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Abstract—Microwave radio-absorbing metastructures are proposed that possess controlled broadband
matching to the ambient space by virtue of an array of varactor-loaded chiral and annular elements in which
magnetic resonance are excited. Experimentally in a rectangular waveguide and numerically in free space, it
is shown that the tuning of the magnetic resonance frequency leads to a shift in the matching frequency
region. The electric control of the magnetic resonance and, accordingly, the matching (25% relative tuning)
is achieved by the variation in the reverse bias voltage at the varactor, and the optical control is achieved by
directing a red laser pointer to a photodiode connected to the varactor in the photodiode mode.
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INTRODUCTION

It is known that the key task in the problem of elec-
tromagnetic-wave absorption is the matching of the
radio absorber to the ambient space in order to com-
pensate the reflections. Traditionally, it was achieved
by choosing resonant types of absorbers based on
quarter-wave effects, or by reaching close permittivity
and permeability, or by using a matching quarter-wave
layer from a nonabsorbing material.

There are radio-absorbing metastructures with the
matrices incorporating conducting chiral inclusions,
responsible for the permeability, or other resonance
elements on which the permittivity and, accordingly,
the frequency range and the absorption and reflection
levels depend substantially [1, 2].

The control of the resonance in conducting chiral
and dipole elements opens wide possibilities for the
development of metastructures with predefined prop-
erties for various kinds of electromagnetic-wave prop-
agation (free space, waveguides). Electrical control of
selectively reflecting and transmitting structures, as
well as nonreciprocal ones, was investigated using
rectangular waveguides [3—6].

The use of conducting chiral and resonant ele-
ments expands and opens new functional possibilities
of composite radio-absorbers. They include the elec-
trical control of absorption due to the possibility of fast
adjustment of the resonance properties of individual
inclusions by relatively simple means. For this pur-
pose, varactors, whose capacitance can be changed by
applying a reverse bias voltage, are introduced into the
discontinuities of the elements or between elements
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[7—12]. Controlled radio-absorbing composites are in
demand in radiolocation, communication technology,
measuring technology, etc., and, therefore, they
attract much attention. In this paper, we propose and
implement a controlled matching of radio-absorbing
composites. Chiral inclusions are used not as compo-
nents embedded in the absorber matrix but as a match-
ing layer [13, 14]. Their magnetic response can be used
not only to create artificial composites with magnetic
properties [15] but also for broadband matching of
radio-absorbing composites on the basis of resistive
filaments or films. The matching is realized due to the
achievement of close but antiphase reflection from the
composite and an array of closely spaced resonant ele-
ments excited by the magnetic field of the wave. On
the basis of measurements in rectangular microwave
waveguides, the electrical and optical control of both
the magnetic resonance and the associated resonance
matching of the corresponding radio-absorbing meta-
structures is studied. The possibility of such control
was demonstrated in [16].

1. CONTROLLED MATCHING ELEMENTS
AND RADIO-ABSORBING
METASTRUCTURES

In this work, we study several different elements
made of a copper planar double split-ring resonator
(PDSRR) (Fig. 1a) and used for controlled matching
of microwave radio absorbers: a PDSRR with an addi-
tional gap in the outer ring, where a stationary capac-
itor with the necessary capacitance is soldered
(Fig. 1b) or a MA46H120 (MACOM) varactor, which
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Fig. 1. Elements under study: (a) schematic of a planar double-split-ring resonator (PDSRR); (b) a PDSRR with a capacitance
in an additional gap of the outer ring; (¢) a PDSRR with a MA46H 120 (MACOM) varactor in an additional gap in the outer ring;
(d) a single symmetrically-twice-split-ring resonator (STSRR) loaded with capacitances; (¢) an STSRR with two varactors in the
gaps; (f) a series of three PDSRRs with capacitances in the outer gap; (g) a series of three PDSRRs with varactors.

has an electrically controlled capacitance ranging
from 1 to 0.15 pF as the reverse bias voltage is varied
from 0 to 29 V (Fig. 1c¢); a single twice-split ring reso-
nator (STSRR), to the two gaps of which two station-
ary capacitances (Fig. 1d) or two varactors (Fig. le)
are soldered; and a series of three PDSRRs with an
additional gap loaded with a capacitance (Fig. 1f) or a
varactor (Fig. 1g).

For measurements in a rectangular waveguide,
radio-absorbing metastructures comprising a layered
absorber and various densely placed matching annular
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elements were made: a PDSRR with a capacitance in
an additional gap (Fig. 2a), single split-ring resonators
with two capacitances in two gaps (Fig. 2b), a PDSRR
with a varactor in the additional gap (Fig. 2¢), and a
single split-ring resonator with two varactors in two
gaps (Fig. 2d).

