RECTANGULAR WAVEGUIDE MODE CONVERTERS FOR CREATING
MONOPULSE RADIATION PATTERNS

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

ONURHAN DUMAN

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OF MASTER OF SCIENCE
IN
ELECTRICAL AND ELECTRONICS ENGINEERING

MARCH 2018






Approval of the thesis:

RECTANGULAR WAVEGUIDE MODE CONVERTERS FOR CREATING
MONOPULSE RADIATION PATTERNS

submitted by ONURHAN DUMAN in partial fulfillment of the requirements for the
degree of Master Science in Electrical and Electronics Engineering Department,
Middle East Technical University by,

Prof. Dr. Halil Kalipgilar
Dean, Graduate School of Natural and Applied Sciences

Prof. Dr. Tolga Ciloglu
Head of Department, Electrical and Electronics Engineering

Prof. Dr. Giilbin Dural Unver
Supervisor, Electrical and Electronics Eng. Dept., METU

Examining Committee Members:

Prof. Dr. Sencer Kog
Electrical and Electronics Eng. Dept, METU

Prof. Dr. Giilbin Dural Unver
Electrical and Electronics Eng. Dept, METU

Prof. Dr. Simsek Demir
Electrical and Electronics Eng. Dept, METU

Prof. Dr. Ozlem Aydin Civi
Electrical and Electronics Eng. Dept, METU

Prof. Dr. Birsen Saka
Electrical and Electronics Eng. Dept., Hacettepe University

Date: 12/03/2018



I hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. I also declare
that, as required by these rules and conduct, | have fully cited and referenced all

material and results that are not original to this work.

Name, Last Name: ONURHAN DUMAN

Signature



ABSTRACT

RECTANGULAR WAVEGUIDE MODE CONVERTERS FOR CREATING
MONOPULSE RADIATION PATTERNS

Duman, Onurhan
M.S., Department of Electrical and Electronics Engineering

Supervisor  : Prof. Dr. Giilbin Dural Unver

March 2018, 152 pages

For waveguide structures, there is an alternative way of creating three monopulse
radiation patterns by using mode converters and radiating different waveguide modes
(not only TEio mode) for creating different monopulse radiation patterns. In the
literature, different radiating modes are offered depending on waveguide shape. For
rectangular waveguide, one suggestion is to radiate TE1o mode for the creation of sum
channel radiation pattern, to radiate TE2o mode for the creation of azimuth difference
radiation pattern and to radiate the combination of TE1; and TM11 modes for the
creation of elevation difference radiation pattern. In our work, three different
rectangular waveguide mode conversion techniques (discrete stepped mode converter,
bend mode converter, corner mode converter) are investigated for converting
fundamental TE1o mode to these required modes. For each mode conversion technique,
all fundamental mode converters are designed. One of these designed mode converters
is manufactured by using 3D printer and it is painted with conductive silver paint to
make it conductive. Obtained radiation pattern and S parameter measurement results
indicates that design and manufacturing techniques used in this thesis produce good
results since these measurement results are in very good agreement with simulation

results.



Keywords: Rectangular Waveguides, Monopulse Radar, Monopulse Radiation

Patterns, Mode Converters, 3D Printer Manufacture
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0z

TEK DARBE ISIMA ORUNTULERI YARATMAK ICIN DIKDORTGEN
DALGA KILAVUZU MOD CEVIRICILER

Duman, Onurhan
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Boliimii

Tez Yoneticisi : Prof. Dr. Giilbin Dural Unver

Mart 2018, 152 sayfa

Dalga kilavuzu altyapisina sahip tek darbe radarlari i¢in 3 tek darbe 1s1ma Oriintiisiinii
olusturmak alternatif bir yontem mevcuttur. Bu yontemde mod ¢eviriciler
kullanilmakta ve temel mod olan TE1o modu disinda bagska modlar1 da yayin yaparak
bu ti¢ tek darbe kanali 1g1ma Oriintiileri yaratilmaktadir. Literatiirde dalga kilavuzu
yapisina bagli olarak farkli modlar yayin yapmasi i¢in onerilmistir. Dikdortgen dalga
altyapist icin, yapilan onerilerden biri toplam kanali 1s1ma Oriintiisiinii yaratmak icin
TE10 modunun yayin yapilmasi, yanca fark kanal1 1s1ma Oriintiisiinii yaratmak i¢in TE2o
modunun yayin yapilmasi ve yiikselis fark kanali 1g1ma Oriintiistinii yaratmak i¢in TE11
ve TM11 mod kombinasyonunun yayimn yapilmasidir. Bizim ¢alismamizda, temel mod
olan TE1p modunu bu modlara ¢evirmek igin ti¢ farkli dikdortgen dalga kilavuzu mod
cevirme teknigi (kesintili adimli mod cevirici, biikiilmiis mod cevirici, kdse mod
gevirici) incelenmistir. Her mod ¢evirme teknigi icin, tim gerekli mod geviriciler
tasarlanmistir. Tasarlanan mod ceviricilerden biri 3 boyutlu yazicit kullanilarak
tiretilmis, daha sonra iletken olmasi i¢in iletken giimiis boya ile boyanmistir. Elde
edilen 1s1ma Oriintiisii ve S parametresi 6l¢iim sonuglari analiz sonuglariyla ¢ok benzer

oldugundan bu tezde kullanilan tasarim ve tiretim teknigini dogrulamstir.
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CHAPTER 1

INTRODUCTION

Monopulse radars are one of the most popular tracking radars which have been used
since 1940s, [1]- [2]. In the older conventional conical scanning radars, radar antenna
is rotated in the region of interest (conical scan region). The target is estimated by the
position of the largest echo [3]. Before monopulse radars, there were other signal
channel scanning techniques other than conical scanning radars, namely linear (planar)
scanning and sequential switch beams [4]. Their target finding method was similar to
the target finding method of conical scan radars. Processing time for a single channel
scanning radar takes longer time as compared to a monopulse radar and the resolution
of single channel scanning radar is not very good in comparison either. On the other
hand, monopulse radars are multi-channel radars. Its name comes its working
principle. From only single pulse, target location is learned by comparing the signals
received from two or more simultaneous antenna beam channels [5]. They are superior

to single channel scanning radars in terms of accuracy of target location estimation [5].

Although there are several types of monopulse radars, [2], [4], [5], in this thesis,
amplitude sum-and difference monopulse radars (which is generally used) are
considered. From now on this type of monopulse radars (and antennas) will be simply

referred as monopulse radars (and antennas).

1.1. Conventional Monopulse Feeds and Typical Patterns

The conventional monopulse radars have two or three channels depending on the
application. If all information about target (distance, velocity, angle in azimuth plane,
angle in elevation plane) is required, three channel monopulse feeds are used. If one
of the azimuth angle and elevation angle is unnecessary, two channel monopulse feeds

are used.



The monopulse feeds consist of three main parts: Array of antennas which will be feed
differently to create sum and difference radiation patterns, feeding network (usually
called comparator) to feed these array elements, and the RF part for processing of the

different channel signals. An example three channel feed system is shown in Figure
1.1 [6].

AGCl=
L=k{A+B+C+D)
A —AC antenna- : <9, [enveiope
: Mixer P IF amp >
| C 3 switch > detector g
BA A, =k(A+C-B-D) |y mi mas - s Prase |3
al : ‘ - Mixer | IF amp| —>1 90 3 datector
A, =k(A+B-C-D
D|lcC e m (4+ ) '—-\, S
B - F < A5 Pha Y%
2 gD 4 Mixer | > 90° sel 5
D ] I =x(4+p-8-C) amp ¢ detector
local
oscillation

Figure 1.1: An example of 3 channel monopulse feed system [6]

In this thesis, we are interested in antenna array and comparator part of monopulse
feeds. The rest of the system is out of scope of this thesis.

To create all three channel radiation patterns, at least a 2 by 2 antenna array is required.
To create only two channel radiation patterns, at least a 2 by 1 antenna array is
required. In order to understand how three monopulse radiation patterns are created,
Figure 1.2 should be examined.

B A 2=A+B+C+D
A,=A-B-C+D
Ay =A+B-C-D
Q=A-B+C-D

Figure 1.2: Three channel monopulse array and its feeding rules [7]



A, B, C and D are radiators (antenna elements). They can be horn antennas, planar
elements or any other antenna. In this thesis, they are assumed to be horn antennas
based on rectangular waveguides (or open-ended rectangular waveguides). To create
sum channel radiation pattern, all four antenna elements must be fed by the same
amplitude and phase. To create azimuth difference channel (sometimes it is also called
delta azimuth) radiation pattern, A and D elements are fed by same amplitude and
phase, B and C elements are fed by same amplitude and phase, A & D element pair
and B & C element pair are fed by same amplitude but 180 degree phase difference.
To create elevation difference channel (sometimes it is also called delta elevation)
radiation pattern, A and B elements are fed by same amplitude and phase, C and D
elements are fed by same amplitude and phase, A & B element pair and C & D element
pair are fed by same amplitude but 180 degree phase difference. The Q channel shown

in Figure 1.2 is usually not used.

In CST Microwave Studio® software, 2 by 2 horn antenna array based on rectangular
waveguide is created and simulated at 10 GHz to illustrate three channel radiation
patterns if the radiators are fed as mentioned above. Figure 1.3 shows 3D sum channel
radiation pattern, Figure 1.4 shows 3D azimuth difference channel radiation pattern
and Figure 1.5 shows 3D elevation difference radiation pattern of this CST model.

Finally, Figure 1.6 shows 3D Q channel radiation pattern.
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Figure 1.3: Typical 3D sum radiation pattern



Figure 1.6: Typical 3D Q radiation pattern



Operating principle of monopulse radars is as follows: Assume that the angular
position of the target is required. First, signal for the sum (3) and signal for the delta
azimuth AAz are obtained. Then these two signals are compared and the angle of target
in azimuth plane is obtained (Figure 1.7). Similar procedure is done to obtain the angle

of target in the elevation plane.

boresight deviation —>1 0 [~—

Figure 1.7: Operation principle of monopulse radar [8]

The operation of two channel monopulse antenna is similar to three channel monopulse
antenna. It is preferred when the angular position of target in only one plane is
sufficient (e.g. some naval radars which are designed to find other ships). For two
channel monopulse antenna, using two radiators is enough (easier to design and
implement than three channel). In the rest of this thesis, three channel monopulse

antenna (or radar) will be simply referred to as monopulse antenna (or radar).



The feeding network (comparator):

The comparator of four antenna (2 by 2) monopulse feed is designed either by 180
degree coupler or 90 degree hybrid coupler. The general idea which is valid for both

cases is shown in Figure 1.8.

B+C A+D

AFL=A+B-C-D

AAZ=-A+B+C-D
A
A

z

v
Z=A+B+C+D

Figure 1.8: The general idea for designing comparators [9]

First method to design comparators is using 180 degree coupler (e.g. magic tee, rat
race etc.). Figure 1.9 shows monopulse comparator design idea which uses magic-tees
[10]. Figure 1.10 shows monopulse comparator design idea which uses rat-race

couplers [7].



(Unused)
4
- 1

Figure 1.9: Idea for designing comparator by using magic-tees [10]

| T=A+B+C+D |
B+C ) A+D
| A AZ=(B+C)-(A+D) |
(L2) | AEL=(C+D)—(A+B) | (L2)
Input B Input A
. (L1) (U) ‘
Input C | AQ=(B+D){A+C) | Input D

Figure 1.10: Idea for designing comparator by using rat race couplers [7]

Second method to design comparators is using 90 degree hybrid couplers. First, 90
degree section is added to one of the input of 90 degree hybrid coupler (to make 180

degree coupler), then idea shown Figure 1.11 is implemented [7].



| A AZ=(B+C)-(A+D)

$=A+B+C+D

| AEL=(C+D)-(A+B) | | AQ=(B+D)}-(A+C) |

Figure 1.11: Idea for designing comparator by using 90 degree hybrid couplers [7]

As mentioned before, minimum 2 by 2 antenna array is required to generate all
monopulse beams. For beam width optimization of different monopulse beams or for
other applications (e.g. feeding of slotted waveguide array), more than four antennas
can be used. More details about beam optimization of different monopulse beams are
given in section 1.2. If more than four antennas are used to generate monopulse beams
(sum, azimuth difference and elevation difference), comparator design becomes
complex, but the general idea is the same. In such a case, A, B, C and D can be thought
as subarrays or quadrants and above ideas for designing feeding networks can be
applied. One example for this can be found in [11].

180 degree couplers and 90 degree hybrid couplers used in comparator designs can
have different infrastructure based depending on different applications. They can be
based on waveguides, planar structures etc. The antennas that are used as radiators can
also be based on different infrastructures depending on different applications. They
may be horn antennas based on waveguide structure, they may be planar patch
antennas etc. Some examples for different radiator and comparator structures can be
found in [12], [13], [14], [15], [16], [17], [18], [19], [20], [21], [22], [23], [24].



In this thesis, rectangular waveguide-based comparators and horn antennas are highly
important. Please note that if the conventional monopulse feeds are using rectangular
waveguide infrastructure, only waveguide mode that antennas radiate for all

monopulse channels is the dominant TE1o mode.

1.2. Beam Width Optimization Problem in Conventional Monopulse Antennas

Beam width optimization problem arises when four horn array (2 by 2) conventional
monopulse feed given in section 1.1 is used as feed of the focusing (reflector or lens)
antenna system (for example, the feed given in Figure 1.3 is wanted to be used as feed

antenna of parabolic reflector antenna).

Assuming the feed of reflector system only creates one type of radiation pattern
(similar to radiation pattern in Figure 1.3), curvature of reflector is designed in such a
way that -10 dB point (for normalized feed pattern) of the main lobe of the feed
correspond to edges of reflector. This is usually the optimum trade off point between
the illumination and spill over losses. If the main lobe value of normalized feed pattern
at the edges is further reduced (assume that -15 dB), spill over losses decrease (as a
result sidelobe level decreases) but illumination losses increase (antenna becomes
inefficient, the gain of reflector system is reduced). If the main lobe value of
normalized feed pattern at the edges is increased (assume that -7 dB), illumination
losses decreases but spill over losses increase (most of the energy radiated by feed is
not reflected by reflector surface, as a result sidelobe level increases and gain
decreases) [25]. Figure 1.12 shows the visualization of illumination and spill over

losses for different main lobe taper values [26].



