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Abstract. A new way to achieving selectively electrically tunable multiband
microwave filtering is proposed that is based on a modified h-plane 3-6 GHz
waveguide tee interferometer containing a tunable metastructure. The metastructure
is placed along the wave propagation direction in the short-circuited h-arm at a
distance from the short, thus forming the configuration of a Fabry—Perot resonator.
Various functionalities of the interferometer are revealed and demonstrated through
the use of various varactor-loaded metastructures such as a wire metastructure, a
butterfly dipole, a row of split ring resonators, and a rings/dipole sandwich. The
possibility of selective tuning of the band center frequency (by 0.2 GHz with a wire
metastructure and a butterfly dipole), or a selective change in the shape and width of
each stop-band by turns (with split ring resonators), or a change in the shape and
width of each stop-band and center frequency independently (with a "split ring
resonators--butterfly dipole" sandwich) is demonstrated. The tuning of the
interference bands in the resonator and the interferometer is related to the effect of
tunable resonance in the metastructure, which occurs when the resonance frequency
in the metastructure approaches the appropriate interference band.

Keywords: filtering, selective electrical tuning, tee waveguide interferometer,
metastructure, varactor, microwaves, Fabry-Perot resonator, interference bands
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Introduction

Tunable multiband electromagnetic wave filters are in constant demand in
multichannel communication systems; therefore, interest in new developments in this
field persists over time [1]. These filters are based on a cascade of different-range
resonators combined with a transmission line. Meta-atoms and, meta-surfaces based
on conducting ring elements compatible with tuning elements and multilayer
structures have been suggested as the resonators. Methods that have been approved in
single-band filters are used to control and tune these filters. These methods are based
on electromechanical [2, 3], magnetic (with the use of ferrites) [4-6], and electric
(with the use of ferroelectric capacitors) [7] effects and on semiconductor varactors
[8, 9]. Nonreciprocal resonant metastructures containing ferrite and conducting
elements with varactors have been proposed as a basis for nonreciprocal filters
compatible with the magnetic and electric methods of control. For example, in [10,
11], the authors investigated a "ferrite plate/row of magnetically excited varactor-
loaded split rings" metastructure [10] and a nonreciprocal three-layer metastructure
combined with a ferrite plate [11] in a rectangular waveguide in an external dc
magnetic field. Fabry—Perot resonators have been extensively investigated as antenna
elements. To tune these resonators, one usually changes the optical distance between
the mirrors, using a moving mirror mounted on a piezoceramic drive, or filling the
space between the mirrors with a medium and changing its permittivity by an external
field. Recently, Fabry—Perot resonators have been considered in which Bragg
gratings [12] or frequency-selective and meta-surfaces [13] are used as reflectors.
However, the possibility of tuning of microwave Fabry—Perot resonators has hardly
been investigated. To date, reconfigurable multiband filters involving a cascade of
different-range resonators or devices have been successfully developed [14, 15, 16]
that allow switching between frequency bands. Moreover, the authors of [17-20]
used reconfiguration and smooth tuning within each design. In [17], the authors
demonstrated an antenna that is both frequency tunable and polarization
reconfigurable. The frequency tuning is achieved by tuning varactor diodes, while

polarization is reconfigured by switching the feeding circuit of the antenna. In [18],
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the authors used two pairs of half-wavelength resonators loaded with varactors to
design a dual-band bandpass-to-bandstop filter with tunable center frequency of each
band, in which PIN diodes were used to switch from the bandpass to the bandstop
state of the filter. The paper [21] provides an overview of recent reconfigurable
microwave filters and presents references to several types of tunable microstrip
filters, especially those related to new design technologies. Recently, some
publications have appeared that are devoted to the implementation of filters based on
substrate integrated waveguide (SIW) technology, in which the height of a filter is
much smaller than the height of a filter based on the classical rectangular waveguide
and corresponds to the thickness of the dielectric substrate [22, 23]. The emphasis
was placed on the miniaturization and the use of new materials, as well as on the
tunability. The reported filters allow controlled one- or two- band filtering of
microwaves. However, as pointed out in [24], there are certain difficulties with tuning
in the case of multiband (three or a greater number of bands) filtering.

Today, along with successfully developing controlled optical interferometry,
microwave interferometers have been suggested to be used as tunable multiband
filters [25, 26]. In [25], the authors investigated a Mach—Zehnder microwave
interferometer based on a ferrite—ferroelectric layered structure. In [26], the authors
used a metastructure as a beam splitter in a modified waveguide tee interferometer
and demonstrated the possibility of magnetic and electric control of a multiband
interferogram in the case when the metastructure consists of a ferrite plate and
varactor-loaded dipoles or rings.

