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Abstract

This paper presents an analysis of the dispersion and |S,; | frequency characteristics of three periodic structures
constructed in rectangular waveguides. Unit cells with dielectric-loaded step discontinuities based on double
steps, symmetric double steps, and glide-symmetric double steps were investigated using full-wave
electromagnetic simulation software. All dispersion diagram results obtained from the three different models
are compared to each other by fixing the period of the unit cell (p = 13.68mm) for each periodic structure.
|S,, | frequency characteristics of the first propagating mode are examined for finite implementations of all
considered structures. The transmission characteristics of different numbers of periodic arrangements of each
periodic unit cell were investigated. Then, the effect of geometric variations, including glide symmetry, on the
transmission characteristics is investigated by keeping the number of unit cells constant (N = 10). Furthermore,
the filter performance characteristics of the proposed structure are compared with those of the reported studies
in the open literature.
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Periyodik Dielektrik Yiiklii Kayma Simetrili Adim Siireksizligine Sahip Dikdortgen
Dalga Kilavuzu Yapilarimin Modellenmesi, Analizi ve Karsilastirilmasi

Oz

Bu makale, dikdortgen dalga kilavuzlarinda olusturulan {i¢ periyodik yapmnin dispersiyon ve |S,| frekans
karakteristiklerinin analizini sunmaktadr. Cift adim, simetrik ¢ift adim ve kayma-simetrik ¢ift adima dayal
dielektrik yiikli adim siireksizligine sahip birim hiicreler, tam dalga elektromanyetik benzetim yazilimi
kullanilarak incelenmistir. Ug farkli modelden elde edilen tiim dispersiyon diyagrami sonuglari, her periyodik
yap1 i¢gin birim hiicrenin periyodunu sabitleyerek (p = 13.68mm) birbirleriyle karsilagtirilmistir. Ttiim dikkate
alinan yapilarin sonlu yapilari igin ilk yayilan modun |S,; | frekans karakteristikleri incelenmistir. Her periyodik
birim hiicrenin farkl sayidaki periyodik dizilimlerinin iletim karakteristikleri incelenmistir. Sonra, birim hiicre
sayisi sabit tutularak (N = 10) kayma simetrisi de dahil olmak iizere geometrik degisimlerin iletim
karakteristikleri iizerindeki etkisi incelenmistir. Ayrica, Onerilen yapmin filtre performans ozellikleri agik
literatiirde rapor edilen galigmalarla kargilagtirilmistir.

Anahtar Kelimeler: adim siireksizligi, dikdortgen dalga kilavuzlari, dispersiyon analizi, kayma simetrisi,
periyodik yapilar
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1. Introduction

The investigation of electromagnetic wave propagation and its effects on periodic structures is
a current and interesting research area [1]. By appropriately selecting the dimensions of the
geometries and medium properties in periodic structures, passband/stopband regions can be
obtained. These properties are widely exploited in waveguides [2, 3], substrate-integrated
waveguides [4], microstrip [5] type filters, and leaky wave antennas [6]. In recent years, the
investigation of the dispersion characteristics of unit cell designs of dielectric-loaded metallic
rectangular [7] and corrugated parallel-plate waveguide [8-10] periodic structures has become
a popular topic. Higher-symmetry unit cell modeling of such structures is frequently preferred
due to its features, which provide benefits in applications such as low dispersion, wider
stopbands, and passbands [11-13].

In dielectric-loaded rectangular waveguides, step discontinuity structures are used for purposes
such as examining field distribution changes [14] and obtaining passband/stopband regions [15,
16]. It is well known that the use of multiple-step discontinuities in rectangular waveguide unit
cells creates deeper stopbands and passband fluctuations when the structure is connected in a
finite number of cascades [15, 16]. However, to the best of our knowledge, the modeling and
analysis of the unit cell structure with glide-symmetric step discontinuity in dielectric-loaded
rectangular waveguides has not been investigated. To fill this gap in the literature, systematic
modeling and analysis results are presented in this study. First, a unit cell with classical step
discontinuity is modeled. In the second stage, a second-step discontinuity is modeled in the
opposite direction to the step discontinuity region of the model used in the first stage. In the
final stage, the glide symmetry approach is applied to the model created in the second stage.
Dispersion diagrams of the structures are obtained, and the passband/stopband regions of
periodic structures are analyzed. A finite periodic implementation is performed for all models,
and frequency characteristics are examined. The details of these modellings and the results are
given in the following sections.