. umination loss

. Spillover loss

fiD = 0.5 fiD = 0.5
lllumination taper = 3 dB lliumination taper = & dB

fiD = 0.5 fiD = 0.5
lllumination taper = 10 dB lllumination taper = 20 dB

Figure 1.12: The visualization of illumination and spill over losses for different main
lobe taper values [26]

Assuming the monopulse feed given in Figure 1.3, Figure 1.4 and Figure 1.5, this feed
radiates 3 different patterns (sum, azimuth difference and elevation difference). If the
beams in Figure 1.3 and Figure 1.4 are compared, it can be seen that in azimuth plane,
beam width of azimuth difference pattern is almost two times of sum pattern in that

plane, and in elevation plane, beam widths are almost same. Similarly, if the beams in
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Figure 1.3 and Figure 1.5 are compared, it can be seen that in elevation plane, beam
width of elevation difference pattern is almost two times of sum pattern in that plane,
and in azimuth plane, beam widths are almost same. The reason for this, all three
radiation patterns are radiated from same physical aperture. In Figure 1.13, the 2D
normalized radiation pattern of the azimuth difference channel is shown on top of 2D
normalized radiation pattern of the sum channel for the antenna shown in Figure 1.3.
Similarly, in Figure 1.14, the 2D normalized radiation pattern of the elevation
difference channel is shown on top of 2D normalized radiation pattern of the sum
channel for the antenna shown in Figure 1.3. As it can be seen from Figure 1.13 and
Figure 1.14, when all three monopulse radiation patterns are radiated from the same
physical aperture, beam width (10 dB) of difference channels are two times of beam

width of sum radiation pattern in their corresponding plane.

Farfield Realzed Gain Abs (Phi=0)

dB

azimuth difference pattern azimuth plane | |
; sum pattern azimuth plane ;
80 {---f---- ey [EEEEEE s T e o

70 4---

90 4---

100 1---

-110 -+

-120 t t + + + t t
-200 -150 -100 -50 0 50 100 150 200
Theta / Degree

Figure 1.13: The 2D normalized radiation pattern of azimuth difference channel is
shown on top of 2D normalized radiation pattern of sum channel
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Farfield Realzed Gain Abs (Phi=90)
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Figure 1.14: The 2D normalized radiation pattern of elevation difference channel is
shown on top of 2D normalized radiation pattern of sum channel

Therefore, if the monopulse antenna given in Figure 1.3 is used as a feeding element
of focusing antenna system (e.g. reflector antenna), the question of for which radiation
pattern the reflector dimension and curvature should be optimized arises. If the
reflector is optimized for sum channel, the almost half of energy of difference channel
cannot be reflected by reflector antenna (spill over loss). As a result, gain is decreased
for difference channels and side lobes are increased. If the reflector is optimized for
one of difference channels, the illumination loss is increased for sum pattern and the
gain is decreased. Usually the reflector is optimized for the middle point of these two

cases and neither radiation pattern shows its full performance [25].

Figure 1.15 summarizes and illustrates the problem explained in two previous

paragraphs [25].
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Figure 1.15: The summary of beam optimization problem in conventional monopulse
feeds [25]

Different techniques can be found in the literature to overcome different beam widths
of three monopulse channel radiation patterns. These techniques are briefly

summarized below:

Using different aperture sizes for different monopulse channels: The idea behind this

technique is as follows. Assume that sum channel radiated from aperture whose size
is a X a. Then if the azimuth channel is radiated from 2a X a aperture size and the
elevation channel is radiated from a X 2a aperture size, the problem is solved, and all
three radiation patterns have nearly same beam widths. Example for such a solution is
given in Figure 1.16 [27]. It uses 12 horn antennas and the idea for its comparator

design is also shown.
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Figure 1.16: Twelve horn antenna monopulse feed [27]

Horn number 2, 3, 6 and 7 are used to radiate sum channel pattern. Horn number 1, 2,
3,4,5,6,7and 8 are used to radiate azimuth difference channel. Horn number 9, 10,
2,3,6,7,11 and 12 are used to radiate elevation difference channel. The only problem
with this design is that the comparator design becomes complex and the number of
required couplers to be used is increased.

Multimode monopulse feeds: For waveguide structures, instead of using horn array

and comparator to create three monopulse channel radiation patterns, different modes
of waveguides can be used to generate three different monopulse radiation patterns.
The choice of which modes will be radiated depends of type of waveguide (cylindrical,
rectangular etc.) and the applications. Multimode feed can radiate all three monopulse
radiation patterns from single horn. As a result, very compact feed designs can be
obtained. Please note that instead of comparator, multimode monopulse feeds need

mode converters to create required waveguide modes.

Combination of conventional and multimode monopulse feeds (multi horn-multimode

monopulse feeds): This type of feed combines the advantages of previous two types of
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monopulse feeds. This type of feed has horn array, mode conversion sections and
comparators. A good example for this type can be found in [28] , [29] and [30].

1.3. Multimode Monopulse Feeds

The idea behind monopulse feeds is as follows: If the similar overall aperture field of
the horn array of the conventional monopulse feed can be created by radiating different
modes or mode combinations for different monopulse channels instead of using horn
array and comparator and radiating only TEio dominant mode or all monopulse
channels, then similar far field patterns can be obtained by using one horn and radiating
required modes. These required modes and/or mode combinations are created by mode
conversion sections (mode converters). The selection of modes and/or mode
combinations are dependent on the chosen waveguide structure. If this mode
conversion sections are proficiently designed, then multimode monopulse designs can
be more compact than the conventional monopulse feeds. This feature can be very
important when these monopulse antennas are used as feeds of the reflector antennas

(especially prime focus reflectors).

Some examples for multimode monopulse feeds can be found in [31], [32], [33], [34],
[35], [36], [37], [38] and [39].

1.4. Thesis Motivation and Contribution

The motivation of the thesis is to investigate which mode converters can be used to
obtain required modes for monopulse radiation patterns when the rectangular
waveguide substructure is used. The selection of the modes is same as in [37] & [40].

According to this choice:

e TEji0 mode or the combination of TE10 and TE3g modes are radiated from single
horn aperture to create sum channel radiation pattern. When the combination
of TE10 and TE3zo modes is carefully adjusted, TE3p mode can be used to cancel
sidelobes of TE10 mode radiation pattern.

e TE2 mode is radiated from the single horn to create azimuth difference

radiation pattern
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e The TE1; and TM11 mode combination is radiated from single horn to create

elevation difference radiation pattern.

Different types of mode converters to generate these modes are investigated in this
thesis, and several mode converters are designed for this purpose by using CST
Microwave Studio®. One of these designed mode converters are fabricated using 3D
printer and their S parameters and radiation patterns are measured to validate mode
converter design techniques and the accuracy of CST Microwave Studio® simulation

software.

More details about these modes and the visualization of their electric and magnetic

field vectors are given in Chapter 2.

1.5. Thesis Organization

As it is stated, this thesis is focused on rectangular waveguide mode converters for
creating monopulse radiation patterns. Hence, the chapters are organized to present
details about rectangular waveguide modes, rectangular waveguide mode converter

designs and fabrication of one of the designed rectangular mode converter.

Chapter 2 contains fundamental knowledge on wave equation, solution of wave
equation in rectangular waveguide structures (rectangular waveguide modes) and

detailed information on the rectangular waveguide modes to be used this thesis.

Chapter 3 contains three different rectangular waveguide mode conversion techniques
that can be used to convert fundamental mode TEio to required modes to create
monopulse radiation patterns. For each mode conversion technique, all required mode

converter designs are also given in that chapter.

Chapter 4 contains fabrication details of selected rectangular waveguide mode

converter design and the comparison of its measurement and simulation results.

Chapter 5 concludes the work done in this thesis, while that chapter also presents the

future works.
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CHAPTER 2

BACKGROUND

In this chapter fundamental background information about rectangular waveguides and
rectangular waveguide modes are given. [41] is used as reference. At the end of this
chapter (in section 2.2.), rectangular waveguide modes used in this thesis are
visualized by the help of CST Microwave Studio software®.

2.1. Solutions of Wave Equations in Rectangular Waveguides (Rectangular
Waveguide Modes)

Solutions (field distributions, modes) of wave equations must always satisfy
Maxwell’s equations and boundary conditions. Depending on their field
configurations (modes), there are 3 main types of modes of electromagnetic waves,
namely: TEM (Transverse Electromagnetic) modes, TE (Transverse Electric, H

modes) modes and TM (transverse Magnetic, E modes) modes.

For TEM modes, electric and magnetic field components are transverse to direction
specified by superscript (e.g. for TEM? modes electric and magnetic fields only exist
in the plane which is orthogonal to z direction). For TE modes, electric field
components are transverse to direction specified by superscript. Only magnetic field
H have component in that direction. That is why TE modes are sometimes called H
modes. For TM modes, magnetic field components are transverse to direction specified
by superscript. Only electric field E have component in that direction. That is why

TM modes are sometimes called E modes.

Only TE and TM modes can exist in rectangular waveguides, TEM modes cannot exist
because they do not satisfy boundary conditions on the walls of rectangular hollow

waveguides.
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TE and TM mode solutions for different rectangular coordinate directions (TEX, TM*,
TEY, TMY, TE?, TM?) are given in [41]. If the waveguide whose dimensions shown in
Figure 2.1 and which lies along z direction is considered, TE* and TM* mode solutions

are sufficient for this thesis.

|
!
|
:/ -~

Figure 2.1: Considered rectangular waveguide model [41]

= W

2.1.1. TE? Modes of Rectangular Waveguide

Details of obtaining the field solutions for TE* modes are given in [41]. In summary,
TE*mn field expressions are given below:

Ey, = Ay % cos(Byx)sin(Byy)e P22 (2-1a)
E, = —Amn%sin(BXX)cos([?»yy)e_jBZZ (2-1b)
E,=0 (2-1¢)
H, = A, ‘jvfs sin(Byx)cos(Byy)e ez (2-1d)
Hy = Amn ‘ijfs cos(Byx)sin(Byy)e a2 (2-1¢)
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2 .
H, = —jAmn 2 cos(Bxx)cos(Byy)e I+ (2-1f)

-
pi= =g g =g 48 = () + () (2-19)
Br=(=) m=012. (2-1h)
By=(3) n=012.. (2-1i)
Ao = A4B1Cy @-1))

Each m and n combination solution represent different TE*’n,» mode. The values of m
& n cannot be 0 simultaneously because it is trivial solution (if both m and n equal to

0, Fz is constant and all components of electric and magnetic fields are zero).

Bx, By and B, are called wave numbers (eigenvalues) in the X, y and z directions

respectively.

B. equals to p when B, = 0 and it is called cut-off wave number.

Be = Bls,mo = WVTElg,=0 = weTE = 2nfeiiE = |(22) + (22) 22)

= Uedmn = ﬁ\/ () () o (2-3)

(f2)mn 1s called cut-off frequency of mn mode. If two modes have same cut-off

frequencies, they are usually referred as degenerate modes.

Rectangular waveguides show high-pass characteristics. Each mode starts to propagate
after its cut-off frequency. The mode with the lowest cutoff frequency is called
dominant mode. It should be pointed out that dominant mode and the cut-off
frequencies are dependent on cross sectional dimensions a & b. If a>b (which is usually

the case), the dominant mode is TE*10.

The ratio
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(fc)mnTE na
Ry = L2200 = [(m)? + (222 2-4
mn =y TE (m)? + ( b ) (2-4)

shows the ratio of cut-off frequency of TE*nn mode to cut-off frequency of TE?10 mode
and it can be used to show in which sorting the modes start to propagate and their
relative cut-off frequencies with respect to cut-off frequency of TE* dominant mode
(a>b). Table 2.1 shows the R,,,, of different TE? modes with respect to a/b ratio.

Table 2.1: R,,,, of different TE* modes with respect to a/b ratio [41]

afb 10 5 2.25 2 1
m,n 1.0 1.0 1.0 1.0 1.0; 0.1
R 1 I 1 1 I
m.n 2.0 2.0 2.0 2.0:0.1 1.1
R 2 2 2 2 414
m.n 3.0 3.0 0.1 1.1 2.0
R 3 3 2.25 2.236 2
m.n 4.0 4.0 1.1 2.1 2.1:1.2
R 4 - 2462 2.828 2.236
m.n 5.0 5.0:0.1 3.0 30 22
R 5 5 3 3 2.828
m.n 6.0 1.1 2.1 3l 3.0:03
R 6 5.009 3.010 3.606 3
m.n 1.0 2.1 31 4002 i3
R 7 5.385 375 4 3162
m.n 8.0 31 4.0 1.2 3.2:23
R 8 5.831 4 4.123 3.606
m.n 9.0 6.0 0.2 41:22 4.0:0.4
R 9 6 4.5 4.472 -
m.n 10.0:0.1 4.1 4.1 5032 4.1:1.4
Rinn 10 6.403 4.5809 5 4.123

Using (2-1g) B, can be found as
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pli-(2) =pf1- (%) for f > f.

(B)mn =140 forf=f (2-5)
I G

When f > (fc)mn, (Bz)mn 1S real, it means that mn mode is propagating (it can be seen
from field expression (2-1a) -(2-1j)). When f = (fc)mn, it means mn mode is standing
wave and it is at the edge of propagation (e Pz = 1 in equations (2-1a) — (2-1j)).
When f< (fc)mn, (B,)mn IS imaginary, mn mode evanescent (nonpropagating, reactive

mode) mode and fields are exponentially decaying in z direction.

(A2)mn (i.e. wavelength in z direction of mn mode) is sometimes called guided

wavelength of that mode (44), and it is equals to

2T

(A2)mn :(Ag)mn = E (2-6)
Wave impedance of TE?mn can be found by
z —E_ _E_wu -
2y (B ) = 2= =2 = (2-7)

For simplicity TEZ,,,,, modes will be referred as TE,,,,, modes in the other parts of this

thesis.

