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Existence of edge modes
In periodic microstrip transmission
line

Aleksey Girich?, Liubov Ivzhenko?*, Ganna Kharchenko?, Sergey Polevoy?,
Sergey Tarapov!3*, Maciej Krawczyk? & Jarostaw W. Ktos?

The microstrip of modulated width is a realization of a one-dimensional photonic crystal operating

in the microwave regime. Like any photonic crystal, the periodic microstrip is characterised by the
presence of frequency bands and band gaps that enable and prohibit wave propagation, respectively.
The frequency bands for microstrip of the symmetric unit cell can be distinguished by 0 or x Zak
phase. The sum of these topological parameters for all bands below a given frequency gap determines
the value of the surface impedance at the end of the microstrip. We demonstrate that edge modes
are absent in a finite microstrip terminated at both ends in the centres of unit cells, but they can

be induced by adding the defected cells. Edge modes present at both ends of the microstrip enable
microwave tunneling with high transitivity in the frequency gap with or without a change in phase.
This has been demonstrated experimentally and developed in detail using numerical simulations and
model calculations. The investigated system, with a doublet of edge modes in the frequency gap, can
be considered as a narrow passband filter of high selectivity and characterised by a significant group
delay.

The structures with periodic modulation of geometrical or material parameters in one dimension can be treated
as artificial one-dimensional (1D) crystals. For such systems, one can address the fundamental question linking
the topology of the band structure and the condition under which edge and interface states can be observed.
The topological properties of the bands, such as a Zak phase'?, are used to indicate in which frequency gaps the
edge states can be observed®*. The experimental and theoretical studies of edge states in 1D artificial crystals
have been carried out for photonic®2, phononic*-%, plasmonic!®!’, magnonic'® and electronic systems'*?. The
microwave systems?! in the form of periodic microstrips**~2®, usually studied by electrical means, or the chains
of cavities'” also attract the attention of the researchers interested in the study of the bulk-edge correspondence.

The bulk parameters of a periodic microstrip consisting of two alternating sections of different widths deter-
mine the dispersion relation of electromagnetic waves. For truncated structures with given bulk properties, we
can define the so-called surface impedance®?, which can be used to determine the conditions for the existence
of edge (or interface) states at the microstrip ends (or at the junction of two microstrips). The surface impedance
is strictly related to the Zak phase, and thus can be used to determine the necessary condition for the existence
of the edge (interface) state?”?*. These recent studies have focused on the interface states between two periodic
microstrips, their topological properties and their potential applications. However, the edge microwave states
localised at the edges of the periodic microstrip connected directly to input (or output) ports remain unexplored
in terms of their topological properties and applications.

The most common application for microstrip of periodically modulated width is in the design of low-pass
filters and stop-band filters, where a frequency gap above the first band is usually used®-*!. The areas for new
applications of these systems can be extended when we relate the existence of stop- and passbands sequences
to the bandgap theory of wave excitations, well-known in photonics and solid state physics. One of such area is
related to the topological properties of band structure and the existence of edge/interface states. While the exist-
ence of interface states is the result of an intentional proceeding (two periodic microstrips must be connected
for them to appear), edge states can appear unintentionally (since each periodic microstrip is in fact a finite
structure). Therefore, knowledge of the conditions for the existence of edge states allows them to be eliminated
or deliberately exploited in certain applications.
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In this work we study experimentally and numerically the edge states in finite microstrip of modulated
width—see Fig. 1. We show that the microwave edge states cannot exist at the ends of a periodic microstrip
composed of centrosymmetric unit cells and terminating in symmetry points. We prove that this is the result of
the topological property of the band structure (Fig. 2), i.e. the Zak phases of successive bands, and their relation
to the surface impedance at the symmetry point. To induce the edge states, it is necessary to modify the shape
of the first and last cells of the microstrip. When such a modification is introduced, the surface impedance in
the gap can be matched to the impedance of the feed ports, and the narrow transmission band at frequencies
within the band gap can be measured (Fig. 3). Importantly, the edge states form symmetric and antisymmetric
pairs, allowing microwave signals to be tunneled through the finite microstrip with 0 or 7 phase shift (Fig. 4).
This property suggests that a microstip with a doublet of edge states be used as a highly selective passband filter
with a high value of group delay in the passband.