2. Material and Methods
In this section, the dispersion properties of the selected unit cell models will be analyzed.

2.1. Considered Unit Cell Geometries for the Analysis

A periodic structure with glide symmetry is a structure that is invariant under the translation of

the half-period of the structure in the periodicity direction and mirroring with respect to the
glide plane [9, 10]. Accordingly, the glide operator (G) for a periodic structure with a direction
period p can be written as [17]:

X = —x
G = y-=Uu (1)
z—>zZ+p/2

Figure 1 shows the geometries of the investigated unit cell models. From Figure 1(a) to Figure
1(c), the step-by-step application of the glide symmetry operation (G) given in equation (1) in
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a rectangular waveguide with step discontinuity is given. Figure 1(a) shows the rectangular
waveguide unit cell structure with conventional step discontinuity, with examples from the
literature [14-16]. Figure 1(b) shows the unit cell of the rectangular waveguide geometry with
a symmetric double-step discontinuity [18]. Figure 1(c) shows the newly proposed rectangular
waveguide unit cell with double-step discontinuity generated by glide symmetry. All models
were homogeneously loaded with the same dielectric material. To obtain the dispersion
diagrams of the unit cell models, the generalized scattering matrices of these structures were
obtained using the CST Microwave Studio Frequency Domain Solver based on the Finite
Element Method (FEM). All waveguides consist of metallic walls with a thickness of t as
indicated in Figure 2. The interior of the structure is filled with a dielectric material with ¢, =
4.8. The boundary conditions in x and y are assigned as electric (Et = 0) since all side walls are
metallic. All unit cell structures are excited by a waveguide port operating in 10 modes from
the input and output reference planes. To find the Floquet modes and stop bands supported by
each unit cell, the obtained generalized scattering matrix elements are substituted into the
eigenvalue equation [3]:

I —S111[b4 =812 01[bq] _
[0 —512] [al] 1 s,, 1] [al] =0 (2)
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Figure 1. Unit cell of periodic rectangular waveguide with the following different geometries:
(a) one step discontinuity with symmetric dielectric loading (conventional structure — 1 (CS -
1)) (b) Two symmetric step discontinuity with dielectric loading (conventional structure — 2
(CS - 2)) (c) glide symmetric step discontinuity with dielectric loading (proposed structure
(PS)). p depicts the period of given unit cell geometries. u,., is taken as 1.

I, (Si;,Si) and (a4, by) in Equation (2) denote the unit matrix, block S-matrix elements, and
complex amplitudes incident and reflected from reference plane-1 (RP-1), respectively. For
single Floguet mode propagation, eigenvalue A is defined as 4, , = eti® g = Bp € 0, where
B is Floguet phase factor [3, 19]. With fine frequency scanning, the passband and stopband

regions can be determined by finding whether there is at least one propagating mode
corresponding to the eigenvalue pair at each step.

2.2. Dispersion Diagram Analysis

Figures 2-4 shows the first passband/stopband regions of dispersion diagrams of the unit cell
geometries of CS-1, CS-2, and PS in Figure 1. There is a two-stage flow for obtaining these
graphs. In the first stage, the investigated unit cells are simulated in CST using the simulation
details given in the previous subsection. In the second stage, the dispersion diagrams of the unit
cells are obtained by substituting the obtained generalized scattering matrices into Equation 2
and solving this equation. The parameters of all models are presented in Figure 1, and the values
of these parameters are given in Figures 2-4. The period of each unit cell was kept constant at
the same value to observe the effects of the modification of each stage and the glide symmetry
on the dispersion diagrams and transmission characteristics. Despite the homogeneous
dielectric loading, the step discontinuities in the cross-sections caused high-order mode
interactions.
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Figure 2. Dispersion diagram of conventional structure-1 given in Figure 1 (a) with the
following parameters: C; = 14.8mm, C, = 0.7C;, p; = 0.416(Cy, p, = 0.0925C,, h =
0.5mm, t = 0.035mm, &, = 4.8, p = 2p; + p, = 0.9245C;. t and h are the thickness and
the height (in the y-direction) of the rectangular waveguide walls, respectively.