2.1.2. TM? Modes of Rectangular Waveguide

Details of obtaining the field solutions for TM* modes are given in [41]. In summary,

TM?mn field expressions are given below:

Ex = ~Bn t2% cos(Bx)sin(Byy)e P2 (2-82)
_ ByBz . _iByz
Ey = —Bmn e sin(Byx)cos(Byy)e (2-8b)
2 .
E, = =B pz sin(B)sin(Byy)e 1P (2-8c)
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H, = anB—J’sin(BXx)cos(Byy)e‘jBZZ (2-8d)

Hy = ~Bmn - cos(B)sin(B,y)e P22 (2-8e)
H,=0 (2-8f)
pr= =g g =g 48 = (1) + () (2-89)
Be=(") m=12,.. (2-8h)
By=() n=12. (2-8i)
Byn = A,B,Cy (2-8))
o = s () + (5 32 289

The TM?mode which has the lowest cut-off frequency is TM#11 mode. For a>b, cut-

off frequency of TEZy is lower than TM?11, TE%y0 is the lowest mode.

To complete the illustration of mode starting order for a>b case, the ratio

_ (fc)mnTM — 2 E 2 -
Tan = 10T /(m) + (b) (2-9)

is defined and it shows the ratio of cut-off frequency of TM%nw, mode to cut-off
frequency of TE?1o mode. Table 2.2 shows the T,,, of different TM* modes with

respect to a/b ratio.

22



Table 2.2: T,,,, of different TM* modes with respect to a/b ratio [41]

afb = 10 5 225 2 |
m.n =5 1.1 1.1 1,1 1.1 1.1
T = 10.05 5.10 246 2.23 1.414
m.n = 2.1 2.1 2.1 2,1 2.1;1.2
T = 10.19 5.38 3.01 283 2,236
m.n = 3.1 1.1 3.1 3.1 22
Ton = 10.44 .00 1.75 3.61 2828
m.n =5 4.1 4.1 4.1 1.2 31:13
J— 10.77 6.40 4.59 4.12 3162
m.n = 5,1 b 1,2 4.1;22 3223
T = 11.18 7.07 5.00 447 3606
m.n = 6,1 6,1 22 32 4,1;:14
T = 11.66 7.81 5.38 5.00 4,123
m.n = 7.1 7.1 32 5,1 33
T = 12.21 8.60 541 5.39 4,243
m.n = 2.1 g1 5.1 42 4224
Ton = 12.81 0.43 548 5.66 4472
i — g1 1.2 4.2 1.3 4334
J— 13.82 10.04 6.40 6.08 5.00
m.n = 10,1 22 6,1 23 5,1;1.5
T = 14.14 10.20 6.41 6.32 5.09

Equations for 3, and (A4),, are same as in TEZ modes ((2-5) & (2-6)). Comments on

the cases when f < f, f = f. and f > f. are also valid for TM? modes.

Wave impedance of TM?ma can be found by

Zy(TM?py) = 2= =22 = 1 (2-10)

Hy Hy we

For simplicity TM#,,,,, modes will be referred as TM,,,,, modes in the other parts of this

thesis.

2.2. Rectangular Waveguides Modes Used in This Thesis

TE1o, TE2, TE3, TE11 and TM11 modes are highly important for this thesis. As

mentioned in section 1.4:
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e TEi0 mode to TE2 mode converters are investigated for obtaining azimuth
difference monopulse radiation pattern
e TEi0 mode to combination of TE11+TM11 modes converters are investigated
for obtaining elevation difference monopulse radiation pattern
e TEi0 mode to TEs mode converters and TEip mode to combination of
TE1w0+TE30 modes converter are investigated for shaping sum monopulse
radiation pattern.
In this section, the electric fields and the magnetic fields of these modes will be
visualized when they are propagating in arbitrary length rectangular waveguide with

the aid of CST Microwave Studio® software.

2.2.1. TE1w Mode

The equations for electric and magnetic fields of TE1o mode can be obtained when m=1
and n=0in (2-1):

E,=0 Hy, = Aq vf;g (g) sin(gx)e‘jBZZ
mw . T —i
E, = —Aqp —sin (ZX) e IRz Hy, =0 (2-11)
. 1 2 _
E,=0 H, = —j 10w—us<§) cos(gx)e iB22
Pr = (g) By =0

It can be seen from (2-11) that for TE10 mode electric field has no x and z component,
it only has y component. Magnetic field, on the other hand, has no y component, it has

only x and z components.

The cut-off frequency of TEg is

(o = 7= (5) (2-12)
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In order to visualize electric and magnetic field vectors of TEip mode inside
rectangular waveguide, in CST Microwave Studio® software rectangular waveguide
shown Figure 2.2 is created. Operating frequency is selected as 10 GHz, and a & b
dimension are selected as 24 mm & 12 mm respectively. Length of this waveguide

section | equals to 80 mm.

L.

=2

Figure 2.2: Rectangular waveguide with dimensions a = 24 mm, b =12 mm & | = 80
mm

Electric field vectors of TEix mode inside this waveguide is shown in Figure 2.3.
Arrows show the direction of electric field in given position and the color shows the
magnitude of electric field at that point. The color scale is in normalized dB scale (with
respect to largest magnitude of electric field inside the waveguide). As it can be seen

from this figure, electric field has only y component.
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Figure 2.3: Electric field vectors of TE1o mode inside rectangular waveguide

Magnetic field vectors of TEio mode inside this waveguide is shown in Figure 2.4.
Again, arrows show the direction of electric field in given position and the color shows
the magnitude of magnetic field at that point. The color scale is in normalized dB scale
(with respect to largest magnitude of magnetic field inside the waveguide). As it can

be seen from this figure, magnetic field has only x and z component.
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Figure 2.4: Magnetic field vectors of TE1o mode inside rectangular waveguide

Figure 2.5 and Figure 2.6 show cross sectional electric and magnetic field vectors of
TE10 mode at the input.
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Figure 2.5: Magnetic field vectors of TE1o mode inside rectangular waveguide
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Figure 2.6: Magnetic field vectors of TE1o mode inside rectangular waveguide
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As it can be seen from Figure 2.5 and Figure 2.6, cut-off frequency of TE1o mode of
this CST waveguide model (a =24 mm & b =12 mm) is calculated as 6.243 GHz and
the wave impedance at 10 GHz is found as 482.4 Ohm.

2.2.2. TE20 Mode

The equations for electric and magnetic fields of TE2o mode can be obtained when

m = 2andn = 0in(2-1):

Exy =0 Hy = Ay vfig (%”) sin(%nx)e"jBZZ

E, = —AZOZ—:sin (%nx) e iBz Hy =0 (2-13)
B, =0 H, = —]Azow%ls(%n) cos(=x)e IBz?

b= (%) p =t

It can be seen from (2-13) that for TE2o mode electric field has no x and z component,
it only has y component. Magnetic field, on the other hand, has no y component, it has

only x and z components.

The cut-off frequency of TEx is

()20 = = (%) (2-14)

2T\ UE 7

In order to visualize electric and magnetic field vectors of TE2 mode inside
rectangular waveguide, in CST Microwave Studio® software rectangular waveguide
shown Figure 2.7 is created. Operating frequency is selected as 10 GHz, anda & b
dimension are selected as 35 mm & 10.16 mm respectively. Length of this waveguide

section | equals to 80 mm.
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Figure 2.7: Rectangular waveguide with dimensionsa =35 mm, b =10.16 mm & | =
80 mm

Electric field vectors of TE2 mode inside this waveguide is shown in Figure 2.8.
Arrows show the direction of electric field in given position and the color shows the
magnitude of electric field at that point. The color scale is in normalized dB scale (with
respect to largest magnitude of electric field inside the waveguide). As it can be seen

from this figure, electric field has only y component.
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Figure 2.8: Electric field vectors of TE2o mode inside rectangular waveguide

Magnetic field vectors of TE2o mode inside this waveguide is shown in Figure 2.9.
Again, arrows show the direction of electric field in given position and the color shows
the magnitude of magnetic field at that point. The color scale is in normalized dB scale
(with respect to largest magnitude of magnetic field inside the waveguide). As it can

be seen from this figure, magnetic field has only x and z component.
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Figure 2.9: Magnetic field vectors of TE2o mode inside rectangular waveguide

Figure 2.10 and Figure 2.11 show cross sectional electric and magnetic field vectors

of TE2o mode at the input.
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Figure 2.10: Cross sectional electric field vectors of TE2o mode at the input
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Figure 2.11: Cross sectional magnetic field vectors of TE2o mode at the input

As it can be seen from Figure 2.10 and Figure 2.11, cut-off frequency of TE2o mode
of this CST waveguide model (a = 35 mm & b = 10.16 mm) is calculated as 8.555
GHz and the wave impedance at 10 GHz is found as 727.8 Ohm.

2.2.3. TE3 Mode

The equations for electric and magnetic fields of TEzo mode can be obtained when
m = 3andn = 0in(2-1):

E,=0
Ey = _A303_:Sin (3_77:X
E,=0

Hy = Ajp By (3—71) sin(%rx)e_jBZZ

wue \ a

(2-15)
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It can be seen from (2-15) that for TE3o mode electric field has no x and z component,
it only has y component. Magnetic field, on the other hand, has no y component, it has

only x and z components.

The cut-off frequency of TE3zo is

__1 (3= -
(fe)zo = zwﬁ(a) (2-16)
In order to visualize electric and magnetic field vectors of TEsz mode inside
rectangular waveguide, in CST Microwave Studio® software rectangular waveguide
shown Figure 2.12 is created. Operating frequency is selected as 10 GHz, anda & b
dimension are selected as 52.7 mm & 10.16 mm respectively. Length of this

waveguide section | equals to 120 mm.

L.

=

Figure 2.12: Rectangular waveguide with dimensions a = 52.7 mm, b = 10.16 mm &
| =120 mm

Electric field vectors of TEz mode inside this waveguide is shown in Figure 2.13.
Arrows show the direction of electric field in given position and the color shows the

magnitude of electric field at that point. The color scale is in normalized dB scale (with
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respect to largest magnitude of electric field inside the waveguide). As it can be seen

from this figure, electric field has only y component.

e-field (=10) [1(3)] % l‘ x
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Frequency: 10
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Figure 2.13: Electric field vectors of TEzo mode inside rectangular waveguide

Magnetic field vectors of TEzg mode inside this waveguide is shown in Figure 2.14.
Again, arrows show the direction of electric field in given position and the color shows
the magnitude of magnetic field at that point. The color scale is in normalized dB scale
(with respect to largest magnitude of magnetic field inside the waveguide). As it can

be seen from this figure, magnetic field has only x and z component.

35



0

-1.81
-3.63
-5.44
-7.26
-9.07
-10.9
-12.7
-14.5
-16.3
-18.1

-20

¥
h-field {f=10) [1{3)] z o B
3D Maximum [A/m]: 3.703 = 0 dB Max
Frequency: 10
Phase: 0

Figure 2.14: Magnetic field vectors of TE2o mode inside rectangular waveguide

Figure 2.15 and Figure 2.16 show cross sectional electric and magnetic field vectors

of TEzp mode at the input.

dB{max ¥,/m}
0.0352
-1.78
-3.6
-5.43
+ =725
M +
8 i -9.07
*
¢ *
i -10.9
-12.7
-14.5
-16.4
-18.2
-20
¥
Frequency: 10
Phase: a
Wave Imp, [Ohm]: 719,58 = ®
Beta [1/m]: 109.7
Frutoff: 3.52
Mode bype: TE

Figure 2.15: Cross sectional electric field vectors of TEzo mode at the input
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Figure 2.16: Cross sectional magnetic field vectors of TE3p mode at the input

As it can be seen from Figure 2.15 and Figure 2.16, cut-off frequency of TEzo mode
of this CST waveguide model (a = 52.7 mm & b = 10.16 mm) is calculated as 8.52

GHz and the wave impedance at 10 GHz is found as 719.8 Ohm.

2.2.4. TE11 Mode

The equations for electric and magnetic fields of TE11 mode can be obtained when

m = landn = 1in(2-1):

s . —i z . s
Ex = A1 be cos(Bxx) sm(Byy) Rl Hy = A1 WB—M (g) sm(g x)cos(%y)e 1Bz7

=—A, Zsin(® Ty) e iBzz = B. (™ T sin(Ey)e Bz
E, A . sin (ax) cos (b y)e 2 Hy =Ayy wae (b) cos(ax)sm(b y)e Pz

2
[

E,=0 H, = —jA;, fms cos (g x) cos (%y) e IBzz
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It can be seen from (2-17) that for TE11 mode electric field has no z component, it only
has x and y components. Magnetic field, on the other hand, has all x, y and z

components.

The cut-off frequency of TEu1 is

o == ) + () (2-18)

In order to visualize electric and magnetic field vectors of TEi1 mode inside
rectangular waveguide, in CST Microwave Studio® software rectangular waveguide
(square waveguide is also a rectangular waveguide) shown Figure 2.17 is created.
Operating frequency is selected as 10 GHz, and a & b dimension are selected asa=Db

= 24 mm respectively. Length of this waveguide section | equals to 80 mm.

L.

Figure 2.17: Rectangular waveguide with dimensions a = 24 mm, b= 24 mm & | = 80
mm

=z
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Electric field vectors of TE1:x mode inside this waveguide is shown in Figure 2.18.
Arrows show the direction of electric field in given position and the color shows the
magnitude of electric field at that point. The color scale is in normalized dB scale (with
respect to largest magnitude of electric field inside the waveguide).
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Figure 2.18: Electric field vectors of TE11 mode inside rectangular waveguide

Magnetic field vectors of TE11 mode inside this waveguide is shown in Figure 2.19.
Again, arrows show the direction of electric field in given position and the color shows
the magnitude of magnetic field at that point. The color scale is in normalized dB scale
(with respect to largest magnitude of magnetic field inside the waveguide.
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Figure 2.19: Magnetic field vectors of TE11 mode inside rectangular waveguide

Figure 2.20 and Figure 2.21 show cross sectional electric and magnetic field vectors

of TE11 mode at the input.
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Figure 2.20: Cross sectional electric field vectors of TE11 mode at the input
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Figure 2.21: Cross sectional magnetic field vectors of TE11 mode at the input

As it can be seen from Figure 2.20 and Figure 2.21, cut-off frequency of TE11 mode
of this CST waveguide model (a = b = 24 mm) is calculated as 8.829 GHz and the

wave impedance at 10 GHz is found as 802.8 Ohm.

