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ABSTRACT

MSc. THESIS

INVESTIGATION OF STOP AND PASS BANDS IN THE SPECTRUM OF A
PERIODICALLY CORRUGATED WAVEGUIDE

Omer Evren INAN

DEPARTMENT OF ELECTRICAL AND ELECTRONICS ENGINEERING
INSTITUTE OF NATURAL AND APPLIED SCIENCES
UNIVERSITY OF CUKUROVA

Supervisor: Prof. Dr. Victor POGREBNYAK
Year: 2005, Page: 142
Jury: Prof Dr. Victor POGREBNYAK
Prof. Dr. Silleyman GUNGOR
Ass. Prof. Dr. Turgut IKiZ

Bragg reflection phenomenon that is revealed by electromagnetic waves
traveling in periodic structures is used in many microwave devices and antennas.
Bragg reflection occurs because of the constructive interference of the longitudinal
modes of the electromagnetic wave propagating in the waveguide. The Bragg
reflection gives rise to band gap (stop band) in the frequency spectrum of the
periodically corrugated waveguide. Bragg reflection phenomena have described well
theoretically by the coupled-waves equation method and studied experimentally.
Wave phenomenon arising in the frequency range located far from the Bragg
reflections, non-Bragg phenomena, have studied theoretically in a planar periodically
corrugated waveguide. Non-Bragg reflections occur because of the interaction
between transverse modes of the different space harmonics of the electromagnetic
wave propagating in the waveguide.

In this thesis, stop and pass bands in the spectrum of a planar periodically
corrugated waveguide are investigated in detailed theoretically and experimentally.
Experimentally such wave phenomenons have been investigated respectively:
observation of stop and pass bands and transmitted power on changing of phase shift
between parallel plates, dependency of transmitted power and stop and pass band’s
width and location in the frequency spectrum on distance between antennas and
average distance between parallel plates, distribution of scattered power along the
corrugation. In addition of these, evolution of stop and pass band’s width and
location in the frequency spectrum and distribution of scattered power along the
corrugation have been investigated upon gradual transformation from periodic
waveguide to smooth waveguide.

Keywords: periodic waveguide, pass band, stop band, frequency spectrum
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YUKSEK LIiSANS TEZi

PERIYODIK OLARAK OLUKLU DALCA KILAVUZUNUN
SPEKTRUMUNDA DURDURAN VE GECIRGEN BANTLARIN
INCELENMESI

Omer Evren INAN

ELEKTRIK-ELEKTRONIK MUHENDISLiGi BOLUMU
FEN BILIMLERI ENSTITUSU
CUKUROVA UNIVERSITESI

Damgman: Prof. Dr. Victor POGREBNYAK
Yil: 2005, Sayfa: 142
Jiiri: Prof Dr. Victor POGREBNYAK
Prof. Dr. Siileyman GUNGOR
Dog. Dr. Turgut IKiZ

Periyodik yapilar i¢inde yayilan elektromanyetik dalgalarla aciklanan Bragg
yansima olgusu, ¢ogu mikrodalga cihazlarda ve antenlerde kullanilir. Bragg
yansimasy, dalga kilavuzu iginde yayilan elektromanyetik dalganin  boyuna
modlarinin yapici girisimlerinden kaynaklanmaktadir. Bragg yansimasi, periyodik
olarak oluklu dalga kilavuzunun frekans spektrumunda bant araliginin (durdurma
bantlar1) olusmasina sebep olur. Bragg yansima olgusu, teorik olarak ciftli-dalga
denklemi metoduyla tammlanmigtir, Ayrica deneysel olarak da galisiimistir. Bunun
yaninda Bragg yansimasindan uzak yerlerdeki frekans araliklarinda olusan dalga
olgusu, non-Bragg olgusu, da diizlemsel olarak oluklu dalga kilavuzunda teorik
olarak calisilmigtir. Non-Bragg yansimasi, dalga kilavuzu iginde yayilan
elektromanyetik dalganin degisik uzay harmoniklerinin dikine modlary arasindaki
etkilesimden kaynaklanir.

Bu tezde; diizlemsel, periyodik olarak oluklu dalga kilavuzunun
spektrumunda durduran ve gecirgen bantlar teorik ve deneysel olarak detayl: bir
sekilde incelenmistir. Deneysel olarak su dalga olgulan smasiyla incelenmigtir:
durduran ve gegirgen bantlarin ve iletilen gliclin paralel plakalar arasindaki faz
farkimn degisimine olan baghlig, iletilen gliciin ve durduran ve gegirgen bantlarin
frekans spektrumundaki yerlerinin ve genisliklerinin antenler arasmdaki uzakliga ve
paralel plakalar arasindaki ortalama uzakliga olan bagliligi, oluklar boyunca sacilan
giciin dagilimi. Bunlara ek olarak, durduran ve gecirgen bantlarin  frekans
spektrumundaki yerlerinin ve genisliklerinin ve oluklar boyunca sagilan giiciin
dagilimmn, periyodik olarak olukiu dalga kilavuzundan diiz dalga kilavuzuna dogru
kademeli olarak gegisteki evrimi deneysel olarak incelendi.

Anahtar Kelimeler: periyodik dalga kilavuzu, gecirgen bant, durduran bant, frekans
spektrumu
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LINTRODUCTION Omer Evren INAN

1. INTRODUCTION PART
1.1. Introduction

Analysis of electromagnetic wave propagation in periodic structures is very
interesting subject in all around the world especially in near time. And its importance
is increasing in time because of its extensive use in many fields of modern optics
such as integrated optics, optoelectronics, photonic crystals, fiber sensors as well for
the close relation of the this problem to investigation of a two-dimensional electron
gas and the electronic stripe phase in high temperature superconductors. The periodic
structures have been extensively studied theoretically as well as experimentally in
above mentioned specific fields from different points of view. An incomplete list of
the branches implies a huge number of publications devoted to wave propagation in
the periodic structures. Important advances have been done in this subject via the
computational methods in near time. Numerical techniques that are based on the
particular physical models enable detailed investigation into practical periodic
structures.

Although the field is well developed, there are still some basic problems that
should be investigated both theoretically and experimentally in detail. For example,
resonance pheﬁomenon between transverse modes (standing-waves) in a periodically
corrugated waveguide and effect of the phase shift between two periodic boundaries
on wave propagation. For our knowledge, these problems had not been studied
sufficiently. These problems can be solved analytically by using the standard
perturbation theory. As a result, in this thesis, according to our theoretical and
experimental investigations, new fundamental properties are revealed in such a
periodic structure.

Bragg reflection or Bragg resonance phenomena that is the principal physical
phenomenon in periodic structures is occurred because of periodicity, Because of this
phenomenon, forbidden gap (stop band) is opened in the electromagnetic spectrum of
the periodic structure. The Bragg reflection occurs both in the case of unbounded

periodic medium as well as in the case of bounded periodic structure like a periodic
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waveguide. Besides, in both cases the Bragg reflection occurs at Bragg’s law.
Bragg’s law is the mathematical formulation of the constructive interference of the
longitudinal modes. Bragg reflection is also named as longitudinal phase matching in
integrated optics.

In this thesis, it is shown that non-Bragg reflection is occurred by the
resonance interaction between transverse modes. And again it is shown that
interference of the transverse modes (standing-waves) essentially affects the wave
propagation in the periodically corrugated waveguide or electronic states in the
periodic quantum well.

The analysis shows dependency of the location and width of the forbidden
gap (stop band) in the spectrum of a periodically corrugated waveguide on the phase
shift between the periodic profiles of two boundaries, on evenness of wave modes,
and on relationship between a period and a thickness of the waveguide. One of
consequences of such dependence is the inhibition of the Bragg reflection in the
waveguide having the congruent periodic boundaries. On the other hand when a
frequency of the wave coincides with one of the gaps, the resonant wave can
propagate only in one direction — along grooves of the periodic waveguide. This
phenomenon is similar to the stripe phase in high temperature superconductors.

Besides the theoretical investigations, experimental investigations are done
upon Bragg reflections (stop band), distribution of scattered power along
corrugation, effect of average distance between parallel plates and distance between
antennas on transmitted power and width and location of stop and pass band in the
spectrum of a periodically corrugated waveguide, effect of phase shift on Bragg
reflections. In addition of these experiments, gradually transferred from periodically
corrugated waveguide to flat waveguide experiments are done. Then experimental
investigations are evaluated.

As last, in this thesis, initial calculations to obtain dispersion equation of

periodically two dimensional corrugated waveguide are done.
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1.2. Previous Studies

For scientists who research electromagnetic wave propagation through
various structures and its behavior because of the physical properties of the
structures, periodic structures are always very interesting and attractive subject.
Periodic structures supports a lot of processes like achievement of required slow
wave motion or resonance condition, enhancement of filtering, band passing and
rejecting, directive radiation, frequency selection. In the below paragraphs, both
theoretical and practical previous investigations of periodic structures are mentioned

briefly,

Wave propagation along a rectangular waveguide with slowly varying width
has been investigated with the help of field theory and approximate circuit theory. In
the field theory approach, two different methods of analysis have been attempted.
Many properties of the modulated periodic structure, ¢.g., the frequency dependence
of the propagation constant, group and phase velocities and the electric field axial
variation for the fundamental space harmonic and its filter-like property have been
investigated. The magnetic field lines on the H-plane for a typical case exhibit an
expected configuration. Experimental results show close agreement with analysis. It
is concluded that this structure supports the fast fundamental space harmonic. These
investigations were done by Mallick, A.K. and Sanyal, G.S. Weissberg, E. studied to
determination the guided wavelength in a dielectric-filled periodic structure, such as
a corrugated wall or serrated waveguide. In this investigation, it is seen that the
accepted traveling probe technique requires a slot in the broad wall of the guide and a
groove in the dielectric material. Even if the errors introduced by these modifications
could be tolerated, other effects render this technique unsuitable, One of these is
surface wave effect which results in a measured wavelength higher than the one in
the guide and lower than the free-space value. If the structure is dissipative, such as a
serrated guide, more difficulties arise. Birdsall, C.K.and White, R.M. did
expetiments with open periodic structures and it is shown that a large change in
transmission at the transition from allowed to forbidden regions. At the boundaries of

the forbidden regions, the radial distribution of the fields of a wave impressed upon
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the structure changes from one corresponding to slow-wave propagation to a field
distribution corresponding to radiation. At these boundaries, the local field shapes do
not change very much. However, at the boundary a large decrease in transmission
through the structure is found, but with little change in input VSWR; this implies a
change from real characieristic impedance to about the same value of radiation
resistance. This behavior suggests applications to sharp cutoff absorptive filters.
W.S. C. Chang emphasized that periodic structures are used widely in integrated
optics for input-output couplers, band stop filters, modulators, directional couplers,
and distributed feedback lasers. An analytical discussion and review of these devices
is given based upon the coupled-mode transmission-line analysis. Experimental
results and performance characteristics are presented to illustrate the special features
of each type of device. Finally, the usefulness of transmission-line analysis to the
understanding and the design of these devices is pointed out. Rotman, W. and Oliner,
A.A. investigated that the center fin in trough waveguide can be modified in a
periodic fashion to alter the propagation characteristics of the guide. Two such
periodic modifications, first is an array of circular holes and the second is a periodic
array of teeth, have been measured fairly extensively and analyzed theoretically.
These configurations are useful in connection with antenna scanning or waveguide
filter applications. The array of holes produces only a mild slowing of the
propagating wave, but the toothed structure, which may alternatively be described as
a series of flat strips extending beyond the edge of the tin, can cause the propagating
wave to vary from a very slow to a very fast wave. The periodic structures are
theoretically treated by two methods, a transverse resonance procedure and a
periodic cell approach. These theoretical results agree very well with each other and
with the measured data. Propagation in a rectangular waveguide periodically loaded
with resonant irises is studied by Navarro, M.S., Rozzi, T.E. and Yuen Tze Lo. In
this contribution they treat the problem of an infinite rectangular waveguide
periodically loaded by means of infinitely thin resonant irises. The method of
solution breaks down the problem into two separate steps: 1) the multi port network
characterization of the resonant iris; 2) the network analysis of the equivalent

periodic network. The results for the resonant iris can be used for various
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applications, such as the design of waveguide filters and matching networks. In the
limiting cases of purely capacitive or inductive irises, the results agree exactly with
existing experimental and numerical values. The size of the eigen value equation to
be solved for the periodic structure equals half the number of ports of the network
characterization of the iris and is generally small (typically five to seven). The eigen
values have good convergence properties with resect to the size of the matrix.
Theoretical and experimental study of the evolution of fields in an over dimensioned
waveguide with a corrugated surface is achieved by Fenelon, J.P. and Papiernik,
A. To obtain answers to problems arising in many microwave applications, some
labs use over dimensioned corrugated waveguides. The authors’ propose is
theoretical approach with eigen modes that enables to determine the values of the
limiting frequencies (frequencies of = modes in the periodic structure) of an over
dimensioned parallel piped cavity loaded with a thin corrugation as a function of the
height of the aperture. In this approach, the electric field is represented by different
analytical functions. The authors compare the theoretical results with the
experimental values obtained for different apertures and periodicities, according to
the value of the wavelength in comparison with the aperture and the period. Each
function is in good agreement in a certain frequency range. Wave propagation in
sinusoidally stratified dielectric media is investigated by Tamir, T., Wang, H.C. and
Oliner, A.A. The dispersion properties and the fields of electromagnetic waves are
investigated for propagation in a stratified infinite medium. The stratification is
characterized by a dielectric constant which, along one coordinate, is modulated
sinusoidally about an average value. A systematic and comprehensive study is
presented for the case of H modes for which the pertinent wave equation is in the
form of a Mathieu differential equation. The modes and dispersion characteristics are
analyzed in terms of a "stability" chart, which is customary in the study of the
Mathieu equation. Results are obtained for an unbounded medium and for a
waveguide filled with the modulated medium. Also, the reflection occurring at an
interface between free space and a semi-infinite medium of this type is examined. In
addition to these rigorous results for arbitrary values of modulation, simple analytical

expressions are given for all of these cases where the modulation in the dielectric is
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small. It is shown that the fields are then expressible in terms of the fundamental and
the two nearest space harmonics. The fields within a unit cell in the stratified
medium are calculated for both small and large modulation and for frequencies up
through the second pass band. Tt is of interest that the variation of the fields is not, in
general, simply related to the variation of the dielectric constant within a
cell. Microcavities, photonic bandgaps and applications to lasers and optical
communications are mentioned by Lee, RK., Xu, Y. and Yariv, A. Structures with
periodically modulated refractive index are frequently discussed under the
classification of photonic crystals. Recently, much attention has been paid to these
types of structures for a large variety of applications such as the inhibition or
enhancement of spontaneous emission, ultra-low threshold lasers, compact optical
circuits, light-emitting diodes with increased efficiency and novel optical
waveguides. Using structures that exhibit a photonic bandgap (PBG), it has been
shown that high-Q, small modal volume microcavities can be created. Advances in
semiconductor fabrication technology have made it possible to make semiconductor
PBG microcavities for optical wavelengths. Multimode network analysis for
frequency selective characteristics of dielectric periodic structures with arbitrary
profiles is investigated by Yang Li, Xu Shanjia and Wu Xianliang. In this
investigation, the frequency selective reflection characteristics of dielectric periodic
structures with arbitrary groove profiles for the oblique incidence of a plane wave are
analyzed. Emphasis is placed on the discussion about the effect of the different
groove profiles on the reflection characteristics of the millimeter wave (MMW)
frequency selective surface (FSS). Some useful guidelines for the design of FSS are
thus suggested. Moreover, the physical explanation of the related wave phenomenon
is given. A novel photonic bandgap structure for low-pass filter of wide stopband is
studied by Taesun Kim and Chulhun Seo. In this study, a novel photonic bandgap
(PBG) structure is proposed for increasing the stopband of a low-pass filter without
the increasing circuit size for applications in microstrip circuits. The proposed
structure is connected in two parallel periodic structures which have a different
center frequency of the stopband. The wide stopband is achieved by two periodic

structures of two different stopbands. They also show the performance improvement
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of microstrip patch antenna by ctching of the proposed structure in ground plane.
Jakoby, B. and Veliekoop, M.J. investigated in detail FFT based analysis of periodic
structures in microacoustic devices. Periodic structures utilized as transducer or
reflector elements play an important role in microacoustic wave devices. Such
structures can be described using approximate analytical models. However, to obtain
the accuracy required for reliable device simulation, numerical methods have to be
employed. In this contribution, authors present an efficient numerical approach to
calculate the dispersion curves associated with microacoustic modes propagating in
periodic structures; the method is demonstrated for the case of Love wave modes.
The computational efficiency is related to the utilization of the FFT algorithm in a
hybrid Method of Moments (MoM) / Mode-Matching analysis. From the obtained
dispersion curves, characteristic parameters such as the stop band width can be
obtained which can be used in a coupling-of-modes (COM) model of the structure.
Yang, H.D. investigated surface-wave elimination in integrated circuit structures
with artificial periodic materials. Surface-wave (or dielectric slab) modes in
integrated circuit structures often result in undesired energy losses and cross talk
between components. In this contribution, author investigates the feasibility of
surface-wave elimination in integrated circuit structures by using planar artificial
periodic (photonic band-gap) substrates. A full-wave 3-D integral-equation moment-
method is employed to find the propagation constants of guided-wave modes on
grounded dielectric slabs with planar periodic implants. Rectangular blocks in both a
rectangular lattice and a triangular lattice are investigated. It is found that surface-
waves forbidden characteristics are mostly determined by the lattice structures and
insensitive to the shape and size of the periodic elements. Attempt has been made to
obtain the omnidirectional wave band-gap. The limitation on complete surface-wave
elimination is discussed. This contribution initiates the investigation of a class of
novel integrated circuit components which have potential applications in millimeter-
waves and optics. Planar periodic structures for microwave and millimeter wave
circuit applications are investigated by Yongxi Qian and Itoh, T. Periodic structures,
some of which are known as photonic band-gap (PBG) crystals, offer new

dimensions of freedom in controlling the behavior of electromagnetic waves in
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modern microwave and millimeter wave circuits and antennas. This study
summarizes several novel structures developed recently at the authors' group, as well
as some of their applications. The structures described include: (1) Dielectric-based
PBG microstrip lines; (2) PBG ground plane for microstrip lines; (3) PBG-based
high-Q image guide resonator; (4) Compact 2D PBG lattice for surface wave
suppression in microstrip patch antennas; and (5) Uniplanar compact PBG (UC-
PBG) structure and its unique characteristics such as slow-wave effect, wide
stopband, leakage suppression as well as perfect magnetic surface impedance. Liu,
J., Butler, J K., Evans, G.A. and Rosen, A. studied analysis of millimeter wave phase
shifters coupled to a fixed periodic structure. The propagation characteristics of an
active plasma-induced millimeter wave phase shifter coupled to a fixed periodic
structure are discussed. The numerical calculation is based on an improved boundary
value solution. Like a normal dielectric slab waveguide with a plasma layer, the
grating waveguide displays a phase shift with the increase of the plasma density.
This phase shift due to the significant change of the field distribution has an impact
on the modal attenuation coefficient. It results in the scanning of the radiation beam
in the vicinity of the second Bragg. Especially, at both weak and strong plasma
densities when the mode losses are small, the resonances caused by the periodic
structure do not appear to be weakened. The results can be used to design
electronically controllable millimeter wave scanning antennas. Characterization of
corrugated waveguides by modal analysis is investigated by Esteban, J. and Rebollar,
JM. A. In this study, general formulation for the characterization of corrugated
waveguides is presented. The formulation is based on modal expansion in the
different smooth-walled waveguides which constitute the corrugated structure and on
the use of mode matching at discontinuities. The use of an admittance matrix
formulation and a suitable root-finding algorithm leads to a rigorous and efficient
technique. Dispersion curves are presented for corrugated waveguides of circular and
rectangular cross-sections. Complex modes are obtained for deep corrugations. The
effect of the finite thickness and width of teeth and slots on the dispersion behavior is
shown. Amari, S., Vahldieck, R., Bornemann, J.,and Leuchtmann, P. studied

spectrum of corrugated and periodically loaded waveguides from classical matrix
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eigen values. The investigation presents a rigorous full-wave analysis of propagation
in corrugated and periodically loaded waveguides. The propagation constants are
determined from the classical eigenvalues of a canonical matrix eigenvalue problem
instead of a determinant. The entries of the matrix are computed only once per

frequency point. The entire k,— £ diagram of a corrugated circular waveguide, a

circular waveguide periodically loaded with dielectric disks, and a rectangular
waveguide periodically loaded with capacitive irises are determined and compared
with results of other researchers. Excellent agreement is documented in each case.
Levy, R. investigated tapered corrugated waveguide low-pass filters. Several new
synthesis techniques are described for the design of tapered corrugated waveguide
low-pass filters. Previous techniques are based on image-parameter methods which
are both nonoptimum and difficult to apply to new specifications. The new synthesis
methods give filters which can be constructed to work directly from dimensions
generated by a computer. The impedance tapering implies that the terminating
impedance transformers used in the image-parameter designs may be either
eliminated or reduced in length. Amari, S., Vahldieck, R. and Bornemann, J.
investigated accurate analysis of periodic structures with an additional symmetry in
the unit cell from classical matrix eigenvalues. Dispersion diagrams of periodic
structures with an additional symmetry in the unit cell are investigated by the
example of a parallel-plate waveguide loaded with irises of zero thickness. The
propagation constants of the Floquet modes are determined from the classical
eigenvalues of a non-Hermitian matrix. Rizzoli, V. and Lipparini, A. investigated
Bloch-wave analysis of stripline and microstrip-array slow-wave structures. The
investigation discusses a general approach to the analysis of periodic structures
essentially consisting of an array of coupled striplines or microstrips. It is shown that
any such structure can be represented as a cascade of identical multiport networks of
known topology, thus allowing a straightforward analysis in terms of Bloch waves.
The method is equally applicable to homogeneous and nonhomogeneous dielectric
(ie., MIC) devices. Bragg reflection characteristics of millimeter waves in a
periodically plasma-induced semiconductor waveguide are investigated by