The present paper is devoted to the development of tunable multiband
microwave filters using microwave interferometry. We propose a new way to achieve
selective electrically tunable multiband microwave filtering that is implemented
through the use of a 3-6 GHz h-plane modified waveguide tee-interferometer
containing a tunable metastructure as a reflector in a Fabry—Perot resonator combined
with the interferometer. The metastructure is placed along the wave propagation
direction in the short-circuited h-arm at a distance from the short, thus forming the

configuration of a reflection-type Fabry—Perot resonator. We have found that the
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tuning of the interference bands in the resonator and the interferometer is related to a
tunable resonance in the metastructure and occurs when the resonance frequency of
the metastructure approaches the corresponding band. We demonstrate this effect and
various interferometer functionalities by using different varactor-loaded
metastructures. The first metastructure is an easy-to-fabricate two-layer metasructure
in which the first layer represents a grating of parallel copper wire segments and the
second layer is an orthogonal asymmetrically placed split narrow copper strip loaded
with a varactor diode. Resonance effects in similar metastrucrures, as well in a
magneticaly and electrically tunable nonreciprocal three-layer metastructure in which
the third layer is a ferrite plate [11], were investigated in a rectangular waveguide and
in free space [27]. The second metastructure is a butterfly dipole, and the third is a
row of doubly split ring resonators. We also verify the observed effects with the use
of similar metastructures without varactor loading, in which the effect of the varactor
diode is achieved through the use of strips of different length or a dipole of different
fixed capacitance.

In the present paper, we investigate for the first time a modified microwave
waveguide interferometer based on an h-plane tee that contains a reflection-type
Fabry—Perot resonator. One of reflectors of the resonator represents an electrically
controlled metastructure. We demonstrate that the multifrequency spectrum of the
resonator and interferometer can be tuned by an external action on the resonant
properties of the metastructure, rather than by changing its length, as is usually done.
We show that the proposed interferometer offers wide possibilities for designing
various multiband filters and for selective electric control of their properties.

1. Interferometer

The interferometer (Fig. 1a) is based on an h-plane waveguide tee with a
controlled metastructure.

The metastructure is situated in the h-arm 3 (the length of the h-arm is 290 mm)
along the wave propagation direction at distance s, =110 mm from the short and
forms the configuration of a reflection-type Fabry—Perot resonator 4. We use a single-

channel measurement method and measure the transmission coefficient T = S,
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(which characterizes the insertion loss) of the interferometer, as well as the reflection
coefficient R = S;; (which characterizes the return loss), in a 48x24 mm rectangular
waveguide (WG) in the frequency band 3—-6 GHz by a panoramic VSWR meter. An
empty rectangular waveguide h-plane tee (Port 1 is the input) is transformed into an
interferometer and acts as a multiband filter provided that Port 3 is short-circuited
(Fig. 1b). To increase the number of interference bands, one should increase the

length of the short-circuited arm.
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Fig. 1. Proposed tee interferometer. (a) Scheme, (b) Transmission without
metastructure, (¢) Scheme for description by s-matrix.
One can easily verify that such a device can be used to obtain controlled

interferograms by introducing an s-matrix with elements s, =|s..|exp(ip,,) to describe

signal transmission between the arms of the interferometer, as in [26]. We model a
metastructure by a waveguide section filled with a controlled metamaterial (Fig. 1c).
The arrows with triangular heads indicate the signal propagation directions.

The amplitude coefficient of signal transmission from the arm 1 to the arm 2,

S =S, + S, sy, exp(-2ik,Ly))

«[1- s exp(-2ik,L,) ] @
(-2iksLs)

consists of the amplitude coefficient of direct transmission between these arms and
the amplitude transmission coefficient of a signal that is tapped off from the input
arm to arm 3 and then is also fed to the output arm.

This part of the signal experiences multiple reflections between the junction
region of the arms of the interferometer and the Fabry—Perot resonator, which
consists of the short, the metastructure, and the hollow waveguide section between
them. The amplitude reflection coefficient from the Fabry—Perot resonator is obtained

in [28] when deriving the Airy formulas and is given by
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in our notations. The indices 1 and 2 refer to the input and output arms of the
interferometer, the index 3, to the input section of the arm that contains the Fabry—
Perot resonator, and the index C refers to the cavity of the resonator. We also
introduced the following notation: k_ is the propagation constant of the m-th arm, L,
is the path traveled by a wave in this arm, L., is the length of the waveguide in the
Fabry—Perot resonator, k. is the propagation constant of this waveguide, and

Lron = |Gon|€XP (040 ) 1S the amplitude reflection coefficient from the short of the

S|

interferometer. The quantities ™ =|r® ti>

exp(ip,) and 4 =

exp(ip;,) are the

amplitude reflection and transmission coefficients of the metastructure situated
between the waveguide sections with indices m and n. Namely, r* is the reflection
coefficient of the metastructure for a signal coming from waveguide 3, ¥ is the
reflection coefficient of the metastructure for a signal coming from the short, and
and t{* are the transmission coefficients of the metastructure for signals coming
from the short and waveguide 3, respectively.