The paper is structured as follows. In the next section, we present the structure under investigation and the
methods used in our study. We then analyze the band structure as a function of the bulk parameters—in these
studies, we determine the symmetry of the Bloch functions at the edges of the bands and the Zak phases for
successive bands. Next, we show that the edge modes cannot exist for the microstrip terminated at the symmetry
points and investigate how the modifications of the first and last cells of the microstrip induce the edge states
and tune their frequencies. At the end of the paper, the short section Discussion summarizes the main results of
the paper. Finally, the experimental and numerical methods are described.

System

The experimentally investigated system is a microwave transmission line in the form of a periodically width-
modulated microstrip composed of seven unit cells, as shown in Fig. 1a. Each of (five) bulk cells (Fig. 1b) consists
of the section of wider microstrip (width w; = 4 mm) of length / = 10 mm connected to the neighboring cells by
narrower sections (width w, = 1.12 mm). The length of the bulk unit cell d is 16 mm. The system ends with (two)
edge cells, which have different dimensions from the bulk cell (width wy, length [, of the wider segment, the total
length dp, and the shift po of the wider segment with respect to the center of the cell). The values wy, Iy, dp and
Ppoare set to 9 mm, 1.5 mm, 11.5 mm and 0 mm, respectively. For reference, we also studied the system without
edge cells of modified sizes, i.e. composed of five cells of the same dimensions. The microstrip is deposited on the
insulating substrate characterized by a dielectric constant of ¢ = 2.2 +10.0012 and a thickness of # = 0.381 mm.
The bottom side of the substrate is metallized and serves as the ground plane. The microstrip and the ground
plane are made of copper with a conductivity of 0 = 58 MS/m and a thickness of 35 jum.

A vector network analyser was used to measure the transmission spectra of the microwaves in the frequency
range 8 - 20 GHz (see the photo of the experimental setup in Fig. 1a). The input and output of the microstrip are
connected to a vector network analyzer with standard Zy = 50 €2 impedance ports to measure the S; transmission
spectrum. For the theoretical studies, full electromagnetic simulations were carried out using CST Microwave
Studio with the same parameters as in the experimental studies. More details on the methodology used can be
found in the Methods section.

Figure 1. Periodic microstrip under investigation. (a) The photo of the experimental setup shows the
microstrip connected to a vector network analyzer with standard Zy = 50 €2 ports to measure the Sy spectrum.
(b) The geometry of the system used in the numerical simulations. The microstrip, composed of five bulk cells
and two edge cells, is placed on the substrate of thickness u with metallized bottom surface, which plays the role
of the ground plane. The bulk and edge cells differ in size: d, and dy, and in geometric parameters: (/,w), and (lo,
wo), respectively. For the edge cell, we also considered the shift pg of the wider segment with respect to the center
of the cell.
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Figure 2. (a, b) The numerically calculated dispersion relation for an infinite periodic microstrip, for two
selected values of the bulk parameter: (a) I/d = 0.25and (b) I/d = 0.625. We have kept the period d constant
and increased the length of the wider segment by the cost of the length of the narrower segment d — I (see
the black schemes in the insets above (a) and (b)). The values 0 and 7, printed in red on the right of sub-
figures (GHz frequency range) and (b), denote the Zak phase 6y, for successive bands m = 1,2, 3, 4. (¢, d)
Spatial distribution of the electric field amplitude of the Bloch functions E,, x, (x, z), for (¢) [/d = 0.25and (d)
I/d = 0.625. The intensity of the color indicates the amplitude, while the red and blue colors indicate opposite
phases. It can be seen that the symmetry of the Bloch functions at the edges of the second (up-triangle, down-
triangle) and third (diamond and star) gaps are switched between symmetric (S) and anti-symmetric (A), while
we change I/d from (c) 0.25 to (d) 0.625. The systems for /I = 0.25 and 0.625 are not topologically equivalent
because they differ in Zak phases 6, for corresponding bands.
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The transmission spectrum for the system, which consists of five identical unit cells, is presented with the red
line in Fig. 3¢, while the transmission spectrum for the microstrip with edge cells of modified sizes is shown in
Fig. 3d also with the red line. The results presents the transmission |S2; ()| in the range of 8-18 GHz. For the
microstrip with undisturbed ends, a significant decline of the |S;; | parameter is noted up to — 30 dB within the
11.5-15.0 GHz frequency range (Fig. 3c). The spectrum for the microstrip with modified edge cells is significantly
different. In the range 11.5-15.0 GHz, there is a peak at 13.5 GHz of relatively high|S,;| = —10 dB, transmission.
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Figure 3. (a, b) The 2D transmission spectra of the finite periodic microstrip numerically calculated for
different values of the bulk parameter: I/d. The solid black lines mark the edges of the bands for the semi-infinite
microstrip, corresponding to k, = 0 or k, = 7 /d. Two ratios //d = 0.25 and 0.625, for which the exemplary
dispersion relations and Bloch functions were plotted in Fig. 2, are indicated by vertical dashed lines. The
symmetry of the Bloch function at the edges of the band is indicated by the letters S and A. We considered the
system (a) composed of five centrosymmetric cells and (b) its modification, where we added cells of modified
sizes at the beginning and end of the microstrip—see the black schemes above (a) and (b). The sizes of the edge
cells and all other parameters are the same as those given in the System section. (c, d) The cross-section of the
2D spectra (a, b) at[/d = 0.625 (solid black curves) is supplemented by the measured (red curve) transmission
spectra for fabricated structures. For the microstrip with additional cells of modified sizes, we can identify the
doublet transmission peaks (see enlarged view in the inset) in the second frequency gap (gray area), see their
profiles in Fig. 4. The black dotted line in (d) shows the transmission spectra for the microstrip with modified
edge cells: dy = 12.5mm, l[p = 0.5 mm, wy = 11 mm.