Matsumoto, M., Tsutsumi, M. and Kumagai, N. Theoretical analysis on the Bragg
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reflection characteristics of millimeter waves in a periodically plasma-induced
semiconductor waveguide is presented. The plasma is assumed to be generated by
light illumination. Numerical examples are given which show the dependence of the
Bragg reflection characteristics on the length of the plasma-induced section and on
the plasma density. Since the period can be changed by altering the illumination
pattern, this type of periodic structure may be developed to tunable filters or tunable
DBR oscillators for millimeter-wave region. Characterization and design of two-
dimensional electromagnetic band-gap structures by use of a full-wave method for
diffraction gratings is studied by Frezza, F., Pajewski, L. and Schettini, G. In this
investigation, an accurate and efficient characterization of a two-dimensional (2-D)
electromagnetic band-gap (EBG) structures is performed, which exploits a full-wave
diffraction theory developed for one-dimensional diffraction gratings. EBG materials
constituted by 2-D arrays of dielectric rods with arbitrary shape and lattice
configuration are analyzed, and the transmission and reflection efficiencies are
determined. The high convergence rate of the proposed technique is demonstrated.
Results are presented for both TE and TM polarizations, showing the efficiencies as
a function of frequency and physical parameters. Comparisons with other theoretical
results reported in the literature are shown with a very good agreement, and the
authors’ theory is also favorably compared with available experimental data. Useful
design contour plots are reported by which a very immediate and accurate
visualization of the band-gap configurations can be obtained, and design formulas
are also included. Finally, the behavioral differences when a periodical defect is
present are also highlighted. Periodic waveguide structures with long cells are
investigated by Votruba, J. In this study, a class of periodic waveguide structures
with stepwise constant circular cross section is analyzed by means of Hahn's method
of modal field matching along transverse planes. It allows one to resolve
algebraically the implicit determinant relation between the phase shift per cell and
frequency and to obtain an explicit formula. Dispersion diagrams and field
distributions are also calculated and plotted and convergence properties of the
method are tested. Goblick, T.J. and Bevensee, R.M. mnvestigated variational

principles and mode coupling in periodic structures. Variational techniques are used

10
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in analyzing periodic "cold" microwave structures for the angular frequency, omega,
as a function of assumed phase shift per periodic cell. Two variational expressions
are given: one for omega in terms of the E- and H-fields, and one for k? = omega‘ul
epsilon in terms of the E-field. For structures with relatively light coupling between
cells, the trial fields to be used with the variational expressions are composed of
closed cavity modes, phase shifted by phi radians from cell to cell. Both variational
expressions yield determinantal equations for 4°(phi) which agree with equations
previously derived from a mode coupling point of view. One form of an equivalent
lumped circuit is given to represent the structure within one of its pass bands. Curves
compare the variational-mode coupling expression for k” (phi) of a periodically

lumped loaded transmission line with exact expressions.

1.3. Floquet’s Theorem

In general, the field of the slow wave structure must be distributed according
to Floquet’s theorem for periodic boundaries. Floquet’s periodicity theorem states
that:

The steady-state solutions for the electromagnetic fields of a single
propagating mode in a periodic structure have the property that fields in adjacent cell
are related by a complex constant.

Mathematically, the theorem can be stated;

E(x,y,z~Ly=E(x,y,z)e’" (1.3.1)

where E(x,y,z) is a periodic function of z with period . Since B, is the phase
constant in the axial direction, in a slow wave structure B, 1s the phase constant of

average electron velocity.,
It is postulated that the solution to Maxwell’s equations in a periodic structure

can be written;

11
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E(x,y,2)= f(x,p,2)e”" (1.3.2)

where f(x,y,z) is a periodic function of z with period £ that is the period of slow

wave structure.
For a periodic structure, equation (1.3.2) can be rewritten with z replaced by
z—L:
E(x,y,z—-L)= f(x,y,z2—L)e "#" (1.3.3)

Since f(x,y,z—1) is a periodic function with period I, then

Sy, z~Ly=f(x,y,z) (1.3.4)

Substitution of equation (1.3.4) in (1.3.3) results in
E(x,y,z~L)= f(x,y,z)e e 0t (1.3.5)

and substitution of equation (1.3.2) in (1.3.5) gives
E(x,y,z—L)=E(x,y,z)e"?" (1.3.6)
This expression is the mathematical statement of Floquet’s theorem, equation (1.3.1).

Therefore equation (1.3.2) does indeed satisfy Floquet’s theorem.

From the theory of Fourier series, any function that is periodic, single-valued,

finite and continuous may be represented by a Fourier series. Hence the field

distribution function £(x, y,z) may be expanded into a Fourier series of fundamental

period L as

E(x’ y, Z) _ Z Eﬂ (x, y)e_ i2mnil )Ze-fﬁoz — Z E" (x, y)e—_jﬁ"z (1 .3-7)

H=—0t H=~00

12
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where

L
E, (x,y) =% [E(x.p,2)e" ™ Dz (1.3.8)
0

are the amplitudes of #» harmonics and

27n
B, =f, +T (1.3.9)

is the phase constant of the #th modes, where # = -~a0,...,—2,—1,0,1,2,..0.
The quantities £ (x, y)e ™" are known as spatial harmonics by analogy with

time-domain Fourier series. The question is whether equation (1.3.7) can satisfy the

electric wave equation, V* E = »* £ Substitution of equation (1.3.7) into the wave

equation results in

v? [ i E (x, y)e’ﬁ":jl -y’ [ i E,(x, y)e-fﬁv’J =0 (1.3.10)

A= Ym0

Since the wave equation is linear, equation (1.3.10) can be written as

o

Y [VE,(xp)e 1 (x, ye P =0 (1.3.11)

A=—a0

It is evident from the preceding equation that if each spatial harmonic is itself a
solution of the wave equation for each value of », the summation of space
harmonics also satisfies the wave equation of (1.3.10). This means that only the
complete solution of equation (1.3.10) can satisfy the boundary conditions of a

periodic structure.

13
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Furthermore, equation (1.3.7) shows that the field in a periodic structure can

be expanded as in an infinite series of waves, all at the same frequency but with

different phase velocities, 3, That is,

w

@

$, = 1.3.12

"B, B, +Qrn/L) ( )

The group velocity, 9, , defined by 9, = dw/88, is then given as
& &
-1
o m[d(ﬂo +(27m/L)] _dw (13.13)
¢ dw aB,

which is independent of ».

It is important to note that the phase velocity #,, in the axial direction

decreases for higher values of positive # and B, . So it appears possible for a

microwave of suitable » to have a phase velocity less than the velocity of light. It
follows that interactions between the electron beam and microwave signal are
possible and thus the amplification of active microwave devices can be achieved.

@—f# diagrams are named as Brillouin diagrams. The second quadrant of
@ - f diagram indicates the negative phase velocity that corresponds to the negative

# . This means that the electron beam moves in the positive z direction (propagation
direction) while the beam velocity coincides with the negative spatial harmonic’s
phase velocity. This type of tube is called a backward-wave oscillator. And forbidden
regions for propagation occurs because if the axial phase velocity of any spatial

harmonic exceeds the velocity of light, the structure radiates energy.

1.4, Periodic Structures

An infinite transmission line or waveguide periodically loaded with reactive

elements is referred to as periodic structures. As shown in figure 1.1, periodic

14
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structures can take various forms, depending on the transmission line media being
used. Often the loading elements are formed as discontinuities in the line, but in any
case they can be modeled as lumped reactances across a transmission line as shown
in figure 1.2. Periodic structures support slow wave (slower than the phase velocity
of the unloaded line), and have pass-band and stop-band characteristics similar to
filters; they find application in traveling wave tubes, masers, phase-shifters, and

antennas.

1.4.1. Analysis of Infinite Periodic Structures

We begin by studying the propagation characteristics of the infinite loaded
line shown in figure 1.2. Each unit cell of this line consists of a length d of
transmission line with a shunt susceptance across the midpoint of the line; the

susceptance b is normalized to the characteristic impedance, Z, .

(8}

ot b gt g )
7777777

{4}

o,

Figure 1.1. Examples of periodic structures. (a) Periodic stubs on a micro strip line
(b) Periodic diagrams in a waveguide. (David M. Pozar, Microwave Engineering,
1993)
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™ d - -

T/ T . T 5

HETTRC]

Figure 1.2. Equivalent circuit of a periodically loaded transmission line. The
unloaded line has characteristic impedance Z, and propagation constant % .

(David M. Pozar, Microwave Engineering, 1993)

If we consider the infinite line as being composed of a cascade of identical two-port

networks, we can relate the voltages and currents on either side of the » th cell using

the ABCD matrix:
V; A B Vn+]
= (1.4.1)
[n C ‘D [n+]

where 4,B,C and D are the matrix parameters for a cascade of a transmission line
section of length d/2, a shunt susceptance b, and another transmission line section
of length d/2. From the table of “ABCD Parameters of some useful two port

circuits” (can be seen in Appendix I) we than have, in normalized form,

liAB}_ 00592 jsin% F 0} cos% jsin%
¢D jsin%cos% Jbl jsin%cos%
(cos@—%sina) j'(sint9+%cost9—b2)

(1.4.2)
j(sin9+%cosﬂ +%)(0056’ —%sin@)

where 8 = kd , and £ is the propagation constant of the unloaded line.
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The reader can verify that 4D~ BC =1, as required for reciprocal networks.

Now for any wave propagating in the +z direction, we must have

V{z)=V(0)e™ (1.4.3a)
1(z) = 1(0)e ™" (1.4.3b)

for a phase reference at z = 0. Since the structure is infinitely long, the voltage and

current at the nth terminals can differ from the voltage and current at the n+1

terminals only by the propagating factor, e . Thus,

V

A+l

=Ve" (1.4.4a)

I

A+l

=1 e (1.4.4b)

Using this result in (1.4.1) gives the following:

VH AB Vlf+l _ V;H-lerd
L] lcp)[ L, ] |16
A_e?dB Vn+l
or y =0 (1.4.5)
C D—e ]r.-+§

For a nontrivial solution, the determinant of the above matrix must vanjsh:
AD+e —(4+ DY’ - BC =0 (1.4.6)
or, since AD-BC =1,

1+e” —(4+ D) =0,

e+ =4+D,

17
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A+D

coshyd = =cos9—gsin9 (1.4.7)

Where (1.4.2) was used for the values of 4 and D. Now if y =a + J B, we have that
coshyd = coshad cos fd + jsinhad sin fd = cosé —%sin@ (1.4.8)

Since the right-hand side of (1.4.8) is purely real, we must have either @ =0 or
A=0.
Case 1: (¢=0, F#0) This case corresponds to a non-attenuating, propagating

wave on the periodic structure, and defines the pass-band of the structure. Then

(1.4.8) reduces to;

cosﬁdxcosﬁ«-gsint? (1.4.9a)

which can be solved for g if the magnitude of the right-hand side is less than or
equal to unity. Note that there are an infinite number of values of /3 that can satisfy
(1.4.9a).

Case2: (¢ #0, f=0,7) In this case the wave does not propagate, but is attenuated
along the line; this defines the stop-band of the structure. Because the line is lossless,

power is not dissipated, but is reflected back to the input of the line. The magnitude

of (1.4.8) reduces to

coshad = cos@—%sin@ >1 (1.4.9b)

which has only one solution (& > 0) for positively traveling waves; (a <0) applies

for negatively traveling waves. If c-os@——[zzsint?s-l, (1.4.9b) is obtained from

18
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(1.4.8) by letting =7 ; then all the lumped loads on the line are % apart, yielding

an input impedance the same as if §=0.

Thus, depending on the frequency and normalized susceptance values,
the periodically loaded line will exhibit either pass-bands or stop-bands, and so can
be considered as a type of filter. It is important to note that the voltage and current
waves defined in (1.4.3) and (1.4.4) are only meaningful when measured at the
terminals of the unit cells, and do not apply the voltages and currents that may exists
at points within a unit cell. These waves are sometimes referred to as Bloch waves
because of their similarity to clastic waves that propagate through periodic crystal
lattices.

Besides the propagation constant of the waves on the periodically
loaded line, we will also be interested in the characteristic impedance for these

waves. We can define the characteristic impedance at the unit cell terminals as;

-] (1.4.10)

since V

a+l

and [, in the above derivation were normalized quantities. This

mmpedance is also referred as the Bloch impedance. From (1.4.5) we have that

(A - e?d)Vn-o-l + B‘[n+l = O ?
50 (1.4.10) yields
-BZ,
5= A—e

From (1.4.6) we can solve for ¢’ in terms of 4 and D as follows:
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i _(A+D)E\(4+ Dy —4

2

Then the Bloch impedance has two solutions given by

Zt = —282, (1.4.11)

 A-DTJ(4+ Dy -4

For symmetrical unit cells (as assumed in figure 1.2) we will always have 4= D.In

this case (1.4.11) reduces to

(1.4.12)

The * solutions correspond to the characteristic impedance for positively and
negatively traveling waves, respectively. For symmetrical networks these
impedances are the same except for the sign; the characteristic tmpedance for a
negatively traveling wave turns out to be negative because we have defined { in
figure 1.2 as always being in the positive direction.

From equation (1.4.2) we see that B is always purely imaginary. If
a=0, B=0 (pass-band), then equation (1.4.7) shows that cosh yd=A4<1 (for
symmetrical networks) and equation (1.4.12) shows that 7, will be real. If @ #0,
# =0 (stop-band), then equation (1.4.7) shows that coshyd = 4>1, and (1.4.12)
shows that Z, is imaginary. This situation is similar to that for the wave impedance
of a waveguide, which is real for propagating modes and imaginary for cut-off, or

evanescent modes.
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1.4.2. Terminated Periodic Structures

Next consider a truncated periodic structure, terminated in a load
impedance Z, , as shown in figure 1.3. At the terminals of an arbitrary unit cell, the

incident and reflected voltages and currents can be written as (assuming operation in

the pass-band);

- - _Jjfnd
V,=Ve ™4 e (1.4.13a)
R _ v, Vy
I, =I5e /P 4 [oe/fnd o 0 pmifnd 4 70 pibnd (1.4.13b)
Z, Zy
B B
dy Ix.
. s TR o
T ¥ Unit ( Uit |, 17
; _ P ! ; i
ool b cedl . il = y

Figure 1.3. A periodic structure terminated in a normalized load impedance, Z, .
(David M. Pozar, Microwave Engineering, 1993)

where we have replaced y, in (1.4.3) with j8nd, since we are only interested in

terminal quantities.
Now define the following incident and reflected voltages at the #th

unit cell;

A (1.4.14a)

V.. - Oﬁe‘jﬁnd (1 .4. 1 4b)

bl

Then (1.4.13) can be written as
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V.=V +V" (1.4.15a)
In:V”+ +K’_~ (1.4.15b)
Zb‘ ZB
At the load, where n= N , we have
. - W W
Vy=Vi+Vy =21, =7 (X +-1) (1.4.16)
‘ Zy Zy

so the reflection coefficient at the load can be found as;

A
r=Vﬁ — L4 (1.4.17)
N

=

ZL
Z; -1

If the unit cell network is symmetrical (A= D), then Z; = Z, = Z,,, which reduces

(1.4.17) to the familiar result that

(1.4.18)

So to avoid reflections on the terminated periodic structure, we must
have Z, =Z,, which is real for a lossless structure operating in a pass-band. If

necessary, a quarter wave transformers can be used between the periodically loaded

line and the load.

1.4.3. k- f# (Brillouin) Diagrams and Wave Velocities

When studying the pass-band and stop-band characteristics of periodic

structure, it is useful to plot the propagation constant, f#, versus the propagation
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constant of the unloaded line, £ (or @). Such a graph is called & — /S diagram, or

Brillouin diagram.

The %#-p diagram can be plotted from (1.4.9a), which is the
dispersion relation for a general periodic structure. In fact, a k— S diagram can be

used to study the dispersion characteristics of many types of microwave components
and transmission lines. For instance, consider the dispersion relation for a waveguide

mode;

or k=B +k (1.4.19)

where k_ is the cut-off wave number of the mode, # is the free space wave number,
and f is the propagation constant of the mode. Relation (1.4.19) 1s plotted in the
k— B diagram of figure 1.4. For values of k < k_, there is no real solution for S, s0
the mode is non-propagating. For & > k_, the mode propagates, and & approaches f
for large values of # (TEM propagation).

The k- p diagram is also useful for interpreting the various wave

velocities associated with a dispersive structure.

The phase velocity is;

: (1.4.20)

which is seen to be equal to ¢ (speed of light) times the slope of the line from the

origin to the operating point on the k¥ — 4 diagram.

The group velocity is;
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do dk
¢ T T FC—,
odp dp

(1.4.21)
which is the slope of the £k — 8 curve at the operating point. Thus, referring to figure
1.4, we see that phase velocity for a propagating waveguide mode is infinite at cut-

off and approaches ¢ (from below) as & increases.

. Cumlf

Slope = vfftn% ry

-
5i ol ”
hape = vl | o

Figure 1.4. k- diagram for a waveguide mode. (David M. Pozar, Microwave
Engineering, 1993)

1.5. Solution of Periodic Differential Equations and Their Meanings in Periodic

Structures
1.5.1. Second Order Differential Equations

The most commonly occurring periodic equations are of second order,
Similarly the theory of second order equations is extensive with relatively little
theory having been developed for particular higher order forms. The general second

order equation is;

d’x ), {FD sin yt}{Non- HomogenouS,FO =const.,y = Frequency} (15.1)

0 Homogenous
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The function, £, sinyr, is generally associated with an impressed excitation.

When this function is zero, equation (1.5.1) is said to be homogenous, otherwise the
equation is called non-homogeneous. The major portion of the theory of periodic
differential equations is addressed to the homogenous form since treatment of the
non-homogencous equation generally then follows by standard techniques.

Forced oscillations can be separated into mechanical and electrical resonances.
a) Initial Value Problems
Initial value conditions are such;

x(0) = 0, Displacement

dx
—(=0)=0, Velocit
dt( ) y

We have not external force to oscillations. In second order differential
equations, we should add these two conditions to other conditions. We use initial
conditions to obtain 4 and B.

b) General Solution

The general solution of the second order differential equations is in form that;

x(t)=x,(0)+x,(1); (1.5.2)

x,(¢) : Complementary Solution
x,(2) : Particular Solution

According to differential equation theory, general solution of complementary

and particular parts of the second order equation can be found such:
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x.(£) = ¢, cos(ayt) + ¢, sin(wt), from Homogenous Equation

x,(1) = Acos(yt)+ Bsin(yt), from Non-Homogenous Equation

As can be seen above solutions, we have some unknown constants 4, B , ¢ and ¢,.

We can find 4 and B by using initial conditions. So we have;

F F
x, (1) =—~%—sin(yt), B=—2 (1.5.3)
ey -y @ =y

¢) Total General Solution

The total general solution is in that form according to differential equation

techniques;

. Koo
x(1) = ¢, cos it + ¢, Sin @y +———sin(yr) (1.5.4)

0

And again we should apply initial conditions to find ¢, and ¢,. And consequently we

reach below equation as total general solution;

x(t) = —}j’—,{—y sin{@yt) + @, sin(yt)} Y EM®, (1.5.5)
@y (wy ~y~)

d) In Resonance (y = ®,)

If ¥ = ®,, system is in resonance. In resonance condition (¥ = @,); we obtain that;

x(f) = % (Uncertainty)
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By applying L’Hopital’s rule, —J:—', we can find x(¢) while y = w,;
' 4
And solution will be such;
x(f) = E’z sin(ew,t) ~ h tcos(wyt), (¥ = w,) (1.5.6)
2, 2w,

When

Frequency of applied force = Eigen oscillation = Resonance

In resonance case, amplitude increases.

[

\] \/ ¢t = Const.

Normally any system at resonance frequency, cannot 2o beyond infinity.

1.5.2. Wave Propagation in a Periodic Medium

2 & b) n=mn, [I+,ucos(2;(x)], 9= *
n

#n: Refractive index

It is periodical dependence of

/\/\/\/\/\/ refractive index
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a) Wave Equation

In homogenous medium, the wave equation can be written as

ZE =

—+a’ue E=0, (1.5.7)
U 18U
S 1.5.8
axt 9 ot (1:58)

Equation (1.5.8) is the general solution for electrical or mechanical system.