2.2.5. TM11 Mode

The equations for electric and magnetic fields of TM11 mode can be obtained when m

=landn=1in(2-8):

o= B (Do (51 sin ()

H, = By, blu sin(gx)cos(%y)e'jBZZ

H (2-19)

Bx T . T —i
y = ~Bii Y cos(x)sin( y)e 1B22

H,=0
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It can be seen from (2-19) that for TM11 mode electric field has all x, y and z

components. Magnetic field, on the other hand, has only x and y components.

The cut-off frequency of TMy1 is

(1 = 5m= @)+ (@) (2-20)

As it can be seen from (2-41) & (2-43), TE11 and TMu1 has the same cut-off frequency

expressions. Therefore, these two modes are degenerate modes.

In order to visualize electric and magnetic field vectors of TM11 mode inside
rectangular waveguide, in CST Microwave Studio® software rectangular waveguide
(square waveguide is also a rectangular waveguide) shown Figure 2.17 is created.
Operating frequency is selected as 10 GHz, and a & b dimension are selected asa =b

= 24 mm respectively. Length of this waveguide section | equals to 80 mm.

Electric field vectors of TM11 mode inside this waveguide is shown in Figure 2.22.
Arrows show the direction of electric field in given position and the color shows the
magnitude of electric field at that point. The color scale is in normalized dB scale (with

respect to largest magnitude of electric field inside the waveguide).

0
-1.82
-3.64
-5.46
-7.29
911
-10.9
-12.8
-14.6
-16.4
-18.2

-20

e-field (f=10) [1(4)] 2 L x
3D Maximum [¥fm]: 2092 = 0 dB Max
Frequency: 10
Phase: 0

Figure 2.22: Electric field vectors of TM11 mode inside rectangular waveguide
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Magnetic field vectors of TM11 mode inside this waveguide is shown in Figure 2.23.
Again, arrows show the direction of electric field in given position and the color shows
the magnitude of magnetic field at that point. The color scale is in normalized dB scale

(with respect to largest magnitude of magnetic field inside the waveguide.
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Figure 2.23: Magnetic field vectors of TM11 mode inside rectangular waveguide

Figure 2.24 and Figure 2.25 show cross sectional electric and magnetic field vectors

of TM11 mode at the input.
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Figure 2.24: Cross sectional electric field vectors of TM11 mode at the input
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Figure 2.25: Cross sectional magnetic field vectors of TM11 mode at the input
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As it can be seen from Figure 2.24 and Figure 2.25, cut-off frequency of TM11 mode
of this CST waveguide model (a = b = 24 mm) is calculated as 8.829 GHz and the

wave impedance at 10 GHz is found as 176.9 Ohm.
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CHAPTER 3

RECTANGULAR WAVEGUIDE MODE CONVERTER DESIGNS FOR
MONOPULSE FEEDS

In this chapter, mode converters based on three different mode generation
substructures are designed to obtain rectangular waveguide modes mentioned in
section 1.4. These mode generations substructures are irregular (aperiodic) stepped
mode generation, corner mode generation, bended waveguide mode generation. The
design details of these three mode generation mechanisms to obtain desired rectangular
waveguide modes are given in this chapter. The simulation results of designed

rectangular mode converters are also given.

In this thesis, the mode conversion is aimed to be achieved at the center frequency fc
= 10 GHz (we are only interested in proof of mode conversion operation with given
structure, we are not interested in operating bandwidth, so optimization goals are set
as single frequency goals according to this approach), the simulations of mode
converter designs are done at 8-12 GHz band to observe full X band characteristics.
There are two reasons why X band is chosen as operating band for all mode converter
designs in this thesis. First reason is related with the measurement infrastructure
available. The second reason is that X band is sweet spot when the standard waveguide
dimensions are considered. The dimensions are very large in lower frequency bands,
so waveguide design in those frequency bands are bulky and expensive to
manufacture. The dimensions are very small in upper frequency bands, the
manufacturing tolerances become important and the cost of manufacture rises. In
addition, the surface roughness in waveguides can become major issue in upper
frequency bands. Therefore, X band is thought as a sweet spot for designing mode
converters. Although, the mode converter designs are optimized for fc = 10 GHz, the
dimensions can be changed to wavelength and then scaled to different frequencies (for

example if one of the designs is required to be used in fc = 20 GHz, all physical
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dimensions of 10 GHz design should be divided by 2, so that the electrical dimensions

will be same in terms of wavelength).

3.1. Irregular (Aperiodic) Stepped Mode Converters

A step discontinuity in waveguides are well-known mode generation technique. This
step discontinuity can be in the H-plane only, in the E-plane only, or in both E and H
planes. If the step discontinuity is introduced in the E-plane, it is usually called
“capacitive step”. Similarly, if the step discontinuity is introduced in the H-plane, it is
called “inductive step”. These step discontinuities can be symmetrical or
asymmetrical. In Figure 3.1, both symmetric and asymmetric H-plane step

discontinuities are shown.

Figure 3.1: Symmetric H-plane step (top view) & Asymmetric H-plane step (top
view)

Extensive work for finding the solution of step discontinuity problems is done in
literature. The main idea is to match the transverse electric and magnetic fields on the
discontinuity junction in terms of modal expansion in both sides of step junction. In
addition, the network parameters or the lumped circuit models of step discontinuities
in waveguides are also investigated. Some examples for finding the solution of step
discontinuity problems and finding the circuit models of these discontinues can be
found in [42], [43], [44], [45], [46], [47], [48], [49], [50], [51], [52], [53], [54], [55],
[56], [57], [58], [59], [60], [61], [62], [63], [64], [65] and [66]. One can write numerical
codes using the formulations given in these papers or one can import the given lumped
circuit models into readily available circuit simulator to obtain field solutions when

step discontinuities are present. The third method is to use a readily available 3D
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electromagnetic simulation software (e.g. CST Microwave Studio®) and analyze the
behavior of electric and magnetic fields and coupling of modes when step discontinuity
present. This third method is chosen for analyzing the fields and mode conversion

inside the stepped mode converters.

The cascade of step discontinuities can be used as mode converters. These steps can
be periodic (regular, repeating waveguide widths or heights) or they can be aperiodic
(irregular). Cascading irregular symmetrical step discontinuities and using
optimization tools to optimize widths (and/or heights) and lengths of these steps is
known as Scattering Optimization Method (SOM), [67], [68]. Using SOM is superior
to using periodic mode converters (which uses corrugations) in terms of physical size
(smaller converter length) and performance, [67], [68], [69]. For this reason, periodic
stepped converters are not considered as a mode converter element, only irregular

stepped mode converters are investigated.

In [69], a SOM for designing TE1o to TEmo (m is odd number) is offered. The technique
uses irregular symmetrical H-plane step discontinuities and multi-resolution algorithm
([70]) to optimize lengths and widths of these steps. The offered structure of this mode

converter is shown in Figure 3.2.
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Figure 3.2: Offered irregular symmetrical H-plane stepped structure for designing
TE10 to TEmo (M is odd number) [69]
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The structure shown in Figure 3.2 can be used for 4 different purposes, [69]. The first
one is to convert the dominant TE1o mode to TEmo (M is odd number). The second one
is to convert TE1p mode to combinations of two modes (e.g. TEipand TEzo). The third
area of usage is to design phase shifter for TE1o0 mode. Finally, it can be used as mode
selective reflector (e.g. when the combinations of TE1o and TE20 modes enters, it can

reflect TE1o modes and let TE2o mode to pass).

Depending on the step size and optimization constraints, more than one converters can
be obtained because the degree of freedom is large (one of them can have larger
bandwidth). Therefore, the initial values of parameters determine which optimization
solution will be reached [69]. The design starts with 5 steps [70] and this 5 stepped
converter is optimized. If satisfactory result is obtained, each step section is divided
into 2 subsections, so the resolution is increased further until desired performance is
obtained. This from coarse to fine resolution increase optimization process is called
multi-resolution algorithm [70]. This algorithm save time when there are large number
of parameters. In this thesis, similar optimization procedure is applied to design
irregular stepped mode converters. Design process starts with a 5-stepped mode
converter, and if the result is not satisfactory, the number of steps increased as in the
multi-resolution algorithm. If the result of the 5 stepped converter is satisfactory,
design process ends. Optimization tools of CST Microwave Studio® software are used.
The choice of optimization tool and how they are used in this thesis are mentioned in

Appendix A.

3.1.1. General Design Guidelines for Discrete Stepped Mode Converters

¢ Input waveguide dimensions are chosen such that only TE1o mode exist at input

port at the simulated frequency range

e Output waveguide dimensions are chosen such that the desired output
waveguide mode exists at the output port with the minimum number of

unwanted other waveguide modes

e Optimization process starts with 5 discrete waveguide steps (E-plane or H-
plane steps, depending on desired output mode/mode combination)
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Initial dimensions of 5 discrete steps are set such that desired output mode

could flow through these sections, in other words, the cut-off frequency of the

output mode/mode combination is lower than operating frequency/frequency

band.

In the design procedure, desired mode converter can be obtained generally as

follows:

a.

Input reflection coefficient of TE1o mode (S1(TEu1o),1(TE10) parameter)

is set to be as low as possible

S2(desired mode),1(TE1o) parameter shows how good is TE1o mode at
the input port is converted to desire mode and in dB scale it is usually
set to be 0 dB.

S2(TEu10),1(TE1) parameter shows proportionally how much of input
TE10 mode reaches the output port without being converted into the
desired mode. This is usually undesired, and this parameter is set to be

as low as possible

Additional some optimization goals are set to ensure appropriate mode
combination ratio (amplitude) and combination phases if mode

combination is desired at the output port.

Dimensions of discrete steps are set as optimization parameters.

If the design criteria are not reached after first optimization process, each

discrete step is sub divided into 2 new steps, in other words, number of discrete

steps are doubled, and the optimization process starts again. This cycle

continues until the design criteria are reached. Increasing step number results

in smoothing out S parameter and increasing the operating bandwidth so it may

help to reach design criteria.
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3.1.2. 5 Stepped TEuo to TEso Converter

The structure shown in Figure 3.2 is proven to accomplish TEi to TEmo (m is odd
number) conversion, this irregular symmetrical H-plane stepped structure is used.
Input waveguide is connected to port 1 and output waveguide is connected to port 2.
Dimensions of input waveguide are chosen as a = 24 mm & b = 12 mm. The cut-off
frequency of the dominant TE1o mode in the input waveguide is 6.241 GHz with these
dimensions and the second mode (TEo:) cut-off frequency is 12.41 GHz, so there is
only TE1o mode in the input waveguide section between 8-12 GHz. Dimensions of the
output waveguide are chosen as a =50 mm & b = 12 mm to support TE3zo mode and to
have the minimum number of unwanted modes between 8-12 GHz. The lowest cut off
frequency in the output waveguide is the cut-off frequency of the dominant TEio mode
with fe, o

5.986 GHz. The third mode and final mode in the output waveguide is TE3zo and its

= 2.997 GHz. The second mode is TE2o mode and its cutoff frequency is

cut-off frequency is 8.977 GHz. The initial width of all 5 steps are set to 80 mm and
the initial length of all step sections are set to 20 mm. The height of all waveguide
sections equal to 12 mm and it is not an optimization parameter. The optimization goal

and their weights are set as follows:
e S2(TEs0),1(TE1) = 0 dB at fc = 10 GHz, weight = 1.0
e S2(TEi0),1(TE1) < -20 dB at fc = 10 GHz, weight = 1.0
e S1(TE10),1(TE1) < -20 dB at fc = 10 GHz, weight = 1.0

Figure 3.3 shows the initial (starting) model and Figure 3.4 shows the obtained 5
stepped mode converter from optimization process. The dimensions of final design are
also shown in Figure 3.4. Figure 3.5 shows the S parameter result (in dB scale) of the

obtained mode converter.
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Figure 3.3: The initial (starting) model of 5 stepped TE1o to TEzo converter

24,00 mm

90.19 mm
81.89 mm

10Z2.94 mm } 25.99 mm

26.89 mm

94.49 mm

83.86 mm 2285mm 55 mm

14.01 mm

50.00 mm

Figure 3.4: Designed 5 stepped TE1o to TEso converter with its dimensions (left: top
view, right: side view)
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Figure 3.5: S parameter result of designed 5 stepped TE1o to TE3o converter

When Figure 3.5 is analyzed at 10 GHz, it can be seen that input reflection of TE1o
mode is -20 dB, which means that almost all the energy is entered from input port (port
1) as TE1o mode. Only -12.47 dB of entered TE1o mode reach the output port (port 2)
as TE1o mode. Almost all the energy entered as TE1o mode from input port is converted
to TEso mode at the output port with only -0.31 dB conversion loss. As said in [69],
symmetrical H-plane stepped structures do not generate TE2o due to symmetry, one

can see that there is no TE2o mode at the output port (-164.3 dB).

To illustrate mode conversion operation, the electric field monitor of CST Microwave
Studio® software can be used. Figure 3.6 shows the electric field vectors inside the
designed mode converter by using this feature, when TE1o mode enters from input port.
As it can be seen in Figure 3.6, TE1o mode is converted to TEzo mode at the output of

this converter.
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Figure 3.6: Electric field vectors inside designed 5 stepped TE1o to TE3o converter at
10 GHz

TE10 to TE3o mode conversion is obtained in approximately 3.51 wavelengths.