Additionally, the transmission for frequencies larger than 15 GHz is significantly attenuated, and the oscillatory
character of |S,1]is observed at frequencies both higher than 11.5 GHz and lower than 15 GHz.

Clearly, these spectral changes result from the addition of the edge cells of modified sizes. In the upcoming
sections, we will demonstrate with numerical simulations and model calculations that the suppressed transmis-
sion between 11.5 and 15.0 GHz is due to the band gap introduced by the microstrip’s periodicity, whereas the
transmission peak about 13.5 GHz results from the microstrip’s edge modes. In addition, we will argue that these
edge modes result from the topological characteristics of the bands in an unmodified periodic microstrip, but
necessarily supplemented with modified edge cells.

Band structure and topological properties of infinite system

The exemplary dispersions f (k;) (frequency f versus wave number k;), computed numerically (for infinite peri-
odic microstrip for two selected values of the relative length of the wider segment: [/d = 0.25 and 0.625, where
the cell size is fixed at d = 16 mm), are plotted in Fig. 2a,b. The value of I/d = 0.625 and the values of other
parameters (for both plotted dispersions) are the same as for the experimentally studied system. Both dispersions
appear similar with the frequency bands (shaded areas, which are indexed by integer number m) separated by
band gaps (white areas, indexed with ). It is worth noting that for frequencies higher than 24 GHz the dispersion
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Figure 4. The calculated profiles of the edge modes (y-component of the electric field) observed in the second
gap at the frequency 13.1 GHz for the microstrip with additional cells of modified geometry (see Fig. 3b,d)—we
took the parameters corresponding to the experimentally realized structure. The pair of modes of very close
frequencies shows the hyperbolic decay of the amplitude, when we move away from the edges of the microstrip.
The modes form a double peak in the transmission spectrum—see Fig. 3d. The slight frequency splitting of

this doublet results from the overlapping of the exponentially decaying *tails’ of the modes in the center for the
structure, which is different for the mode that (a) does not flip and (b) does flip its phase (see ’+ and ’-’ signs)
as the electromagnetic wave tunnels between the edges.

relation is more complicated, as it contains branches representing, for example, the modes with nodal lines
parallel to the waveguide axis. In our work, we will limit ourselves only to the bands of the lowest frequencies,
where modes are quantized only along the microstrip axis (as in Fig. 2). For the microstrip with a dielectric
spacer placed only between the signal line and the ground plane, we are dealing with hybrid TM-TE modes®.
However, the considered microstrip is electrically very thin—the thickness of the spacer u is much smaller than
the wavelength of the propagating field: u < A. For such a system, the fields are quasi-TEM and there is no need
to distinguish between TM and TE modes. To present the spatial profiles of the modes, we have shown the out-
of-plane (i.e. the y—component) of the electric field.