We can start from this equation.

. c . . . .
If we substitute — instead of & and equation (*) instead of n; we can obtain such

n
equation:
2 2
ng —;15[1 + 1 cos(2yx)) aag =0, U= A(x).e’™ (1.5.9)
dZA b 2 a)z
o +E 1+ peosQyx)]4=0, k == (1.5.10)

Any parameter in a system periodically changing x (dimension), we will have a
similar equation.
Equation (1.5.10) has similar form with Mathicu equation.

In periodic differential equations, Hill and Mathieu equations take place in

very large use. General form of Hill equation is,

yH@a=-2qu @)y =0, w(t)=w(t+x) (1.5.11)
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The function (¢ has, by convention, a period of 7 and also obeys l!//(t) =1; a

max
is a constant parameter and 2g is a parameter which accounts for the magnitude of

time variation.
The most widely known form of the Hill equation is the Mathieu equation in

which w(r) is sinusoidal;

j}+(a—2qc032t)y=0 (1.5.12)
1.5.3. Perturbation Theory ( z <<1)(z~1/10 or less)

We will use this theory to solve equation (1.5.10). Perturbation theory enables

us to solve the differential equation.

In equation (1.5.10), we have 4 and w(k) as unknowns.

If we expand A4 and @ as series, we have;

AX)= A+ pAd + 12 A, + . Ay +pd, A=A (u=0) (1.5.13)

First order solution
@ = @y + U, + 1o, + ... (1.5.14)
k' =k + 1k ) = ko + 2k, + 1 ~ k2 +2uk &, (1.5.15)
For all parameters we take the part up to z° because of most contributers of them.

If we substitute

A=A+ ud, w=w,+puw , k* =k, + pk, )’ = kg + 2ukk + o ~ kg + 2k k,
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in equation (1.5.10), we have:
d2
1) 4 (u=0) term d;zj“ +ki4,=0 (1.5.16)
1 dzAl 2
2) 4 term +ho A =—ky A, (2k, +k, cos(2yx)) (1.5.17)
0
xQ, 07 04 1
2
3) 4 term %+ KA, =....... (1.5.18)
a) Solution of Zero Approximation
Solution of zero approximation can be written as;
Ay(x) = Be’™ + Be (1.5.19)
And we will substitute 4, in second step.
b) Solution of First Approximation
Right side of equation that exists in second step is;
— _kOB[ [2k]efknx + l koe.f(zl'*'ku )x +_£ koe_.f(zl“kn )x]
2 2
~k, B, [2k1e'f*v* +%k0e‘”2’“"“” +%k0e’(2"’k" “J (1.5.20)

¢) Analysis of Equation Obtained After the First Approximation

Case 1: (k, # 7) Solution
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A] (x) = cie./knx +cze_.f‘-':)x + jklxl:Bleﬂ(Ux _ Bze“"ik"le

n kg' I:Blej(zzwl,)x +Bze-_,"{2x+k")xi|
8x(x +k)

+ kg I:Bleefﬂxvffu)x +Bze.f(21+’fo)x:l (1_5.21)
8x(x k)

In equation, first two parts are complementary solution from homogenous
differential equation and the others are particular solution from non-homogenous
differential equation that counterparts to external source.

We should take & =0 to verify the equation. Because oscillation that is related with

¢t goes to infinity via x. Besides right side of the initial conditions is zero so this

means in first approximation &, =0.

If k=0 = o=0, cx% (1.5.22)
k' =k +2uk, (1.5.23)

K=k (1.5.24)

k=k, o=, (1.5.25)

Case 2: (k, = y) Solution

Right side of equation is;

2
=k, [2/(131 +£2°~ B, } e’ —k, [21{132 + % B }e"”‘”" —%[3163-”“”‘ +8,” ”‘or] (1.5.26)

Only first two terms are important for us, because they arise in the resonance.
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In these conditions, solution can be found;

x[Zlel +——”;’ Bz]efk”x +x[2k,32 +——”;° Bl]e*-f"ﬂ* T (1.5.27)
ko g | s
2le] +EBZ e’ = (1528)
ko = fhyx
248, +2 B, e =0 (1.5.29)
172 2 i

Because of x parameter that exists in equations above, equations (1.5.28) and

(1.5.29) should be zero. B, and B, are unknown quantities.

n K
A 2 20 (1.5.30)
Lo

To solution of linear equation systems; the determinants of the coefficients of the

unknown variables should be zero. Then;

k2 %

4k’ -2 =0, ki =2 00 =320 1.5.31

b4 b6 4 (153D
2 242 _ t ck,

@ =ck”, w=ck, w ~a)0i,u—-4 (1.5.32)
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Aw =" - o =§m{, (1.5.33)
2x 2 .
2=k, =7v; => A, =2a > Bragg Reflection (1.5.34)
a

\/WV\/ — cos(2yx), 2ya=2x (1.5.35)

1.5.4, Solution of Second Approximation

Additional term is used in right side of equation in second approximation.

If we deal with u'*, we see that &, = .
a

________ .

} Stop Band (Additional term

_____ 7 constitutes resonance t00.)

L
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k=2 =123 (1.5.36)

In waveguide, if the frequency increases, the heat loss increases too. Because

conductivity and R,,,..., increases. By the way, if the frequency increases, loss of

mode will be in effect and the power will decrease.
1.6. Analogy between Periodic Structures and Photonic Devices

Layered Structures

Reflectpd Wave

Transmitted Wave

If the structure is long enough, all wave can be reflected. R = :z :_::
k= i—ﬁ . path=2a = 4 (Bragg reflection) (1.6.1)
®= 272'% =kc, w =ck — Dispersion relation (curve) (1.6.2)
¢
k
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2
B=k =L o “[:';f} -> For waveguide (1.6.3)
c

or

From equation (1.6.3), in waveguide at the certain critical value of thickness, d_,

wave doesn’t propagate.

Reflected wave d

rangmitted wave

Difference of this structure is periodically changing in thickness. But in the first

diagram & is changing with periodically.

2r 2 _z

k. (k = =
a(ks A 2a a

(1.6.4)

rﬂgg) =

T
ks =~ = Wave cannot propagate through the structure.
a
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I
Forbidden]gap

>~ ___|.___— .

4
i f—

w

. 73
srage OCCUTS at multiple of ~— but we

a

These gaps are proportional to ﬂa)

Resonance *
avr

2 . .
couldn’t see these resonances at —~ and beyond in experiments because of

a
attenuation.
X o (Allowed frequency)
Gap Photonic Crystals
(Photons)
There is an analogy 4 E
Conduction Electrons Semiconductors
Egap Ec {Electrons)
E
Valance Holes
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In the near time, photonic chips will be developed instead of the
semiconductor chips and data will be carried by photons instead of electrons,
Because the bandwidth is proportional to the operating frequency, optical devices

have larger bandwidth. By using optical devices, we can transmit more data faster.

Because atoms of crystal have periodic deployment, in general crystal is used.

A= h = e — De Broglie wavelength (1.6.5)
p md

./
A

N

A DA A
Y /) .
A —a»—{ /—>> N >>—Ia Semiconductor Crystal
e Pan N D M (Lattice)
NP\ \f)f
AN AN AN A
\/ \J YV .
>
a
P
_a
é \D | \P
— ..._6 X
N\
N 4D
\L/ AL/
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1.7. Some Applications of Periodic Structures
1.7.1. Fiber Grating Sensors

................................................... Structure is filled by molecules.
—_—
light — . ) b e e Periodic structure is constituted.

>y NaL=L(l+ar)

a=a,(1+at)

@y, Changes with ¢ so we can measure the changing of temperature.

Or pressure;
a=a,(1+ap)

1.7.2. Super Directive Antennas

Periodic structure

~
—L ™ \ Fmersa = ez
/

Antenna does the propagation in both directions.
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When f,.... = fsa - all propagation goes one direction because of reflection.

1.7.3. Distributed Bragg Reflector Laser

Fundamentals of laser are based on the resonance frequency.

We can obtain more level of energy by using periodic structures.

=174

, Reflection coefficient

2 1
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2. THEORETICAL INVESTIGATIONS

2.1. Statements of the Problem for Periodically One Dimensional Corrugated

Waveguides with Phase Shift between Parallel Plates

2.1.1. Initial Equations for Geometry with Phase Shift between Parallel Plates

In this theoretical part of study, electromagnetic wave propagation through a
specially designed periodically one dimensional corrugated waveguide s
investigated. In the theoretical section, we follow the paper by Pogrebnyak (2003,
2004). This guide is open waveguide with upper and lower boundaries as can be seen
in figure 2.1. And its boundaries are conductor plates. Dielectric medium takes place

in the space (y,(x) > ¥y > y_,(x)) between these parallel plates. The geometry of the

guide is shown detailed in Figure 2.1. Profiles of these plates are sinusoidal
functions. The medium between the boundaries is assumed to be linear,
homogeneous, isotropic and non-dispersive. Amplitudes of the upper and lower plate

corrugation are p and & respectively, and their corresponding expressions for the
profiles are v, (x) =d/2+ pcos(gx +6) for upper plate and
Y. (x)y=—-d/2+&Ecos(gx) for the lower one. In this geometry, ¢ =2x/a, and a is

the period of the corrugations, d is average thickness between parallel plates and &
is the phase shift between the parallel plates. We assumed that the corrugations’

amplitudes are small i.e. £/d <<I, p/d<<1 and £g<<1, pg<<I.

F 3

Coupler 1 0sC

1]
i Coupler 2

Y

Power meter

/yv, )=d/2+ peos(gx +0)

Y. (%) ==df2+&cos(gx)
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Figure 2.1. Geometry of a planar periodically one dimensional corrugated
waveguide. The phase shift between two corrugated plates equals to 4.

In such structure, the electromagnetic wave propagation can be analyzed as
tollows. The TE wave that has the wave vector in the x - and z -components in the
plane of the waveguide satisfies to two wave equations. The first wave equation, for

the £, component of the electric field, describes wave propagation along the z -axis

(along the grooves). The periodicity along the x-axis doesn’t affect strongly wave
propagation in the z direction. In the first order approximation, we can ignore the
changing of the parameters of wave propagation in z direction. In this case the eigen

value problem reduces to solving of the wave equation.

In source free and losses media, Maxwell’s equations can be written in differential

form such;

> aH

VxE=—pZ2 2.1.1

H (2.1.1)

vxH=:2F 2.12)
ot

V.D=0 2.1.3)

V.B=0 (2.1.4)

The first two Maxwell’s equations are uncoupled, and the wave equations are

obtained as follows;

—> 2 -
V' E=us aa:ZE (2.1.5)

.o &H
V° H=u¢ o (2.1.6)
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For time harmonic fields (time variations are of the form e’ ), the wave equations

can be written as;

wy

V2 E=-0’ucE=-k'E .1.7)

Vi H=—wus H=—k I (2.1.8)
In general, the wave equation can be written as;
Vip+kip=0 (2.1.9)

k can be written as in terms of &, the electric permittivity of the medium, and ¢,

velocity of light, as;
== (2.1.10)

and via explicit form of the Laplacian, the wave equation becomes in form;

2 2 2 2
00,290,909, .9 4 g (2.1.11)
ox- vt oz c

and wave equation supports the boundary condition in such equation;

go(x,yﬁd(x),z)=go(x,yd(x),z)=0 (2112)

Where @(x,y,z) stands for the z component of the electric field, E_, of the TE

wave, @ is the wave frequency, ¢ is the dielectric constant of the medium, ¢ is the

velocity of light. @(x, v,z) can be represented in Fourier Series (Floquet’s Theorem)

because of boundary periodicity.
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o(x,y.2) =Y [a, cos(k,,y) +b, sink,, y)le! /& (2.1.13)

Where a, and b, are the Fourier series coefficients: k,, is transverse component and

—
k. and k. are the longitudinal components of the wave vector % .

From the wave equation (2.1.11) and equation (2.1.13) we can reach the such

relation:

2

e %=k, +ng) ~k, ~k =0 (2.1.14)
2

This relation is then used for finding of the dispersion relation, w(;) .

Via expressing equation (2.1.13) as a Meclaurin series at the boundaries, y=-d/2
and y=4d/2, and then substituting of these equations into the boundary condition,
we can reach a system of linear algebraic equations for the coefficients a, and b, .
By solving the determinant of this system for zero, the allowed values of k,, can be

found, so the frequency spectrum of the waveguide can be found. For small
corrugations, it is sufficient to take the first three space harmonics. It can be easily

realized that a, and b, decrease when n increases. That’s why we can restrict

ourselves to the approximation of threce main space harmonics with the wave

numbers k, and £,,.
Regarding the approximations mentioned above, the terms including p and & with

powers of order higher than 2 may be eliminated.

For @(x,y) = la, cos(k,,y) +b, sin( k)l
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(We are able to ignore k. in this situation because our wave propagates in x

direction and it is assumed that no variation exists along the z direction).

Expressing ¢(x, y) in Mclaurin series at y = —-d/2 and y=d/2 gives;

For lower boundary,
d . d ke, +hg)x
e(x, )y =-d/2)= Z a, cos(k, E) —b, sin(k, E) g

'f‘[ankn Sin(kn %) + bnkn COS(k” ”g")]é COS(qx)eJ'(k_r+nq}x

+[——;-ankf cos(k, g) +%bnkj sin(k, g)Jé’z cosz(qx)e"”‘”"‘”xJ (2.1.15)

And for upper boundary,

‘;D(XSy)(y = d/2) = Z Ha” COS(kn —;—i-) + bn sin(k" g):' g/t rna)x

+[—ankn sin(k, g) +b.k, cos(k, —j—)] peos(gx + @)e’ L

+[~»—%arﬂkn2 cos(k, g) —%bnkn2 sin(k, g)Jpz cos’(gx + 9)]e’“‘=+”‘“’“] (2.1.16)

At this stage we should restrict ourselves to main 3 harmonics of the wave
and write 3 equations for equations (2.1.15) and (2.1.16), each harmonics
corresponds to -1, 0, 1 values of ». This gives us the system of 6 algebraic equations
which will lead us to analytic solution with a good approximation. Also, here two
constraints should be taken into account. The first is, p/d <<1, &/d <<1 which
states the comparable size of amplitudes of the corrugations of the two plates with
respect to the plate separation. The second is, p/a <<1 and &/a <<1, which gives

the comparable size of the amplitudes of the corrugations with respect to the
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wavelengths of the corrugations. The next step is putting these six equations into a
matrix form and pursuing the nontrivial solution.
Consequently, the following characteristic equation is obtained (Pogrebnyak,

2004, 2003) for determination of allowed values of k, in the first Brillouin

minizone;

kb ek, }

1 2 2
tan(kod)—z(f +tp )Lm(dk[) tan(dk_,)

1 5 cosé ‘kokl . .lc(‘.,kw1 (2.1.17)
27 cos(kyd)| sin(k,d)  sin(k_d)
where 4., are the wave numbers of the n = +1 harmonics.
From equation (2.1.14), we can obtain
ko =k F2kqg-q° (2.1.18)

In equations (2.1.17), (2.1.18) and below the subscript y is dropped in the wave

number &, .

2.1.2. Spectrum of Cutoff Frequency for Geometry with Phase Shift between
Parallel Plates

a) General Case

Method of successive approximation with respect to & and p 1s applied to

solve the equation (2.1.17) i.e. &, = kﬂ(m +0k +....., 8k will be the incremental step

in each iteration. We can start from the initial expression for smooth waveguide and
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we will reach the desired value for %, gradually. In smooth boundaries case, & =0

and p =0, we can see that tan(ko(o)d) =0 from equation (2.1.17), therefore;

C
Ekop,(IJOP:T‘;—E‘, p=1,2,3, ..... (2119)

There are well known modes and cutoft frequencies in a smooth planar

waveguide. £, which is the wave number for the wave propagation in x - direction is

found by substituting equation (2.1.19) into (2.1.14). Then we have;

k. =.,le—— 2.1.20
x C2 d2 ( )
k. =0 in the first Brilloin minizone for spectrum of cutoff frequency.
Then the wave numbers can be written as;
k,=k,=Jk'-¢° (2.1.21)
Substituting equation (2.1.21) and equation (2.1.19) into (2.1.17) yields;
tan(kyd) = (& + p7)| 2y ok
4 tan(dk,) tan(dk_ )
1 5 cosé .kokf — kok_, 2.122)
27 cos(k,d)| sin(kd) sin(k d)
2k k, 1 cosf 2k, k.
——(5 p) -=&p — (2.1.23)
an(dk,) | 27 cos(k,d)| sin(k,d)
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1, ., k,k, cosd kyk,
L, - 2124
e )[:tan(dk])} P cos(kod)Lin(k,d) (e.1.249)
tan(k,d) = dSk 2.1.25)
2 2
xS P _kk_gp _cos8 kk (2.126)

2d tan(dk) d cos(dk,) sin(dk,)

kky  Ep  cosd koK,

2 2
ky=k® +ok=FE 15 1P

. . — (2.1.27)
2d  tan(dk,) d cos(dk,) sin(dk,)
&y p? wéo kcosf
=1+ k cot(dk )+ (-1 = —L——|. 2.1.28
@, [ 2 , cot(dk; ) +(-1) d “sin(dk) , ( )
And shift of the cutoff frequency can be found as;
£+ p? 2 Ep K cosd
S = k cot(dk)+(-1)" =— —— |.» (2.1.29)
7 [ 2d * d ‘sin(dk) | "

On the other hand, to investigate the special cases easily, equation (2.1.22) can be

written as;

tan(kﬂd)=~j:(§2+p2)[—2kokﬂ il—lfp cosd { 2k k., } (2.1.30)

tan(dk, )| 2~ cos(k,d)| sin(k,d)
... kk,, cos® kok,,
L o | : 2.1.31
e te )Lan(dkﬂ) P costhod)| st d) (21.31)

via using the equation (2.1.25) at this point, we can reach such equation;
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L %
1 pﬁ pznz X /32 pzﬁz R 2
Sk=—E"4_\d - cot| d -
2§ d’ [ d? 9 FE
y2 2 _2 yZ
1 L, pn| [p'7 e’
+5‘D ? d[ dz —qz cot d dz =

22/ 32 2 %
_ppC08(0) ey .(pfrfdf—q) - (2.1.32)
cos(pr) d sin(d(p*n*/d* —q*)'?)
z 2 }é
L d[pdf _qz) .y (2.1.33)

1 ,prl x 1 ,pr{ x pr cost X
Then &k=—=&"+-| - i4+— 2—( J—— = [ } 2.1.34
2§ d (tanx} 2" & Vtanx P d’® cos(pr)\sinx ( )

k =k(0)+5kmﬂ+l§2E(_ﬁ_‘wj+l zm{ x ]
oo d 2

27 & \lwanx P d’ \ tanx

cos# X
- 2.1.35
s d’ cos(prr)(smx] ( )

_ < Loaprf x | 1 aprf x
_J_[ é: (tanx]+2p dB( ]

tan x
cosf pn
- 2.1.36
P cos(pr) d° (sme ( )
2 2
o o, [142 *f( a J— 5P C030 (,x J (2.1.37)
? ! 2d* \tanx,) d°cos(pr)\sinx

= 0w, = Aw = w, - ®,, (shift of the cutoft frequency) can be written as;
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2 2
_[etp ( X ]m 5p cosd (,x J o, (2.138)
2d tanx ) d°cos(pr)\sinx £

After the general case, now in the following sections several different

cases are investigated. Because w,, the cutoff frequency, changes because of the

relative changes of the physical parameters of the guide, namely the ratio between d

and a or substituting some significant arguments instead of k., values in the
characteristic equation. In each case we will determine, Aw , the shift amount in @, .

In equation (2.1.32), p #0 is the constraint which should be satisfied for

the below cases.
b) Special Cases

(i} Cutoff Frequency Shift for the Case ¢ >> a

2_2 2_2 Z
Ifd>>a = d\/(pdf qu):d\/[pdf -%}:qu (2.1.39)

Sk=s g BT\ |, L2 PT| i, pr_cos6 | _idg |4
2° d |tan(idg) | 2" d° | tan(idg) d’ cos(pr)| sin(idg)

Thanks to use of hyperbolic functions’ features for 5k , we can reach such equation;

1 ., p7 idl 1 T id
5k=_§~p_3 _m__q_ +_p2£3_ _L,
27 d° [itanh(dg) | 2° d° | itanh(dg)

(2.1.41)

_ . pr_cosf idg
P cos( prr) | isinh(dg)
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lzf_zr{ d2r/a :|+l zpzr[ d2rx/a :l rr cos@[ d2r/a }
2

Ok==¢& ;
27 4’| tanh(d 27/a) tanh(d 27/ a) d’ cos(pr)| sinh(d 27/ a)

2 P 2”d+}w 2 prc 2md

2.1.42
25 Pyl ( )
& pn’ p pr’

ok = F o (2.1.43)
then
PR L0 2.l i (2.1.44)
0 d da da o
and the new cutoff frequency is;
¢c|pz & pfr p pr
S Y L 2.1.45
f[ d*a d’a ] ( )
w, = [ 57, P (2.1.46)
o da da o
Thus the amount of shift, Aw, can be found as;
S'n  p'n
AC{):(!)C—(DOFZCUOP[%'F da (2147)

(ii) Cutoff Frequency Shift for the Case £, =0

In equation k,, = \}koz F2kq-q° . k, =0 in cutoff frequency investigation.
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If k, =k —q" = (2.1.48)

Then it is easily seen that;

i
2.2 F2
d[*"” ~qzj =x=0 (2.1.49)

When k,, =0 value is substituted into equation (2.1.34), equation takes the form;

_ L pr| 0 lzﬂo pr cosd |0 215
2g |:0} 2,0 d’ {0} P d’ COS(pﬁT)|: } (2.1.50)

In this situation we have % indefiniteness. So we must apply L’Hopital’s rule.

