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Abstract—Two types arrays of annular half-wave and electrically small antennas with typical sizes of the ele-
ments corresponding to 1/10 of the wavelength at SubTHz band with integrated superconductor–insulator–
normal metal–insulator–superconductor (SINIS) bolometers have been developed, fabricated and experi-
mentally studied. We performed numerical modeling of the full structure and use additional reference chan-
nels in experimental studies to enhance the accuracy of the spectral response estimations of receiving arrays.
In experiments three reference channels were used for normalization of the spectral response: a pyroelectric
detector outside the cryostat, and two cold channels—a RuO2 bolometer and on-chip thermometer compris-
ing series array of NIS-junctions.
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1. INTRODUCTION

Astronomic observations in the millimeter and
submillimeter bands [1] become topical over recent
years, there have appeared a demand in high sensitive
receiving systems based on cooled bolometers.
Such systems have contradictory requirements: the
noise equivalent power (NEP) should be at least
10‒16 W/Hz1/2 for ground-based and by three orders of
magnitude better for space observatories with a wide
dynamic range for operation under conditions of a rel-
atively high background power (tens of pW for ground-
based observatories). At present time the most
advanced and widely used types are transition edge
sensors (TES) [2, 3] and kinetic inductance detectors
(KID) [4, 5]. TES have high sensitivity, but their
dynamic range is narrow, rate is low, and operation
requires high stability of the bath temperature. The
main advantage of KIDs is a low level of intrinsic noise
due to the absence of the Nyquist noise, but the abso-
lute value of the kinetic inductance response is low. In
the superconductor–insulator–normal metal–insula-
tor–superconductor (SINIS) [6, 7] bolometers pre-
sented in this study these disadvantages were over-

come. A single SINIS bolometer is saturated at a
power level about 1 pW. Therefore, such bolometers
are connected into arrays so as to distribute the energy
of the signal collected by the telescope mirror among
many single bolometers. The NEP of such structures
is not worse than 10–16 W/Hz1/2, and it can be
improved at least by an order of magnitude by improv-
ing the readout system replacing room-temperature
amplifiers by cold amplifiers and using the microwave
readout.

We developed and studied in a wide frequency
range (60–600 GHz) two types of receiving arrays of
annular antennas: the first type consists of antennas
300 μm in diameter designed to operate at a central
frequency of 350 GHz as conventional half-wave
antennas; and the second type consists of antennas
50–60 μm in diameter and is electrically small for this
frequency (array in the metamaterial configuration).
The first experimental results with arrays of “electri-
cally small antennas” were obtained by irradiating of
the half-wave 300-μm-diameter antenna array
designed for a central frequency of 350 GHz at a sig-
nificantly lower frequency of 60 GHz. The responsiv-
ity was quite high and the spectral response became
1604
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Fig. 1. Schematic image of a SINIS bolometer (N—nor-
mal metal, I—insulator, S—superconductor): (a) Top
view. (b) Side view of the SINIS bolometer with the
absorber on the substrate. (c) Side view of the SINIS
bolometer with a suspended absorbed.
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Fig. 2. S11-parameter (a) and spectral response (b) in the
simplified case from [10]; the symbol line in (b) is the
experimentally measured response.
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more uniform. This led to the decision to reduce pro-
portionally the diameter of the rings to adjust them to
the signal frequency of 350 GHz, i.e., down to 50 μm.
This was done in our metamaterial arrays with three
types of antennas with a diameter of 50–60 μm [7].

As we have found out that it is necessary to simu-
late the entire structure and to use in experiments an
additional calibration of the incident signal to estimate
the spectral response of such arrays with a higher
accuracy.

2. SINIS BOLOMETER

The sensitive element of such bolometer is the
absorber made of normal metal. Two NIS junctions
connected in series with an absorber serve as ther-
mometers. Radiation absorption in the SINIS struc-
ture leads to heating of the absorber, which can be
measured as the tunnel current increase in the NIS
thermometers. The schematic image of a SINIS
bolometer is shown in Fig. 1. The sensitivity of such
bolometers can be estimated using non-equilibrium
distribution functions of electrons and phonons and
the theory of quantum absorption of radiation [8]. A
SINIS bolometer with a suspended absorber seems to
be promising way for increasing of the sensitivity com-
pared to conventional structure with absorber on the
substrate [9], see Fig. 1с.
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3. ARRAYS OF HALF-WAVE ANTENNAS

In the earlier studies of arrays of half-wave annular
antennas with integrated SINIS bolometers [10] oper-
ating at 350 GHz, we employed the simplest of meth-
ods: the arrays were modeled with use of periodic
boundaries, and in the experimental test the received
signal from the bolometer array was calibrated with the
use of only one reference channel located outside the
cryostat. The accuracy of such calibration would be
about 50%. The modeling and measuring results in
narrow frequency band obtained in [10] are shown in
Fig. 2. The S11-parameter (Fig. 2a) is the reflection
coefficient. We obtained the spectral dependence
using the calculated S11-parameter by exciting the
antenna’s port. According to the reciprocity theorem,
the antenna works equally to both receiving and trans-
mission, so the obtained data can be used for estima-
tions of the characteristics of receiving antenna.