To monitor these effects on the mode of the periodic structure, 10 excitation modes are
considered sufficient. The first Floquet mode of CS-1 started at approximately 5.5 GHz and
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Figure 3. Dispersion diagram of conventional structure-2 given in Figure 1 (b) with the
following parameters: C; = 14.8mm, C, = 0.7C;, p; = 0.416C,, p, = 0.0925C,, h =
0.5mm, t = 0.035mm, &, = 4.8, p = 2p; + p, = 0.9245(;.
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Figure 4. Dispersion diagram of proposed structure given in Figure 1 (c) with the following
parameters: C; = 14.8mm, C, = 0.7C;, p; = 0.18541C;, p, = 0.0925C;, p; = 0.37C;, h =
0.5mm, t = 0.035mm, &4 = 4.8, p = 2p; + 2p, + p3 = 0.9245(;.

ended at 6.889 GHz, and the first stopband of this periodic structure occurs at 6.889-7.825 GHz,
as shown in Figure 2. Unlike CS-1, CS-2 has a symmetric step discontinuity, starting from x =
0 and extending to (C1-C2) is formed in CS-2. The effect of this change on the dispersion
diagram of the periodic structure is shown in Figure 3, where a wider stopband is slightly shifted
to the upper frequency. Because of these modeling and simulations given in Figure 1(c), the
dispersion diagram shown in Figure 4 can be obtained. Glide-symmetric modeling caused the
stopband of the periodic structure to increase to higher frequencies and narrowed it with respect
to CS-2. Figure 5 shows the electric and magnetic field distributions of two propagating Floquet
modes obtained using the CST Eigenmode Solver. It is seen from Figure 5 that the first
propagating mode is TE1o and the second mode is TE2o from the field patterns. In addition, it is
observed in Figure 5 that in the electric and magnetic field distributions, one is mostly at
maximum in the regions where the other is at minimum. In addition, changes in the cross-
section of the unit cell change the cut-off frequencies of the propagating Floquet modes in the
unit cell. In addition, the length of each waveguide region along the z-axis seen in Figure 5 is
also very important in the formation of passband/stopband regions according to the guided
wavelength of the waveguide in the relevant region [15, 16].

(a) E-field, The First Mode, 7.98GHz  (b) H-field, The First Mode, 7.98GHz

a8(v/m) dB(A/m)
o w0

(c) E-field, The Second Mode, 12.55GHz  (d) H-field, The Second Mode 1, 12.55GHz
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Figure 5. Electric and magnetic field distributions of propagating Floquet modes for different
frequencies.

3. Results and Discussions
In this section, the frequency characteristics of various numbers of cascade-connected unit cells,
whose dispersion properties were determined in Section 2, will be analyzed.

3.1. Finite Modeling of Periodic Dielectric Loading of Rectangular Waveguides with
glide symmetric step discontinuity

To observe the bandstop or bandpass filter characteristics, simulations of all the studied models
with a finite number of periodic arrays are given in Figures 6-8. First, the frequency
characteristics of the first mode of |S,, | of the 10 waveguide modes were plotted for all models.
As it is well known, it is expected that as the periodic sequence increases, a stopband region
very close to the stop band obtained in the dispersion diagram of the periodic structure is
formed. In addition, a deeper level of suppression appears as the number of unit cells increases.
However, increasing the number of unit cells increased the ripple levels in the passband. Figure
6 shows |S,; | frequency characteristics of CS-1 for N =10, N = 15, and N = 20, where N is the
number of unit cells.

S,,| - dB

—==-Conventional Structure - 1 (N=10)
= =Conventional Structure - 1 (N=15)
——Conventional Structure - 1 (N=20)

6 6.5 7 7.5 8 8.5 9
Frequency - (GHz)

Figure 6. | S, | frequency characteristics of conventional structure - 1 given in Figure 1(a)
with given parameters in Figure 2 for different cascaded scenarios.

Figures 7 and 8 show |Sz1| frequency characteristics of CS-2 and PS for N =3, N=5, N =7,
and N = 10, respectively. It can be clearly observed that the occurrence of symmetric step
discontinuity (CS-2) leads to a wider and deeper stopband with fewer unit cells; however, this