After applying L’Hopital’s rule upon term x, equation (2.1.34) takes form;

1 g?p;r[ ! }}_pzﬁ[ 1 :|_é:pﬂ cos 6 [ ! } (2.1.51)

d*|sec’x| 27 d'|sec’x d’ cos(pr)| cosx

1 ,pr 1 ,pr pr cos@
If x=0=> Sk=—8""p—p’ Lt —prt—— 2.1.52
25 d 2'0 d’ 5P d’ cos(pm) ( )
And corresponding cutoff frequency is;
pr 1 .pm 2 P, pr_cosd
@, =—=| —+ + A 2.1.53
‘ \fg[d 25 a 2'0 PR cos(pn’)} ( )
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2 2
o -0, 1418 1P _tp_cos (2.1.54)
g 2d° 2d° d° cos(prn)

And the amount of shift of the cutoff frequency is;

2 2
po=w,| L& LP P cosO (2.1.55)
2d° 2d° d cos(pr)

(iii) Cutoff Frequency Shift for the Case k,, = 2n+)x/2d, n=0,1,2,.....

If k&, =(2n+D)z/2d ,n=0,12,...=

1
J p%ﬁ_qz /zzx:d(2n+1)fr:(2n+l)ir
d? 2d 2

It is easily realized that if this value of k,, is substituted into equation (2.1.34), it

makes the first two terms of the equation equal zero, so the remaining term 1is;

pr cosf (2n+1)%
ok =-Ep - 2.1.56
5P d* cos(pr)| cos(zn) ( )

o (2n+1)%
Sk = (-1 cos | ——= 2.1.57
&5 (D P @.1.57)

ot pr | (2n+1)§
ky, ==—+&p—(-1)"" cos| ——= 2.1.58
0 d 5)0 d3( ) (_1),1 ( )
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And new cutoff frequency is;

7
¢ | pr P | (2n+1)5
® =—| =+ fptrcosB(-1)"" ———= 2.1.59
w, = o, 1+é—p(:039(—1)”“"”(2n+1)£ (2.1.60)
f Op dz 2
And the shift of the cutoff frequency is;
Aw=w,, [%cos O(=1)" """ (2n + 1)5;} (2.1.61)

(iv) Cutoff Frequency Shift for the Case k,, =/n/d

This case is particular resonance case. This resonance case is occurred

because of the relation among the integers 4, a, p and /. Firstly the relation

between these integers should be investigated and the interval of each of these
parameters where solutions will be sought for the characteristic equation should be
defined from equation (2.1.32) before the computation of A, the shift of cutoff

frequency from the zero approximation, as;

i S

- pdz -q (2.1.62)
, 2d2

l= p“—quz (2.1.63)
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, 4d
I=\p (2.1.64)
s, 4d]
rep-= @169
2
15{%} - p (2.1.66)

When the above equation is analyzed, it is realized that it is possible to
obtain values when some of the variables are predetermined or possible to restrict the
definite intervals for some depending on the values of the predetermined ones. For

example, choosing p =/ makes it impossible for such geometry to appear, on the
other hand taking d/a ratio great, makes it impossible for the two modes / and p to

appear closely. Consequently, in order to carry out a rational analysis of the
characteristic equation of (2.1.34), one build up a reasonable relation among to four

integers d, a, p, { which should match the conditions of (2.1.66).

After starting the required conditions for a correct analysis above, now
we can solve equation (2.1.31) in order to evaluate the shift in the cutoff frequency
when k., =Iz/d.

For the next iteration we substitute k, = (k," +8k) instead of k, into equation

(2.1.31), after this substitution equation (2.1.31) becomes;

| §
tand(k{)w) +5k) — _(é:? +p2)(k(()0) +5k) e 0 5 PN
2 tand(k; "’ +2k, 'Sk+ok™-q°)

cosd )
cosd(k\” +5k) "

iz
/d (2.1.67)

—&p : 2yV
sind (k" + 2k, 5k + Sk —q*)'")

5k)
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Ir I
d5k=%(.§2 + P Va —gp— 00 Va

2 )O 0
2,2 2 cosd (k" + 8k 2,2
tand(l 2*2”5k] s ) sind(l TP

If the denominators are expanded with Binomial series, the expression becomes;

ir
tanlﬂ(l+~€w5kj
'
cosf  pm l%
E cosd (k") d rd @19
0 s1nl¢r(1+l 5k)
r

px iz g P” Ir 1

I 2 i did _1ypit
dok=2 &+ P dcsk repeost= sk D (2169
sp2 EXPIT | Epeos(O'r (1) 2170
’ 2d* d* o
Sk = 2d4 [(g +p7)+2&pcos(B)-1)"""" | (2.1.71)
Sk, ]yl (2.1.72)
k, = p” \/_dz (62 + p*) +2&pcos(B)(- 1) ’*‘]/ (2.1.73)

then our new cutoff frequency @, is;
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c | prm I

o= + N (&7 + p*) +2&pcos(B)(- )" }% } (2.1.74)

It is obvious from above equations that the case of spectrum splitting phenomenon is
observed with phase shift phenomenon between parallel plates. The upper and lower

bounds are symmetric with respect to @,,, the initial (zero approximation) cutoff

frequency. The upper and lower cutoff frequencies are denoted as @,” and @,

respectively. The region between these two bounds is called “the stop band”. As a
result it is possible to block and forbid this region for wave propagation by

establishing the required relation among the physical parameters of the guide.

o, =w,, {1 i%ﬁ[(é‘z + phy+2Epcos(G)(-1)" " :]%} (2.1.75)

w," = w, _1 +1L[(§2 + p?)+ 2Ep cos(B) (-1 ]% — (2.1.76)
‘ L pN2d ]

. =w, _1 —iL[(\fg2 + p*y+2&p cos(@)(—l)p"“]% _ (2.1.77)
‘ L p2d |

And appearing stop band can be written as;

Sw=wm -w.

N

{

8o = 2m,, bw\%}[(;z + p?) + 2Ep cos(B)(~1)" ]ﬂ (2.1.78)

Equation (2.1.28) describes the location of a cutoff frequency with the phase shift
phenomenon between parallel plates in the spectrum as a function of the geometric

parameters &, p, d and a in frequency range far from resonances. Formulas
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(2.1.17) and (2.1.28) are counterparts of equation (2.1.19) for the smooth waveguide.
Equations (2.1.28), (2.1.29) and equation (2.1.17) indicate the non-trivial dependence

of @, on the k,, wave numbers and on geometric dimensions of the waveguide.

Primarily it displays the resonance behavior of the system, but of not less importance
is the dependence on the phase shift of the one periodic boundary with respect to
another. As will be seen below, both dependencies cause new fundamental properties

of wave properties of wave propagation in the waveguide.

2.1.3. Behavior of Non-Bragg Resonances (Stop Bands) for Geometry with
Phase Shift between Parallel Plates

In this section the electromagnetic standing-wave phenomenon in a guide
bounded by two periodically corrugated conductors with phase shift phenomenon
between parallel plates is investigated. At this point, it should be explained the
difference between this event and the one, which was analyzed in previous section.
Although in the formulation they are seen to be similar, physically they represent two
different events. First of all, in this case &, is not equal to zero, in fact here the
resonance of the wave movement in the direction that 1s perpendicular to the wave
propagation takes place, in other words interaction of partial standing wave
resonance between n =0 and the neighboring n = £1 space harmonics is observed.

It is seen from equations (2.1.17), (2.1.28) and (2.1.29) that resonance

{(stop band) in the system occurs if;

ko =k T2k g-q° =%’£Ek,m, m=1,2,3,.... (2.1.79)

An index m designates the order number of the resonance in the system
and it can be considered as the “mode” index of the n==%1 space harmonics but in

the resonance case only. From equation (2.1.79), it is seen that m < p for the first

minizone.
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The Bragg resonance, kI, =ztg¢/2, is a particular case of equation
(2.1.79) at m= p. Number of resonances equal order number of the mode. For

example, there are two resonances in the spectrum of the second mode ( p=2).

Equation (2.1.79) along with equation (2.1.19) is condition of the non-

Bragg resonance between the transverse modes, and it can be written in the form:

Ay T ik (2.1.80)

fd | d d

The physical meaning of the resonance (stop band) condition becomes

. . . . 2
clear if the last equations are rewritten in terms of a wavelength (/1=77r) of

standing-wave associated with the transverse modes (ki and k) of the

fundamental (2 =0) and the n=*1 space harmonics.

poomr _2m g mA 2.1.81
! d /1 2 ( )
K :ﬁ:_%i{ d =p_/1 (2.1.82)
A 2
g=FPh _mh (2.1.83)
2 2

Equation (2.1.83) shows that the resonance occurs if the thickness of the
waveguide, d, is simultancously a multiple of half wavelengths of the standing-
waves associated with the fundamental (#=0) and the »=+1 space harmonics but

with different integers p and m. It is illustrated with Figure 2.2 where TE, and

TE,, field distributions for resonance cases are shown. In Figure 2.2, wave
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movement in the direction that is perpendicular to the wave propagation is shown as

TE, TEE TE}Q TEQB
:"%?‘R)\ E\. : ’INE },‘ . : \‘;‘;l\\'\
% AN o et
Y e T = g =t s
W i | P A A el E } \?é'
N "’;&{L i;;’};' ‘lih
P ¥ P/ (* :
Tw“/‘:;’ K1 (o AN Kiz ;M;f»(f K km..{ L B

al | (b}

Figure 2.2. Electric field distributions for the fundamental, %,,, and the first, %,,,
space harmonics of the TF, and TE,, waves. (a) In a case of the Bragg resonance,

distributions for both harmonics are always similar; (b) 7E,, has different field

distributions for the harmonics — this is the non-Bragg resonance. (Pogrebnyak,
2003, 2004)

It is suitable to underline here that in contrast to common consideration
of interference of longitudinal traveling waves that gives rise to the Bragg reflection,
equations (2.1.80), (2.1.83) are the conditions of the constructive or destructive
interference of the transverse modes (standing-waves). That is why this resonance is

of the non-Bragg nature.

The resonant value &°, . of the wave number &, , at which the resonance

x.p.un

condition (2.1.79)-(2.1.83) holds, can be found from equations (2.1.14) and (2.1.79);

22 2 2
’"d’f :pd’f F2kig - g (2.1.84)
22N 2
PV D | (2.1.85)
2qd 2
. | 5
k.:,p,m = iz_q (kgp - q_ - klzm) (2'1‘86)
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6 %k

The upper sign “+” is taken for the resonant » = +1 harmonic and the
lower for the n=—1 harmonic. In equation (2.1.86), it is enough to consider the

range k, >0 since it is obvious that;

ko (kD =k, (kD

2.1.4. Spectrum of Subminizones for Geometry with Phase Shift between
Paralle] Plates

We can obtain the resonant frequency with substituting of k., into

X, p

equation (2.1.14);
2

e 2~k +ng) —k, —k =0 (2.1.14)
C

As we know k. =0. So equation (2.1.14) becomes;
wz
e~ —~(k,+ng) -k, =0
C

If we substitute # =0 in above equation;

x.pm

CZ
o' =—(k, . +ki,)
£

I
B g — k2 2
o, =~j_; k§F+[—9ﬂu} ] (2.1.87)
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In vicinity of resonance, the more accurate solution of equation (2.1.17)

shows that this resonant frequency splits into two values as @), and @, . And these
two values are separated by the forbidden gap dw . To reach more accurate solution

of resonant frequencies and stop band, below procedures are done;

k= m=12,3..... (2.1.88)
SR
k, = k. +5k=£§+5k (2.1.89)

From equations (2.1.14) and (2.1.79)

zn,z
k., = \[ pd2 +2k g—q° (2.1.90)
and

2 2 2
) where X, _mopn (2.1.91)

o=+da4x i
2 (dq)

X, p. P

Starting with the characteristic equation (2.1.17), substitution of equations (2.1.88)
and (2.1.89) into equation (2.1.17) yields;

mz/

d
tan d[(k\”" +2k, "5k + 5k*) £ 2k g~ ¢°1"

tan d(k,” +50) = (& + p " +5)

cos () 0)
cosd(k™ +5k) "

mnr
Af (2.1.92)

5k) : ‘
sin d[(k" + 2k, "5k + 5k £ 2k g — ¢°1)

-&p
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1
tand (" +4) = (8" + 9 ———— 4 7
tan d( - 2pﬁ§k]

T
_gp— 080 o jé (2.1.93)

If the denominators are expanded with Binomial series, the expression becomes;

1 pr m%
A5k =& + o) 2E
AR pd&kj

2

tanmmz| 1+
mmw

cos pz m’?{g

— 2.1.94
cosd(k\”) d pdﬁk) ( )

—&p

2

sinmﬂ'(1+
men

pﬂ- mﬂ' pﬁ m” m -~ i+
dék—w— v p M gpcosg PR Frl (2.1.95
R d§k peosts e D &)
dok=LmE &2+ p? +28pcos (1) | (2.1.96
=S Pak &"+pt +28pcos .1.96)

2.2
Sk = % ’"dff (647 +28pcosf(-1)" "] (2.1.97)
1 M 2 3 p—m+1 %

Sk = iE?[(g +p’ +2Epcosf(-1) } (2.1.98)

Substituting the &, value of (2.1.89) and (2.1.91) mnto (2.1.14) yields;
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t 2 2 2
Dom 4 2 (pm

€ 22 WT(HXM) +[7i5kJ (2.1.99)
o, » (pr\  (2prdk
e =4 (14 x ,,,)‘+(p—] i[ £ } (2.1.100)

c’ 4 i d d

Multiplying (2.1.100) by ¢*/s vields;
2.2 2
+ 2 € 2 ¢ 2prw
O’ = (1+x,,) +m§ﬁi?—6k (2.1.101)

22
+ 2___C 6] 2 2
O’ =y (1+Xp‘m) +a],

(2.1.102)

C Zpﬂ' mm [§2+p2+2§p0059(_1)p_m+] ]%

From equation (2.1.14) and equation (2.1.91) it is possible to express a);m as;

0, =[@}, +i 1+ X, ]" (2.1.103)

where @, = cq/ (2\/—5 ) is the Bragg frequency.

By arranging equation (2.1.102), a);m can be written as;

ot = o, + S22 5 (2.1.104)
&

. , ¢ 2pr
=.lw, +t——"—0k 2.1.105
\/ p.m c d ( )
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From binomial expansion, equation (2.1.105) becomes,

a)i = i—iﬂﬁ (21106)
2o o.m d
£ a)p,m
Then
* ’ 1 et
a)g—a‘mzwp,mi%%ﬂa.—[%%[g +,0 +2§PC059( l)P 1:{ 2j| (21107)
P
2
@, =0,,* 1 L%%”df[g +p*+28pcosO(-DF"1 ] (2.1.108)
' wp.m &

o =, |1t—"" wﬂ” il [§ +pt +2Epcos(-1)" '"”] (2.1.109)
i ~ o’ dJ2

pa

And the stop band appears as;

@, 0,2
60 = 0], -, , =2 [E 4 "+ 2EpcosO-1) P (1.110)
p.m
ck,
where w,, =—% Ky (2.1.111)

Thus, the resonances divide the first minizone of the pth mode into

subminizones. The index m shows the order number of the subminizone. A number
of subminizones can be found from relation (2.1.79). Since the last gap (Bragg) takes

place at m = p, it means that a number of subminizones equals the order number of

the mode p. The number of subminizones is the same as a number of gaps,
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including the Bragg gap. For example, there are two subminizones in the spectrum of

the second mode ( p =2). The dispersion curve for this case is shown in figure 2.3.

The range, Ak

x.m?

between two successive resonances in the & -space can

be found from equation (2.1.86).

Pusik)

Sos,, (rvwe— Bragg )

* MM
' el i
¥ - ]
: w
¥ . 4 03 3 +
L P F e
; e e E
i L™ :
£ T T H
13 __;" “‘-.‘ H
e e
;_m.“' ) ?'*.._Ey
oS0 (Bragg) f}
% E
i o '
2 = £
: kb
o " 5
~ia wia

Figure 2.3. Dispersion curve w(k ) for the TE, and TE,, modes in the first

Brillouin zone. Non-Bragg gap d@,, opens in the spectrum of the second mode.
Corresponding field distribution is shown in Fig. 2.2b. (Pogrebnyak, 2003, 2004)

2
Ak =k -k =2mElE

x.pom+l - X, pm zq EZ_ (2.1.1 12)

It does not depend on the mode index p.

From equation (2.1.87) it is seen that the resonant frequency approaches
to the cutotf frequency in parenthesis (kozp qumkfm) vanishes. Equality of this
expressions to zero imposes relationship between a thickness and a period of the
waveguide and mode indices p and m . It means that given cutoff frequency will be

resonant under the specific geometric relationship. That is why the resonance can be

named as the geometric resonance.
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2.1.5. Effect of the Phase Shift between Parallel Plates on Wave Reflection

In this section of theoretical investigations, it is shown that dependency
of bandwidth of the stop band on the phase shift between parallel plates. The analysis
of equations (2.1.109), (2.1.110) is given here in such two cases:

(1) Case for =0,
(2)Case for O=n

1) Case for #=0:

In this case, if &= p, the distance between two boundaries is constant

and equals to d throughout the x-coordinate. If &= p, the deviation equals to

diﬁ—q.

(a) If both p and m are even or both are odd numbers, the equations (2.1.109), and

(2.1.110) for the resonant frequency and the stop band becomes;

@y, |€ - p|
o |12l & 2.1.113
21E — pl @
me:J—'é Pl @, (2.1.114)
P d @

pm

(b) If p is even but m is odd or vice versa;

NEY S|

f]

+
ot =w [u—wﬂpw“" le+Al p'] (2.1.115)
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— \/—itg + p| a)(]pa)}m

i
d @,

o (2.1.116)

2) Case for 0=rx:

In this case, distance between parallel plates varies with the x -coordinate

between values d+&+p and d-&—p.

(a) If both p and m are even or both are odd numbers, the equations for the
resonant frequency and pass band, dw,, are given by equations (2.1.115) and

(2.1.116).

(b) If p is even but m is odd or vice versa the result is the same as equations

(2.1.113) and (2.1.114).

From equations (2.1.115) and (2.1.116) it can be seen easily that the pass

band, Sw, , is proportional to the perturbation |§+p|/a’ , caused by periodic

pre
corrugations. But equations {2.1.113) and (2.1.114) show that this common rule is
not always valid. In the case of the #=0, described by equations (2.1.113) and
(2.1.114), all Bragg gaps (m = p), for every mode, vanish if &= p. Only the non-
Bragg gaps, which have the order number m of different evenness than the mode
index p, remain in the spectrum of every mode and they result into reflections. The
width of these pass bands is defined by equation (2.1.110). Thus, in the waveguide
having the congruent periodic boundaries, a wave propagates without Bragg
reflection.

In the case & =7, the Bragg gaps as well as the subminizone gaps have
the maximum value given by equation (2.1.110). The non-Bragg gaps, defined by the

condition (2b), do not open.
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Since the gaps in the spectrum correspond to the stop bands, the
transmission coefficient of the waveguide into the x-direction drops to zero when a

frequency of a wave coincides with the onset of the stop band.

2.1.6. Conclusion for Periodically One Dimensional Corrugated Waveguide

with Phase Shift between Parallel Plates

In this thesis, it is shown that in the planar periodically corrugated
waveguide, resonance interaction between transverse modes (standing-waves) occurs
in a wide frequency range. Because of the interaction non-Bragg nature resonances
(stop bands) occur. And these non-Bragg resonances (stop bands) divide the
spectrum of the mode into the subminizones and give rise to non-Bragg reflections.
The Bragg reflection corresponds to the last non-Bragg resonance (stop band)

( p=m) in the subminizone spectrum of the mode as the stop band at the boundary

of the first Brillouin zone. Number of stop bands (the same as the subminizones),
including the Bragg gap, equals to the order number of the mode. For example, there

are two subminizones in the spectrum of the second mode ( p =2 ). The width of stop

bands depends on the phase shift, &, between parallel periodic boundaries and
mode’s evenness. It varies from zero to a maximum value while one plate shifting
half period of corrugation with respect to another. In a case of the congruent
boundaries, the Bragg stop bands don’t open, and electromagnetic wave propagates
in the periodic waveguide without Bragg reflections. When the frequency of the
electromagnetic wave coincides with one of the gaps, only unidirectional propagation
along grooves is allowed in the waveguide. The electronic counterpart of this
phenomenon arises in a periodic quantum well when the Fermi energy of a two-
dimensional electron gas coincides with one of the gaps. Such a unidirectional
electronic state would be similar to the stripe phase in high temperature
superconductors. Electromagnetic and electronic phenomena in periodic structures
are described by similar equations and they have the same wave nature.