It can be seen on the maps plotted in Fig. 2¢,d, which show the profiles of the y-component of the electric field
in a single unit cell for the frequencies from the edges of the bands/gaps (we assume the electric (magnetic) field is
polarized in y- (x-) direction). The profiles are symmetric S or antisymmetric A while reversed in the z-direction.
However, the symmetries of modes of some bands are different for I/d = 0.25and l/d = 0.625. In particular, at
the bottom (top) of the second gap—n = 2, the profiles of the Bloch functions are symmetric (antisymmetric)
for I/d = 0.25 and antisymmetric (symmetric) for [/d = 0.625. This means that if we continuously change the
ratio I/d between the values 0.25 and 0.625, at some value the exchange in the mode symmetry between the bands
surrounding the second gap will occur. We will see that these changes are related to the closing and reopening of
the gap(s) at certain values of the ratio I/d and connected with the changes of the bands’ Zak phases 6,,.

This effect is illustrated in Fig. 3a showing numerically calculated transmission spectra |S;|in depend-
ence on I/d. Here, the black lines mark the edges of the bands/gaps. We can see that throughout the I/d range
(0 < 1/d < 1), the first gap remains open, the second gap is closed once, the third gap is closed twice, and so
on. It is clear that once we pass from I/d = 0.25 (Fig. 2a) to [/d = 0.625 (Fig. 2b), the order of the edges for the
second and the third gap is reversed. The topological properties of the bands associated with such a change in
the spectrum of a 1D photonic crystal can be described by the Zak phase 6,,,>'"* defined for each m™ band:

/d
O = i/ (/ e(z)u:‘n’kz (2) Ok, Umk, (z)dz) dk,, (1)
—n/d unit cell

where €(2) is the effective dielectric constant taking (when z is changing) two different values in wider and nar-
rower section of microstrip (see Supplementary Information S1), and u, ;. (2) is the periodic component of the
Bloch function of the electric field Ep, k. (2) = tpi, (2)et*=z, [tmi, (2) = tmi, (z + d)]. The Zak phase is equal
to 0 or 7 for the system with centrosymmetric unit cell* and can be determined by the symmetry of the Bloch
function E,, x, (z)**%*3, If the Bloch function has the same symmetry on both edges of the band (i.e. the Bloch
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function is symmetric (S) or antisymmetric (A) on both edges), then the Zak phase is equal to 0, otherwise, it is
7. Therefore, the crossing of the edges of a given gap and the associated exchange of the gap boundaries observed
during the continuous change of the bulk parameter I/d leads to the exchange of the Zak phase 0 <> 7.

We observe such crossings during the transition from d/I = 0.25 to d/I = 0.625 in Fig. 3a. For I/d ~ 0.5
(1/d =~ 0.3), the edges of the second (the third) gap are crossed. Therefore, the Zak phase is flipped once (at
I/d ~ 0.5), from 7 to 0, for the second band, and twice, from 7 to 0 (at /d =~ 0.3) and from 0 to 7 again (at
1/d =~ 0.7), for the third band. As a result, the phase is the same (opposite) for the second (the third) band at
I/d = 0.25and 0.625 [see Fig. 2a,b and Eq. 5].

Bulk-edge correspondence

The spatially dependent wave impedance in an infinite periodic structure is called the Bloch impedance®-**:
Ey, (z.])
Z b = 27)
"D = e @

where Ey_(z) and Hy, (z) are the Bloch waves representing the electric and magnetic fields, and k. is the frequency-
dependent wave number, which takes real and complex values in the frequency bands and gaps, respectively. (We
have omitted the band index m because Zp is defined both in the frequency bands and in the frequency gaps).
Moving on to the finite microstrip, we need to consider the problem of impedance matching between the
periodic microstrip and the ports. Let’s consider the impedance at the input of finite microstrip (z = —Nd)
composed of N cells and attached at the opposite end (z = 0) to the output port of the impedance Z:

Zy + iZp(f) tan(k;Nd)

Zin (f) = ZB(f) ZB(f) +iZ tan(ksz). (3)

Equation 3 have a very similar form to the input impedance of loaded uniform transmission line?’. Such
similarity results from the Bloch theorem: Ey_(z + d) = E, (2) and related periodicity of Bloch impedance:
Zp(z + d,.f) = Zp(z,f), Zg(f) in (3) denotes Bloch impedance at the edges of unit cells. It is easy to notice that
when the Bloch impedance is matched to the output port Zg(f) = Zo then Zi, = Zy. Consequently, the generator
(input port) must be equal to the impedance of the load (output port) in order to ensure the complete imped-
ance matching for the microstrip, which is composed of a sequence of identical unit cells. If the microstrip is
terminated at the edge of the centrosymmetric unit cell, then the Bloch impedance at this termination is purely
imaginary for the frequencies from the band gaps, and can be written as:

Zp(f) = i&(f). (4)

The function & (f) changes monotonically as the frequency f rises from the bottom to the top of the frequency
gap, where it reaches zero or pole®. The sign of £(f) is then constant within a given #'? gap (n = 1,2,...), and
moreover it can be determined by the Zak phases 6,, of all bands below it, i.e. form = 1,...,n:

sign(&y) = (—1)" exp (i Z 9m> ) (5)
m=1

The formulas (5) and (4) express the bulk-edge correspondence because they relate the topological parameter
of the bands (i.e., the Zak phase) to the parameter characteristic of the edge (i.e., the surface impedance) (see
details in Supplementary Information S2). In the frequency gaps, the Bloch impedance Zg taken at the edge of the
centrosymmetric unit cell is imaginary (see Eq. 4). It is clear that a semi-infinite periodic microstrip cannot be
matched at its symmetry point to the port (or semi-infinite but uniform microstrip) of real impedance Zy, for any
frequency in the range of any frequency gaps. Thus, the edge states cannot appear in the semi-infinite microstrip
terminated at this point. For the sake of completeness, we still need to discuss the case of a finite microstrip and
investigate whether an impedance mismatch at one end (e.g. to the output port) implies an inability to match the
impedances at the opposite end (i.e. to the input port). To investigate this, the impedance of the loaded microstrip,
as seen from its opposite end Zi,, must be calculated using (3) for the frequency gap, where: k, = n% + ik; and
Zp = i€ (where both k; and £ are real). It can be shown that Z;;, will be complex. That is, its imaginary part will be
different from zero within each frequency gap: J(Zip) = (Zg + £2) tanh(k;Nd)/ (Zé tanh? (k;Nd) — £%)—please
note that kj has no zeros nor poles inside the gap.

This means that the edge states in a microstrip composed of identical centrosymmetric unit cells could not exist,
independent of the topology of band structure, defined by the values of Zak phase (5)***. To induce the edge
state, we need to modify the geometry of the periodic microstrip near its termination, which will result in a change
in its impedance at band gap frequencies. Note that the problem of the mismatch between the imaginary value
of the Bloch impedance and the real value of the port impedance Z is similar to the case of the photonic crystal,
where the impedance of the vacuum (or positive epsilon medium) is also real.

The color map in Fig. 3a shows the transmission spectrum |S;; (f)| calculated for the periodic microstrip of
finite length, depending on the bulk parameter I/d. The microstrip consists of five identical and symmetric cells
connected to the 50 Q ports. Therefore, the structure is terminated (i.e., the input and output ports are located)
in the center of the narrower section of the unit cell. It is clear that in the frequency gaps calculated for infinite
structure (delimited in Fig. 3a by black lines) the transmission is reduced and we do not observe any peaks (lines)
indicating the presence of edge modes. In the next subsection, we will study the microstrip with additional cells
placed at the end and beginning of the structure, which have different sizes from the bulk cells. We will show

Scientific Reports |

(2024) 14:16477 | https://doi.org/10.1038/s41598-024-67610-9 nature portfolio



www.nature.com/scientificreports/

that in such a system, we can find the edge modes. In addition, we will demonstrate the possibility of microwave
tunneling that is mediated by the edge modes.

Edge modes

Figure 3b shows the transmission spectrum [S,1(f)| in dependence on I/d calculated for the finite structure
with additional edge cells (shown in Fig. 1b) located at the beginning and end of the periodic microstrip. The
parameters describing the sizes of the first and last cells take the values wo = 9 mm, Jp = 1.5 mm, dy = 11.5
mm, and py = 0 (the same as for the experimentally realized system). The transmission spectrum preserves the
main properties of the spectrum for the unperturbed microstrip shown in Fig. 3a. However, there are also dif-
ferences: suppressing of | Sy | in the 3" band, and the presence of the additional line of enhanced transmission
in the second gap opened for I/d > 0.5. It enters the gap from its top edge (for I/d close to 0.5) and crosses this
edge again atl/d =~ 0.9.