Consider, for example, a situation in which a controlled metastructure is given
by a waveguide section filled with a metamaterial, as shown in Fig. 1c. In this case,
the metastructure can also be represented as a transmission-type Fabry—Perot
resonator. Its amplitude reflection and transmission coefficients can be expressed in

terms of the length Lys of the metastructure, the propagation constant k,,, of the filled
waveguide, and the reflection (r#®) and transmission (t+®) coefficients measured at

mn

the boundaries A and B between the corresponding waveguide sections:
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The index (fw) refers to the filled waveguide section. Formulas (1)—(3) show that
the variations of the elements of the s-matrix, the propagation constant k,,,, and the
coefficients r»® and t® defining r™ and t™ and, hence, r™ due to the external
action affect the frequency dependence of the power transmission coefficient from

the input to the output s, (e)=|s| exp[-2Im(kL, +kL,)] and can be viewed in

experiments as a control of the interferogram. It is also obvious that the resulting
spectrum is much richer than the individual spectra of the tee-interferometer and the

Fabry—Perot resonator.

2. Measurement results

The properties of the interferometer are attributed to the spectral characteristics
of the metastructure and the superposition of transmitted and reflected, as well as
multiply reflected, waves in the Fabry—Perot resonator and the metastructure. To
study the functionalities of the interferometer, we consider the effect of different
metastructures having different resonance properties and different possibilities of

control.

2.1.1. Wire metastructure

Wire metastructure represents a small-period grating cut out from a 0.25-mm-
thick commercial material of parallel copper wires (width is 0.1 mm, the distance
between the wires is 0.2 mm) embedded into a dielectric film, combined with an
orthogonal asymmetrically placed copper strip with a gap loaded with a varactor
diodes (Fig. 2a,b,c). The strip is placed on a substrate and is isolated from the grating.
A similar metastructure consisting of linear wires in combination with a ferrite plate

was earlier considered in [11].
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The microwave properties of the metastructure in a waveguide are related to
three resonances [27]. One of them (I) is the dipole resonance in the wires of the
grating (for a wire length of 4/2) excited by a microwave electric field E. Another
resonance (1) is associated with the excitation of inductive antiparallel currents in U-
shaped LC-circuits with capacitive coupling, formed by a pair of adjacent wires of the
grating and the corresponding section of the copper strip, that are excited by a
microwave magnetic field h directed perpendicular to the plane of the grating. In this
case, the total resonance current flows along the wire strip due to the contributions of
identically directed currents in each circuit, which determines the third resonance
response Il in the frequency—amplitude dependence of T. Different types of
resonances can be excited separately in given wavelength ranges by appropriately
choosing the sizes of the wires and the strip. The resonance Ill can be shifted by
applying a reverse bias voltage Vpc to the varactor diode inserted into the gap. The
dimensions of the structure are chosen so that, in the frequency band 3-6 GHz of the
panoramic VSWR meter, a controlled resonance Il is excited in the copper strip,
while the resonances | and Il are excited at higher frequencies outside this frequency
band and do not increase the losses in the interferometer. The resonance Il can easily
be identified by varying the strip length. To remove spurious resonances due to the
induced dc currents, we connect resistors R = 100 kQ to the outputs of the varactor

diodes.
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Strip 25x1.5mm

BB857 varactor

0.5mm turbonit substrate
Grating 20x16mm

BBEST |y R,

0.25 mm thickness
@ of wires 0.1 mm
Distance between wires 0.2 mm

C

Fig.2. Wire metastructure. (a) Scheme, (b) Photo, (c) Grating material (photo)

The metastructure is presented in Fig 2b (photo). The strip (25x1.5 mm) is
placed on 0.5 mm turbonit substrate close by grating (20x16 mm). We use a BB857
varactor diode whose capacitance ranges from 6.5 pF to 0.55 pF under the variation

of the reverse bias voltage Vpc from 0 to 29 V.

WG Metastructure Grating/Strip (/g =25mm, BB857)

—_ 01

M

=

~ 5.