Thus when the plates are shifted the half period of corrugation, the two-

dimensional guiding structure becomes the unidirectional guide and this situation
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creates the photonic waveguide. Via this method, controlling and adjusting of the
width of the stop band and direction of the wave propagation can be applied into
different applications in optoelectronics and microwave technology.

The physical nature of the non-Bragg resonance is simple enough: the
resonance occurs when a thickness of the waveguide is simultaneously a multiple of
the half wavelengths of the transverse modes of the fundamental (n=0) and the
n=x1 space harmonics i.e. d = pA/2=mA, /2. This obvious condition shows that
this resonance corresponds to the constructive or destructive interference between
two standing waves like it takes place in a wedge-shaped film. Since the transverse

wave number k., changes with &, due to equation (2.1.79), the resonance happens

at different & and these resonances are numerated by the index m .

2.2. Statement of the Problem for Periodically Two Dimensional Corrugated

Waveguides
2.2.1. Initial Equations
In this part, wave phenomenon in planar periodically two dimensional

corrugated waveguide is investigated. Because of two dimensions, there is no phase

shift in our geometry. This special geometry is shown detailed in Figure 2.4.

[

Couptler 1 0SsC

Y

Y
Coupler 2

Y

Power meter |[—

by

v (zZy=E5cos(yz)
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Figure 2.4. Geometry of a planar periodically two dimensional corrugated
waveguide. The phase shift phenomenon isn’t observed in such geometry.

In this geometry, the special waveguide has two conductor plates as its upper
and lower boundaries and dielectric medium occupies the space (y,(x) >y >y_,(2))
between these parallel plates. As it is seen from Figure 2.4, parallel plates have
sinusoidal function as their profiles. Medium between the periodic boundaries is
assumed to be linear, homogenous, isotropic and non-dispersive. Amplitudes of
upper and lower plate corrugations are p and & respectively and expressions of
upper and lower boundaries are y,(x)=d—pcos(gx) and y_,(z)=¢cos(yz)
respectively. In this geometry, g =27z/a, a is the period of the upper corrugation,
y=2x/b. b is the period of the lower corrugation, d is average thickness between
parallel plates. We assumed that the corrugations have a small amplitude ie.
£/d <<1, p/d <<1 and &g <<1, pg <<1.

The wave propagation in such a structure can be analyzed as follows. The TE
wave, having the x- and z- components of the wave vector in the plane of the
waveguide, satisfies two wave equations. The first wave equation, for the E,
component of the electric field, describes wave propagation along the z direction.

And the second wave equation, for the £, component of the electric field, describes

wave propagation along the x direction. In this case the eigen value problem reduces

to solving of the two wave equations together.

For source free and lossless media, Maxwell’s equations in differential form are;

VxE=-uVxH (2.2.1)
VxH=eVxE (2.2.2)
V.D=0 (2.2.3)
V.B=0 (2.2.4)
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First two of Maxwell’s equations are uncoupled, the well-known wave equations are

obtained as follows:

°E
or’
)~

or?

V2E =gu (2.2.5)

V°H =eu

(2.2.6)

For time harmonic fields (time variations of the form ¢’*'), the wave equations are:

VE = —@’cuk = -k*E (2.2.7)

V2 H =-@*cuH =-k*H (2.2.8)
In this thesis a general solution will be presented for a field component of ¢, which
may represent both E, electric field vector, or H, magnetic field vector.. So in
general wave equation can be arranged as:

Vip+ ke =0 (2.2.9)

where & can be written in term of &, the dielectric permittivity of the medium, and

¢ velocity of light as:

(%)

= (2.2.10)

and if we write the explicit form of the Laplacian, the wave equation takes the form:

2 2 2 2
00,099,909, .2 50 (2.2.11)
x: oy Oz c

71



2. THEORETICAL INVESTIGATIONS. Omer Evren INAN

And second necessary equation for the solution, boundary conditions can be written

as.
qo(x,y_d(z),z)mgo(x,yd(x),z)=O (2212)

Due to the boundary periodicity, @(x,y,z) can be represented in the form of a

Fourier series (Floquet’s theorem) as;

o(x,y.2)= Y | a,, cos(k, y)+b,,sin(k, y) e bmamkamas - (22.13)

where &, k,, and k. are the wave vectors in the directions of x, y and z

respectively.
Substitution of equation (2.2.13) into equation (2.2.11) give us a very useful

equation, which includes the relation between w and k.

2

Sw—;—(kx +ngy —k; —(k,+my) =0 (2.2.14)
p

Expressing equation (2.2.13) as a Mclaurin Series at y=0 and y=d, the two

equations of ¢(x, y,z) at the two boundaries can be written as follows:

Q?(x, y’ Z)(y — 0) — ZI:a”mej(r’(x+nq)x+‘,'(k“,+mz)z +b k e‘l(kt*’nq)x*’j(’,{z{»fnsz.(é cos ZZ)

am T am
nm

L g g et (g2 o2 XZ)] (2.2.15)

pwmnm

p(x,y,2X(y =d)= Y [|a,, cos(k,,d)+b,, sin(k,,d)]

i

+[-a,,k,, sin(k,,d) +b,,k,, cos(k,,d)].(d — pcosgx —d)

TR nm nm° iRt nm
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+l[_a k2 cos(k, d)~b k° sin(k

2' Ll ) a1 el H

wd )] (d - pcosgx~—d) } gl ez

(2.2.16)

Mathematical calculations for expressing equation (2.2.13) to Mclaurin Series at

y=0and y=d can be seen in Appendix IIL

Via expressing equation (2.2.13) as a Mclaurin series at the boundaries, y =0 and
y=d , and then substituting of these equations into the boundary condition, we can
reach a system of linear algebraic equations for the coefficients a, and b,. By
solving the determinant of this system for zero, the allowed values of %, can be

found, so the frequency spectrum of the waveguide can be found. For small
corrugations, it is sufficient to take the first three space harmonics. It can be easily

realized that a, and b, decrease when » increases. That's why we can restrict
ourselves to the approximation of three main space harmonics with the wave
numbers & |,k 0.k Koy Koo Ko Koy s Ky and k.

Regarding the approximations mentioned above, the terms including p and & with

powers of order higher than 2 may be eliminated.

In appendix I1I, IV and V, it can be seen easily the procedures to reach determinant

of dispersion equation.
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3. EXPERIMENTAL INVESTIGATIONS

3.1. Setup Configuration for Measurements

Frequency Rotary Signal
- Meter Attenuator P Source
L 4
Coupler 1
—1 Detector >
L
- Coupler 2 Digital
— Detector ™ Power meter

Features of Devices that was Used in Experimental Investigations

Signal Source: FMI Model: 449X / 8.2GHz-12.5GHz

Rotary Attenuator: FMI Model: 16110

Frequency Meter: FMI Model: 16072

Directional Couplers: (Coupling Value:10dB) FMI Model: 16131-10
Adapter: AGILENT Model: X281A, FMI Model:16180

Power Sensors: AGILENT Model: 8481A

Waveguide Turning: FMI Model: 16450-90RH

Horn Antennas: FMI Model: 16240-15

Digital Power Meter: AGILENT Model: E44198
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Abbreviators:

In experimental part of the thesis, features of geometry for each experimental
measurement are explained under the plots.

In these explanations, we used some abbreviators which are listed below;

List of Abbreviators

d : Average distance between paralel plates
La-a : Distance between antennas

PS : Phase shift

Fer : Critical frequency

FBragg : Bragg frequency

TP : Transmission Point

f: Frequency

Pincident : Incident power

Preceived : Received power

Prefiected : Reflected power
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3.2. Experimental Investigations

3.2.1. Full Corrugated Waveguide Experiments and Their Evaluations

(i) Dependency of Transmitted Power on Frequency
a) Phase Shift (6)= =

1)

Dependency of Transmitted Power on Frequency

8,5 89 8,3 97 101 10,7 11,3 125

Normalized Transmitted
Power

84 89 93 97 101 105 10,8 115 125
Frequency, GHz

o 2y 13CM
—d=4,78cm

Geometry 1: d = 4,13¢cm, La-a = 85cm, Attenuator = 0, (Without Antennas; open

waveguide ).

Geometry 2: d = 4,78cm, La-a = 85¢m, Attenuator = 0, (Without Antennas; open

waveguide).
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2)

Dependency of Transmitted Power on Frequency

8,7 9,1 9,8 10,3 10,8 11.5 12,5

1 T T : - |
0.8 A, ’
0,6 - ~--—d=9 Bdcm
0.4 -——d=6,7cm

Normalized Transmitted
Power

8,8 9,0 9,2 96 99 104 11,7 125
Frequency, GHz

Geometry 1: d = 6,7¢m, La-a = 60cm, Attenuator = 0, (Without Antennas; open
waveguide).
Geometry 2: d = 9,54cm, La-a = 63cm, Attenuator = 1,56.

3)

Dependency of Transmitted Power on Frequency

88 9.3 10,1 10,56 12,4
=] . . N ;
g .
=
7]
&
= ~ d=10,81Cm
2 —d=11,54cm
N
©
£
e}
z

8,3 9,0 9,5 10,0 10,7 11,2 12,2
Frequency, GHz

Geometry 1: d = 10,61cm, La-a = 60cm, Attenuator = 0.
Geometry 2: d = 11,54cm, La-a = 60cm, Attenuator =0.
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4)
Dependency of Transmitted Power on Frequency
8,8 93 10,1 10,5 12,4
E 14 1 ot | :
£ 08-
2
2506, e d=12,3cm
8 £04 A ——d=11,54cm
gi 0,2
2 o0

11,1 11,3 11,8 12,2
Frequency, GHz

Geometry 1: d = 11,54cm, La-a = 60cm, Attenuator = 0.
Geometry 2: d = 12,3¢m, La-a = 63cm, Attenuator = 1,56.

Evaluation of the Resulis:

To evaluate the experiments’ results we should look into theoretical part of
thesis at “Effect of the Phase Shift between Parallel Plates on Wave Reflection”
section. In phase shift, #=x case, it can be easily seen that Bragg resonances (stop
bands) occur but on the contrary all non-Bragg resonances (additional stop bands)
can’t be observed in the spectrum of the periodically corrugated waveguide if
amplitudes of corrugations equal each other. And in this section, equation (2.1.116)
indicates Bragg stop band’s width.

Because in our geometry, amplitudes of corrugations equal each other,
according to our experiments, Bragg resonance (stop band) occured and all non-
Bragg resonances (additional stop bands) wasn’t observed while phase shift, #=1r.

So experimental investigations are in good agreement with theoretical investigations.
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b) Phase Shift, &, in Different Values

In our experiments, period of corrugations, 2 7, equals 33mm.

1)
Dependency of Transmitted Power on Frequency
8.8 9,3 10,5 11,2 12,4
O 1 _ } 1 T ! |
I=
2
= ——d=9,54cm
2 e 4= 9,490
N
®
E
)
p=d
88 90 892 96 99 104 1117 125
Frequency, GHz
Geometry 1: d = 9,54cm, La-a = 63cm, Attenuator = 1,56, 8 =x.
Geometry 2: d = 9,49cm, La-a = 60cm, Attenuator = 1,56, € = 7 +15mm.
2)
Dependency of Transmitted Power on Frequency
89 9.2 8.8 10,6 11,5 12,2
E ! i - i
€
7]
8
EQUeT YWTWY WA N . T d=9,49cm
§ & —d=9,54cm
8
E
o 0 -
Z

8,8 92 97 102 108 112 11,7 125
Frequency, GHz

Geometry 1: d = 9,54cm, La-a = 63cm, Attenuator = 1,56, § = 7 +30mm.
Geometry 2: d = 9,49cm, La-a = 60cm, Attenuator = 1,56, 8 = 7 +60mm.
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Evaluation of the Results:

In theoretical part of thesis at “Effect of the Phase Shift between Parallel
Plates on Wave Reflection” section, it can be seen from equation (2.1.113) to
equation (2.1.116) that in case phase shift, &, equals to zero, non-Bragg resonances
(additional stop bands) occur but Bragg resonances (stop bands) don’t open in the
spectrum of the periodically corrugated waveguide. On the contrary, in case phase
shift, &, equals to =z, Bragg resonances (stop bands) occur but all non-Bragg
resonances (additional stop bands) don’t open in the spectrum of the periodically
corrugated waveguide. These evaluations are valid while the amplitudes of the
corrugations equal to each other. Besides the width of stop bands depends on the
phase shift, &, between parallel periodic boundaries and mode’s evenness. It varies
from zero to a maximum value while one plate shifting half period of the corrugation
with respect to another. Our experimental results are in agreement with theoretical

investigations.

(ii) Dependency of Transmitted Power on Frequency at New Transmission

Point

1)
8.4 9,2 10,1 11,1
ks 1 | ‘ |
E  08-
=
2 8 06~ o g=9cm, PS=42mm
3 g 04 - —_d=9m, PS=48mm
E 0.2 -
[=] 0 L .
=
8,3 9,3 10,2 11,4

Frequency, GHz

Geometry 1: d = 9cm, La-a = 56¢m, Attenuator = 1,5, ¢ = 7 +42mm, Fer =
9,188GHz.
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Geometry 2: d = 9em, La-a = 56cm, Attenuator = 1,5, § = 7 +48mm, Fcr =
8.855GHz.

2)

914 10017 10916 11,55
08 '/
06 -
0.4
02 -
8,35 885 937 0947 10,526 11,175

Frequency, GHz

e d=9cm, PS=Pi+48mm
—d=9cm, PS=Pi+51mm

Normalized Transmitted
Power

Geometry 1: d = 9cm, La-a = 56cm, Attenuator = 1,5, @ = 7 +48mm, Fer =
8,855GHz.
Geometry 2: d = 9cm, La-a = 60cm, Attenuator = 1,5, # = 7#+51mm. Fer=
9,005GHz.

(iii) Dependency of Transmitted Power on Phase Shift between Parallel Plates

D
Dependency of Transmitted Power on Phase Shift
0 6 12 18 24 30 36 42 48 54 60 66
o | | H : | | 1 : .
g 1 .
E
2
E - g=8cm, La-a=56cm
B - =8cm, La-a=60cm
N
©
£
g o

0 6 12 18 24 30 38 42 48 54 60
Phase Shift, mm

Geometry 1: d = 9cm, La-a = 56cm, Attenuator = 1,5, FBragg = 9,183GHz.
Geometry 2: d = 9cm, La-a = 60cm, Attenuator = 1,5, FBragg = 9,154GHz.
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2)

Dependency of Transmitted Power on Phase Shift

0 6 12 18 24 30 36 42 48 54 60 66
1 I ! L 1 H ; ' i B —

e =9, Bom, La-a=60cm
——d=8¢cm, La-a=60cm

02+~ S =

Normalized Transmitted

0 6 12 18 24 30 36 42 48 54 80 66
Phase Shift, mm

Geometry 1: d = 9c¢m, La-a = 60cm, Attenuator = 1,5, FBragg = 9,154GHz.
Geometry 2: d = 9,6cm, La-a = 60cm, Attenuator = 1,56, FBragg = 8,806GHz.

Evaluation of the Results

In theoretical investigations, effect of phase shift is mentioned in part 2.1.5.
Effect of the Phase Shift between Parallel Plates on Wave Reflection.

Position and width of the gap (stop band) depend on the phase shift, &,
between two periodic plates and mode’s evenness. It varies from zero to a maximum
value while shifting one plate with respect to another on the half period of
corrugation. In a case of the congruent boundaries, the Bragg gaps do not open, and
an electromagnetic wave propagates in the periodic waveguide without Bragg
reflections. When frequency of the electromagnetic wave coincides with one of the
gaps, only unidirectional propagation along grooves is allowed in the waveguide.

It can be seen from experimental part 3.2.1.(iii} for effect of phase shift that

experimental investigations approve the theoretical investigations.
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(iv) Dependency of Transmitted Power and Bragg Frequency on Distance

Between Aniennas

80 57 54 51 48 45 42
g 14 ; ! — 8,17 N
£ - 9,18 7
E 08 + 915 7
£ 5 0 B
— o ¥ o 1 , o -
= g lg13 8 TP VS La-a
Ta 04 1911 § ——FBraggVS La-a
% 491
02 _ +909 =
E : S 908 B
z 0 9,07 @

60575451484542393633302724211815

Distance Between Antennas, cm

Geometry 1 (TP versus La-a): d = 9cm, Attenuator = 1,5, & = x, FBragg =
8,903GHz.
Geometry 2 (FBragg versus La-a): d = 9cm, Attenuator = 1,5, 8 = 7.

Evaluation of the Results

Effect of La-a is investigated in both sides. One of them is effect of La-a on
transmitted power and the other one is on Bragg frequency.

Theoretically if the La-a is increased, it is expected that transmitted power
will decrease because of losses. It can be seen this effect of La-a in experimental part
3.2.1.(iv). And experimental results are in agreement with the theoretical indicates.

The other effect of La-a is upon Bragg frequency. Theoretically it is expected
that Bragg and non-Bragg frequency aren’t effected by changing of La-a. Again in
experimental part 3.2.1.(iv), it can be seen that Bragg frequency isn’t effected by
changing of La-a.

So theoretical and experimental investigations are in agreement in these

points,
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(v) Dependency of Transmitted Power and Bragg Frequency on Average

Thickness Between Parallel Plates

o -
Re] % 0.8 %9 §
o o g @
No 06 s 54— TPVSd
£E g4 "L O _— _FBraggVSd
s E +8 o
Zz 2 D

g 02 75 8

[ oo

0 1 i f 1 f 7

B3 8,5 9 9,5 10

Awerage Distance Between Paraliel Plates, cm

Geometry 1 (TP versus d): La-a = 60cm, Attenuator = 1,5, 8 = .
Geometry 2 (FBragg versus d): La-a = 60cm, Attenuator = 1,5, 8 = x.

Evaluation of the Results

Effect of d can be observed in different directions. According to our
experiments, firstly we can see effect of d on position of Bragg resonance (stop
band) in the spectrum of the periodically corrugated waveguide and the another

effect is changing of the Bragg stop band.

In theoretical part, equation (2.1.83) shows that the resonance occurs if the
thickness of the waveguide, &, is simultancously a multiple of half wavelengths of
the standing-waves associated with the fundamental (»=0) and the n=*1 space
harmonics but with different integers p and m . Because of this reason, resonance is
also named geometric resonance.

Firstly, equation (2.1.109) (resonance frequency) shows us that if other
parameters are fixed and the average distance of parallel plates, &, is changed,
resonance frequency will change. If d is increased, Bragg resonance (stop band)
frequency as well as the non-Bragg resonance (additional stop band) frequency will

decrease. The experimental results can be seen in experimental part 3.2.1.(v)
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As second effect of d, equation (2.1.110) (stop band) shows us that if other
parameters are fixed and the d is changed, band gap will change. If the d is
increased, band gap will decrease. And experimental results of this effect can be seen
in experimental part 3.2.1.(i) and part 3.2.2.(i).a.

In experimental part 3.2.1 as you see easily, at some very small and big
values of d, Bragg gap isn’t seen. Also this situation is explained as condition of
Bragg gap in theoretical part.

Experimental investigations of above effects support theoretical

investigations.

(vi) Dependency of Scattered Power on Position of Antenna Through

Corrugations

Distribution of Scattered Power on Corrugation

—— d=8,37cm
e 4=10,2CM

Normalized Scattered Power

0 1 1 I I 1 f f
1max 3min 6max 8 min 11 max 13 min 16 max 18 min
Position of Antenna on Corrugations

Geometry 1: d = 9,37cm, La-a = 60cm, Attenuator = 1,5, 8 = x, FBragg =
9,482GHz.
Geometry 2: d = 10,2cm, La-a = 60cm, Attenuator = 1,5, 8= x, FBragg=
8,665GHz.

Second receiving antenna is shifted from receiving side to transmitted side.
max indicates top point of corrugation and min indicates bottom point of corrugation.

So for instance, 1 max means that top point of first corrugation.
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Evaluation of the Results

In our investigations, electromagnetic wave propagates through x direction.
So, the periodicity along the x -axis does not affect strongly upon wave propagation
into the z direction. In the first order approximation, we can neglect by change of
parameters of the wave progressing into the z direction.

Scattered power experiments are done by shifting horn antenna throughout
corrugation from receiving side to the transmitting side at the edge of corrugated
boundary in periodically corrugated waveguide.

Theoretically, we expected that distribution of scattered power in periodically
corrugated waveguide at the edge of corrugated boundary is generally sinusoidal
form because of standing and pure standing waves.