2. EXPERIMENTAL

A technique based on measurements of the reflec-
tion coefficients R in a rectangular waveguide in the
Vol. 63
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Fig. 2. Controllable absorbing composites with matching elements of different form: (a) a PDSRR with a capacity in an additional
gap in the outer ring; (b) an STSRR with capacitances in symmetric gaps; (c) a PDSRR with a varactor in an additional gap in
the outer ring; (d) an STSRR with two varactors in symmetric gaps.

traveling-wave mode (with a matched load) and R, in
the standing-wave mode (with a metal plug) is pro-
posed. We used R2-58 meters of voltage standing wave
ratio, a 48 X 24 mm waveguide (3—5.5 GHz), R2-59,
and a 35 x 15 mm waveguide (5.3—7.6 GHz). The ring
resonator (a row of ring resonators) under study was
placed along the direction of the wave propagation and
was oriented for the excitation of a magnetic resonance
(MR), in which the microwave magnetic field 4 of the
incident wave is directed along the axis of the ring,
inducing resonance ring currents. Then, the MR
region was detected and the control of the reflection
characteristics R and R, was studied by measuring the
variation in the frequency dependences by the replace-
ment of stationary capacitances in the gaps of the rings
or by varying the capacitance of the varactor by apply-
ing a reverse bias voltage in the electric control. The
radio-absorbing metastructure with matching ring
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resonators was placed into a waveguide, the frequency
regions of the matching to the ambient space were
found, and the possibilities of control were examined
by analyzing the coupling with the controlled MR.

For the optical control, we used a photodiode in
combination with a varactor in the photodiode mode.
In [17], the photovoltaic mode (without an external
power source) was used for the optical control of the
magnetic resonance, when a voltage dependent on the
radiation flux and load appeared on the terminals of
the photodiode under the action of light. The photo-
diode operated as a solar battery, supplying the varac-
tor with a reverse bias voltage V;,. In this work, we used
the photodiode mode when a power supply biasing the
photodiode in the opposite direction is needed. In this
case the reverse current flowing through the photodi-
ode is proportional to the light flux and provides an
Vol. 63
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Fig. 3. (a) Schematic and (b) photo of a measuring cell on
the basis of a rectangular waveguide for optical control on
the example of an STSRR with varactors in combination
with a photodiode in the photodiode mode.

appropriate voltage drop on the load and reverse bias
on the varactor. In the absence of light, the reverse
current does not depend on the reverse voltage
applied. The photodiode mode provides a faster
response and, as shown in this work, the efficiency of
the control is not worse than with a purely electric
control of the varactors.

Figure 3a shows the scheme of measuring the char-
acteristics of the MR on the example of a single twice-
split ring resonator (STSRRs) with two varactors con-
nected to the gaps. The ring is located in the wave-
guide, and the YD photodiode, the power source, and
the load R, are outside of the waveguide. The role of a
light source was played by a red laser pointer, located a
few meters away from the photodiode. To exclude the
excitation of parasitic resonances, the resistor of R, =
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100 kQ was used, and the supply wires were perpendic-
ular to the microwave electric field £. The load R, =
10 kQ was chosen in accordance with the maximum
shift of the resonance frequency when the photodiode
was illuminated. Figure 3b shows a waveguide section
in which a split-ring resonator with varactors is placed,
and a photodiode is outside of the waveguide.

3. ELECTRICALLY AND OPTICALLY
CONTROLLED MAGNETIC RESONANCE

3.1. Planar Double Split- Ring Resonators
with an AdditionalGap in the Outer Ring

For the analysis of PDSRRs, the frequency spectra
of reflection coefficient R in the traveling-wave mode
and R, in the standing-wave mode were recorded. The
MR frequency region was determined by identifying
the type of resonance: magnetic, electric, or dipole,
from the distinctive features of R, proposed in [13].
Figure 4a shows the measured frequency dependences
of R in the MR region for two structures from three
PDSRRs. A capacitance of 1 pF was introduced into
the additional gap in the first case and, of 0.1 pF, in the
second case. We see that the change in the capacitance
leads to a shift of the resonance maximum and mini-
mum of R, while the distinctive features typical of the
MR (the minimum at a lower frequency than the fre-
quency of the maximum and a high reflection level
above the maximum) are preserved. Figures 4b and 4c
show the frequency dependences of R and R, for var-
actor-loaded PDSRRs. We can clearly see an electri-
cally controlled displacement of the resonance mini-
mum and maximum of R, as well as of the resonance
dip of R, when the capacitance is adjusted by varying
the reverse bias voltage V, from 0 to 20 V. The corre-
sponding arrangement of the elements is shown in
Figs. 4a—4c to the right of the plots.