=

RS

.% 10 v/ :

% 0 10

= 20V
— -15 -

30 35 40 45 50 5.5
Frequency (GHz)

a

10



ZHURNAL RADIOELEKTRONIKI - JOURNAL OF RADIO ELECTRONICS, ISSN 1684-1719, N6, 2020

~—~ 0 -
aa)
= '
~ 7
o _
.S -104
7]
.z 1
S -15-
7]
% ]
= -20-
—~

30 35 40 45 50 55
Frequency (GHz)

b

Short Metastructure

.
.
r..
\\\ i
Py

o i
220)- 10 120V

Reflection R (dB)
o

3.0 35 40 45 50 5.5
Frequency (GHz)

Fig. 3. Wire metastructure with BB857 varactor
(@) Transmission T (dB) in WG, (b) T (dB) in interferometer, (c) scheme of Fabry—
Perot resonator, (d) Reflection R (dB) from F—P resonator.
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The dynamics of the controlled resonance Il of the metastructure in the WG is
illustrated in Fig. 3a. Under the variation of the reverse bias voltage Vpc across the
varactor diode from 0 to 29 V, the resonance Il in a copper strip is slowly shifted by
0.76 GHz from 3.68 to 4.44 GHz.

Figure 3b demonstrates the measured transmission T versus frequency at the
output of the interferometer (Port 2) with metastructure. In the presence of the
metastructure, the transmission loses periodicity, an additional stop-band appears,
and the interferogram represents an interference dependence of T on frequency with
stop-bands F,°Y (frequency f; %= 3.37 GHz, depth Timin¥ = 4.6 dB ), F,"Y (3.54
GHz, —9.5 dB), F5*" (3.87 GHz, -6 dB), F,"¥(3.97 GHz, -10 dB), F5"¥ (4.33 GHz, —
11 dB), Fs"" (4.58 GHz, —16.5 dB), and F;°Y (5.01 GHz, —12 dB). The application of
voltage Vpc provides selective electrical control of the bands F, and Fs: a shift of
frequency with a small variation in the depth (Tmin). For Vpc = 29 V, the band F,*%" is
shifted by 0.16 GHz (£,”°Y = 4.13 GHz, depth Tumin Y= -8 dB), the band Fs**V is
shifted by 0.19 GHz (f5*°Y = 4.52 GHz, Tsmin 2= -8 dB). The bands F,** (3.37 GHz,
—9.5dB), F,* (3.54 GHz, —10.5 dB), F5**V (3.86 GHz, -9 dB), Fs**" (4.58 GHz, —15
dB), and F*®Y (-5.04 GHz, —12 dB) actually keep their position. In this case, pass-
bands are observed instead of the stop-bands F.°¥ and Fs°*. The tuning range of
interference stop-bands (of about 0.2 GHz) is much narrower than that of the
resonance Il (0.8 GHz). One can assume that the tuning of the bands is mainly
associated with the tuning of the Fabry—Perot resonator, whose frequency is
determined not only by its geometric dimensions but also by the resonance properties
of the metastructure. To find out this, we perform direct measurements of the
controlled characteristics of the resonator (Figs. 3c and 3d), which are of independent
interest.

The resonator (Fig. 3c) represents a waveguide section connected to the main
waveguide transmission line of the panoramic network analyzer. The waveguide
section is short-circuited at one end, and the other end is loaded with a metastructure
placed along the waveguide axis at a distance of s = 110 mm from the short. We

measure the reflection coefficient R as a function of frequency for different bias

12



ZHURNAL RADIOELEKTRONIKI - JOURNAL OF RADIO ELECTRONICS, ISSN 1684-1719, N6, 2020

voltages Vpc across the varactor diode.

The frequency dependence of R (Fig. 3d) represents a multiband electrically
controlled resonance spectrum with bands Fy;, F,, and F3; (the band F4 is shown only
partially). For Vpc = 0, the band F;, (with frequency 1% = 3.37 GHz and a depth of
Rimin’” = —17 dB) is observed, while the bands Fa;, Fs, and F4 have a small depth and
are poorly displayed.

As the voltage increases to Vpc = 10 V, the depth of the band F,, decreases
significantly without variation of the frequency (Rymin " = -5 dB, f1,'°¥ = 3.37 GHz),
the band F,, becomes deeper (Romin™" = —19.5 dB, f,°¥ = 3.82 GHz), and the band
Fs is clearly displayed (Ramin"’ = —5.5 dB, 5% = 4.44 GHz). For Vpc = 29 V, the
band Fy, remains unchanged, the band F,, shifts by 0.19 GHz without variation of the
depth (f,°°Y = 4.01 GHz, Ryin 2> " = —19.5 dB), and the band Fs, becomes deeper and
is hardly shifted (Rgmin> " = —19.5 dB, f5°Y = 4.49 GHz).