To gain deeper insight into obtained numerical results, we plotted (in Fig. 3¢,d) the calculated frequency-
dependent transmission spectra (black solid lines) around the frequencies of the second band gap for the micro-
strip composed of five identical unit cells (Fig. 3c) and this microstrip with additional edge cells (Fig. 3d) for
d/l = 0.65 (vertical dashed line in Fig. 3a,b, i.e., the same as in experimentally realized structures. There is a
visible gap in the unperturbed microstrip (shown as a gray area in Fig. 3c), and two peaks of high transmission
are observed within the gap around 13.27 GHz (for numerical results—black line) when edge cells are added
to the microstrip, Fig. 3d. It is worth noting that the peak appears in the form of an almost degenerate doublet
as is emphasized in the inset (with the values of the lower and higher frequency at 13.23 GHz and 13.33 GHz,
respectively. We can identify these states as the edge modes that have a symmetric or antisymmetric profile,
with respect to the center of the whole microstrip as shown in Fig. 4. This means that the phase of the resonantly
tunneling microwaves is preserved or reversed, depending on how precisely we choose its frequency to activate
one of the edge states.

These numerical results are superimposed with the results of measurements described in Sec. Measurements
in Fig. 3c-d. The simulations successfully replicate the majority of the features in the measured transmission
spectra. However, there is a slight shift of both the frequency gap and the position of the edge states within the
gap by 0.5 GHz. This difference can be attributed to the parameter values assumed in simulations, which may
slightly differ from their nominal values in the actual sample. In both spectra, numerical and measured, in Fig. 3d,
we can see the deep anti-resonance, at 15.5 GHz (for simulations) or at 16.5 GHz (for the experiment). This
anti-resonance significantly degrades the transmission through the third band. This unwanted effect is absent
in the structure composed of identical cells. This means that the anti-resonance is induced by the presence of
additional cells with modified sizes. The additional cells have a wide (wy >> w) and a short ([p << I) central
section, which actually forms a pair of stubs. It is well known that, due to wave interference, the stub exhibits a
sequence of resonances and anti-resonances in the transmission spectra?, accompanied by significant changes
in impedance, alternately switching between capacitive and inductive character. In our case, the cells with stubs
ensure the impedance matching for the edge modes in the second frequency gap, but it is achieved at the expense
of the anti-resonance in the third frequency band—see Supplementary Information S4 for more information.

As shown in the previous section, the second gap is topologically distinguishable in two ranges //d < 0.50 and
I/d > 0.50, separated by the point where its boundaries cross. For these two ranges, the sum of the Zak phases
(for the bands below the second gap) is different (i.e. is equal to 7 for //d < 0.50 and 0 for I/d > 0.50) and the
corresponding signs of the imaginary component of Bloch impedance are opposite. We know that no edge states
are observed in any gap, regardless of their topology, in the absence of additional reshaped cells at the beginning
and the end of the microstrip. However, we have seen that the addition of such cells of specific geometry has a
different effect on the appearance of edge states for the gaps differing in the sign of &,. We are dealing with such a
situation for the second frequency gap, where forI/d > 0.50 the doublet of edge states is visible in Fig. 3b and d. It
shows that the changes in the topology of the band structure affect the Bloch impedance and strongly modify the
conditions for the impedance match in the gap, and then significantly influence the conditions for the existence
of edge modes. Similarly, we can interpret the states emerging near the edges of the third gap (Fig. 3b). One can
notice lines inside the gap close to its top edge (around 20 GHz) forI/d > 0.3and l/d < 0.65.

The geometrical parameters of the edge cells also affect the frequencies of the edge modes, which can be
clearly seen in Fig. 3d, where for modified values of the parameters dy (increased by 1 mm), [y (increased by 1
mm), wy (decreased by 2 mm) the frequencies of the edge modes were shifted by 1 GHz (black dotted line). In
order to study this problem systematically, we examined the effect of the parameters: wy, ly, dp on the transmis-
sion spectrum. In addition, we studied the role of the shift of the wider segment of the edge cell with respect
to its center, i.e. we changed the parameter pg. Fig. 5 shows the calculated transmission spectra for the finite
microstrip where the chain of five identical bulk cells is supplemented by edge cells of modified sizes. We kept
the sizes of the bulk cells the same as in the experiment (d = 16 mm, ! = 10 mm, w; = 4 mm, w, = 1.12 mm)
and changed only one of the geometrical parameters of the edge cell (all other parameters of the edge cell were
the same as in the experimentally realized system: [y = 1.5 mm, dy = 11.5 mm, wp = 9 mm, pp = 0). Similar
to Fig. 3, we also plot the boundaries of the gaps of the infinite microstrip. The aforementioned boundaries are
delineated by horizontal black-white dotted lines, which permit the identification of edge modes whenever a
transmission peak enters the gaps. It is worth noting that if we change only the geometry of the edge cell and do
not modify any of the bulk parameters, the edges of the gaps remain unaffected.