To see the effect of asymmetries of steps, which can be due to fabrication of such a
waveguide mode converter geometry, step asymmetries with 1 mm value are
introduced. When the H-plane steps are not symmetrical anymore, these steps can
generate TE2o mode. Figure 3.7 shows S2(TE20),1(TE10) results with and without
these introduced step asymmetries. Figure 3.8 shows S2(TE30),1(TE10) results with
and without these introduced step asymmetries. If these two figures are examined, it
can be see that 1 mm step asymmetries gave rise to TE2o mode at the output, but value
of TE20 mode is still relatively small, as a result, value of TEzo mode at the output is
not affected very much.
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S-Parameters [

Magnitude in dB]

|s2(TE20), 1(TEL0)_ideal : -161.54634
| s2(TE20), 1(TE10)_offset_error_stepi=1mm :
|S2(TE20),1{TE10)_offset_error_step2=1mm : -20.493428
| S2(TE20),1(TE10)_offset_error_step3=1mm : -38.94919
-| S2(TE20),1(TE1D)_offset_error_stepd=1mm : -15.146164

-|52(TE20),1(TE10)_offs ep5=1mm : -14.861504

-22.878359

Frequency / GHz

Figure 3.7: S2(TE20),1(TE10) results with and without 1 mm step asymmetries
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Figure 3.8: S2(TE30),1(TE10) results with and without 1 mm step asymmetries
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3.1.3. 20 Stepped TE1o to TEs0 Converter

To see the effect of increasing the number of steps of irregular symmetric H-plane
stepped mode converters on conversion efficiency and bandwidth, 20 stepped TEzo to
TE30 mode converter is designed. The input waveguide is connected to port 1 and the
output waveguide is connected to port 2. Input waveguide dimensions are chosen as a
=229 mm & b = 10.16 mm to allow propagation of TE1p mode only between 9-11
GHz. The cut-off frequency of TE1o mode in input waveguide section is 6.543 GHz.
Output waveguide dimensions are chosen as a = 52.7 mm & b = 10.16 mm to allow
propagation of TEzp mode with minimum undesired modes in 9-11 GHz band. The
cut-off frequency of TEzo mode in this output waveguide section is 8.52 GHz. In order
to decrease number of parameters to be optimized, the lengths of all waveguide steps
are set to 40 mm and they are not optimization parameter. The height of all waveguide
sections equal to 10.16 mm. The initial widths of waveguide steps are set to 80 mm
and initially only 5 steps are considered and same optimization goals in 3.1.2 are used.
When the optimization of 5 step converter came to some maturity level, each step is
divided into 2 sub steps of length 20 mm (10 steps total), and the optimization is re-
started again from that point. When the optimization of 10 step converter came again
to some maturity level, each step is divided into 2 sub steps of length 10 mm (20 steps
total), and final optimization is started from that point. As a result, stepped TE10 to
TEzo converter shown in Figure 3.9 is obtained. The widths of waveguide steps of
obtained converter are also shown in Figure 3.9. The total length of mode conversion
section is 200 mm (= 6.67 wavelengths). Figure 3.10 shows the S parameter result of

designed mode converter.
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Figure 3.9: Designed 20 stepped TE1o to TE3o converter with its dimensions
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S-Parameters [Magnitude in dB]
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Figure 3.10: S parameter result of designed 20 stepped TE1o to TE3o converter

As it can be seen from Figure 3.10, the input reflection coefficient of TE1o mode at the
input port (port 1) is very low at 10 GHz (-31.62 dB). Entered TE1o mode converted to
TE30 mode at the output with only -0.046 dB conversion loss at 10 GHz. The TE1o
mode content at the output port is very low at 10 GHz (-20.42 dB). Again, as it can be
seen from Figure 3.10, these symmetrical steps cannot be used to generate TE2o mode
at the output (below -150 dB between 9-11 GHz).

When Figure 3.10 is compared with Figure 3.5, it can be seen that mode conversion
loss of 20 stepped mode converter is less than 5 stepped mode converter. In addition,
mode conversion bandwidth of 20 stepped mode converter is wider than 5 stepped

mode converter.
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To illustrate how mode conversion is achieved inside this 20 stepped mode converter,
Figure 3.11 shows the electric field vectors inside the mode converter when TE1g mode
enters from input port. As it can be seen from output port in Figure 3.11, TE1o mode is
successfully converted to TEzo mode.
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Figure 3.11: Electric field vectors inside designed 20 stepped TE10 to TE3o converter
at 10 GHz

3.1.4. 5 Stepped TE1o to TE10+TEs30 Converter

In [69], it is shown that irregular symmetrical H-plane stepped converters can convert
TE10 mode to combination of modes TE1o+TEs0 modes. As mentioned in section 1.4,

when the combination of TE1o and TEso modes is carefully adjusted, TEso mode can
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be used to cancel sidelobes of TE1p mode radiation pattern. Therefore, combination
ratio of two modes can be anything depending on sidelobe position and level.
However, in order to cancel side lobes, there should be 180 degree phase difference

between two modes and the reason for this is shown in Figure 3.12.

To cancel fields in this region, electric field
vectors (arrows should point opposite direction
and this is possible if there is 180° phase
difference when combining two modes)

Figure 3.12: The reason for 180° phase difference when combining two modes

As a proof of concept, assume that we need to convert TE1p mode to TE1o+TEzo mode
combination with equal ratios of TE1o and TEso and with 180° phase difference. To
achieve this, 5 stepped irregular symmetrical H-plane stepped mode converter is used.
The input waveguide is connected to port 1 and its dimensions are set as a = 24 mm &
b =12 mm to allow propagation of only TE1o mode between 8-12 GHz. The output
waveguide is connected to port 2 and its dimensions are set asa =50 mm & b = 12
mm to allow propagation of both TEio and TEsp modes with minimum number of
undesired other modes. Initial widths of steps are set to 80 mm and their initial lengths
are set to 20 mm. The heights of these steps are set to 12 mm (same height with input
and output waveguides) and they are fixed parameters. The optimization goal and their

weights are as follows:
o S2(TEs0),1(TE1) = -3 dB at fc = 10 GHz, weight = 1
e S2(TE10),1(TE1) =-3dB at fc = 10 GHz, weight =1

o S1(TE10),1(TE1) =-20 dB at fc = 10 GHz, weight = 1
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e Phase difference between TE1o and TE3 modes = 180° at fc = 10 GHz, weight
=0.1

Figure 3.13 shows the obtained 5 stepped mode converter after design process. Final
value of widths and lengths of steps are also shown in Figure 3.13. As it can be seen
from Figure 3.13, 2nd step width is almost equal to 1st step width and 5th step width
almost equal to width of output waveguide. Therefore, it can be claimed that same
performance can be obtained from 3 stepped mode converter and optimization goals
for this mode converter were not challenging very much. If more challenging
optimization goals are set, better performance can be obtained from this 5-stepped
mode converter. However, as a proof of concept, these optimization goals are

sufficient (optimum performance at fc = 10 GHz is sufficient for that purpose).

The total length of mode conversion section is 118.77 mm (= 3.96 wavelengths).

Figure 3.13: Designed 5 stepped TE1o to TE10+TE3 converter
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S-Parameters [Magntude in dB]
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Figure 3.14: S parameter result of designed 5 stepped TE1o to TE10+TEz0 converter
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Figure 3.15: Phases of TE1o and TE3o modes at the output terminal

S parameter result of designed mode converter is given in Figure 3.14. As it can be
seen from this figure, input reflection coefficient of TE1o mode is -20.21 dB at 10 GHz.
All energy which entered as TE1o from input port is equally converted to TEzpand TEzo
modes (S2(TEzo),1(TE1) = -3.08 dB at 10 GHz, S2(TE10),1(TE1) = -3.02 dB at 10
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GHz). S2(TE20),1(TE10) is below -200 dB between 8-12 GHz, so it is not shown here.
Figure 3.15 shows the phases of S2(TE30),1(TE10) and S2(TE10),1(TEz0). As it can be
seen from Figure 3.15, there is 180° phase difference between S2(TEzo),1(TE10) and
S2(TE10),1(TE10) as desired.

To illustrate how mode conversion is achieved inside this 5-stepped mode converter
and what the total electric field looks like, Figure 3.16 shows the electric field vectors
inside the mode converter when TE1o mode enters from input port. As it can be seen
from output port in Figure 3.16, TE1o mode is successfully converted to TE1o and TEzo

mode combination.
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Figure 3.16: Electric field vectors inside designed 5 stepped TE1o to TE10+TE3g
converter at 10 GHz

3.1.5. 5 Stepped TE1o to TE20 Converter

The mode conversion from TE1o mode to TE2 mode cannot be done with irregular

symmetrical H-plane stepped mode converters due to symmetry of structure, [69]. To
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achieve TE1o mode to TE20 mode conversion, irregular asymmetrical H-plane steps are
investigated. Five irregular asymmetrical H-plane steps are used as building blocks of
this TE1o to TE2o converter. Input waveguide is connected to port 1 and its dimensions
are set as a = 22.86 mm & b = 10.16 mm to allow propagation of only TEio mode
between 9-11 GHz. Output waveguide is connected to port 2 and its dimensions are
setasa=35mm & b =10.16 mm to allow propagation of only TE1o and TE29 modes.
The initial widths of waveguide steps are set to 60 mm and initial lengths are set to 20
mm. Offset parameters are introduced for each step, and initially they are set to 0 mm.

Optimization goals and their weights are defined as follows:
e S2(TEz20),1(TE10) > -0.05 dB at fc =10 GHz, weight = 3
e S1(TE10),1(TE10) <-20 dB at fc =10 GHz, weight = 1
e S2(TE10),1(TE1) < -20 dB at fc = 10 GHz, weight = 1

Figure 3.17 shows the designed TEioto TEzo converter. The final values of parameters
are given in Table 3.1. The total length of mode conversion section is 87.61 mm (=

2.92 wavelengths).

.

Figure 3.17: Designed 5 stepped TE1o to TE2o converter
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Table 3.1: Final values of optimized parameters

Parameter name

Description of

Value (~in mm)

parameter
al Width of 1% step 42.61
a2 Width of 2" step 70.57
a3 Width of 3" step 85.15
a4 Width of 4" step 66.55
ab Width of 5" step 49.40
11 Length of 1% step 14.22
12 Length of 2" step 15.10
13 Length of 3" step 22.83
14 Length of 4™ step 26.25
15 Length of 5" step 9.20
transl Offset value of 1% step 9.82
trans2 Offset value of 2" step -6.21
trans3 Offset value of 3™ step -1.38
trans4 Offset value of 4" step 6.97
transb Offset value of 51 step 4.50

S-Parameters [Magnitude in dB]

S2(TE10),1(TE10) : -

S1(TE10),1(TE10) : -22.260837
20.78684
S2(TE20),1(TE10) : -0.057659657

-30

9 9.2 9.4 9.6

9.8 10.2

Frequency / GHz

10.4 10.6 10.8 11

Figure 3.18: S parameter result of designed 5 stepped TE1o to TE2o converter
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S parameter results are given in Figure 3.18. As it can be seen from Figure 3.18, the
reflection coefficient of TE1o mode at the input port (port 1) is -22.26 dB at 10 GHz.
TE10 mode entered from port 1 is converted into TE2o mode with very small conversion
loss of -0.058 dB at 10 GHz. There is no TEo at the output port (port 2) because
S2(TE10),1(TE10) =-20.79 dB at 10 GHz.

When Figure 3.18 is examined, another important thing can be observed. When the
frequency is 10.324 GHz, S2(TEu10),1(TE10) = -0.3 dB, S2(TE20),1(TE10) = -26.66 dB
and S1(TE2),1(TE1) = -11.89 dB. Therefore, at 10.324 GHz, the designed mode
converter does not convert TEio mode to TEzo mode, it passes TEio mode to output
port (port 2). This feature may be very useful depending on the application. In terms
of monopulse feeds, if horn antenna is connected directly to this mode converter, at 10
GHz, TE2o mode is radiated and azimuth difference radiation pattern is obtained. At

10.324 GHz, TE1o mode is radiated and sum radiation pattern is obtained.

Figure 3.19 and Figure 3.20 show the electric field vectors inside this mode converter
when TEzg enters from input port at 10 GHz and 10.324 GHz respectively. As it can
also be seen from these two figures, at 10 GHz, TE2o mode is coming out of output
port and TE1o mode is coming out of output port at 10.324 GHz.
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Figure 3.19: Electric field vectors inside designed 5 stepped TE1o to TE2o converter
at 10 GHz
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Figure 3.20: Electric field vectors inside designed 5 stepped TE1o to TE2o converter
at 10.324 GHz
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To check if this mode converter radiates sum radiation pattern at 10.324 GHz and
azimuth difference radiation pattern at 10 GHz, the horn antenna is connected to output
port of this mode converter. Figure 3.21 shows this structure, Figure 3.22 and Figure
3.23 shows the 3D radiation patterns in 10 GHz and 10.324 GHz respectively. As it
can be seen from Figure 3.22 and Figure 3.23, this is really the case.

Figure 3.21: Horn antenna and designed 5 stepped TE1o to TE2o converter structure
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Figure 3.22: 3D radiation pattern at 10 GHz
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Figure 3.23: 3D radiation pattern at 10.324 GHz

3.1.6. 5 Stepped TE1o to TE11+TMa11 Converter

To excite TM11 and TEx1;: fields, waveguide height should be increased. Therefore, E-
plane steps are investigated. Since symmetrical E-plane steps were not successful to
generate these two modes in previous trials, asymmetrical E-plane steps are used. In
order to create delta elevation pattern by combining these two modes, there should be
particular magnitude ratio and phase differences between these two modes. This
magnitude ratio and phase differences of two modes can be found by investigating
these two modes in CST Microwave Studio®. Figure 3.24 shows the electric fields
vectors of these two modes when their phases equal to 0° and the electric field vectors
of desire combination to generate elevation difference radiation pattern. Figure 3.25
shows the magnitude of x component of electric fields of TE1; and TM11 modes.
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Figure 3.24: Electric field vectors of TE11 and TM11 modes and the desired mode

combination
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To obtain desired mode combination shown in Figure 3.24, there should be only y and
z components of electric field of desired mode combination and x component should
be eliminated. Therefore, if we combine TE1; and TM11 modes with same phase, it
seems possible. However, as it can be seen from Figure 3.25, x component of electric
field of TE11 mode is 6.57 dB higher than x component of electric field of TM1: mode
(64.41-57.84 = 6.57 dB), therefore in the desired combination, TM11 mode should be

6.57 dB higher than TE11 mode to eliminate x components of electric fields.