We can see that, depending on the value of Vpc, both the resonance properties
of the metastructure (Fig. 3a) and the characteristics of the resonator in the
corresponding frequency band are changed. The effect manifests itself when the
frequency of resonance Ill of the metastructure approaches the frequency of the
resonance band of the resonator. The band F, experiences the greatest effect as the
resonance Il passes through the given frequency range. In this case, the depth and
the frequency of the band F, are changed, and the tunable range and the frequency
F,r of the resonator correspond to the tunable range and the frequencies of controlled
bands F,and Fs of the interferometer (see Fig. 3b). As a result, the resonant properties
of the metastructure affect the interferogram of the interferometer. A wire
metastructure is easily implemented and hardly introduces any dielectric losses into
the interferogram because the resonances | and Il (in the grating and the LC circuit)
lie outside the frequency range considered. The controlled (and simultaneously
controlling) resonance IlIl in the longitudinal strip is excited by a magnetic
microwave field h, and currents in the strip are not induced by the field E. We
suppose that the observed losses are primarily due to the varactor diode and the

substrate. Let us consider the effect of using a different varactor diode.

13
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2.1.2. MA46H120 varactor loaded strip

The metastructure is presented in Fig. 4a (photo).

The results of investigations with an MA46H120 varactor diode, whose
capacitance ranges from 1.15 pF to 0.1 pF under the variation of the reverse bias
voltage Vpc from 0 to 20 V, are demonstrated in Fig. 4b, c. In this case, the required
length of the copper strip is 30 mm to observe a resonance in the frequency range
considered. The strip is situated on a 1-mm-thick textolite substrate. The dynamics of
the controlled resonance 11l with the metastructure in a WG is illustrated in Fig. 4b,
which demonstrates the measured transmission T and reflection R coefficients as a

function of frequency.
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Fig. 4 Wire metastructure with varactor MA46H120
(@) Photo, (b) T (dB) and R (dB) in WG, (c) T (dB) in interferometer.

Under the variation of the reverse bias voltage Vpc across the varactor diode
from 0 to 20 V, the resonance Il in the copper strip is slowly shifted by 0.9 GHz
from 3.3 GHz (Tmin’" = —16 dB, and the corresponding Rma" is about —5 dB) to 4.2
GHz (Tmin™® = =23 dB, and the corresponding Rma" is about —0.5 dB). Note that,
along with a rather broad reflection peak, one can observe a narrow minimum (Rpi, iS
about —22 dB) at lower frequencies, which is characteristic of magnetic excitation of
a resonance. Figure 4b shows that, in the case of an MA46H120 diode, small values
of Vpc equal to 1 or 2 V already allow tuning of the resonance frequency. Notice also
a slight decrease in the insertion loss.

Figure 4c demonstrates the measured transmission T versus frequency at the
output of the interferometer (Port 2) with this metastructure. In the presence of the
metastructure, the transmission loses periodicity, and the interferogram represents an
interference dependence of T on frequency with stop-bands F.%" (frequency f; %=
3.26 GHz, depth TimiY = —9.5 dB), F,” (3.47 GHz, -9.5 dB), F5*¥ (3.82 GHz, —12
dB), F.°Y (4.02 GHz, — 3.7 dB) has a small depth, Fs*" (4.16 GHz, -8.2 dB), F¢"’ (4.6

15
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GHz, 14 dB), and F;°¥ (5 GHz, —16 dB). The application of a voltage of Vpc = 10
and 20 V leads to selective tuning of the interferogram in the frequency interval 4-4.5
GHz, which corresponds to the excitation region of the strip. At Vpc = 10 V, the
interferogram represents the interference dependence of T on frequency with stop-
bands F,'% (frequency f; %Y= 3.23 GHz, depth Timin" = —=12 dB), F,'%Y(3.47 GHz,
~10.5 dB), F5'%(3.81 GHz, -9 dB), F,*°V (4.06 GHz, — 11.5 dB, F5s™°¥ (4.36 GHz, -8
dB), F6'”" (4.6 GHz, —11 dB), and F/'®Y (5 GHz, —15 dB). We can see that the stop-
band Fs'®" shifts by 0.2 GHz relative to Fs’". In this case, Tmin in the band F4*® is
changed, and a —0.5 dB pass-band appears in place of the band Fs’". An increase in
Vpc to 20 V slightly changes the state of the bands F,*°Y (4.05 GHz, —14 dB) and
Fs2°V (4.42 GHz, —11 dB). We can see that the application of the MA46H120 varactor
leads to a slight decrease in the insertion loss and enhances the possibility of tuning at
lower values of V¢, without qualitatively changing the dynamics of selective tuning
of the interferogram, where a shift of interference band is observed such that a pass-

band appears in place of the original stop-band.