It can be seen easily from experimental part 3.2.1.(vi) that distribution of
scattered power is almost sinusoidal because of standing and pure standing waves

and experimental results supports theoretical results.
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3.2.2. Experiments with Transformation of Corrugated Waveguide to Smooth

Waveguide and Their Evaluations

In this section, we investigated the changing of the position and width of the
Bragg gap and distribution of scattered power while periodically corrugated
waveguide is transferring to smooth waveguide incrementally. These experimental
investigations are done by separating phase shift between parallel plates equals to pi
and zero. And on flat waveguide. Plain stripes are added from center to both sides of
corrugated waveguide while full corrugated waveguide transfers to the smooth
waveguide. Our corrugated waveguide has 24 periods. Besides width of plain stripes

are shown at right side of the graphics. For example 6 periods=19,2¢m etc.
(i) Dependency of Transmitted Power on Frequency
a) Phase Shift (8)=~

1)

Dependency of Transmitted Power on Frequency

85 87 90 94 98 102 10,5 108 113 119

0 s PR L SR

_10 _
220
_30 -
_40 _
-50
-80 -
_70 _
-80 4
-90 + | : ! | i :

85 89 94 100 104 106 109 114 121
Frequency, GHz

T T 1 1

— Full Corrugated
~~~~~~~~ 6 periods=19,2cm

Transmitted Power, dB

Geometry 1 (Full Corrugated): d = 5,4cm, La-a = 100,5¢m, Attenuator = 0, (Without
Antennas; open waveguide).

Relative Values: Piycigent = 3,14dB at = 8,471GHz.

Geometry 2 (6 periods): d = 5,5¢m, La-a = 102,5cm, Attenuator = 0.

Relative Values: Preceivea = -3.60dBm, Prefiected = -17,78dBm at = 8,910GHz.
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Plain stripes begin at 10th top from the transmitting side and end at 10th top at the
receiving side.

2)

Dependency of Transmitted Power on Frequency

85 87 90 95 98 103 10,5 10,7 11,3 11,8

0
10 +
20 +
30 +
40 +
-50 +
60 +
70 4
85 88 92 87 100 103 108 11,3

Frequency, GHz

e § pEFOAS=25, 5CmM
— 9 periods=28,7cm

Transmitted Power, dB

Geometry 1 (8 periods): d = 5,4cm, La-a = 102cm, Attenuator = 0.

Relative Values: Preceives = -36,4dBm at = 8,663GHz.

Plain stripes begin at 28th cm from 1st corrugation’s top at the transmitting side.
Geometry 2 (9 periods): d = 5,5cm, La-a = 102,5cm, Attenuator = 0.

Relative Values : Preceived = -4,15dBm, Prepected = -20,35dBm at £ =9,105GHz.
Plain stripes begin at 9th top from the transmitting side and end at 8th top at the
receiving side.

3)

Dependency of Transmitted Power on Frequency

85 8.9 9,3 97 104 109 114

~——10 periods=31,7cm
— 12 periods=38,5cm

Transmitted Power, dB

-70 ; : I i 1 i 1
85 89 93 98 102 108 11,2 120
Frequency, GHz

Geometry 1 (10 periods): d = 5,4cm, La-a = 102,5cm, Attenuator = 0.

88



3. EXPERIMENTAL INVESTIGATIONS Omer Evren INAN

Relative Values: Preceived = 214 ¢ W at £ = 8,604GHz.

Plain stripes begin at 8th top from the transmitting side and end at 10th top at the
receiving side.

Geometry 2 (12 periods): d = 5,5¢m, La-a = 102,5cm, Attenuator = 0.

Relative Values: Preceived = -3,50 dBm, Prefiecied = -20,35dBm at f = §,892GHz.
Plain stripes begin at 6th top from the transmitting side and end at 8th top at the
receiving side.

4)

Dependency of Transmitted Power on Frequency

85 87 91 94 101 106 110 115
[ S ; e |

—— 16 periods=51cm
-~ 18 periods=57,5cm

Transmitted Power, dB

85 88 82 95 102 106 111 117
Frequency, GHz

Geometry 1 (16 periods): d = 5,5cm, La-a = 102,5cm, Attenuator = 0.

Relative Values: Preceived = =3,11dBm, Prefiectea = 10,64dBm at £ = 9,424GHz.
Plain stripes begin at 6th top from the transmitting side and end at 6th top at the
receiving side.

Geometry 2 (18 periods): d = 5,5cm, La-a = 100cm, Attenuator = 0.

Relative Values: Preceived = -3,56dB at £=8§,535GHz.

Plain stripes begin at 6th top from the transmitting side and end at 4th top at the
receiving side.
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5)

Dependency of Transmitted Power on Frequency

85 87 90 93 102 106 110 117
0 foaseier | — \ 1”“4\) " . o .

- 20 pETiCAS=64CM
—— 22 periods=70,5¢m

Transmitted Power, dB

8,5 8,7 9.0 9.4 101 107 112
Frequency, GHz

Geometry 1 (20 periods): d = 5,5cm, La-a = 100cm, Attenuator = 0.

Relative Values: Preceived = -3,35dB, Prefiectes = -19,40dB at = 8,538GHz.

Plain stripes begin at 4th top from the transmitting side and end at 4th top at the
receiving side.

Geometry 2 (22 periods): d = 5,5cm, La-a = 100cm, Attenuator = 0.

Relative Values: Preceived = -3,45dBm, Pregected = -18,3dBm at £ = 8,564GHz.

Plain stripes begin at 2th top from the transmitting side and end at 4th top at the
receiving side.

6)
Dependency of Transmitted Power on Frequency
)
=
o
g
% 22 periods=70,5¢cm
& e 24 periods=77cm
£
Uy
o
o
[y

Frequency, GHz

Geometry 1 (22 periods): d = 5,5cm, La-a = 100cm, Attenuator = 0.

Relative Values: Preceived = -3,45dBm, Pregiected = -18,3dBm at £ = 8,564GHz.
Plain stripes begin at 2th top from the transmitting side and end at 4th top at the
receiving side.
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Geometry 2 (24 periods): d = 5,5¢m, La-a = 100cm, Attenuator = 0.

Relative Values: Preccived = -3,50dBm, Prefiected = -16,65dBm at f = 8,670GHz.
Plain stripes begin at 2th top from the transmitting side and end at 2th top at the
receiving side.

Evaluation of the Results

In our experiments, plain stripes are added from middle of the parallel plates
into both sides of parallel plates symmetrically. Plain stripes’ effects are investigated
upon band gap in three directions. Firstly in geometry with phase shift, &, between

parallel plates equals to 7, then equals to zero. And as last in smooth waveguide.

For phase shift, 0=

According to experiments, width of Bragg band gap reduces and becomes
disappear step by step while the plane stripes are added through the both sides of
parallel plates symmetrically. This results are expected theoretically because when
we add the plain stripes, we destroy the periodicity. So as well as non-Bragg
resonance, Bragg resonance is spoiled and slowly becomes disappear.

And results in experimental part 3.2.2.(i).a are in agreement with theoretical results.
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b) Phase Shift (8)=0

)

Dependency of Transmitted Power on Frequency

85 88 91 95 102 105 110 1186

—— 10 periods=31,7cm
— 16 periods=51cm

Transmitted Power, dB

8,5 9,1 9,7 10,0 104 102 114
Frequency, GHz

Geometry 1 (10 periods): d = 5,4cm, La-a = 102,5cm.

Relative Values: Proceivea = 3,26dBm at £ = 8,957GHz.

Plain stripes begin at 8th top from the transmitting side and end at 10th top at the
receiving side.

Geometry 2 (16 periods): d = 5,4cm, La-a = 100cm, Attenuator = 0.

Plain stripes begin at 6th top from the transmitting side and end at 6th top at the
receiving side.

2)
Dependency of Transmitted Power on Frequency

85 87 980 94 100 105 110 118
0 N '_ “ — J | |

£
[4)]
I

=10 4

-15 -

-20 -

85 86 88 92 96 100 104 107 113
Frequency, GHz

— 18 periods=57,5cm
-——20 periods=64cm

Transmitted Power,dB

Geometry 1 (18 periods): d = 5,5cm, La-a = 100cm, Attenuator = 0.
RelatiVe ValueSl PI’ECCiVCd = 'S,IOdB, Preﬂected = "'].4,70dB at f2 8,691GHZ.
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Plain stripes begin at 6th top from the transmitting side and end at 4th top at the
receiving side.

Geometry 2 (20 periods): d = 5,5¢m, La-a = 100cm, Attenuator = (.

Relative Values: Preceived = -4,89dBm, Prefiected = -16dBm at = 8,696GHz.

Plain stripes begin at 4th top from the transmitting side and end at 4th top at the
receiving side.

3)
Dependency of Transmitted Power on Frequency
8,5 8,7 9.1 9,5 9,9 10,3 11,3
s} . ‘
o T
i}
5
o e 22 pEFIOAS=70,5Ccm
ke
2 — 24 periods=77cm
=
7]
& .
= -25 -

8,5 8,7 9,0 95 101 107 112 12,0
Frequency, GHz

Geometry 1 (22 periods): d = 5,5¢m, La-a = 100cm, Attenuator = 0.

Relative Values: Preceived = -4,13dBm, Prefiected = -23,89dBm at £ = 8,638GHz.
Plain stripes begin at 2th top from the transmitting side and end at 4th top at the
receiving side.

Geometry 2 (24 periods): d = 5,5cm, La-a = 102cm, Attenuator = 0.

Relative Values: Preceivea =-2,71dBmM, Prefectea = -21,84dBm at = 9,058 GHz.
Plain stripes begin at 2th top from the transmitting side and end at 2th top at the
receiving side.

Evaluation of the Results
For phase shift, & =0

As expected theoretically, in geometry that phase shift, @, between paralel
plates equals zero, no Bragg stop band was occured. In agreement with theoretical
results, we couldn’t observe the Bragg stop band in transferred experiments at phase

shift, #=0. When we look the experimental results in experimental part 3.2.2.(i).b,
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we can see casily that experimental results are in agreement with the theoretical

results,

¢) Flat Waveguide
1)
Dependency of Transmitted and Reflected Power on Frequency
5 +—5
] g
L
3 ¢ i
S 5 2 .
E 1] : a - Transmitted Power
E © 0 B — Reflected Power
£ 8
-15 2
: 2
-20 25

85 88 91 96 101 10,6 11,1 11,7
Frequency, GHz

Dependency of Transmitted Power on Frequency

Geometry: d = 3,7cm, La-a = 103 cm.

Relative Values: Preceived = =6,90dBm, Prefiected = -14,54dBm at £ = 8,5GHz.
Dependency of Reflected Power on Frequency

Geometry: d = 3,7cm, La-a = 103 cm.

Relative Values: Proceived = -6,90dBm, Progecied = -14,54dBm at £= 8,5GHz.

2)

Dependency of Transmitted Power on Frequency

@ 85 9.0 9,4 9,7 10,3 107 112

2 3

[e]

L g e =3 T I
o]

g ., —d=4,8cm
5 -18 -

~ 85 88 9,1 96 10,1 106 111 117

Frequency, GHz

Geometry 1: d =3,7cm, La-a = 103¢m.
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RelaﬁVe ValllCS: Preceived = '6,90dBm, Preﬂectcd = '14,54dBm at fm 8,5GHZ.
Geometry 2: d =4,6cm, La-a = 102,5cm.
Rela-tive Values: Preceived = "4,29dBm, Prcﬂccted = ‘“12,76dBm at f= 9,045GHZ.

Evaluation of the Resulis

For Flat Waveguide;

In this geometry, because of lack of periodicity, there is no any Bragg and
non-Bragg stop band. So results in experimental part 3.2.2.(i).c approve the

theoretical results.

(ii) Dependency of Scattered Power on Position of Antenna Through

Corrugations

Distribution of scattered power on corrugation experiments are investigated in
three directions. First investigation which is separated by three parts as stop band,
pass band and at boundary between stop and pass band while phase shift, &, between
paralel plates equals to zero. In Second one, phase shift, #=7 . And last investigation
is in flat waveguide.

Stop band means that measurement frequencies are in the Bragg stop band.
Pass band means that measurement frequencies are out of the Bragg stop band. And
boundary between stop and pass band means that measurement frequencies are at the

edges of Bragg stop band.

Second receiving antenna is shifted from receiving side to the transmitting side.

max indicates top point of corrugation and min indicates bottom point of corrugation.
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a) Phase Shift ()= 7
1) Stop Band Region

1)

Distribution of Scattered Power on Corrugation

Position of Antenna on Corrugations

23.

1. max 4. mid 8 min 12. mid16. max19. mid min{w)

0| i | 1 ! i F-— 10
-10 3
-20
-30
'40 L
-50
-60

e 8 DEFIOAS
—= 10} periods

Scattered Power, dBm
Scattered Power, dB

15,0 27,0 39,0 51,0 63,0

Distance From Top of the First
Corrugation, cm

Geometry 1 (8 periods): d = 5,4cm, La-a = 102cm, Attenuator = 0, FBragg =
10,2GHz.

Plain stripes begin at 28th cm from 1st corrugation's top at the transmitting side
Geometry 2 (10 periods): d = 5,4cm, La-a = 102,5¢m, Fomg, = 10,122GHz.
Relative Values: Proceivea = 214puW at £= 8,604GHz.

Plain stripes begin at 8th top from the transmitting side and end at 10th top at the
receiving side.
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2)

Distribution of Scattered Power on Corrugation

23
g 1max 5min 10max 14 min 19 max min{w)
s} _ . _
5 -10 - 10
§ "gg ¢ /%20 —— 12 periods=38,5cm
B -40 /o -30  —— 16 periods=51cm
5 -50 + -40
% B0 S L850
@ 1max 5min 10max 14 min 19 max 23

min(w)

Position of Antenna on Corrugations

Geometry 1 (12 periods): d = 5,5¢m, La-a = 102,5cm, £ = 10,042GHz.

Plain stripes begin at 6th top from the transmitting side and end at 8th top at the
receiving side.

Geometry 2 (16 periods): d = 5,5¢m, La-a = 102,5cm, Attenuator = 0, f=9,824GHz.
Plain stripes begin at 6th top from the transmitting side and end at 6th top at the
receiving side.

3)

Distribution of Scattered Power on Corrugation

£ 20 -0
o i
5 25 i
z 20 A 120 18 periods=57,5cm
% / 4 - 30 —ee 20 periods=84cm
g -3 - 40
®
3 40 | ; : i | : : -50
1max 4mid 8min 12 mid16 max 19 mid 23
min{w)

Position of Antenna on Corrugations

Geometry 1 (18 periods): d = 5,4cm, La-a = 100cm, Attenuator =0, ['= 10,316GHz.
Plain stripes begin at 6th top from the transmitting side and end at 4th top at the
receiving side.

Geometry 2 (20 periods): d = 5,5¢m, La-a = 100cm, Attenuator = 0, f= 10,346GHz.
Plain stripes begin at 4th top from the transmitting side and end at 4th top at the
receiving side.
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4)
Distribution of Scattered Power on Corrugation

g 0 TS

o 10 - 40

) :

2 20 ' ;g e 22 periods=70,5cm
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-g -30 = M | o5 ——24 periods=77cm
Y +-30

8 40 : g

© ' T -35

8 50 ¢ 4 1 i 1 : — -40

imax 4mid 8min 12mid16 max19mid 23

min{w}

Position of Antenna on Corrugations

Geometry 1 (22 periods): d = 5,5¢m, La-a = 100cm, Attenuator = 0, f = 10,217GHz.
Plain stripes begin at 2nd top from the transmitting side and end at 4th top at the
receiving side.

Geometry 2 (24 periods): d = 5,5cm, La-a = 102c¢m, Attenuator = 0, = 9,5GHz.
Plain stripes begin at 2nd top from the transmitting side and end at 2nd top at the
receiving side.

2) Pass Band Region

1)

Distribution of Scattered Power on Corrugation

1 max 4 mid 8 min 12 mid 16 max 19 mid 23 min

0 | | | : | ; 0

- -10
+ 20
- -30
i -40
-50
L+ 60

e 12 periods=38,5cm
— 16 periods=51cm

Scattered Power, dBm

1max 4mid 8min 12 mid16 max 19 mid 23
min{w)

Position of Antenna on Corrugations

Geometry 1 (12 periods): d = 5,5cm, La-a = 102,5cm, = 9,166GHz.
Plain stripes begin at 6th top from the transmitting side and end at 8th top at the
receiving side.

98



3. EXPERIMENTAL INVESTIGATIONS Omer Evren INAN

Geometry 2 (16 periods): d = 5,5cm, La-a = 102,5¢m, Attenuator = 0, = 9,225GHz.
Plain stripes begin at 6th top from the transmitting side and end at 6th top at the
receiving side.

2)

Distribution of Scattered Power on Corrugation

1Tmax 4 mid 8 min 12 mid 16 max19 mid 23 min

&
8 0 : — ——0
g ~ 10
219 ~ 20
5 -gg \, 1 :30 - 18 periods=57,5em