832



Modeling, Analysis, and Comparison of Rectangular Waveguide Structures Having Glide Symmetrical

leads to higher levels of fluctuations in the passband (close to -15dB). Switching from
symmetric step discontinuity (CS-2) to glide symmetric step discontinuity (PS) with fewer unit
cells results in a wider passband (7 — 10 GHz) and lower ripple levels (maximum -2.5 dB) in
this passband, as shown in Figures 7 and 8. However, the stopband region has shifted, and the
formation of a passband at higher frequencies is no longer valid. To compare the three models
at the same dimensions, the number of unit cells was kept as high as possible to obtain a

sufficiently deeper stopband.
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Figure 7. |S,,| frequency characteristics of conventional structure - 2 given in Figure 1(b)
with given parameters in Figure 3 for different cascaded scenarios.
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Figure 8. |S,,| frequency characteristics and the proposed structure given in Figure 1(c) with
given parameters in Figure 4 for different cascaded scenarios.
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To compare and understand the frequency effects of different unit cell models called CS-1, CS-
2, and PS, finite implementations of these structures for N=10 are carried out in CST
Microwave Studio as shown in Figure 9. The parameter t is critical to understand the evaluation
of the frequency response in the proposed structure. For this purpose, a parametric analysis
showing the effect of the parameter t for N=10 is shown in Figure 10. In the curves ranging
from t=0 to t=p/2, the passband in the range of 6.2 - 7.5 GHz and the fluctuations occurring
there gradually decreased and reached very low levels. In addition, Figure 10 shows that in the

(b)
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(©)

Figure 9. 3D view of cascaded-connected considered unit cells for N=10 in CST Microwave
Studio.

same curves, the stopband between 7-9.8 GHz is replaced by a passband around 6.5-10 GHz. It
is also possible to see in Figure 10 that the passband fluctuations gradually decrease at higher
frequencies. It is clear from Figure 10 that this level of double step discontinuity given in this
paper causes very high levels of fluctuations in the passband of the structure. In addition, gliding
the one-step discontinuity region along the periodicity axis without changing the period of the
unit cell reduces both the passband ripple levels. It also results in a wider passband and a shift
of the stopband to higher frequencies.
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Figure 10. The effects of t parameters on the interested structure.
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Accordingly, Figure 11 shows |S,,| frequency characteristics of all three models for N = 10.
According to Figure 11, the glide symmetric model allowed for a wider passband, as shown in
Figure 11. In addition, the application of glide symmetry to the considered structure improved

the fluctuation levels in the passband.
gy - B A U SR O
-20 - ‘

40+

-60 -

IS,,| - dB

-80

-100 ¢

—=-Conventional Structure - 1 (N=10)
—Conventional Structure - 2 (N=10)| |

-120 - =Proposed Structure (N=10)

6 7 8 9 10 11 12 13 14
Frequency - (GHz)

Figure 11. Comparison of |S,;| frequency characteristics of given structures for N=10.

The frequency characteristics of the PS N=10 model were compared with those of similar
designs in the literature, and the results are given in Table 1. According to the literature with
very similar stopband characteristics, the best suppression level was obtained in the proposed
study (PS, N=10). On the other hand, the proposed structure ranked second after [20] in terms

of compactness in the compared studies.

Table 1. Comparison of the proposed structure with previous studies.

Studies Bandstop % FBW Suppressio Circuit Size
Region for - for n level (mm X mm xmm)
20dB|S,,| —20dB  MIN Sy

. (dB)
[2], fig. 5 10-11.32 12.38 -48 10.16.x 22.86 x 301.84
[20], fig. 20 | 10.7-10.85 1.39 -30 10.16 x22.86 x 16.957
PS N=10 10.14-11.429  11.95 -66 14.8x0.5x 136.826

“FBW can be calculated as follows: %FBW=(f, — f1)/f, Where f, = (f> + f1)/2. fo. f1 and
f, are center, lower and upper frequency of the stopband region with respect to -20 dB.
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4. Conclusion

In this paper, a comparative analysis of a rectangular waveguide unit cell with homogeneous
dielectric-loaded glide symmetric step discontinuity and conventional structures is presented,
and its implications for filter design are investigated. The glide-symmetric unit cell structure
produced a narrower stopband (between 10.124 and 11.42 GHz) than the other considered
models. For N = 10, a wider passband with a lower ripple level (between 7-10 GHz and less
than -2.5 dB) was obtained among all the modeled structures. The passband/stopband
characteristics of the proposed structure demonstrate that these structures can be used in filter
applications. Classical filter theory or direct coupling matrix synthesis approaches [21] can be
used in each unit cell design of the proposed structure to minimize passband ripples and achieve
the filter design goals. Higher-order symmetries can play an important role in achieving a wider
passband. In this respect, different types of higher-order symmetries [12, 13] can be applied to
rectangular waveguides with homogeneous dielectric-loaded step discontinuity in future
studies.
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