2.1.3.Different lengths of strip
Now, we consider whether the method of tuning the resonance frequency in the
strip affects the functionalities of the interferometer. To this end, we use a few

metastructures with different lengths of the strip (Fig. 5a, photo).

Different lengths I of strip
1mm foam strip substrate
grating 20x16mm

16
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Fig. 5 Wire metastructure, different I of strip
(@) Photo, (b) T and R in WG, |s= 25, 23, 20mm, (c) T (dB) in interferometer, 1;=23,
20mm
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This allows us to observe resonances at different frequencies in metastructures
without varactor diodes. The results of investigations of metastructures in which a
copper strip is deposited on a 1-mm-thick foam substrate orthogonally and
asymmetrically with respect to the wires of the grating are shown in Fig. 5b,c. The
length |5 of the strip is varied: | = 25, 23, and 20 mm.

Figure 5b demonstrates the frequency dependence of the transmission T and
reflection R in the presence of metastructures in a rectangular waveguide. We can see
that, for I; = 25 mm, a resonance is observed at frequency of 4.4 GHz (T, = -28 dB)
and shifts by 0.6 GHz for I, = 20 mm, keeping the value of the insertion loss. The
reflection coefficient R is characterized by a maximum R, at the frequency of Tpin
and a resonance minimum Ry, below the frequency of Ry In the case of Iy = 25
mm, Rmin (—25 dB) is observed at a frequency of 3.9 GHz, while Ry, at a frequency
of 4.5 GHz.

The frequency dependence of T in the interferometer for I = 23 and 20 mm,
which is illustrated in Fig. 5c, slightly changes the insertion loss of the empty
interferometer, in contrast to metastructures with a varactor diode. The interferogram
represents an interference dependence of T on frequency with stop-bands F,**** (3.3
GHz, —-12.5 dB), F,"*® (3.7 GHz, -16 dB), F;*** (4 GHz, -16.5 dB), F,** (4.3
GHz, —11.5 dB), F5* (4.6 GHz, —20.5 dB), and Fs**® (5.1 GHz, —24 dB). For I, =
20 mm, the interferogram represents an interference dependence of T on frequency
with stop-bands F,"**? (3.4 GHz, —-14 dB), F,**° (3.75 GHz, —15.5 dB), F3*"*° (3.99
GHz, —11.5 dB), F,**%° (4.3 GHz, —16 dB), F5*"? (4.7 GHz, —18 dB), and F¢*~*° (5.16
GHz, —21.5 dB). We can see that the band F5*~*° has shifted by 0.1 GHz with respect
to F5°2* from 4.6 GHz to 4.7 GHz with a small variation in the depth. At the same
frequencies, the frequency of resonance Il in the metastructure is tuned with an
appropriate variation of Is, as it follows from the waveguide measurements (see Fig.
5b). Thus, whatever the method by which the resonance Ill in the metastructure is
tuned (either through the variation of Vpc when varactor diodes of various types are
used, or through the variation of the strip length), its tuning leads to a selective effect

on the stop-band.
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2.2. Butterfly dipole
The second metastructure is a (22 x 10 mm) butterfly dipole made from 0.15-mm-

thick copper-foiled polyamide film.

2.2.1 MA46H120 loaded butterfly dipole
Butterfly dipole loaded with an MA46H120 varactor diode and excited by a
microwave electric field E is deposited on a 1-mm-thick textolite substrate (photo 1

in Fig. 6a).

22x10mm “butterfly» dipole
MA46H120 varactor
1mm textolite substrate

Ru

WG Butterfly dipole (MA46H120)
O -

R, OV —T1,0V
o~ e T,15V
ST, 3V

- -T, 10V

Frequency (GHz)
b
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Butterfly dipole (MA46H120)
0, FiF2 F3  FFsFg Fy

5l oAl Y
a9y
-101 oV

as| |
2 /

2%
30 35 40 45 50 55
Frequency (GHz)
C

Fig. 6 Butterfly dipole with varactor
(@) Photo, (b) T (dB) and R (dB) in WG, (c) T (dB) in interferometer