3 :%8 A 40 20 periods=64cm
g -35 T -50
5 40 - TR -60
@ 1max 4mid 8 min 12 mid16 max19 mid 23
min{w}

Position of Antenna on Corrugations

Geometry 1 (18 periods): d = 5,4cm, La-a = 100cm, Attenuator = 0, { = 8,927GHz.
Plain stripes begin at 6th top from the transmitting side and end at 4th top at the
receiving side.

Geometry 2 (20 periods): d = 5,5¢m, La-a = 102,5cm, Attenuator =0, f=9,128GHz.
Plain stripes begin at 4th top from the transmitting side and end at 4th top at the
receiving side.
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3) At Boundary between Stop and Pass Band

1)
Distribution of Scattered Power on Corrugation
1max 4 mid 8 min 12 mid 16 max19 mid 23 min

0 : i ; ‘ ;
10 - 1 -10

,,,,,,,, 12 periods=38,5cm
— 16 periods=51cm

Scattered Power, dBm

1max 4 mid 8 min 12 mid16 max19 mid 23
min(w)

Position of Antenna on Corrugations

Geometry 1 (12 periods): d = 5,5cm, La-a = 102,5cm, = 10,354GHz.

Plain stripes begin at 6th top from the transmitting side and end at 8th top at the
receiving side.

Geometry 2 (16 periods): d = 5,5cm, La-a = 102,5cm, Attenuator =0, f=
10,172GHz.

Plain stripes begin at 6th top from the transmitting side and end at 6th top at the
receiving side.

2)

Distribution of Scattered Power on Corrugation

23
1max 4mid 8 min 12 mid 16 max 19 mid min{w)

0 i i ! i ; } 0
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g
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Scattered Power, dBm

Position of Antenna on Corrugations
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Geometry 1 (16 periods): d = 5,5cm, La-a = 102,5c¢m, Attenuator = 0, =
10,172GHz.

Plain stripes begin at 6th top from the transmitting side and end at 6th top at the
receiving side.

Geometry 2 (18 periods): d = 5,4cm, La-a = 100cm, Attenuator = 0, f=9,596GHz.
Plain stripes begin at 6th top from the transmitting side and end at 4th top at the
receiving side.

3)

Distribution of Scattered Power on Corrugation

23

e 1Tmax 4 mid 8min 12 mid 16 max 19 mid min(w)
D 0 i : : : 1 - 0
5 -10 10
é I e 20 periods=64cm
= T A — 22 periods=70,5¢cm
@ v
§ -50 . o : T -50
“  1max 4mid 8min 12 mid16 max19 mid 23

min{w)

Position of Antenna on Corrugations

Geometry 1 (20 periods): d = 5,5cm, La-a = 100cm, Attenuator = 0, f = 9,646GHz.
Plain stripes begin at 4th top from the transmitting side and end at 4th top at the
receiving side.

Geometry 2 (22 periods): d = 5,5¢m, La-a = 100cm, Attenuator = 0,f=11,217GHz.
Plain stripes begin at 2nd top from the transmitting side and end at 4th top at the
receiving side.

Evaluation of the Results

As you see in experimental part 3.2.2.(ii).a, experiments were separated in
three parts that were explained before. In experimental part 3.2.2.(ii).a.1, we
observed the distribution of scattered power on corrugation in stop band regions. In
part 3.2.2.(i1)a.2, we observed distribution of scattered power on corrugation in pass
band regions and then in part 3.2.2.(ii).a.3, we observed distribution of scattered
power on corrugation at boundary between stop and pass band. According to the

experiments, there is no any distinctive differences between stop band, pass band and
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at boundary between stop and pass band in distribution of scattered power
experiments.

In phase shift, #, between parallel plates equals to 7, distribution of scattered
powers are almost sinusoidal because of standing and pure standing waves. Although
scattered power is sinusoidal in general, middle region is more smooth than the other
areas because of the plain stripes. Plain stripes spoils the periodicity so in the smooth

surface, scattered power becomes more smooth.

b) Phase Shift () =0

1)

Distribution of Scattered Power on Corrugation

23
1max 4 mid 8 min 12 mid16 max19 mid min{w)

-35 |— : : 1

-36

-37

38§V

-39

A0

1. max 4. mid 8. min 12. mid16. max19. mid 23.
min(w)

—--— 10 periods=31,7cm
—— 16 periods=51cm

Scattered Power, dBm

Position of Antenna on Corrugations

Geometry 1 (10 periods): d = 5,4cm, La-a = 102,5cm, FBragg = 10,947GHz.
Relative Values: Preceived = 3,26dBm at f = 8,957GHz.

Plain stripes begin at 8th top from the transmitting side and end at 10th top at the
receiving side.

Geometry 2 (16 periods): d = 5,5¢m, La-a = 100cm, Attenuator = 0.

Plain stripes begin at 6th top from the transmitting side and end at 6th top at the
receiving side.
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2)

Distribution of Scattered Power on Corrugation

1max 4mid 8 min 12 mid 16 max19 mid 23 min

-33 ¢ | i ; : ‘ 0
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-40 . R B _45
1max 4 mid 8 min 12 mid 16 max19 mid 23
min{w)

~——- 16 periods=51cm
- 18 periods=57,5cm

Scattered Power, dBm

Position of Antenna on Corrugations

Geometry 1 (16 periods): d = 5,5¢m, La-a = 100cm, Attenuator = 0.

Plain stripes begin at 6th top from the transmitting side and end at 6th top at the
receiving side.

Geometry 2 (18 periods): d = 5,5cm, La-a = 100cm, Attenuator = 0, f=9,261GHz.
Plain stripes begin at 6th top from the transmitting side and end at 4th top at the
receiving side.

3)
Distribution of Scattered Power on Corrugation

1max 4mid 8 min 12 mid 16 max 19 mid 23 min
0 i ‘ I i i : et )
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-20
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Tmax 4mid 8min 12 mid 16 max19 mid 23
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—— 24 periods=77cm

Scattered Power, dBm

Position of Antenna on Corrugations

Geometry 1 (20 periods): d = 5,5¢m, La-a = 100cm, Attenuator = 0, f = 9,6GHz.
Plain stripes begin at 4th top from the transmitting side and end at 4th top at the
receiving side.

Geometry 2 (24 periods): d = 5,5¢m, La-a = 102cm, Attenuator =0, f = 10,1GHz.
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Plain stripes begin at 2nd top from the transmitting side and end at 2nd top at the
receiving side.

Evaluation of the Results

As you see in experimental part 3.2.2.(ii).b, scattered power is sinusoidal in
general again. As expected, in this geometry, scattered powers are more smooth in all
areas than the scattered power in phase shift, #=0 because of lack of Bragg
reflections. Again in middle area scattered power is more smooth than the one in
other ares because of plain stripes. As it can be seen easily, experimental results are

in agreement with theoretical results.

¢) Flat Waveguide

Distribution of Scattered Power on Corrugation

Scattered Power, dBm

0,0 22,5 45,0 67,5
Position of Antenna on Corrugations, cm

Geometry: d = 3,7cm, La-a = 103cm, f=9,87GHz.
Geometry: d = 4,6cm, La-a = 102,5¢m £ = 10,5GHz, Attenuator = 0.

Evaluation of the Results

For Flat Waveguide
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As you see in experimental part 3.2.2.(ii).c, distribution of scattered power is
sinusoidal, in general, in according to features of plane waveguide.

All scattered power experiments are in agreement with the theoretical

investigations.
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APPENDIXES

APPENDIX 1

Transmission (ABCD) Matrix and Table of the ABCD Parameters of Some
Useful Two Port Circuits

The Z, ¥ and S parameter representations can be used to characterize a
microwave network with an arbitrary number of ports, but in practice many
microwave networks consist of a cascade connection of two or more two-port
networks. In this case it is convenient to define a 2 X 2 transmission, or ABCD
matrix, for each two- port network. We will then see that the ABCD matrix of the
cascade connection of two or more two-port networks can be easily found by
multiplying the ABCD matrices of the individual two-ports.

The ABCD matrix is defined for a two-port network in terms of the total

voltages and currents as shown in figure 6.1.a and the following

V = AV, +BI, 6.1)
I, =CV, + DI, 6.2)
fy I
e froerere s ——llip—
Peirt * v [f% ﬁ'} ] * # Pars
| - C o A
e o — - e i
(af
4 by Iy
el - e T
B + . & i kS " A x o
e il : {C: ﬂa:il —_ ¥z [f; in! - 5‘}
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Figure 6.1. (a) A two-port network; (b) A cascade connection of two-port networks.
(David M. Pozar, Microwave Engineering, 1993)

In matrix form as;
vl [48][7,
= (6.3)
I CD|il

In the cascade connection of two two-port networks shown in Figure 5.1b, we have that;

n] [4 87"
= (6.4a)
Il Cl D[ IZ
v, B, ||V,
2| B (6.4b)
I C, D, |l 1,
Substituting equation (6.4b) into (6.4a) gives;
I/l o Al Bl AZ BZ I/S (65)
Il Cl DI CZ DZ IS
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Table 6.1. Table of ABCD Parameters of Some Useful Two Port Circuits
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(David M. Pozar, Microwave Engineering, 1993)
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APPENDIX II

Taylor, Mclaurin Series and Expressing ¢(x,y) in Meclaurin Series

Boundaries for Periodically One Dimensional Corrugated Waveguide

/ (a) £ (a)

P(x,y)= f(a) +1—’a(x—a)+ ..... +-=(-a)
= Z J (!a) (x—a)" — Taylor Series at x=a.
k=0 k!
=y L") o Melaurin Series.

For Lower Boundary (y =—d/2+¢cos(qx)), (k,, =k,)

@(x,—%J = Zﬂ:{an cos(—kn %Jﬂ’)n sin(~kﬂ gﬂ_e;u,mq)x

@ (x,y)= Z l—ankn sin(k,y)+b k, Cos(k”y)J.e,l(kt+nq)x

o= a4 2t o, € oo

‘P" (x,y)= Z[—anknz cos(k, v)— bnknz Sin(kny)].e.f(kﬁﬁq)x

60”(-’5,—%) = Z|:~ankn2 COS[—kn g_]_b"knl Sin(-kﬁ gﬂ_enmnm
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(P(xay)(”d/z)=¢(x,—§]+¢" (x..ﬁ‘zij[ y_(_§JJ+ ! go..(x’_ %](y—(— 59]

= E |:an COS(—]C” E]—f-bn sin(_kn ij}ef(fm—ml)x
H 2 2
+) l~ak, sin| -k, — [+b,k g L grthernn | L G
Z[ a""sm( ”2] ””COS( ”zﬂe (y 2)
1 2 d 1, d ok ay
+— ) | —ak, cos| —k,— |-b k, ~sin| ~k — ||/ | pp =
Z!Zn:[ o [ ”2) i [ ”2)}3 (y 2J

o(x, YWy =-d[2) = Z {an cos[kn g)— b, sin(kn gﬂeﬂmnq)x

+Z [ankn sin(kn g] +bk, cos(k” _“ziﬂ o/ +nq)x.(_§+ £ cos(qx) +§]

2
+3%Zn:[~ank,,2 cos(k §J+bﬂkﬂ sm[k,,%He’”"*”‘”".(—g+§cos(Qx)+g}

@(x, ) vig =2 [a,, cos[k,, %) ~b, sin[kn %ﬂ g/t

3 d d JUkorrg)x
+Z ak,sin| k, 3 +b.k, cos| k, 3 TR (£ cos(gx))
+%Z {—arnkn,2 cos (kn %J +b k’sin (kn %{H /T (£ cos(gx))

] b, szn( ﬂ.e""**”q”

]} £ Cos(qx)_ejfffﬁ-ﬂq)x

I\Jlﬁ.

@(x, yXy =~d/2)= Zﬂan cos(kn

+{ankn sin (k” g) +b k,_ cos [kn

+ [—% a,k; cos (k,, g) +%b,,k,f sin (kn gﬂ £2.cos’ (qx)-e'm'mq)x} (6.6)

o | R
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For Upper Boundary (y =d/2+ pcos(gx +6)), (k,, =k,)

14 (x,%] = Zn: [an cos (kn %{) +h, sin[k” g}jf.ef(k_ﬁrnq)x

@ (x,y)= Z [—.a,rnk,;1 sin(k, y)+b k, Cos(kny)]_ef{k,w)x

@ (x,—g—] = Z [—a”k” sin (kn %’») +b k, cos (k” %H_e,{h +ng)

@ (x,y)= Z:[—arnkn2 cos(k, ) — b,k sin(k, y)]e ks

(55 5ok cos{1, 2k sin 1, oo
d ‘ d d 1 . d d 2
? =d 2 = T + s - +—! L. -
@(x, )y =4d/2) €0(x 2J qa[x 2)[3; 2] 2(,,[35 ZJ(}, 2}

2
. d d d
+Y | —ak sin| k — |+bk cos| k — | |e/*r | =
Z{ " (2] ”"OS[”zﬂe [y ZJ
2
+i _ankHZCOS kné‘]ﬂbnk”z Sin(knij ‘e-f(kr+n(1)x. y_i
214 2 2 9

P(x, )y =d[2) = Ziﬁaﬂ cos(kn %«J +h, sin(kn gﬂe"'““"”‘”x
. d d Jlk +rgix
+Z -a .k, sinj k, 3 +b.k, cos| k, 3 e peos(gx + 6)

*"%Z{_a"k"z cos(k" g] ~b,k, Si“(’% gﬂ"w"‘”‘ p* cos*(gx+0)
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p(x,y)y=d2)= Z[[an cos(k, %) +b sin(k, %)]'e‘:(knm;)x

+{—a k, sin(k, %) +b k_cos(k, %)} peos(gx + 0.t

eLa k2 cost, Ly - Lok 2 sink, 231,07 cos? (g + )L
2 22 2 6.7)
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APPENDIX 11X

Expressing ¢(x,y) in Mclaurin Series at Boundaries for Periodically Two

Dimensional Corrugated Waveguide

For Lower Boundary (y=0), (k, =k,)

 Nanr

9(x,0,z)= [a,, cos(k,,0) +b,, sin(k,, 0)] e/ brithrry:

Hm

nm T hm

go’(xa ya Z) = Z [_anmknm Sin(knmy) + b k Cos(knmy)] e_r{frﬁﬂq)rﬂ(k#mx)z

¢ (x,0,2) = Y |-a,,k,, sin(k,, 0) +b,,k,, cos(k,, 0) |/ h 0= ithermaz

Hm HC TR
hn

qo"(x, Yo Z) = Z I:_anmkjm cos(knmy) ~b kz Sin(knmy):l ej(-’fﬁnq)xt,’(k,i—mx)z

antTRm
nm

0"(x,0,2) = 3. | -a,,k?, cos(k,,0)—b,, k2, sin(k,, 0) |/t itk omo:

i Nm
nay

@(x, 3,20y = 0)=0(x,0,2) + ¢'(x,0,2)(y - 0) +—2£;¢9"(x, 0,2)(y -0y’

_ _ JUk +ng)x+ j(k, +voiy)z Sk g+ jlk +myds
Plx, y, 20y =0)= a,.,€ +b k e L& cos yz)

nm T hm
Hm

_%am"k:mej(k_\.+nq)r+j(k_.+mz)z.(gzCOSZ XZ):! (6.8)
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For Upper Boundary (y=d).(k, =k, )

p(x,d,z) = [a,, cos(k,,d)+b,, sin(k

1t
Hm

d)]ej(fr:+nq)x+‘,l(.fc,+mz):

@ (x, y,z):Z[—amknm sin(k,,, v) +b,,.k,,, cos(k,, y)|e/ Dtk

nm T Hn
hml

0"(%.:2) = 3| ~Gynkn 05(K,, ) = b, k7, sink,, ) |/t mn:

e
on

o(x, v, )y =d)=> [[a,, cos(k,,d) +b,,sin(k,,d)]
+| =,k Si0K,,,d) + B, k,, cos(k,,d)](d — pcosgx —d)
+2l![—a,,m k2, cos(k,,d) = b,,k2, sin(k,,d) |.(d— pcosgx - d)z} g/ ke it ez
(6.9)

Constituting System of Linear Algebraic Equations for Coefficients and

Calculations for Matrix of Dispersion Equation
For Lower Boundary

n=-1, m=-1

(%, y, 20y = 0) = a__e/ b7 L f e/ (Eeog v

1 ) ‘
2 Jhe=g)x+jlbk ~y)z 2 2
wzaﬁkaHe (&7 cos” yz)
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n=-1, m=0

‘P(xaysz)(y = O) o a_ioe.l(r'fx—q)xff”fz }>4 + bAmkimej(ktﬂ”'H'i(kz IH '(5 CoS ZZ)
1

- aw1oszlo€"(k‘-q]x”(kz =
2

(&7 cos” yz)
n=-1, m=1

P(x,y,z)(y =0)=g_ e/ DT L p f e/t TR (Foog 4 7)

kZ e;‘(k_wq)xﬂ(kﬁx):

—uftn (52 cos’ xz)

(p(x,y,z)(y — 0) — ao_,e"'”‘-‘ dx+jlk,—x)z + bo_lkonlej(h]H,.'(ff;x)z.(é: cos ZZ)

1 2
Jlk ) x+ ik, —x )z 2 2
_Ea{)—lko—le (& cos” yz)

n=0, m=0

QD(X, v, z)(y - O) - aooe.f(r'f,r Jxd jlk, )z + bookogej(kr)x”(kz )z (5 cos Zz)

FIEM ISy IE AT

”"é“aookgoe (&% cos” xz)

n=0, m=1

QD()C, v, z)(y — O) — a(}lef(}ff)x+,l(kz+2’)z +bmkogej(k,)x+j(k,+z)z_(§ COS,‘{Z)

1 2
2k Jrjlk vy 2 2,
_Eamkme (&"cos” xz)
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o(x,y, 20y =0)= al_lej(k.ﬁq)xff(ff;x)z “*“blmlkl_lej{k'+q)l+f(k’_1)z-('f cos ¥z)
L

- JUk g )x+ flh, - X)z
a, ke ’

(&7 cos’ yz)

Uk rgdxt jlk, )z +b Jlk rqixs jlk 0z

1okio€

¢(xsy= Z)(y = 0) =€ (é cOos ZZ)

1, .
Jlkorgix+ ik, )z 2 2
—Ealokloe (& cos” xz)

n=1, m=1

o(x,y,z)0(y=0) = a”ej(’fx+4)x+j(’f,+x}: +b]}k]lej(ﬁr+q)1+_f(kz+x)z.(§ cos 72)

1

-—a lkIZIe.f(’fﬁq)HjUrﬁz)z
2

(& cos® yz)

. e_,'}l’i' e—.IIZ
If we substitute the — 3 instead of cos yz;

n=-1 m=-1

— Fk g+ ik, —x)z Sk =gt ik, — g )= f 1xz —ixi
p=a__e +b k. e .E(e +e )

2
[ ko—x)z i2yz —§2yz
—a kf[_iej( et )X+ k- x) .'g_(e_,'Zz +e i2x +2)

=1-1
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n=-1 m=0

— Uk —g)x+ ik )z Jlhk ~gder j(k )z ": ixz -Jixz
@=a_e +b_0k_ € _E(e +e %)

2
—a_mkfloeﬂqu)“%kz):-5””’(3']21:+e—‘lzz: +2)
8

n=-1, m=1

K- ix+ JUk e ik, - i{k 2 z -frz
@= amnej( LIRSS +bm“k_“e‘” emg)x k) é:(e,:x +e Ty

2

2
(k. — i{ k z 2z — z
_afukfznej( emt)a+ k) 'f_(ej e 2% +2)

_ Sk x4k —x)z Jh O jlk -y )z 5 Jxz -ixz
Q=a, e +b, ke .E(e +e™'%%)

2
_ 2 R+ flk -y )z 6 Jlyz —j2yz
a,_ky_e (e te +2)

8

n=0 m=0

_ JE ) x+ flk )z Sk gk, )z 'f ixz —fxz