To bring the simulation results close to real condi-
tions it is necessary to model a full array with open
boundaries. This method significantly increases the
modeling time, but gives a more accurate result. At the
same time, one should bear in mind that even this way
of simulation will not yield a complete electrodynam-
ics description, since under real experimental condi-
tions there is a huge number of spatial modes and mul-
tiple reflections of the signal on the path from the
source to the receiving array to be considered.
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Fig. 3. The results of modeling of half-wave antenna arrays
in the 350 GHz band and fabricated on substrates with dif-
ferent thickness: (a) 380 μm, thickness of a standard silicon
substrate; (b) 127 μm, half-wave substrate; (c) 64 μm,
quarter-wave substrate.
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The incoming signal absorption efficiency signifi-
cantly depends on the thickness of the substrate on
which the array of planar antennas is fabricated. In
more detail this issue was discussed in [11]. The results
of modeling of the receiving array of half-wave annular
antennas for three different thicknesses of the silicon
substrate (permittivity 11.6): 380 μm (standard thick-
ness), 127 μm (half-wave thickness), and 64 μm
PHY
(quarter-wave thickness) are shown in Fig. 3. Mode 1
and mode 2 are orthogonal polarizations. The differ-
ence in their spectral response is accounted for by the
connection wires between the elements of array. The
simulations were done in the CST STUDIO SUITE
software with open boundaries and circular waveguide
as a guidance structure. The array consisted of
25 annular antennas with two integrated SINIS
bolometers. The bolometer is presented as a serial
connection of a discrete port (the resistance of the
absorber 50 Ω) and a lumped element (the bolometer’s
NIS junction capacity is 25 fF). The elements of array
can be connected in series or in parallel depending on
what output resistance is required to match with the
readout amplifier. In this paper we are presenting only
the cases when the incoming signal irradiate the array
from the antenna side, while the back side covered
with 200 nm thick Ti/Au film that function as a back-
short. In more detail different ways of irradiation of
the receiving array (from the silicon substrate or
antenna side) are discussed in [11, 12].

4. ARRAYS OF ELECTRICALLY SMALL 
ANTENNAS (METAMATERIALS)

An array of elements with a size and period much
smaller than the wavelength (electrically small anten-
nas) can effectively interact with electromagnetic radi-
ation. A split ring resonator array can be a classic
example of such systems [13]. For comparison, Fig. 4
shows photos of individual elements of both half-wave
and electrically small annular antennas operating at
350 GHz designed by our team.

The calculation of arrays of electrically small
antennas was done in three approximations. The first
two simplified models were an analytical model of
lumped elements and a numerical model of an infinite
array with periodic boundaries for each single cell [7,
14]. The outer diameter R of the ring 54 μm and width
of the ring r is 15 μm yield the inductance of the gold
film L = μ0R[ln(8R/r) – 1.75] = 54.6 pH (μ0 is the per-
meability of vacuum).

For the aluminum NIS junctions the typical spe-
cific capacity is 70 fF per 1 μm2. For four SINIS-
bolometers with eight NIS-junctions of an area of
0.8 μm2, connected in series, we obtain a capacity of
7 fF.

From the point of view of direct current, we have
two pairs of parallel-connected SINIS bolometers.
But for the incoming microwave radiation, this ring is
an independent elementary cell with a circular con-
nection of four SINIS bolometers. The quality coeffi-
cient of such receiver with the typical resistance of the
bolometer equal to 30 Ω will be Q = ωL/R = 3, and the
resonant frequency 257 GHz. Such calculation was
made for the initial estimate. Numerical modeling
SICS OF THE SOLID STATE  Vol. 62  No. 9  2020
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Fig. 4. Single elements of the arrays designed for 350 GHz band: (a) half-wave antenna (left) and electrically small antenna
(right); (b) SINIS bolometer integrated into antennas [12].
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Fig. 5. The results of modeling of the electrically small
antennas array: (a) Simplified model with infinite array
and periodic boundary conditions, (b) modeling of full
array with 100 electrically small antennas. Similar to half-
wave antenna arrays, connecting wires between the ele-
ments cause the difference between modes 1 and 2. In (b),
a steep decline below 220 GHz is due to the diameter of the
waveguide that was used as the guidance structure.
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with the use of periodic boundaries (as in [7, 14]) is
only suitable for phased antenna arrays calculations.
The resulting smooth curve (Fig. 5a) confirms that
this approach can only be used for very preliminary
approximations.

