b and c¢). The geometric parameters of the structures are as

follows:

* Single ring: outer ring diameter d,,; = 80 yum, inner ring diameter d;,; = 70 um. The lattice
constant (period) of the metamaterial array is P = 86 um. The total size of the structure is

424 ym.

* SRR, large scale: the outer ring has an external diameter of d,,; 1 = 80 um and an internal
diameter of d;n;,; = 70 um. The inner ring has an external diameter of d,,;» = 40 um and an
internal diameter of d;,;» = 30 um. The period of the metamaterial array is P = 86 ym. The

total size of the structure is 424 um.

* SRR, small scale: A scaled-down version with d,y;1 =40 pm, dip;,1 =35 um; deyr 2 = 20
pm, diy 2 = 15 um. The lattice period for this dense array is P = 43 um. The total size of the

structure is reduced to 298 um.

This scaling of the SRR geometry is intended to shift the central frequency of the metamaterial to a
higher value while maintaining 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 to be constant, 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 [19]. More importantly, it yielded a 1.5-fold increase in

the total absorbed power.
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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 um (blue curve). The dashed black curve shows the experimentally measured bolome-
ter response.
The amplitude-frequency characteristics (AFC) for the simulated single-ring and SRR designs
are presented in Fig. 2. For the single-ring array, the absorbed power in the first resonance maxi-
mum reached a value of 0.18 (normalized units, with 0.5 maximal total power) at half maximum
(FWHM) spanning from 100 to 545 GHz (Fig. 2, red curve). In contrast, the SRR array demon-
strated a higher absorbed power of 0.27 within a bandwidth of 105 to 440 GHz (Fig. 2, blue curve).
As an experimental reference for our simulations, Fig. 2 also shows the frequency response mea-
sured 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 exper-
imental setup described there. This setup employs a YBaCuO Josephson junction oscillator 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 (oscilla-
tor, 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 experimental data clearly confirm the calculated dual-band behavior of the
metamaterial, showing two broad peaks centered at approximately 350 GHz and 1100 GHz. This

agreement validates our simulation model.



99

100

101

102

103

104

105

106

107

108

109

110

111

112

19-element array of the Ring Antennas

0,30
——a) Period = 86 um

——b) Period = 68,8 um
——c) Period = 51,6 pm

0,00

T T
0 500 1000 1500 2000

Absorbed power

19-element array of the SRRs

0,30
——a) Period = 86 pm

——b) Period = 68,8 um
——c) Period = 51,6 pm
——d) Period = 34,4 pm

0,15

Absorbed power

0,00

T T T
0 500 1000 1500 2000
Frequency (GHz)

Figure 3: The upper plot: AFC of the 19 single-ring antenna metamaterial for different geometric
scaling factors: a) black curve: outer ring diameter d,,; = 80 um, inner ring diameter d;, = 70 um,
period P = 86 um; b) red curve: d,,; = 64 um, d;;, = 56 um, P = 68.8 um; c) blue curve: d,,; =
48 um, dj;, =42 um, P = 51.6 um; d) purple curve: d,,; = 32 um, d;,, = 28 um, P = 34.4 um. The
bottom plot: AFC of the 19 SRR-based metamaterial for different geometric scaling factors. The
design parameters and scaling factors (0%, 20%, 40%, 60%) correspond to the upper plot.

The amplitude-frequency characteristics (AFC) of the single-ring and SRR metamaterials with
various scaling factors are presented in Fig. 3. The optimal number and size of the resonators are
governed by the requirement 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 principle: 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
to decrease, indicating that the array size was becoming insufficient relative to the Airy spot. A
drastic 60% size reduction caused a severe deterioration of absorption.