P = aye + byokyee E(e +e ")

2
2k )xvjik )z 5 j2xz -2z
—aookooe ~§—(e +e +2)
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n=0, m=1

i(k k z ko k z 5 z -jrz
@:ameﬂ ki) +bmkmej( I Ui 'E(E’JZ +e7%)

2
Lk z 2z -j2xz
—amk[f]e"”’*)”” 2 _f_(e,z,r +e7t 1)
8

_ U g )+ ilk -y )z Jlhe+q)at ik, =)z 5 Jxz -ixr
p=a,_e +b, k _e 5 (e’ +e™/%)

4
k k.—x)z 2yz —j2xz
—a, k= e h Tk .é—(e" e 4D

n=1, m=0
ik x+ ik, )z z z -ixz
§D=am€"'( rg)xt jlk) +bmkmef(kﬁrq)xﬂ(m ’_;i(eh'f +elt )
2
—a. k: e.f(ff,w)x-u(kz)z 6_(81‘211 +e e +2)
10710 . .
8
n=1, m=1

ik k.+x)c ik k. I P — iy
o= aﬂe,;( cHx+ i+ ) _I_b”k“e,f( cHg)x+jlk+ ) .é(ejx el )

2
k k4 z ~j2xz
_a”kl2]e.f( e SR+ ) .6:—(6’21 +e iy +2)

If we rearrange the exponential terms;
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n=-1, m=-1

_ JUk e —qdx+ jlk - p)z Jlko—g)a+ jlh,—x)z 5 Jixz Sk -q)x+ ik, —x)z ‘f —ixz
@g=a__e +b ke Ze +b ke e

2

2 2 2
2 JCk —g)x+ jlk, —x)z 5 J2yz 2 Jlk, —g)x+j(k ~x3z é: —j2pz 2 JUk —g)x+ jlhk —x iz é
ko e T —g (kL eI 2 _enit g K el A2

8 8 o 4

_ ke —g)x+jlh,~x)z Hho—g ot ik, )z ‘f Sk )+ jk, =2 x)z 5
@p=a., e +b ke Z+b ke E

2 2
k2 ej(k‘—qlx+j(kz+x)z é____a kZ ej'(kr—q).t+_f(kz—32)z §_
-1 ' -1-t

2
s o . o e 1—1k2 e,f{kv—q)-’fﬂ(kz—x)z'g_)

—1-1 4

n=-1, m=90

_ JOk =g i+ Uk, )z FUG —qdxr flk )z é jrz Uk —q)x+ jk, )z /-f -jxz
p=a_,e +b ke =e* b ke e

2
ko—ghx+ ik é 2 ko=q)x+ ik, )z é - f2yz + 4 é

{ A EN z 2 f o = ik — (&

S =g e+ f( .} . e,.’ r4 a k | en'( x Y+ j k) e E7 4 7 : kzl 2_1’( X glx+ z) i )

Q ~10f_ -8 _ 4

3
—a_ ok e

_ Sl —g)x+jlk, )z Hko—g)x+ fik,+x )z 5 ke —g)x+ ik, —x )z §
p=a e +b .k e Z+b ke =
2
k k 4:2 2 3 k 52 k tfz
Hho—g)x+ jlk +2 ¢ )z _ S =g )t jlk -2 y)z _ 2 Sk —q)x+ ik, )z
S——a okt e S——a ke )

_a—l()kizloe 8 10 3 4

n=-1, m=1

ik — il k. z k.~ k+y)z vz (k. ~ k. z —-jrez
Q= am]lef( xR x) +b_”k_ne"( I E) _geu +b_”k_“e'” =Xt R+ ) ‘_‘ge r

¢’ &
2 Hkegdat kv )z J2xz 2 Mg+ jlktx)z
kZ,e ~—e a_ ke

2
5 iz _ T gk —g)xd itk v p)z 5
=111 -11 . € aunkfl]e ) _)

4

—a

_ JUk—g)x+j(k,+y)z JUOk gt jlk, +2 x)z é Jlko—gyx+jlk, 3z §
p=a.,e AR b ke =+b ke 5

2

[l ~gdx+jlk, +3x)z éz 2 kgt jlk,—x)z fz 2 jUke=g)atjlk, + )z §
o ’ o —a ke TR S——a ke ’ =)

_a_“k_zne e -k e 7
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— Jlkdx+ flk,~x)z Qk ) x+jlk,—x)z é ixe Ak xt flk—y)z é —~ixz
P=a,,.e +bhy k€ e’ +b, k, € e

2

k k ] §2 i § 52 ‘ 52
2 gk dxtjthk-e O 2xz 2tk ke, —p )z —jrxr Tk ek, - g0z
—d, .k e e ay,_ky € =—. a,_k, e )

4

_ JUk ek~ )z Fk bt ik )z é ko jth 273 &
Q=a, e +b, ke = +by ke 5

2

2 2
JUh Uk +y )z 5_ j(fr_:]xf,'(k:—_?x);”éﬂ kx4 jt—x)z i)

2

—-a, ke
0-1"0-1

4

2 2
—a, kg e —a,_k, e

n=0, m=0

" Uk et flk, )z Sk )x+ ik )z ‘5 ixE Hhkdx+jlk )z SE iz
@ = age + by ko€ .Ee + byokye€ .Ee

2
Sl et f(k, )z ‘f_ -j2yz

2
2 k k)= i2yz
k7 ef( ESHIC ] 5 ity e *—aookozoe
8

2
2 AUk X+ ik, )z ¢
Ky '_8"9 — Ayokgpe =)

_ AR f (ke )z JE U +y)z é: Jlk e+ j (k- )z §
P = dye + by ko€ 5 + byokyoe =

2
2 2 2
Uk e ik, +27)z é_wa K2 g tkor it 2z 5__0 2 otk sk, )z _5_)
s0Rco . 00fo0€

—a. ke . .
007100 8 8 4

n=90 m=1

k & z k & z é: z ik, ) k, z —Jxz
P = ame.!( ekl +x) _l_bmkme;‘( Ix+ ik +y) el +b0[km€"( ik +x) .ge 7
&2 £ &
_ 2k )x+jlk, +x )z J2rz 2 Jtk x4 ik x)s —i2gz _ 2k ek )z
dq ke o € ay ke o € Ay ke —)

8 8 4
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= JUk e j Uk, + 10z JUk x4 j Uk, 4212 é Ukl e /;’
O =dye + by ki€ Z+by ke Z

2 2
2 Sk x+ flk,—p)z g 2 J(k x4 ik, vz é:
ke =g kye “““Z‘)

2
Hhxe it +3g): &
S aO]

2
—dy ky e

ét —ixz

x k=202 k {LIPSTr: z 'k PR
- aHe“'( a2 +b1v1k1mle.f( IRCIEA NS ) 'ée‘:z _i_b]AlklAle;( R SE TN

@
2
g b & e & k &
B - & 1 - ik _ _ - . k)2
_almikilej( LA A PV ES 4 _al—lklz—iej( syt xis 2 amix _ak—lklz—le}( )t ik, ) 2
8 P .
=g _g/tretikoaiz gtz & ez it =22)s S
P=a.e +b_ ke b ke .
2 2
ik ik 52 ) 952 - 52
_alwlkfm;eﬂ Hx+f( 2+Z)z'——--al—]klz-lej(h+q)x+l](kz_31)"_—_al—[k!z—]ej( T+q)x+;(k;z);l__~)
4
n=1, m=0

$ s

=g e/t PPk Jthrqiresikye & e Skt Iee Ok, )z
»=a,e +b]0kloe e +b10k1(}€ _Ee

2 3 2
kRt & i 2k rrrite): S itgs 12 fkeeeiih): &
akie L@ —a,,k.e e agk,e )

8 4

e kg e gk, )z Hi+@)x+jlk,+x)z § Jlkorgyxr jlk, -y )z 5
@ = ae + b,k e bk e )

k,+2 52 k k 62 i i 2
(& z 2 J ~Z¥iz 2 oy -
zej{ )k +2y) ) awkmej( ctgla+ ik -2y) ___amkme;{ )+ (k) é )

—a .k
10™10 8 4
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n:'—l, m:l

= Jtker)xr e+ y)z FCk g )x+ ik, + )z é ixz Sk wq)x+ jlh 4 xiz _é_ —-ixz
@ =ae + by ke S ke £,

2

52 . . 52 ) k 52
ik z z r _ z 2z > N ke s
Fhrasjiby sz & 027 J!“k,zle“ sl 3 =i —a”k”e’[ etk v y) )

—a, ke |
11711 8 4

ko qix )z Sk e 420z S .
©=4a,¢e +b“k“€ . +buk”€ 2

2 5 )
2 Jlkoqdxs jlk +3p)z '): 2 Uk rgyee jlk,—x )z é__ 2tk rgdxe ik, +x)z ,/:
kne R k”e i alikue . )

4

—t —a,

For Upper Boundary

n:_ln m:“"l

®= [a—l—] cos(kmlwld) + b—-l—l Sin(k_i_ld)]e—f(kr“f)JH‘J(RZ —“y)z
+[a_]_|k_1_, Sill(k_l_;d) - b~l—1k_1_1 COS(k"lmld)]ge"”"}“-’“’z -¥)z
+[a_1—1k_1_1 SiIl(k_Hd) - b_l_lk_H Cos(kvmd)]ge"'”‘f“z“"x*-"("‘z-x)z
a2 costh L d) +b E Sin(k_l-id)]%-e"'(kf”“*-f("‘z‘x)z

2
~a_ & cos(k  d)+b K, sin(k_l_ld)]% o k=30 stk =003

2
~{a__ & costk_ dy+b K, Sin(kfhld)]% kT sh, 203
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n=—1, m=90

@ =[a_, cos(k_,d)+b_,sin(k_,d)le’ k2

+a_ ko sin(k_,d)— bk, cos(k_md)]geﬂk. Y4k, )3
+Ha ko sin(k_,d)—b_ k4, COS(kimd)]wzee.n’(kt—2q)x+_1(k, )2
—a o k*, cos(k o d)+b_ k2 sin(k_md)]ﬁgz. ! et aes itk )z
—a_ k%, cos(k_,d)+b_ k2, sin(k_ Dd)]%z o (b3 sk, )2

2
—a_ok? g cos(k_,d)+b_ k2, Sin(k_md)]%ei(*r-qm.f(kz )z

n=-1, m=
@ =[a_, cos(k_,d)+b , sin(k | ld)]ef(k,—q}xmk,w)z
+a_ k_, sin(k_,,d)—b_ k_, cos(k_, ld)]gejckr)xu{mz}:
+a_, k_, sin(k_, d)-b_ k_ cos(k_, 1d)]§8"”“"2‘”"*”"*"”
—{a_, &, cos(k_,,d)+b_ &, sin(k_, ld)]mpéj_e,l(kr+({}x+j{!rz+x]z
a, k% costkd) +b, sin(k_nd)]%29-”*:3#)-*+J(kz+x)z

2
~[a_ k%, cos(k_, d)y+b_ k7, sin(k_, ld)]% o/ ke iUk )z
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@ ={a,_ cos(k,_,d)+b,_ sin(k, d)|e' /0

+a,_ k&, sin(k,_ d)—b,_k,_ cos(k,_ d)] g Ikt )z
+[a,_ k., sin(k,_d)—b,_k, , cos(k, ld)]“g“ okt i)z
—ay k2, cos(k, ,d) + by kL, sin(ko_ld)]!j;; 20
g k2, costk, ,d)+b, k2, sin(kﬂmld)}%Ze.fmmzq)ﬂ_m,,-w

2
—a, k¢ | cos(k, d)+b,_ k. sin(k, d)] %_ PURTYTRE
n= 0, m= O

@ =[ay, cos(kyd) + by, sin(kgd)]e’ "7/ H)?

Hagokoo Sin(kood ) — Byokos cos(kmd)]geukﬁqmm )2
Hagkyy sin(ky,d) — byyky, cos(kﬁod)]_g. o e sik, )2

~[agokey COS(kyod) + by ko sin(ky, d)]_%i INERNVIRE
ay,ko, cos(kyod) +byoka, sin(kood)}_%i o/ 2w sk )z

2
~fagokay cos(kyyd) +byokg, sin(ky,d)] % o/ kw2
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]‘T:O, m=1

@ =[a,, cos(ky, d) +b,, sin(k,,d)le’ >/ hre

gk, sin(kyd) ~ by ky cos(kmd)]_’g_ Sk 03
+ay k,, sin(ky, d)— bk, COS(kmd)]—g-e-f(kr"f)x+.i(ffz+2’)z

~[aykZ cos(ky, d)+b, &, sin(,fcmd)yo?2 o/ 2 s )z
~ay ks, cos(hy,d) + by k2, sin(k,,d)] %2 o/ k=20 j 4 )z

2
—'[amkfi COS(kmd) + bmkozl Sin(kosd)]%l?"'(k" )x+ flk v x)z

@ =|a,_, cos(k,_d)+b,_, sin(k,_d)]e' - OxH/ 0z

Ha_ k. sin(k,_d)~ bk _, cos(klfld)]g o ket 2)x+j(=7)
+a, k., sink,_d)~ bk cos(k, d)] g itk itk =)z
~[a, &k, cos(k, ,d)+b,_ k., sin(k_d)] %2 o etk =)z
~{a,_ k] cos(k,_d)+b_k>, sin(k_d)] %2 o ke )2

2
—a_k}, cos(k_d)+b,_k, Sin(klild)]%ef(kr“f)“'.f(kz—;r e
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@ =la,, cos(k,,d) + b, sin(k,,d)]e’ k0

+a,k,, sin(k,,d) — b, k,, cos(k, “d)]g JULREIRITRE
Ha ok sin(k,d) — by kg cos(kmd)]ge-f“‘v ek )2
aksy cos(hgd) + b kD sin(k,,d)] %2 RIS
—ay ki cos(k d) + b,k sin(kmd)]%i ! etk )z

2
~ayokyy cos(k,,d) + byokio Sin(kmd)]% ol etttk

@ =[a,, cos(k,,d)+b,, sin(k, d))e’ 0w/ 202

+a, k,, sin(k, ,d)— b, k,, cos(k, ld)]_g,.e.l(k‘+2q)x+l,-(kz+,y]z
+Hak, sin(k, d) — b, k,, cos(k, Id)]gem k)
—a, &, cos(k, d)+b, k] sin(k,,d)] ")_?8_28/ (ke 43q)utjik 4)2
~[a, k& cos(k, d)+ b, k[, sin(k, d)] %2 g/ etz

Uk v yetj k4 x)z

—{a, kzzl cos(k, d)+b, 1k121 sin(, 1‘”]% €
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For Lower Boundary

: g 2 &’ 2
g/ttt a —T=a ko bk —S-an kD
4 8

2
FUe~gdx+ j Lk )z 5 é 2
e Zh kg tay—Tma ok, + bk
2 4
k k £ 2 £ 3
Jlk =g+ jlk 70z = 2 -2
e g a_ ko +b ok ta ko, 1 a_k,

2 2
4
Gy Koy — % ao—;koz—l + %bcokoo - ? amkozl

e,f(k, ajlk. )=z

2
Jlk )x+jlk )z 5 5 2
e =By Koyt Agoko = Apokog + bk
2 4
2 2
Sk )+ (k402 9 2 & & >
€ —Z—ay k2 Boykey + ay —=—ay kg,
8 2 4
2 1
Jlkerg s+ j(k =y )z ‘g 2 ‘f é: 2
e a_ —2=a ki += bk, —=—ay k)
4 2 8
4 £ g
Fkotg )+ b, )z 2.5
€ Zb_ ki +a, ——apk, + bk
2 4 2
2 2
e'f(k'+q)x+ ik +x)z § "::E 5

_?al—lklz—l +5b10k10 +ay _Tank]zl

133



For Upper Boundary

e,i(k,‘-q)x#f(h X))

2

a,cos(k . dy+b sin(k_l_,d)———i—a_ K2 cos(k, d)~ ’D b, 1k21 ,sin(k_,_ d)

+§af0 Ko, sin(k,_d)— b0 ko, cos(k, d) -~ al k2 cos(k,_d)— bl &7 sin(k,_ d)
etz jk: )z

2
10 COS(k_ dY+b_ sin(k_ d)~+—a K’ cos(k_,d)— ‘0 L—b_ Kk, sin(k_,d)

‘7

2 aookoo sin(ky,d)— boekco cos(kyd ) — a]OkIZO cos(kyod) - bmklzo sin(k,od)

eJ(krff)xf.'(kz*Z)Z

a_,, cos(k_,d)+b., sin(k_,d) - £ ik cosh . d) £ bk sink . d)

2

2
+§ ay, ko, sin(ky,d) - bmkmcos(kogd) a,k cos(k,d) ~ £ b, k2 sin(k,,d)

e,."(k.z Y jlk, =7 )z

a, cos(k, d)+b,_ sin(k, d)+ % a__ k., sin(k__d)~ £ b—t—lk—lwl cos(k__d)

+‘;al k,_, sin(k,_d)— b‘ k,_, cos(k,_,d)~ a0 k2 cos(k,_d)~ £ bo ko sin(k, d)
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ej(.('\.ijr;{fr: }14

g, cos,(kml:i)+z;.00sin(kmaf)4~2’3LLm o sin(k_,d) - bmk o cos(k_d)

+§amkmssn(k,0d)—§ k,, cos(k,,d)— aookjocos(kood) £ £ bk sin(d)

e‘;(.&‘, Y+ kv y iz

ay, cos(ky,d)+ by, sin(k, d) +§awi k., sin(k_, d) —%bﬁ,lfg,1 cos(k_,d)

"

o5 Lk, sin(k, d) - b“k” costk, d) -2 a, k2 cos(kmd)—'%bmkj, sin(k, d)

e Jlk )t jlk, -y )z

2

a,_, cos(k,_d)+b,_ sin(k_d)- arl K cos(k, d)——b_k2, sin(k,_d)

2

+§a0,]ke,,sin(k0_;d) 21;0 oy cos(k, d)— a]i_”cos(klid) P bl]kzl,sm(k”d)

e Jlke+g)at jlk, )z

2
@, cos{kyod) + by, sin(k,pd) - aloklz() cos(k,,d)— £ bzaklzo sin(ky,d)

+';)a00k00 sin(ky,d) ~ bgokoo cos(kyd) —L—a_ k>, cos(k_,,d)~ p b~10k2,0 sin(k_,,d)

e,f(h+q)X+i( b tx)z

a,, cos(k, d)+b,, sin(k, ,d)— a”kfl cos(k, d)—L—b, k;, sin(k, d)

'J

’gamkmsm(kmd) by ky, cos(k, d)—L—a_, k2, cos(k_, d)— p bk, sin(k_,d)
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Format of the matrix should be such (First 9 rows are for the lower boundary and the

last 9 rows are for the upper boundary );

@y Ay Ay oy oy G Gy Gy &y by by by by by By b by by

e,:(*,whﬂ(*;x):

ef(ffrrt)ﬂi(kz )z

ej(kw“f{)x*,f("fz +x)z

e,,f(ic_r Y+ ke, —x)z

e.f(’.(r Jx+jlk, )z

e.ffffv I ilkety)z

e_f(hﬂ{)ﬁ.f(*;-x)—'

e,f("f:*'fl)x*',"(h)z

ej(ft_r It )z

e.f(h—w-w Jltk—x)z

e_f{f(\,-—q).x+_,'(l(z )z

e‘l(kx—q)-ﬂ Jlk +x)z
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e‘l(".\‘)ﬁ.'(frrz)z

i{ k. 1 k )z
e./( JxHjlh;)

e.f’(h Jatjlk +x)z

e./(r'fﬁq)ﬁ.f(*,wx )z

e.f("frﬂl)»‘f*j(k:]:

e.f{frﬁq)x-w'(kz tx)z
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APPENDIX IV
Calculation of Determinant of 18 X 18 Matrix

Matrix of dispersion equation can be seen below. Each row is separated each other

6,9

by sign “;”.

M=

[ (1-1"2*a"2/4) 0 (-n"2*a"2/8) 0000000 (m*a/2) 0000000 ;
0 (1-m"2*a”2/4) 0000000 (1*a/2) 0 (n*a/2) 000000 ;
(-1"2*a"2/8) 0 (1-n"2*a"2/4) 0000000 (m*a/2) 0000000 ;
000 (1-0"2*a"2/4) 0 (-r"2*a™2/8) 0000000 (p*a/2) 0000 ;
0000 (1-p"2*a"2/4)0 000000 (0*a/2) 0 (r*a/2) 000 ;

000 (-0"2*a"2/8) 0 (1-r"2*a"2/4) 0000000 (p*a/2) 00 0 0‘;
000000 (1-s"2%a"2/4) 0 (-u™2*a"2/8) 000000 0 (t*a/2) 0 ;
0000000 (1-t"2*a"2/4)000 000 0 (s*a/2) 0 (u*a/2) ;
000000 (-s"2*a"2/8) 0 (1-u"2*a™2/4)0000 000 (t*a/2) 0 ;

(cos(P*d)-1"2*cos(1*d)*b"2/4) 0 O (o*sin(o*d)*b/2) 0 0 (-s"2*cos(s*d)*b"2/8) 0 O
(sin(I*d)-1"2*sin(1*d)*b"2/4) 0 0 (-o*cos(o*d)*b/2) 0 0 (-s"2*sin(s*d)*b 2/8) 0 0 :
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0 (cos(m*d)-m”2*cos(m*d)*b"2/4) 0 0 (p*sin(p*d)*b/2) 0 0 (-t"2*cos(t*d)*b 2/8) O
0 (sin(m*d)-m"2*sin(m*d)*b"2/4) 0 0 (-p*cos(p*d)*b/2) 0 0 (-t"2*sin(t*d)*b”2/8) 0
0 0 (cos(n*d)-n"2*cos(n*d)*b"2/4) 0 0 (r*sin(r*d)*b/2) 0 0 (-u"2*cos(u*d)*b"2/8) 0
0 (sin(n*d)-n"2*sin(n*d)*b"2/4) 0 0 (-r*cos(r*d)*b/2) 0 0 (-u"2*sin{u*d)*b2/8) ;

(Fsin(1*d)*b/2) 0 0 (cos(o*d)-0"2*cos(o*d)*b™2/4) 0 0 (s*sin(s*d)*b/2) 0 O (-
*cos(1*d)*b/2) 0 0 (sin(o*d)-0"2*sin(o*d)*b*2/4) 0 0 (-s*cos(s*d)*b/2) 0 0 ;

0 (m*sin(m*d)*b/2) 0 0 (cos(p*d)-p"2*cos(p*d)*b"2/4) 0 0 (t*sin(t*d)*b/2) 0 0 (-
m*cos(m*d)*b/2) 0 0 (sin(p*d)-p"2*sin(p*d)*b"2/4) 0 0 (-t*cos(t*d)*b/2) 0 ;

0 0 (n*sin(n*d)*b/2) 0 0 (cos(r*d)-r"2*cos(r*d)*b*2/4) 0 0 (u*sin(u*d)*b/2) 0 0 (-
n*cos(n*d)*b/2) 0 0 (sin(r*d)-r"2*sin(r*dy*b*2/4) 0 0 (-u*cos(u*d)*b/2) ;

(-1"2%cos(1*d)*b"2/8) 0 0 (o*sin(o*d)*b/2) 0 0 (cos(s*d)-s"2*cos(s*d)*b"2/4) 0 0 (-
172*sin(1*d)*b"2/8) 0 0 (-o*cos(0*d)*b/2) 0 0 (sin(s*d)-s"2*sin(s*d)*b"2/4) 0 0 ;

0 (-m"2*cos(m*d)*b*2/8) 0 0 (p*sin(p*d)*b/2) 0 0 (cos(t*d)-t"2*cos(t*d)*b 2/4) 0
0 (-m"2*sin(m*d)*b"2/8) 0 0 (-p*cos(p*d)*b/2) 0 0 (sin(t*d)-t"2*sin(t*d)*b"2/4) 0 ;

0 0 (-n"2*cos(n*d)*b"2/8) 0 0 (r*sin(r*d)*b/2) 0 0 (cos(u*d)-u"2*cos(u*d)*b" 2/4) 0
0 (-n"2*sin(n*d)*b"2/8) 0 0 (-r*cos(r*d)*b/2) 0 0 (sin(u*d)-u"2*sin(u*d)*b2/4) |

Because this 18 X 18 Matrix is symbolic and determinant of this matrix requires

huge memories, firstly we transferred matrix’s elements in terms of “M” to take

determinant.
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18 X 18 Matrix in terms of M

M=

[M1_10M1 30000000M1 110000000;

OM220000000M2 100M2 12600000

M3_10M3 _300060000M3 110000000

000M4_ 40M4 60000000M4 140000

0000M5 50000000MS5 130M5_15000;

000M6 40M6 60000000M6 140000 ;

000000M7 70M7.90000000M7_170;

0000000M8 80000000M8 160 M8 18;

000000M9_70M9 90000000M9 170;

M10_100MI10 400M10 70 0MI0O_1000MI0 1300MI10 1600

OMI1_200M11_500MI11_800MIL_1100MI11_1400M11 170,

00MI2 300MI2 600MI2 900MI2 1200MI2 150 0MI12_18:

MI13 100MI3 400MI3 700MI3 1000MI3 1300MI3_1600:

0MI14. 200M14 500M14 800MI4 1100MI4 1400MI14 170;
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O0OMI5S 300M15 600MI5 900MIS_1200M15_1500M15_18;
Ml6 100M16 400M16 700M16 1000MI6 1300M16 1600 ;
OMI17 200M17 500M17 800M17 11 00MI7 1400M17_170;
0O0MIR 300MI18 600MI8 900MI8 1200MI18 1500 MI18_18];
Then this matrix’s determinant is calculated via such MATLAB algorithm;
R1l=det(M);

S = str2mat(R11);

FID = fopen('Result.txt','wt+');

Count = fwrite(FID, S, 'char")

fclose(FID);

This algorithm run such a way; algorithm calculates determinant of matrix in terms

of M and open a result.txt file then write the determinant into result.txt file.

Then we transferred determinant of 18 X 18 symbolic matrix that is in terms of M

into the determinant of 18X18 symbolic matrix that includes real symbolic values.

The determinant of matrix can be seen in CD as Appendix V.

141



APPENDIX V

Full Expressions of Determinant of 18 X 18 Matrix

Determinant of 18X18 symbolic matrix is given at the end of the thesis in CD.
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