Fig. 5a and ¢ show the transmission spectra as a function of the width and length of the central part of the
edge cell: wg and Iy, respectively. By increasing the width wp, we can see entering the edge modes from the third
band into the second gap (n = 2) below at wy = 4 mm, which reaches the middle of the gap at wo = 12 mm. The
transmission is strongly suppressed by the anti-resonance (marked with the white dashed line), which enters the
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Figure 5. The 2D transmission spectra of the finite periodic microstrip, calculated for different values of the
parameters for modified edge cells: (a) wy, (b) po, () I, (d) do—see Fig. 1b. We have fixed the values of the

bulk parameters to those corresponding to the experimental design, i.e.,[/d = 0.624; therefore, the edges of
the bands (horizontal black dotted lines) are unchanged in this study. For each subplot, we change only one
parameter of the edge cells. The rest corresponds to the experimental design (the vertical dashed line indicates
the cases where all parameters are the same as for the fabricated structure). We can see that by adjusting the
parameters: wo, po, and do, one can effectively tune the frequency of the edge modes (black dashed-dotted lines).
The strong attenuation in the bands is particularly high for certain values of the parameters: wy and ly, when we
observe the sharp minimum in the spectrum—anti-resonance, marked by the white dashed line.

third gap at wy = 7.2 mm. The frequency of the anti-resonance decreases rapidly with increasing wy. It deterio-
rates the transmission in the third band to very low values (below — 50 dB), and also the transmission by edge
modes in the second gap (n = 2), for wy = 10 mm. When we set the width to wyp = 9 mm and start detuning Iy
from the experimentally chosen value of 1.5 mm (Fig. 5c). We do not see significant changes in the frequency of
the edge mode, only its slight linear increase from 13 GHz to 13.5 GHz with the change of [y from 0.5 to 2.0 mm.
However, with the changes of [y we observe a frequency increase of the anti-resonance. Such a dependence on wy
and [ is understandable since the frequency of the first anti-resonance in the stub transmission is determined by
the condition kwy/2 = /2, where k is the wave vector of the interfering wave in the stub—see Supplementary
Information S4. This condition holds for a single mode stub, where wy/2 > .

Figure 5b,d shows a scenario where we do not change the dimensions of the central part of the edge cell (width
wo and length ), but move it within the edge cells by adjusting po (b), and change the size of the edge cell itself
by changing dy (d). By adjusting these two parameters we can pull the edge modes across the gap. In particular,
the edge modes enter the second gap (n = 2) from the bottom at py = —4 mm and exit at pp = 1 mm. In the case
of dy changes, the frequency of the edge modes enters the gap dy = 9.5 mm decrease monotonically frequency
with increasing dy. The frequency of the anti-resonance is, as expected, almost unaffected by either pg or do, but
these parameters do influence the impedance matching between the device and ports. From Fig. 5b,d we can
deduce that the impedance of the microstrip seen at the ports changes as the length of the section connecting
the stub to the microstrip is modified. We can see the edge modes’ frequencies increase as this distance shortens
(with pg increasing or dy decreasing).

Resuming, the dependencies illustrated in Fig. 5a-d demonstrate that the frequency of the edge modes in
the second gap can be modified by adjusting the shape of edge cells: wy, po, and dy, whereas the frequency of
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the anti-resonance can be controlled by wy and y. This suggests that the modified edge cell of the microstrip
is responsible for both effects, although the underlying physics differs. The independent design of both can be
advantageous for various applications since significant transmission suppression is observed around the anti-
resonance frequency, exceeding the +1 GHz range.