To achieve the widest possible bandwidth using SRRs, our results shown in Fig. 3 suggest prior-
itizing somewhat smaller unit cell sizes. Simply scaling down a fixed 19-element array leads to

less efficient signal reception due to the array becoming smaller than the Airy spot. As an efficient

alternative, we propose to halve the SRR dimensions and array period while simultaneously in-
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creasing the number of elements from 19 to 37 (Fig. 1¢). This approach successfully increased
the absorbed power to 0.25, which is by a factor of 1.4 higher than for the single-ring array, while
also achieving an ultra-wide receiving band from 160 to 820 GHz (Fig. 4, black line). If the 37-
element array structure occupies the same area as the original single-ring structure, larger absorp-
tion efficiency at the first peak can be achieved (Fig. 4, red line), but the working bandwidth will
be narrower than for the structure with smaller rings. Thus, by selecting the overall structure size,
a compromise can be found between the maximum absorption efficiency and the widest receiving

bandwidth.

37-element array of SRRs
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Figure 4: The amplitude-frequency characteristics of the 37-element array of SRR-based metama-
terial for different periods of the lattice.

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 [17,30]. Furthermore, 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 (Fig. 5).
Figure 5 shows the AFC of the SRR metamaterial with a different number of elements. For the
large-scale design (period P = 86 um, rings: doy.1/din1 = 80/70 um, dyys2/din2 = 40/30 pm),

doubling the number of elements increased the absorbed power by only about 7%, with a minor in-
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Figure 5: Dependence of the absorbed power on the number of elements in the SRR array.

crease in bandwidth. The same doubling for the miniaturized design (P =43 um, rings: dyu.1/din.1
=40/35 pum, doys2/din2 = 20/15 um) is more efficient, leading to 17% increase in power. This
higher efficiency is directly linked to the Airy spot coverage: adding elements to the smaller array
more effectively increases 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 do not

actually help.

Discussion

Solving the problem of broadband high-sensitivity reception for terahertz applications naturally
entails comparing the metamaterial-based approach presented here with traditional broadband
antenna solutions such as the log-periodic [22-24] or spiral antennas [25,26]. These antennas are
indeed a well-established technology, providing wideband frequency response and high detec-
tion/radiation efficiency. However, their widespread use is subject to a fundamental limitation: the
active receiving element is typically a single detector unit located at the antenna’s feed point. This
configuration can become a bottleneck when detecting ultra-low power signals in the presence of
high background radiation, as the single detector must handle the entire power load, potentially

limiting the dynamic range and complicating the optimization of noise-equivalent power (NEP).
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There have been proposals to integrate multiple sensing elements directly into the structure of a
log-periodic antenna [27-29]. While promising, such designs face significant challenges in imple-
mentation. 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 dis-
tribution 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 multi-absorber system. This architecture allows for the precise engineering of the de-
tector network: the number of CEBs, their individual connection (series or parallel), and the overall
array configuration to achieve an optimal balance between power load, responsivity, and total noise
[17,30].

This capability is particularly critical for applications like cosmic microwave background polarime-
try 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 con-
figuration 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 multi-absorber receiver. By adapting the array geometry and the electrical connection
scheme between CEBs, one can precisely control the power absorbed per bolometer and the re-
sulting differential resistance, thereby achieving photon-noise-limited performance across a wide
bandwidth. This level of design control is considerably more challenging to realize within the con-

strained geometry of a single-feed log-periodic antenna.

Conclusions

In this work, we have presented a comprehensive electromagnetic study on the design and opti-
mization 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 config-
uration 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, confirm-
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ing the theoretical advantage of SRRs in providing a stronger magnetic 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 dimensions 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 implementing a strategy of simul-
taneous miniaturization and increasing the array density. By halving the SRR dimensions and lat-
tice period while nearly doubling the number of elements (from 19 to 37), we achieved an optimal
compromise. The resulting 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 minia-
turized array that initially underfills the Airy spot. This provides a crucial practical guideline for
designing efficient multi-absorber receivers, balancing performance gains against the increased
technological complexity and noise considerations associated with a larger number of bolometers.
This work solidifies the position of CEB-based SRR metamaterials as a highly promising platform
for constructing ultra-broadband, high-sensitivity receivers essential for next-generation spectro-
scopic and radioastronomical applications, particularly in demanding space and balloon-borne
environments. Future work will focus on the experimental fabrication and characterization of the

proposed miniaturized 37-element SRR array to validate these simulation results.
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