For a more realistic estimation of the spectral
response, a third method was used: numerical simula-
tion of the full structure (100 annular antennas with
integrated bolometers) with open boundaries and a
radiation source (waveguide port) in the far-field
region. The spectral response of the system obtained
in the simulation is presented in Fig. 5b.
Fig. 6. The previously used experimental setup with a sin-
gle reference channel located outside of the cryostat (pyro-
electric detector) for measuring of the spectral response of
receiving array [12].
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Fig. 7. Experimental setup with three reference channels: (a) Schematic view of the experimental setup; (b) reference signal mea-
sured from the ruthenium resistor; (c) reference signal measured from the on-chip chain of NIS junctions.
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5. EXPERIMENTAL SETUP 
AND RESULTS OF MEASUREMENTS

Experimental research of the spectral response of
the presented structures was done at low temperatures
using the Oxford Instruments Heliox AC-V cryostat.
The test sample was placed on the cold plate of the
cryostat cooled down to 280 mK. The radiation source
was a backward wave oscillator (BWO) operating in
the range of 240–370 GHz. In the previous studies,
the probe signal was calibrated with one reference
channel outside of the cryostat (Fig. 6). The accuracy
PHY
of such calibration does not exceed 50% as only the
signal level outside the cryostat is taken into account.

This approach does not allow taking into account
many multiple reflections on the cryostat windows
and inside cold chamber. For improving of the accu-
racy of the spectral response estimation, we added two
additional reference channels inside the cryostat: a
ruthenium resistor [15] located on the cold plate of the
cryostat near the test sample and a chain of NIS struc-
tures on the same chip as the sample under test. The
experimental setup with three reference channels is
shown in Fig. 7a. The reference signals measured from
SICS OF THE SOLID STATE  Vol. 62  No. 9  2020
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Fig. 8. Spectral response of the arrays of 350 GHz annular planar antennas normalized with the data obtained from three refer-
ence channels: (a) array of half-wave antennas, (b) array of electrically small antennas.
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Metamaterial array
the ruthenium resistor and the chain of NIS junctions
are shown in Figs. 7b, 7c, respectively. The measured
spectral response of half-wave and electrically small
antenna arrays normalized with the use of the three
reference channels is shown in Fig. 8.

6. DISCUSSION

As we mentioned above, the estimation of the spec-
tral response of the cryogenic bolometer receiving
array is a challenging and complex task. Taking into
account multiple reflections on the path “from source
to receiver”, the source signal (BWO) and with the
changes of the accelerating voltage (and, accordingly,
PHYSICS OF THE SOLID STATE  Vol. 62  No. 9  2020

Fig. 9. Accelerating voltage dependence of the level of the
BWO output signal obtained by the pyroelectric detector.
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the generated frequency), the actual signal power
changes significantly.

For an example, Fig. 9 shows the accelerating volt-
age dependence of the BWO’s signal measured by the
pyroelectric detector. Commercially produced BWOs
are provided with calibration tables showing values of
the accelerating voltage which correspond to certain
values of the output signal power. However, our tests
with the pyroelectric detector demonstrated that the
acceleration voltage value is a very unreliable reference
point for estimating the power of the incident signal.
Therefore, those tables should be considered as a very
rough estimate, and it is necessary to monitor it is nec-
essary detector) while measuring the response. Fur-
ther, a ruthenium resistor located on the cold plate of
Fig. 10. S11-parameter of the elements of the array of elec-
trically small antennas.
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Fig. 11. Theoretically (a) and experimentally (b) [11] studied spectral response of a single annular antenna with SINIS bolometers.
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the cryostat close to the test sample allows partially
taking into account the reflections on the cryostat
windows and inside it (Fig. 7b).

Another source of errors in this sort of tests is the
thermal response of the bolometer structure as the
substrate gets heated. In this case, a chain of NIS tun-
nel junctions located at the edge of the chip can be
used as a thermometer. By registering the signal from
such thermometer (Fig. 7c) and normalizing the
response of the bolometric array to it, we get a more
accurate estimate of the spectral response of the array.

The sources of the signal distortion listed above
cannot all be simulated, because a huge processing
power would be required to reproduce the path from
transmitter to receiver in its entirety.

The relative unevenness of the spectral response
(both in the experiment and in the simulation) is
also related to the interaction of the array elements.
Figure 10 shows the S11-parameter of the elements
located in different places of the array of electrically
small antennas. For comparison, Fig. 11 shows both
the modeled and the tested response of a single ring
antenna [11].

7. CONCLUSIONS

We have designed, fabricated, and experimentally
studied sub-terahertz receiving arrays with integrated
SINIS bolometers. The accuracy of estimation of the
spectral response of the receiving array was improved
by modeling a full array with all elements and using
three reference channels to account for multiple
reflections of the signal. The necessity of modeling a
full array was confirmed experimentally by calibration
with three reference channels. Modeling of a single
element in an infinite array with periodic boundaries
corresponds to a phased antenna array and does not
PHY
describe the properties of our distributed absorber
design.
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