Figure 6b demonstrates the frequency dependence of transmission T and
reflection R in a WG with a dipole for different values of the reverse bias voltage
Vpbc.. We can see a resonance minimum (—23 dB) on the transmission curve T and the
corresponding resonance maximum of R (-1.5 dB) related to the broad dipole
resonance DR, which slowly shifts by 0.7 GHz from 4.4 to 5.1 GHz under the
variation of Vpc from 0 to 3 V. The resonance covers almost the entire range
considered. Figure 6¢ demonstrates how the DR affects the state of the interferogram
when the dipole is placed along the axis of the shorted h-arm. At zero voltage, Vpc =
0, the interferogram represents the interference dependence of T on frequency with
stop-bands F;°Y (frequency f; °V= 3.4 GHz, depth Timin"* = —12.5 dB), F,*V (3.4 GHz,
~10 dB), F3"Y (3.84 GHz, -16.5 dB), F.°V (4.32 GHz, —14.5 dB), Fs"Y (4.4 GHz, —
11.5 dB), and F¢’Y (5 GHz, —11.5 dB). At Vpc = 10 V, the interferogram has the
following form: F,'%" (frequency f,'°V= 3.4 GHz, depth Timin™" = 12 dB), F,'%(3.5
GHz, —11.5 dB), F5'% (3.9 GHz, -16 dB), F,*°V (4.4 GHz, -18 dB), Fs'® (4.6 GHz,
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~11.5dB), Fs'%" (4.6 GHz, -3 dB), F/'% (5.1 GHz, —18 dB).

We can see that the use of a butterfly dipole enables a specific control of the
interferograms (the frequencies and widths of different bands are changed
synchronously but not identically). This is associated with the fact that DR is
characterized by a rather broad band and its influence covers several interference
bands, different bands experiencing different effect of DR.

3.2.2.Fixed capacitance loaded butterfly

Let us consider the control of an interferogram with the use of several dipoles
in which, instead of a varactor diode, fixed capacitances of 0.8, 0.5, and 0.1 pF
corresponding to the varactor capacitances under the bias voltage Vpc are connected
to the gaps. Butterfly dipoles are deposited on a 0.5-mm-thick turbonit substrate (Fig.
7a, photo).

22x10mm butterfly dipole
fixed capacitances
0.5mm turbonit substrate

WG Butterfly dipoles, C=0.8, 0.5, 0.1 pF

) . T,0.1pF
0 R, 0.8pF o Tos
'5_ IIJ'.',‘ ' ’ “_T, 08pF
TN ——R, 0.8pF
~ -101 - P
aa)
S -15
= 20,
K
-251 oo T, 0.5pF
2301 P
30 35 40 45 50 55
Frequency (dB)
b

21



ZHURNAL RADIOELEKTRONIKI - JOURNAL OF RADIO ELECTRONICS, ISSN 1684-1719, N6, 2020

Butterfly dipoles, C | =0.8 pF, C =0.1pF

0- F{Fy F3 F4Fs Fg Fy
-5
g 10 —— 0.1 pF
= -15- —— 0.8 pF
20 ]

30 35 40 45 50 5.5
Frequency (GHz)
C

Fig.7 Butterfly dipole with fixed capacitances C
(@) Photo, (b) T (dB) and R (dB) in WG, C=0.8,0.5and 0.1 pF, (c) T (dB) in
interferometer, C= 0.8, 0.1 pF

3.3.  Arow of split ring resonators with varactors MA46H120

Single doubly split ring resonators (with a diameter of 6.6 mm) are deposited
by the photolithography technique on a foiled polyamide film. Two MA46H120
varactor diodes are connected to each ring. A row of three rings deposited on a 1-
mm-thick textolite substrate (photo in Fig. 8a) is placed along the axis of the shorted
h-arm of the interferometer at a distance of s, = 110 mm. The resonance in the rings
is excited by a microwave magnetic field directed along the axis of a ring. The
resonance dynamics under the voltage Vpc is analyzed in a WG, just as in the case of
a dipole or a two-layer metastructure when measuring the frequency dependence of
the transmission T and reflection R (Fig. 8b). The resonance that appears as a
transmission minimum (—13 dB) and the corresponding reflection maximum
(Rmac2V= =7 dB, Rma’ = — 6 dB) slowly shifts to higher frequencies as Vpc
increases. As Vpc changes from 7 to 15 V, the resonance shifts by 0.88 GHz from
3.82 GHz to 4.7 GHz, while keeping the insertion loss.