To design TE1o to TE11+TMa1 converter, 5 irregular asymmetrical E-plane steps are
used. Input waveguide is a rectangular waveguide with dimensionsa =24 mm & b =
12 mm and it is connected to port 1. This waveguide section only allows propagation
of TE1 mode between 9-11 GHz. Output waveguide is a square waveguide with
dimensions a =24 mm & b =24 mm and it is connected to port 2. The reason of square
waveguide choice is to support propagation of TE1; and TM11 modes with minimum
additional undesired modes. Width of all waveguide steps are set to 24 mm and they
are not optimization parameter. Initial lengths of waveguide steps are set to 20 mm.
Initial heights of waveguide steps are set to 40 mm. Offset parameters for each
waveguide steps and output waveguide section are introduced. Optimization goals and

their weights are set as follows:
e S1(TE10),1(TE1) < -15 dB at fc = 10 GHz, weight = 1.0
e S2(TEu),1(TE1o) < -15 dB at fc = 10 GHz, weight = 1.0
e S2(TMu1),1(TE1o) — S2(TE11),1(TE10) = 6.57 dB at fc = 10 GHz, weight = 1.0

After optimization process, the designed TE1o to TE11+TM11 mode converter shown in
Figure 3.26 is obtained. The final values of parameters are given in Table 3.2. The

total length of mode conversion section is 78.51 mm (= 2.62 wavelengths).
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AL

Figure 3.26: Designed 5 stepped TE1o to TE11+TMai1 converter

4

Table 3.2: Final values of optimized parameters

Parameter name Description of parameter Value (~in mm)

bl Height of 1% step 43.73

b2 Height of 2" step 27.02

b3 Height of 3" step 44.35

b4 Height of 4" step 22.49

b5 Height of 5" step 57.44

11 Length of 1% step 13.97

12 Length of 2" step 18.28

13 Length of 3" step 15.11

14 Length of 4" step 24.41

15 Length of 5" step 6.73
transl Offset value of 1% step -1.74
trans2 Offset value of 2" step 6.53
trans3 Offset value of 3" step -3.53
trans4 Offset value of 4™" step 2.24
trans5 Offset value of 5" step 1.98
trans_out Offset value of output 1.36

waveguide
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Figure 3.27: S parameter result of designed 5 stepped TE1o to TE11+TMj11 converter

S parameter results are given in Figure 3.27. Input reflection coefficient of TE11 mode
is -18.98 dB at 10 GHz. There is no TE1o mode at the output port (port 2) at 10 GHz
(S2(TE10),1(TE10) = -43.63 dB at 10 GHz). TE2 mode is not generated by this
converter, its value is below -165 dB between 9-11 GHz (not shown in Figure 3.27).
TM11 mode content at port 2 is -0.94 dB at 10 GHz and TE11; mode content at port 2 is
-7.51 dB at 10 GHz. As it can be seen in Figure 3.27, difference between
S2(TM11),1(TE1o) and S2(TE11),1(TE1o) is 6.57 dB at 10 GHz as desired. Figure 3.28

shows this difference between 9-11 GHz.

mode_dB_difference (S2(TM11),1(TE10) - S2(TE11),1(TE10))

mode_dB_difference (S2(TM11),1(TE10) - S2(TE11),1(TE10)) : 6.5720518

i i i i
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Figure 3.28: S2,1 difference of TM11 and TE11 modes
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To see how mode conversion is realized within this structure and to check if the electric
field vectors at the output port are as desired, electric field monitor (a feature of CST
Microwave Studio® software) is placed at 10 GHz. Figure 3.29 shows the result of this
monitor. As it can be seen from Figure 3.29, at the output port, desired mode
combination (shown in Figure 3.24) is obtained and there is no x component of electric
fields.

e-field (f=10) [1(1)] g o8
3D Maximurn [¥fm]: 4769 =0 dB Max
Frequency:
Phase: a

Figure 3.29: Electric field vectors inside designed 5 stepped TE1o to TE11+TMi1
converter at 10 GHz

To compare dispersion effect of this type of waveguide structure with the dispersion
effect of normal (regular) waveguide section, group delays of TE11 and TM11 modes
in both cases are plotted in Figure 3.30. Although this comparison is done for only
TE10 to TE11+TMa11 mode converter type (to save space), similar type of behavior is
also valid for other irregular (aperiodic, discrete) stepped mode converters given in
this thesis. As it can be seen from Figure 3.30, in terms of dispersion, discrete stepped
mode converters can be problematic, and this effect should also be considered when

commenting on operating bandwidth.
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Tables\1D Results

Group Delay 2(TE11)1(TE10) : 1.0431492
Group Delay 2(TE11)1(TE11)_in_normal_waveguide_section : 0.84768885
Group Delay 2(TM11)1(TE10) : 1.0431493
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Figure 3.30: Comparison of group delays of TE11 and TM11 modes in 5 stepped TE1o
to TE11+TMa11 mode converter and in normal waveguide section (a=b=24 mm, |1=118.5
mm)

3.2. Waveguide Bend Mode Converters

In oversized rectangular waveguide, waveguide bends in E or H plane can convert
some percentage of dominant TEio mode to other modes, [71] & [72]. There are
extensive work done for the formulation of the solution of waves in such a region and
their network parameters (circuit models), and some of them are given in [73], [74],
[75], [76], [77], [78], [79], [80], [81], [82], [83], [84], [43]. In this thesis, CST
Microwave Studio® 3D electromagnetic analysis software is used for the solutions of

waveguide problems, therefore the information in above references is not used.

In [71] & [72], it is said that TE1o mode can couple into TE2o when H-plane bend is
used and TE1o mode can couple into TE11+TMz11 degenerate mode pair when E-plane
bend is used. Therefore, in this thesis, TE1o to TE20 waveguide bend mode converter
uses H-plane bends and TEio to TE11+TMa1 waveguide bend mode converter uses E-

plane bends.
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3.2.1. TE1o to TE20 Waveguide Bend Mode Converter

This type of mode converter is previously investigated in [85]. It uses double or triple
cascaded H-plane bends to convert TEio mode into TE2o mode. The formulations of
these types of H-plane bend TE1o to TE2o mode converters are also given in this paper.

The structures that are investigated in [85] are shown in Figure 3.31 and Figure 3.32.

Figure 3.32: Geometry of triple bend TE10-TE20 mode converter (top view) [85]

The design process for TE1o-TE20 mode converter started with one H-plane bend. The
dimensions of waveguide are set to a = 40.42 mm & b = 18.83 mm to allow
propagation of only TEi and TE2o modes. Only R and 6 parameters are the
optimization parameters. After optimization process of one H-plane bend, it is seen
that only one H-plane bend is not sufficient to fully convert TE1g mode to TE2o mode.

Therefore, double H-plane bend structure shown in Figure 3.31 is used. By setting
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R1=R2 and 0:= 0, there is only two optimization parameters, R and 6. It is done, and
after simple optimization process, TE1o-TE20 mode converter shown in Figure 3.33 is
obtained. Since the structure in Figure 3.33 is a symmetrical structure, input or output
waveguide can be either port 1 or port 2. To eliminate this, input port (port 1) of the
structure is tapered down in E and H planes to a = 22.86 mm & b = 10.16 mm so that
only TE1o mode can enter from port 1 (input side). This final design is shown in Figure

3.34 with its dimensions.
The optimization goals were as follows:
e S1(TE10),1(TE10) <-20 dB at fc = 10 GHz, weight = 1
e S2(TE0),1(TE1) < -20 dB at fc = 10 GHz, weight = 1
e Move min of S2(TE10),1(TE10) to fc = 10 GHz, weight = 1

e S2(TEz0),1(TEw) = 0 dB at fc = 10 GHz, weight = 5

Figure 3.33: Designed TE1o-TE20 double H-plane bend mode converter
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Figure 3.34: Final design of TE10-TE2o double H-plane bend mode converter

S-Parameters [Magnitude in dB]
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Figure 3.35: S parameter result of designed TE1o to TE2q converter
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Figure 3.36: Electric field vectors inside designed TE1o to TE2o converter at 10 GHz

Figure 3.35 shows the S parameter results of final TE1o-TE20 mode converter design.
As it can be seen from Figure 3.35, input reflection coefficient of TE1o mode is almost
less than -30 dB between 9-11 GHz. There is no TE1o mode at the output port (port 2)
at 10 GHz, S2(TE10),1(TE10) =-38.51 dB at 10 GHz. All energy of TE10 mode entered
from input port (port 1) is converted into TE2o mode with -0.0009 dB conversion loss.

If S parameter response and behavior of this converter is compared with S parameter
responses of the previous discrete stepped mode converters, it can be said that
waveguide bend mode converter is more suitable for wideband applications. In
addition, S parameters of bend mode converter is well-behaved (no sharp changes, it
seems less resonant). These results are expected because this bend mode converter can
be thought as formed by infinite number of discrete steps with same width and
infinitesimal lengths. Please note that when the number of steps is increased similar
behavior of S parameter is also observed when discrete stepped mode converters are
designed (e.g. compare the S parameter responses in Figure 3.5 and Figure 3.10).
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Figure 3.36 shows the electric field vectors as arrows when TE1g mode enters from
input port at 10 GHz. As it can be seen from Figure 3.36, at the output port there is

TE20 mode only.

3.2.2. TE1o to TE11+TM11 Waveguide Bend Mode Converter

To design TE1o to TE11+TMi1 waveguide bend mode converter, 2 cascaded E-plane
bends are used. The structure is similar to the one in Figure 3.31, but this time, bends
are E-plane bends. Combination ratio of TM11 and TE1: modes is same as in section
3.1.6. In mode conversion section, the square waveguide with dimensions a = b =24
mm is used to only allow propagation of TE1o, TEo1, TM11 and TE1: modes between
9-11 GHz. There are only two optimization parameters: R and 6 (radius of bend and

angle of bend). Optimization goals and their weights are set as follows:
e S1(TE10),1(TE1) < -20 dB at fc = 10 GHz, weight = 1
e S2(TE10),1(TE10) < -20 dB at fc = 10 GHz, weight = 1
e S2(TEop1),1(TE1) < -20 dB at fc = 10 GHz, weight = 1
e S2(TMu1),1(TE10) — S2(TE11),1(TE10) = 6.57 dB at fc = 10 GHz, weight = 1

The designed TE1o to TE11+TMz11 mode converter is shown in Figure 3.37. Since this
structure is a symmetrical structure, input or output waveguide can be either port 1 or
port 2. To eliminate this, port 1 side of the structure is tapered down in E plane to b =
12 mm so that only TE1o mode can enter from port 1 (input side). This final design is

shown in Figure 3.38 with its dimensions.
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Figure 3.37: Designed TE1o to TE11+TMu11 double E-plane bend mode converter

Figure 3.38: Final design of TE1o to TE11+TMa1 double E-plane bend mode converter
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Figure 3.39: S parameter result of designed TE1o to TE11+TMz11 double E-plane bend
mode converter

S2(TM11),1(TE10)-52(TE11),1(TE10) [Magnitude]
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Figure 3.40: S2,1 difference of TM11 and TE11 modes

83



i
-3.64
7.27
-10.9
145
-18.2
21.8
255
-29.1
-32.7
36.4

-40

g L ®
3D Maximum [¥fm]: 2083 = 0 dB Max
Frequency: 10
Phase: 0

Figure 3.41: Electric field vectors inside designed TE1o to TE11+TMji1 converter at 10
GHz

Figure 3.39 shows the S parameter results of final TE1o to TE11+TM11 mode converter
design. As it can be seen from Figure 3.39, input reflection coefficient of TE1g mode
is -38.73 dB at 10 GHz. There is no TE1g mode at the output port (port 2) at 10 GHz,
S2(TE10),1(TE10) =-20.12 dB at 10 GHz. There is no TE1o to TEo1 coupling between
9-11 GHz, S2(TEoy),1(TE10) < -120 dB, and since it is very low, it is not shown in
Figure 3.39. All energy of TE1o mode entered from input port (port 1) is converted into
TE11 and TM11 modes. The combination ratio of TM11 and TE11 modes are shown in
Figure 3.40. As it can be seen, there is 6.56 dB difference between two modes as

desired.

Finally, Figure 3.41 shows the electric field vector inside designed mode converter
when TE1o mode enters from the input port (port 1) at 10 GHz. As it can be seen, at

the output port (port 2), desired electric field distribution is obtained.

Again, to compare dispersion effect of this type of waveguide structure with the
dispersion effect of normal (regular) waveguide section, group delays of TE1; and
TMa11 modes in both cases are plotted in Figure 3.44. Although this comparison is done
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for only TE1o to TE11+TM11 mode converter type (to save space), similar type of
behavior is also valid for other bend mode converter given in this thesis. As it can be
seen by comparing Figure 3.30 and Figure 3.44, in terms of dispersion, waveguide

bend mode converter shows better results than irregular stepped mode converter.

Tables\1D Resuls

2.4
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Group Delay 2(TE11)1(TE10) : 1.2366582
Group Delay 2(TE11)1(TE11)_in_normal_waveguide_section : 0.84768877
Group Delay 2(TM11)1(TE10) : 1.2353297
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Figure 3.42: Comparison of group delays of TEi1 and TMi1 modes in TEio to
TE11+TMu1 waveguide bend mode converter and in normal waveguide section
(@a=b=24 mm, 1= 118.5 mm)

3.2.3. Design Guidelines for Waveguide Bend Mode Converters
General design guidelines for waveguide bend mode converters are summarized
below:

e Waveguide dimensions in input port, output port and bend sections must be
same, and they must be chosen such that all desired modes propagate inside

mode converter with minimum number of undesired modes.

e To design TEio to TE2o mode converter, 2 H-plane bends are connected one

after another
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To design TEio to TE11+TMa11 mode converter, 2 E-plane bends are connected
one after another

In both cases, radii and angles of successive bends are set to equal to simplify

design problem.

As a result, only two optimization parameters are obtained: radius of bend and

angle of bend

S1(TE0),1(TE1o) result shows input reflection coefficient of TEio mode. This
parameter must be as low as possible and it is used as one of the optimization

goals.

S2(TEuo),1(TE1o) result shows proportionally how much of TEio mode entered
from input port is not converted to desired mode and exits from output port.
TE10 mode content at the output port is not a desired feature, so this result is

used as one of optimization goal to make it as low as possible.

S2(TE20),1(TE1o) result shows how successfully TE1o mode at the input port is
converted to TE2o mode at the output. If TE1o to TE20 mode converter is wanted
to be designed, this should be used as one of the optimization goals to make it

as high as possible.