Figure 3d illustrates a doublet peak in transmission through the edge modes, consisting of symmetric and
antisymmetric modes (Fig. 4). While the frequency splitting between these modes is minute and barely discern-
ible in the numerical simulations presented in Fig. 3, we utilise the lumped-element method to obtain further
insight into the splitting of the edge modes. This model provides the relation between the real system (microstrip)
and its simplified but useful description in the form of electrical network—see Supplementary Information S3.

Discussion

We have studied experimentally and numerically the transmission of microwaves through a microstrip of peri-
odically modulated width. We have shown that five repetitions of the unit cell are sufficient to observe the band
gaps in the transmission spectrum. We show that this gaps have topological property allowing for the existence
of the edge modes.

However, in the undefected microstrip (composed of centrosymmetric unit cells), the edge states cannot exist
and the modification of the first and last cell is required to induce them, which was demonstrated experimentally.
This effect was explained by relating the topology of the 1D band structure, i.e., the Zak phases of the bands, to
the wave impedance of the microstrip (Bloch impedance). The amplitudes of these modes are located at both
ends of the microstrip, allowing microwaves to tunnel/leak throughout the entire structure. We can manipulate
the edge modes within the desired frequency gap by modifying the geometric parameters of the first and last
cell. An alternative method could be to place the microstrip ends on a ferrite layer and tune the frequency of
the edge mods using a magnetic field. However, this prospective approach is beyond the scope of this paper and
requires new and extensive studies. Nevertheless, the anti-resonance originating from the presence the edge unit
cells also impacts the transmission of the microstrip. Thus, using the microstrip for applications such as filtering
necessitates careful design of both edge modes and anti-resonance. Fortunately, the geometric parameters of the
microstrips edge cells have a different impact on the frequencies of edge modes and anti-resonance. However,
this would require a completely new study, both experimental and numerical.

The edge states appear in the form of a narrow doublet, where the first (second) mode does (does not) flip its
phase ¢ while being transmitted through the structure. Therefore, the investigated system can be considered as a
passband filter of high selectivity, characterised, in addition, by a significant group delay: 7g; = i ar- This means
that such a filter also plays the role of a delay line. The group delay reaches maxima at frequencies f corresponding
to the resonance frequencies of the edge modes. In a relatively narrow range between these resonances, where
the transmission is still high, the group delay changes nonmonotonically—see Supplementary Information S5.
The rising and falling slopes of the 74 (f) dependence can be used to perform frequency-time mapping®~* for
the GHz signal simultaneously modulated by few kHz pulses of different frequencies.

Methods

Numerical studies

For the considered periodic microstrips, the transmission spectra S; as well as dispersion diagrams and phase
distribution maps were calculated using CST Microwave Studio. For the simulation of the dispersion diagrams,
the eigenmode calculation with periodic boundary conditions (PBC) in the z— direction was used. The PBC
allows modeling an infinite extension of the proposed bulk cell. The "Phase” parameter in PBC is chosen to
sweep from 0 to 180 degrees in equal steps, which allows to change the Bloch phase and the associated wave
vector from the center to the edge of the 1 Brillouin zone. The boundary conditions along the x—and y— axes
are equivalent to the perfect electrically conducting (PEC) plane. The frequency range starts at 0 Hz and ends at
27 GHz. The Eigenmode Solver has been set to calculate a certain number of the lowest resonant frequencies of
the structure since only the fundamental modes are of interest. The Frequency Domain Solver with tetrahedral
mesh is used to calculate the S-parameters and the transmission spectra. The following calculation requires the
definition of waveguide ports in z— direction through which energy enters and leaves the structure. The open
boundary implementation of the solver is the recommended setting. Open boundaries for this type of simulation
are implemented as Floquet (Bloch) mode ports and realized in x— and y— planes.

Experimental studies

We used the vector network analyzer (VNA), Agilent N5230A PNA-L, to measure the transmission spectra of
the microwaves in the frequency range of 8-20 GHz (see the photo of the experimental setup). The input and
output of the microstrip are connected to a vector network analyzer with standard 50 €2 ports to measure the
Sa1 spectrum. The unit cell consists of sequentially connected narrow and wide segments. The periodic stripes
are etched by photolithography on one side of the Neltec substrate, which is metallized underneath, so that the
line consists of five cells and two edge cells. The geometric parameters at the ends of the structure correspond
to an input impedance of Zy = 50 2. The microwave signal is emitted from one port, transmitted through the
structure, and received at another port.

Data availibility
Data supporting this study are openly available from the repository at https://zenodo.org/records/10203785.
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