The dynamics of the interferogram of the interferometer under the variation of

Vpc is illustrated in Fig. 8c. At zero Vpc, the interferogram represents an interference
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dependence of T on frequency with stop-bands F;°Y (frequency f; %= 3.35 GHz,
depth Timin’’ = 9.3 dB), F.% (3.6 GHz, —7.3 dB), F"¥ (3.95 GHz, -9.8 dB), F,"Y
(4.38 GHz, 12 dB), F5"¥ (4.71 GHz, -13 dB), and F¢"¥ (5.14 GHz, —19.3 dB). At Vpc
= 5.5 V, the band F,>*" is affected, and the interferogram has the form: F,>*V
(frequency f;, >°V= 3.33 GHz, depth Timin>" = 9.3 dB), F,>°Y(3.59 GHz, -5.4 dB),
F;>°V (3.97 GHz, -10.3 dB), F,>*Y (4.4 GHz, -12.3 dB), F5>*" (4.73 GHz, —-13 dB),
and Fs>°Y (5.17 GHz, —20.3 dB). The next band F; is affected at Vpc = 7.5 V; to
change the shape and the width of the band F4, we should apply Vpc = 10.5. V; the
band Fs is affected at Vpc = 12.5 V. In these cases, the interferograms have the form:

F,."*V (frequency f; "°V=3.33 GHz, depth Timin > = -9.8 dB), F,"*(3.58 GHz,
-8.3dB), F3"*Y (3.9 GHz, -6.5 dB), F,"°Y (4.36 GHz, -11.8 dB), F5"°*" (4.68 GHz, —
13 dB), and F¢"*Y (5.1 GHz, —20.3 dB);

F, 'Y (frequency f, '*°V= 3.35 GHz, depth Timin'>°Y = —11 dB), F,'**V (3.6
GHz, -9.5 dB), F5'*°Y (3.95 GHz, —11.5 dB), F,**V (4.4 GHz, -5 dB), Fs'**V (4.74
GHz, —15 dB), and F¢'**Y (5.16 GHz, —21.5 dB); F,**°V (frequency f;, ***V= 3.35 GHz,
depth Timin 2> = —11.5 dB ), F,"**Y (3.59 GHz, -10.5 dB), F5'**V (3.93 GHz, —12
dB), F,'**V (4.32 GHz, —-13 dB), F5**Y (4.7 GHz, -5.5 dB), and Fs'**V (5.1 GHz, —22
dB); We can see that, as Vpc changes, Tmi, increases and simultaneously increases the
bandwith together with the variation of its shape; in this case, one may observe
bifurcated resonances. We assume that these phenomena are associated with coupled
resonances in the rings and interference bands as their resonance frequencies
approach each other. Thus, ring resonators in the interferometer allow the electrical
control of each band by turns, since a rather narrow resonance is excited in the rings.
The application of Vpc may change the shape and width of an individual stop-band
almost without changing the spectrum of other bands (Fig. 8c).

The observed effect may also manifest itself in the case of a combination of

split ring resonators with other metastructures or elements.
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R.=100kQ @ 6.6mm

MA46H120

3 split ring resonators
| Two varactors in each ring
1mm thick textolite substrate

T, R (dB)

30 35 40 45 50 5.5
Frequency (GHz)
b

3 split ring resonators (MA46H120)

0. T P F3 Fq Fs T
BN AR T, —— 5.5V
_5_ OV
{—-—--7.5\/
~ _10- - 10.5V
=2 0 —— 125V
= -15] ] ‘ ‘
220
55V 75 105125V
'25 T T T T T 1
30 35 40 45 50 55
Frequency (GHz)
C

Fig. 8 Row of split ring resonators
(@) Photo, (b) T (dB) and R (dB) in WG, (c) T (dB) in interferometer.
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Conclusions

In this work we have investigated for the first time a modified 3—6-GHz-band
waveguide tee interferometer that contains a metastructure with a varactor diode and
forms, together with a short, a controlled Fabry—Perot resonator. We have revealed
that the resonance in the metastructure selectively affects a stop-band of the
interferometer. We have demonstrated the possibility to form and efficiently
transform various selectively electrically tunable functionalities of interferometer
through the use of various varactor-loaded metastructures.

We have demonstrated selective tuning of the band center frequency (within
0.2 GHz with a wire metastructure and a butterfly dipole), or a selective change in the
shape and width of each stop-band by turns (with split ring resonators), or a change in
the shape and width of each stop-band and the center frequency independently (with a
sandwich of split ring resonators/butterfly dipole.

A distinctive feature of the proposed interferometer is that it allows one to
design a variety of multiband filters by choosing an appropriate metastructure, by
varying the distance s,, between the metastructure and the short, and by varying the
bias voltage. The results obtained can be useful for the design of multifunctional
multichannel communication systems.
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