The optically controlled magnetic resonance
(based on the measurements by the scheme shown in
Fig. 3 and the procedure described in Section 2) is
demonstrated in Figs. 4d and 4e. The frequency
dependences of R, in the MR region are presented: in
the absence of light, regardless of the applied voltage
Vs (Fig. 4d, curve ), and with light switched on and
V4, = 15V (curve 2). While directing the radiation from
a red laser pointer (7 kL) to the photodiode, a shift in
the resonance frequency, which depends on Vj,, was
observed (see Fig. 4e).

3.2. Single Twice-Split-Ring Resonators

Similar measurements were made for single twice-
split-ring resonators (see Figs. 1d and le). Figure 5
shows the experimental frequency dependences of R
and R,, in the MR region for a single twice-split-ring
resonator: R in the case of free gaps (Fig. 5a) and gaps
Vol. 63
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Fig. 4. Dynamics of the experimental frequency dependences of the reflection coefficients (a, b) Rand (c, d, e) R, in the region
of an MR from three PDSRR with variation in the capacitances in the additional gap: (a) capacitances of 0.1 and 1 pF; (b) electric
control, varactor, Vy, = 0, 10 and 20 V; (c) varactor, V, = 0, 10 and 20 V; (d) optical control, varactor/photodiode, V;, = 15V,
(1) in the absence of light and (2) under illumination; (e) the resonance frequency (the photodiode is illuminated) vs. voltage V.

loaded with two capacitances of 0.1 pF (Fig. 5b); an
electrically controlled reflection coefficient R and the
reflection coefficient R, in the case of gaps loaded with
two varactors (Figs. 5c and 5d), and an optically con-
trolled R, in the case of gaps loaded with two varactors
in combination with a photodiode (Fig. 5¢). To the
right of each graph, the corresponding arrangement of
the element is shown. It can be seen that the addition
of a capacitance in the gap leads to a shift in the reso-
nance maximum and minimum of R with preserving
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the shape of the resonance curve that distinguishes an
MP from a dipole resonance. The introduction of var-
actors leads to the possibility of electrical control, and
the combination of varactors with a photodiode makes
it possible to control the resonance characteristics of
reflection by turning light on and off. In the absence of
light, the reflection coefficient R, (Fig. 5d, curve I)
does not depend on V,,. Directing light to the photo-
diode, we obtain dips of the reflection coefficient R,
at different frequencies, depending on the applied

Vol. 63 No.7 2018
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voltage V,, (curves 2—5): f (4 V/light) = 3.48 GHz,
f(7V/light) = 4 GHz, A9 V/light) = 4.5 GHz, and
f (14 V/light) = 4.8 GHz.

Figure 6 shows the results of calculating the abso-
lute value and phase of R of single split-ring resonators
with free gaps (curve /) and with different capaci-
tances inserted to the gaps (curves 2—J5). Two reso-
nance effects appear in the spectrum of R. The first is
a magnetic resonance with a maximum of the reflec-
tion coefficient R, which corresponds to a dip of the
transmission coefficient 7" at 12.9 GHz and a mini-
mum of R at 10.6 GHz; both are shifted towards low
frequencies with increasing capacitance while their
mutual position, characteristic of an MR, is preserved.
The second resonance is identified as a dipole one
(DR) from the relationship between the maximum
and minimum of R, characteristic of the electric exci-
tation: there is a maximum of reflection correspond-
ing to the dip of the transmission coefficient 7" at
16 GHz and a minimum at a higher frequency near
18 GHz. In the case of symmetrically split ring resona-
tor, electric excitation causes a DR, since the ring cur-
rent can be induced only by a magnetic field. We see
that the DR is not displaced when the capacity is
changed. In addition, in an MR, the phase of R varies
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smoothly, passing through zero, and when the reso-
nance shifts, this feature of the MR persists, while, in
a DR, the phase changes abruptly. The features of an
MR are very important for matching the composite,
since they make it possible to provide close values of
antiphase reflection from the composite and closely
located array of resonant elements excited by the mag-
netic field.

4. CONTROLLED MATCHING
OF RADIO-ABSORBING COMPOSITES

Thanks to the use of varactor-loaded chiral PDS-
RRs and magnetically excited STSRRs as matching
elements of absorbers, efficient electrical and optical
control was achieved.