S2(TM11),1(TE10) — S2(TE11),1(TE10) difference shows the combination ratio
of TE11 and TM11 modes and if TE1o to TE11+TMi1 mode converter is wanted
to be designed, this should be used as one of the optimization goals to make it
equal to 6.57 dB.

Because of the waveguide dimensions, some unwanted modes may also
propagate through mode converter, so S2(unwanted mode),1(TE10) result

should be used as one of the optimization goals to make is as low as possible.

At the end of optimization process, symmetrical structure is obtained, therefore
in both ways it can be used as mode converter, however, this is not desired.

Since unidirectional mode conversion is desired, input waveguide dimensions
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are reduced with tapered transition to allow propagation of only TE1o mode at

the input port hence this makes mode conversion operation unidirectional.

3.3. Waveguide Corner Mode Converters

The final waveguide mode converter structure, that is investigated in this thesis, is
waveguide corner mode converter. In literature, there are some examples for H-plane
corner TE1o to TEn mode converter, e.g. [86], [87], [88]. In these examples, H-plane
corner waveguide with a couple of inductive metal matching posts are used. There are
extensive work done for finding the solutions of waveguide corner regions and metal
matching pins and some of them can be found in [43], [89], [90], [91], [92] and [93].

3.3.1. TE1o to TE20 Waveguide Corner Mode Converter

For this type of H-plane corner TE1o to TE2o mode converter, the structure given in
[86] is investigated and simulated using CST Microwave Studio® software. Figure
3.43 shows the mode converter suggested in [86] and its dimensions. H-plane corner
is used to convert TE1p mode to TE2o mode, 4 inductive metallic posts are used for

matching and good mode conversion.

Design parameters
T Wa=37.5[mm]
| y \ W=22.9Imm|
| x3 1R3 £~10.0[mm|
i ‘GZ ‘ ¥1=17.83[mm|]
W, x4 ! #1=5.45[mm|
. x2=20.23|mm]|
: x2 . ) Q R4 2=10.40[mm|]
| R2 y3 13=33.01|mm]
v] < - v4 ¥3=24.19[mm]|
- ’ 14=36.44[mm|
b . -¢E v2 4=18.47[mm|
vl I RI | R1=1.06[mm]
————————————— - - R2=1.10[mm]
R3=1.48[mm]
Wa R4=1.00lmml

Figure 3.43: H-plane corner TE1o-TE20 mode converter with metallic posts (top view)
[86]
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This structure is investigated with and without 4 metallic post to see their matching
and good mode conversion effects. The S parameter results for both cases are shown
in Figure 3.44.

S-Parameters [Magntude in dB]

T151(TE10),1(TE10)_without_metalic_posts : -13.311267
40 4- S1(TE10),1(TEL10)_with_metalic_posts : -31.889896
S2(TE10),1(TELD)_without_metalic_posts : -11.270894
-45 1+ S2(TE10),1(TEL0)_with_metalic_posts : -38.055493
S2(TE20),1(TELD)_without_metalic_posts : -0.56153659
50 71 52(TE20),1(TEL0)_with_metalic_posts : -0.0034963458
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Figure 3.44: S parameters of H-plane corner TE10-TE20 mode converter with and
without metallic posts

0
-3.64
7,27~
-10.9
-14.5
-18.2
21,8
255
-29.1
32,7
36,4

-40

3D Maximum [¥fm]: 2242 = 0 dB Max
Frequency: 10
Phase: 0

Figure 3.45: Electric field vectors inside investigated TE1o to TE2o converter at 10 GHz
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As it can be seen from Figure 3.44, using 4 metallic posts in the corner region
decreased the input reflection coefficient of TE1o mode from -13.31 dB to -31.89 dB
at 10 GHz and it decreased the TE1g mode content at the output from -11.27 dB to -
38.06 dB at 10 GHz. As a result, mode conversion loss is decreased from -0.56 dB to
-0.0035 dB at 10 GHz.

Figure 3.45 shows the electric field vectors inside this mode converter when TEj1o
mode enters from input port (port 1) at 10 GHz. As it can be seen from Figure 3.45, at

the output port (port 2), TE2o mode is obtained.

Using H-plane corner to generate TE2o mode makes sense because H-plane bend for
oversized waveguide is used to generate TE2o mode in section 3.2.1. Therefore, it
seems like E-plane corner with metallic posts can be used to convert TE1o mode to
TE11+TM1w1 mode combination with same analogy. In this thesis, this idea is tried in
section 3.3.3 and good mode conversion results are obtained. This will be explained in

detail in the section 3.3.3.

3.3.2. TE1w to TEs Waveguide Corner Mode Converter

This type of corner mode converter is designed in [87]. This mode converter also uses
H-plane corner (H plane corners can be used to convert TE1o mode to TEn modes in
general, as in [88] and [90]). Again, metallic posts are used for input matching and
good mode conversion. This time 5 metallic posts are used. Figure 3.46 shows the

structure of this mode converter with its parameters.
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Figure 3.46: H-plane corner TE1o-TE3o mode converter with metallic posts (top view)
[87]

In CST Microwave Studio®, this offered mode converter is investigated and simulated.
Figure 3.47 shows its S parameter results and Figure 3.48 shows the electric field
vectors inside this mode converter when TE1o mode enters from the input port (port 1)
at 10 GHz. As it can be seen from S parameter results and the electric field distribution
at the output port (port 2), TE10 mode is successfully converted into TEzo mode.

S-Parameter [Magnitude in dB]

S1(TE10),1(TEL0)
S2(TE10),1(TE10)
S2(TE20),1(TE10)

S2(TE30),1(TE10) :

: -31.672006
: -36.411786
: -30.778263

-0.007259916

____________
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Figure 3.47: S parameters of H-plane corner TE10-TE3zo mode converter with metallic

posts
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Figure 3.48: Electric field vectors inside investigated TE1o to TEsg converter at 10
GHz

3.3.3. TE1o to TE11+TM11 Waveguide Corner Mode Converter

When investigating the mode converters which uses H-plane corners and inductive
metallic posts, it is seen that this type of mode converter generates similar modes with
H-plane bend mode converters. Therefore, the idea of using E-plane corner with
capacitive metallic posts to convert TEip mode to TE11+TMu1 mode combination
emerged because if E-plane bend can generate this mode combination as in the section
3.2.2, with same analogy E-plane corner with capacitive metallic posts can be used to
convert TE1p mode to TE11+TM11 mode combination. In the literature, no rectangular
waveguide corner mode converter example which uses this idea is found, so this idea
is tried here to accomplish this mode conversion operation.

Figure 3.49 shows the starting E-plane corner structure. Input waveguide is connected
to port 1 as before and its dimensions are set to a = 24 mm & b = 12 mm to allow
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propagation of only TEio mode between 9-11 GHz. Output waveguide, which is a
square waveguide, is connected to port 2 and its dimensions are settoa=24mm & b
= 24 mm to allow propagation of only TE1o, TEo1, TE11 and TM11 modes between 9-
11 GHz. This initial structure is simulated in CST Microwave Studio® software to see
If our suggestion is valid. Figure 3.50 shows the S parameter results of this initial

structure.

>

2

Figure 3.49: Initial E-Plane corner structure with its waveguide dimensions
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Figure 3.50: S parameter results of initial E-Plane corner structure

As it can be seen from Figure 3.50, S parameter results of this initial E-plane corner
structure are promising. The input reflection coefficient of TE1o mode is not as good
as desired but it is good enough for an initial point, which is -10.44 dB at 10 GHz.
TE10 mode suppression within this structure is not as good as desired but it is
encouraging enough for an initial point, its value is -10.99 dB at 10 GHz. Within this
structure, TEo1 mode is not generated because S2(TEo1),1(TE1o) is equal to -75.21 dB
at 10 GHz. Finally, the mode conversion losses are not as low as desired but as an
initial point S2(TMu1),1(TE1o) and S2(TE11),1(TE1o) values are -1.67 dB and —8.25 dB
at 10 GHz respectively. The TM11+TE11 modes combination ratio is very close to
desired value, S2(TM11),1(TE1o) - S2(TE11),1(TE10) = 6.58 dB at 10 GHz.

First capacitive metallic post is introduced in corner region for input matching of TE1o
mode, output suppression of TEip mode and decreasing mode conversion losses of
TE11 and TM1u modes. The position and radius of this first metallic post are

optimization parameters. Optimization goals and their weights are set as follows:

93



e S1(TEuo),1(TE1) = -20 dB at fc = 10 GHz, weight = 1
e S2(TE10),1(TE10) =-20 dB at fc = 10 GHz, weight =1
e S2(TM11),1(TE1o) - S2(TE11),1(TE10) = 6.57 dB at fc = 10 GHz, weight = 1

After this first optimization process, structure shown in Figure 3.51 is obtained. The S
parameter results of the structure shown in Figure 3.51 are given in Figure 3.52. As it
can be seen from Figure 3.52, S1(TE10),1(TE10) design criteria goal is not reached after

first post and its optimization process.

Figure 3.51: Obtained structure after first metallic post and its optimization process
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Figure 3.52: S parameter results of obtained structure after first metallic post and its
optimization process

Second capacitive metallic post introduced, since input reflection goal is not reached
after first capacitive metallic post and its optimization design process. The position of
this second post and its radius are the design parameters of second design process. In
this second optimization process, the position and radius of first post is kept same as
obtained values after first optimization process. Again, the optimization goals and their
weight are same as in the previous optimization process. Figure 3.53 shows the
obtained TEio to TE11+TM11 mode converter after this second optimization process.
Table 3.3 shows the post parameter values with respect to local coordinate system (U-
V-W). Figure 3.54 shows the obtained S parameter results after this second and final
optimization process. As it can be seen from Figure 3.54, all design criteria are

reached.
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Table 3.3: Obtained parameters of two metallic posts

Parameter name Description of Parameter Value (~mm)

wl w position of the 1 post 2.25
center

w2 w position of the 2" post 8.18
center

ul u position of the 1% post center 3.67

u2 u position of the 2" post 6.62
center

ri radius of 1% post 2.27

r2 radius of 2" post 1.93

Figure 3.53: Obtained E-plane corner TE1o to TE11+TM11 mode converter with two

metallic posts
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S-Parameters [Magnitude in dB]
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Figure 3.54: S parameter results of obtained E-plane corner TE1o to TE11+TM11 mode
converter with two metallic posts
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Figure 3.55: Electric field vectors inside designed TE1o to TE11+TMai1 converter at 10
GHz
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As it can be seen from Figure 3.54, by introducing two capacitive metallic posts,
desired S parameter results are obtained. Figure 3.55 shows the electric field vectors
within designed mode converter when TE10 mode enters from input port (port 1) at 10
GHz. Electric field distribution at the output port (port 2) is the desired TE11+TMu1
mode combination electric field distribution.

Again, to compare dispersion effect of this type of waveguide structure with the
dispersion effect of normal (regular) waveguide section, group delays of TE1: and
TMa11 modes in both cases are plotted in Figure 3.56. Although this comparison is done
for only TEio to TE11+TM11 mode converter type (to save space), similar type of
behavior is also valid for other corner mode converters given in this thesis. As it can
be seen by comparing Figure 3.30 and Figure 3.56, in terms of dispersion, waveguide

corner mode converter shows better results than irregular stepped mode converter.
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Figure 3.56: Comparison of group delays of TEi1 and TMi1 modes in TEip to
TE11+TMu1 waveguide corner mode converter and in normal waveguide section
(@=b=24 mm, 1= 118.5 mm)
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3.3.4. General Design Guidelines for Waveguide Corner Mode Converter

Here, general design guidelines for designing waveguide corner mode converters are

summarized:

e Dimensions of input waveguide should be chosen such that only TE1o mode
propagates into input port (port 1).

e Dimensions of output waveguide should be chosen such that only desired
mode/mode combinations propagate with minimum number of unwanted other

modes through output port.

e If TE1o to TEno (n =2 or 3) mode converter is wanted to be designed, H-plane

corner should be used.

e |If TEwoto TE11+TM11 mode converter is wanted to be designed, E-plane corner

should be used.

e To increase matching and to improve mode conversion, inductive metallic
posts should be used for TE1o to TEno mode converter, capacitive metallic posts

should be used for TE1o to TE12+TM11 mode converter.

e Design process should start with one metallic post. The position and radius of

this post are optimization parameters.

e After this first optimization process, if the results are not good enough, the
second metallic post should be added. In this second optimization process, only
the position and radius of the second post are optimization parameters.

o If the results after this second optimization process are still not good enough,
one more metallic post is again added, and the optimization cycle continues

until desired performance is achieved.

e S1(TE10),1(TE1o) result shows input reflection coefficient of TE1g mode. This

parameter must be as low as possible and it is used as one of the design criteria.
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S2(TE10),1(TE1o) result shows proportionally how much of TE1o mode entered
from input port is not converted to desired mode and exits from output port.
TE10 mode content at the output port is not a desired feature, so this result is

used as one of the design criteria to make it as low as possible.

S2(TEno),1(TE1o) result shows how successfully TE1o mode at the input port is
converted to TE2o mode at the output. If TEw to TEn (n= 2 or 3) mode
converter is wanted to be designed, this should be used as one of the design

criteria to make it as high as possible.

S2(TM11),1(TE10) — S2(TE11),1(TE10) difference shows the combination ratio
of TE11 and TM11 modes and if TE1o to TE11+TMy1 mode converter is wanted
to be designed, this should be used as one of the design criteria to make it equal
t0 6.57 dB.

Because of the waveguide dimensions, some unwanted modes may also
propagate through mode converter, so S2(unwanted mode),1(TE1o) result

should be used as one of the design criteria to make is as low as possible.
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CHAPTER 4

FABRICATION OF RECTANGULAR WAVEGUIDE MODE CONVERTER
USING 3D PRINTER AND MEASUREMENT RESULTS

Waveguides are usually fabricated by CNC machining or metal casting. In this thesis,
initially selected mode converter design is thought to be fabricated using CNC
machining. However, the fabrication bidding of CNC machining or metal casting is
found to be expensive. Therefore, the idea of 3D printing (popular fast prototyping
method of recent years) of this mode converter come into mind. Since the waveguide
structures are suitable for this type of fabrication process, this idea makes sense. In
addition, there are some advantages of 3D printing over general fabrication techniques:
light weight product, time and cost-effective production, fabrication of more
challenging models. The main disadvantage of using 3D printing in the fabrication of
waveguide structures is that the printing material is plastic, therefore is not conductive
material and the fabricated waveguide structure will not work directly after the
fabrication process. The surfaces of fabricated structure should be turned into
conductive surfaces. The thicknesses of these conductive surfaces are dependent on

skin depth in the operating frequency.