Figure 7 shows the dependence of R—measured in
a rectangular waveguide in the frequency domain of
the matching to free space—for a radio-absorber with
a matching layer of three PDSRRs oriented under a
magnetic excitation (curves I'—3') in comparison with
the R of a free absorber (curves /) on the capacitance
in the additional gap of the outer ring. The results were
obtained for a PDSRR with a constant capacitance
(Fig. 7a), a varactor (Fig. 7b), and a varactor in com-
Vol. 63
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of an MP from an STSRR upon variation in the capacitances in the gaps: (a) free gaps; (b) capacitances of 0.1 pF; (c) two varac-

tors, Vi, =
(1) in the absence of light and (2) under illumination, Vy, =

bination with a photodiode (Fig. 7c). In the figures,
we see wide dips in the reflection coefficient, which
correspond to the matching frequency regions; they
shift when the capacitance of 0.1 pFisreplaced by 1 pF
(see Fig. 7a). The dips are electrically retuned by vary-
ing the reverse bias voltage on the varactor: for exam-
ple, at V,, = 0, the dips are observed at frequencies of
4.4 and 6 GHz and, at V;, = 10V, at 5.15and 6.3 GHz
(see Fig. 7b). The relative adjustment is 20—30%.
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=6 and 9 V (electrical control); (d) two varactors, V, =5, 7, and 15 V; (e) two varactors/photodiode (optical control)
2)4,(3)7,(49,and (5) 14 V.

In Fig. 7c, it is shown that, if a varactor is used in a
circuit with a photodiode, as in Fig. 3a, the matching
regions can be controlled by turning on and off the
light from a red laser pointer directed to the photodi-
ode. It is seen that the frequency dependence of R with
a dip at 6.2 GHz in the absence of light does not
depend on V,, (curve I'). However, when the photodi-
ode is illuminated, the characteristic R varies depend-
ing on the applied voltage V;;, (5 V/light corresponds to
Vol. 63
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period of the array is 13 mm) of STSRRs in free space (/)
with free gaps and at different capacitances in the gaps of
(2) 0.018, (3) 0.035, (4) 0.07, and (5) 0.14 pF.
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Vi = 5 V (curve 2'), and 15 V/light corresponds to
Vi =15V (curve 3)).

Similar experiments were conducted for a match-
ing symmetrically-twice-split-ring resonator loaded
with two varactors (Fig. 8a) and varactors in combina-
tion with a photodiode (Fig. 8b). Figure 8a shows the
broadband compensation of the reflection coefficient
R with the dips (curve I') and electrical control with
frequency tuning upon application of V, = 5and 9 V.
Figure 8b demonstrates the optical control. At 5 GHz,
a dip of R appears, which, in the absence of light, does
not depend on V,, (curve 1'). However, when the pho-
todiode is illuminated, the reflection characteristic
changes: the dip shifts in frequency and an additional
dip appears at 4 GHz at V,, = 6 V (6 V/light, curve 2"),
which shifts to 4.5 GHz at V,,, =8 V(8 V/ curve 3"). It
can be concluded that the optical control is not infe-
rior to purely electrical in the degree of variation in the
reflection characteristics.

Figure 8c shows the calculation results confirming
the possibility of control of reflection dips in the
matching region by varying the capacitance in the gaps
of STSRRs.

CONCLUSIONS

Thus, microwave radio-absorbing metastructures
the matching of which to the ambient space can be
Vol. 63
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controlled by means of a constant voltage or light have
been developed. These metastructures contain a lay-
ered absorber and matching elements in the form of
planar double-split-ring resonators with an additional
gap in the outer ring, loaded with a MA46H120
(MACOM) varactor, or in the form of single twice-
split-ring resonators with varactors in symmetrical
gaps, and a magnetic resonance is supposed to be
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excited in them. On the basis of measurements in a
rectangular waveguide and numerical calculations in
free space, the dynamics of the frequency depen-
dences of the reflection from the matching elements
and the absorbing metastructures as the capacitances
in the gaps are varied by means of external control has
been studied. The electrical control is performed by
applying a reverse bias voltage V,, to the varactors, and
Vol. 63
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and (3") 8 V; (c) the period of the array is 12 mm, and the permittivity of the absorberis e =1 — ;0.6 X 1010 / f.

the optical control, by turning on and off the light ofa  region is 25% with almost the same efficiency of elec-
red laser pointer directed to the photodiode connected trical and optical control.
to the varactors in the photodiode mode.
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