Two ideas came into mind when method for making these plastic surfaces conductive
was search. The first idea is converting these surfaces into metals (copper to be exact)
by electroforming process. There are a lot of tutorials and examples on the Internet
about this process. There are also some companies in Turkey which can electroform
plastic objects with metals. Although this method gives the best result of making
surfaces of 3D printed waveguide conductive, it was not preferred because it is not
time and/or cost effective. The electroforming companies are not eager to do this task
when the production quantity is small, or they charge a lot of money for this task.

Therefore, it not appropriate for prototyping purpose. One can also do this task by
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himself/herself, but the process is hard and exhausting, and he/she may not be able to

find all required tools or chemicals.

The second idea is using conductive paints or inks. There are some conductive
paints/inks sold on market and they are usually used for repairing damaged printed
circuit boards or electronic components. These products consist of silver or other metal
particles and glue. The application of these products is very easy. They can be applied
to the surface by paint brush. After the application, they usually need time and/or heat
to dry. Their sheet resistances are dependent on their paint content and most of them
have low sheet resistance value. They are also very inexpensive. Because of these
advantages, these products are used to convert plastic surfaces of 3D printed

waveguide structure into conductive surfaces.

After 1 mode converter is selected, 3D printed, painted and tested, the literature search
was done to see if anyone else had the same waveguide fabrication idea. The work
done in January 2017 and described in [94] is found. The authors of [94] had the same
idea, they fabricated a waveguide component using 3D printer and then they painted
it with conductive ink (different than the one used in this thesis) to make it work in

higher frequency. The reader is also encouraged to look at their work.

4.1. Selection of Mode Converter to Be Fabricated

5 discrete stepped TE1o to TE11+TM11 mode converter mentioned in section 3.1.6 is

selected to fabricated. There are two main reasons for this choice.

First reason is that this mode converter converts TE1o mode into combinations of two
modes, instead of one mode, so this design was more challenging. These two modes
should be combined in specific ratios to radiate required radiation pattern and therefore

it was more sensitive towards errors.

Secondly, selected mode converter should be discrete stepped mode converter because
their S parameter responses behave more wildly (fast changing and resonantly) and
they have the narrowest bandwidth among 3 types of mode converters describe in
Chapter 3.
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Because of these properties of S parameters of discrete stepped mode converters, they
are more vulnerable to calculation errors and production errors, so if this type of mode
converter is fabricated, tested and verified by S parameter and radiation pattern
measurement, the performance estimation of CST Microwave Studio® software and
the fabrication method described in this section are verified for all types of mode
converters in Chapter 3. In other words, if the most problematic type of mode converter
is fabricated by the method described here and it shows the same results with CST
Microwave Studio® software simulation, both simulation software and 3D printing
fabrication process are verified, and they can be used for all other mode converter
designs in Chapter 3.

4.2. Preparation of Fabrication Model of TE1o to TE11+TMai1 Mode Converter

CNC machining was initially thought to be used for fabrication of this mode converter
as mentioned before. Therefore, the fabrication model of this converter is prepared by
keeping this in mind. Although, 3D printing method and painting with conductive paint
is used as fabrication process, model which is prepared for CNC machining was
fabricated and it made painting process easier (the surfaces were easier to reach and to
be painted). Here, how the final fabrication model of this mode converter is obtained

from the one described in section 3.1.6 is explained.

Firstly, the mode converter model given in section 3.1.6 is taken and blends (with
radius 3 mm, due to CNC machine drill bits) are introduced on some of the mode
converter edges in order to make this mode converter ready for CNC machining. These
blends created performance and mode conversion deteriorations, so again local
optimization is done to obtain best performance in the presences of these blends.
Figure 4.1 shows the obtained model from this local optimization. Figure 4.2 shows

the S parameter result of this model.
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Figure 4.1: Obtained mode converter model with blends
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Figure 4.2: S parameter result of obtained mode converter model with blends

Since the dimensions of input waveguide is not a standard WR90 waveguide
dimensions, the transition region (from custom dimensions a =24 mm & b =12 mm
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to standard WR90 dimensions a = 22.86 mm & b = 10.16 mm) is added. Figure 4.3

shows the transition region connected to mode converter.

Figure 4.3: Addition of transition region

Finally, horn antenna is connected output port of mode converter and then whole
structure is cut in the middle of H-plane and divided into 4 components. In order to
assemble all these parts, screw holes are opened, and the final fabrication model shown
in Figure 4.4 is obtained. S parameter result of this final mode is shown in Figure 4.5
and its 3D radiation pattern is shown in Figure 4.6. As it can be seen from Figure 4.6,
radiating this TE11+TM11 modes combination generates elevation difference channel

radiation pattern.
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Figure 4.4: Fabrication model
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Figure 4.6: 3D radiation pattern of fabrication model

4.3. 3D Printer and Printing Material Choice

Zortrax M200 (Figure 4.7) was employed as 3D printer for the fabrication of mode
converter. There were several reasons why this choice was made. The main reason was
this 3D printer was readily available. Second reason was that it was easy to use, and
the software interface of this printer was very easy for beginners. Thirdly, its printing
resolution (between 90-400 microns) and speed was very good. Fourth reason was that
the printing materials (types of plastics) that is used by this 3D printer is high quality.
Fifth reason was that its build volume was 200 x 200 x 180 mm and this volume was
sufficient for the fabrication of mode converter. Finally, its model input file types were
compatible with the model export/import file types of CST Microwave Studio®
software. Table 4.1 shows the properties of this 3D printer, [95].
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Figure 4.7: Zortrax M200 3D printer

ABS (Acrylonitrile butadiene styrene, also known as Lego plastic) is chosen as 3D
printing material. It is one of the most popular plastics for 3D printing and injection
molding. Its density is almost equal to density of water and it is very light weight, but
it has high impact resistance and toughness. It also has mat color, so it can be easily
painted with conductive paint. Since it is one of very popular plastic types in
manufacturing, there are some companies in Turkey which have area of expertise in
electroforming ABS plastics. By the time of choosing printing material, ABS filament
was also readily available, so by keeping in mind above properties, it was chosen as

3D printing material.

4.4. Fabrication Process

The fabrication model (shown in Figure 4.4) is export from CST Microwave Studio®
simulation software and imported into 3D modelling and printing software (Z-SUITE)

of Zortrax M200. In here, 4 components of fabrication model are checked once again.
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By setting the printing resolution to 200 microns, these 4 components are printed. In
order to print these components, Z-SUITE software automatically places building
supports. Figure 4.8 shows one of the components of fabrication model together with
its building supports in Z-SUITE software. If this support positioning is appropriate
for the user, user confirms the operation and printing process begins. Figure 4.9 shows
the fabricated component shown in Figure 4.8. After the fabrication process of
components, building supports are mechanically removed and desired components are

obtained. Figure 4.10 shows 3D printed 4 components.

Figure 4.8: One of the components of fabrication model together with its building
supports in Z-SUITE software
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Figure 4.10: All 3D printed components of fabricated mode converter
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Baku BK-426 (Figure 4.11) silver conductive paint is chosen as conductive paint
solution because it was inexpensive, and its sheet resistance was low enough (less than
0.1 ohm/square @ 1 mil). It has minimum thickness 12.5 pm so one-layer paint is
sufficient for our purpose (skin depth of pure silver at 10 GHz is 0.6338 um). Its curing

time is 5 minutes at 120 °C.

Figure 4.11: Baku BK-426 conductive paint

To test the performance of this conductive paint at 10 GHz, the rectangular waveguide
test piece shown in Figure 4.12 are 3D printed and painted with this conductive paint.
Figure 4.13 shows the painting process of this component with a brush. After painting
process, paint is curing with heat for 5 minutes at 120 °C, and Figure 4.14 shows this
curing process with heat gun. After curing process, initial conductivity and short circuit
tests are done with multimeter and Figure 4.15 shows the conductivity testing process.

Figure 4.16 shows the final form of this waveguide testing piece.
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Figure 4.12: Rectangular waveguide test piece

Figure 4.13: Painting process of test piece
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Figure 4.15: The conductivity test using multimeter
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Figure 4.16: Final form of waveguide test piece

The insertion loss and return loss of this waveguide test piece (Figure 4.16) is
measured by using Network Analyzer between 8-12 GHz to test the performance of
conductive paint and this waveguide manufacturing technique. Figure 4.17 shows the
S parameter results measured by Network Analyzer and Figure 4.18 shows the
measurement setup. There is only -0.11 dB insertion loss in this test piece. This is due
to both 3D printing fabrication technique and loss of conductive paint. As it can be
seen, this fabrication technique and conductive paint introduces negligible loss, so this
paint can be used to paint 4 components of fabrication model of selected 5 step TE1o
to TE11+TMz1 mode converter.
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Figure 4.17: S parameter results of waveguide test piece

Figure 4.18: Measurement setup
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After the good performance of conductive paint is proven, the 3D printed components
of fabrication model (Figure 4.10) is painted with brush and then they are cured with

heat gun. Figure 4.19 shows two of these components after curing process. Figure 4.20

shows the final assembled version of this mode converter.

Figure 4.20: Final assembled form of fabricated mode converter (with horn antenna)
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This final assembled form of mode converter is firstly connected to Network Analyzer
to measure S parameter result. Then it is connected to AUT tower of spherical nearfield
system to measure its radiation pattern. Figure 4.21 shows the spherical nearfield
(SNF) measurement configuration when this fabricated model is connected to AUT

tower of SNF system.

e

e
Y
0

Figure 4.21: SNF measurement configuration when the fabricated model is
connected to AUT tower of SNF system

The S parameter measurement result and radiation pattern measurement results of this
fabricated model is given in section 4.5. In addition, comparison of measurement and

simulation results of this fabricated model is also given in section 4.5.

4.5. Comparison of Measurement and Simulation Results

After fabricated mode converter is connected to Network Analyzer and its S parameter
IS measured, measurement result is saved as a touchstone file. S parameter simulation
result of this converter is also taken from CST Microwave Studio® software. Then by

using MATLAB®, these two results are drawn on top of each other and they are shown
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in Figure 4.22. As it can be seen from this figure, simulation and measurement S
parameter results are very close to each other. There are two almost equal notches in
simulation S parameter result at 9.8 GHz and 10.2 GHz. These two notches can also
be seen in measurement S parameter result at 9.8 and 10.2 GHz, but notch depth at 9.8
GHez is a little bit deeper than simulation result and notch depth at 10.2 GHz is a little

bit lesser than simulation result.

Comparison of S-parameters
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Figure 4.22: Comparison of simulated and measurement S parameter result of
fabricated TE1o to TE11+TM11 mode converter

The radiation patterns of fabricated TE1o to TE11+TM11 mode converter are measured
in the nearfield chamber between 10-10.2 GHz with 0.05 GHz steps. The measured
elevation radiation patterns and their respective simulation elevation radiation patterns
are drawn on top of each other by using MATLAB software and they are given in

Figure 4.23, Figure 4.24, Figure 4.25, Figure 4.26 and Figure 4.27.
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Figure 4.23: Comparison of elevation radiation patterns at 10 GHz
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Figure 4.24: Comparison of elevation radiation patterns at 10.05 GHz
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Comparison of simulation vs measurement normalized farfields
i} . . .

dB
ra
o

=307 — measurement @101 GHz| ]
= cimulation @10.1 GHz

—BD 1 1 1 1 1 Il Il 1 1
-80 -60 -40 -20 0 20 40 &0 80

Theta (Degree)

Figure 4.25: Comparison of elevation radiation patterns at 10.1 GHz
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Figure 4.26: Comparison of elevation radiation patterns at 10.15 GHz
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Comparison of simulation vs measurement normalized farfields
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Figure 4.27: Comparison of elevation radiation patterns at 10.2 GHz

As it can be seen from Figure 4.23, the simulation elevation radiation pattern has two
equal main lobes as expected. However, there are 1.65 dB difference between main
lobes of measurement elevation radiation patterns. The reason for this as follows: when
designing this mode converter, the difference S2(TM11),1(TE10)- S2(TE11),1(TE10) is
set to 6.57 dB at fc = 10 GHz as optimization goal in order to create ideal elevation
difference radiation pattern at 10 GHz (it can be seen in Figure 4.2). However, due to
fabrication process, the frequency when this ideal mode combination ratio is obtained
is shifted towards higher frequency (towards 10.1 GHz). Since the mode combination
ratio is slightly different than ideal combination ratio at 10 GHz, there is 1.65 dB
difference between the maximum main lobe gains of measured elevation difference
radiation pattern. At 10.05 GHz, this gain difference becomes smaller (0.89 dB), and
finally at 10.1 GHz two equal main lobes are obtained in measurement elevation
radiation pattern (when S2(TMu11),1(TE1o)- S2(TE11),1(TE10) = 6.57 dB). As a result,
one can say that pattern-wise ideal operating frequency (center frequency, fc) is shifted
100 MHz towards upper frequencies. Simulation elevation radiation pattern at 10 GHz
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and measurement elevation radiation pattern at 10.1 GHz are drawn on top of each

other in Figure 4.28.
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Figure 4.28: Comparison of elevation radiation patterns where ideal elevation
difference radiation patterns are obtained

In conclusion, as it can be seen from simulation and measurement results, the
performance of CST Microwave Studio® and the fabrication process is verified
because simulation and measurement results are very close to each other. Since we
obtained these very close performance results for one of the problematic mode
converters designed in this thesis (in terms of converter complexity and bandwidth as
explained before), the other mode converter designs would also work as intended if
they were fabricated by the same fabrication process.
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CHAPTER 5

CONCLUSION

5.1. Summary

Monopulse radars are widely used due to their ability to find target’s location with
only single pulse. Conventional waveguide monopulse antenna consists of antenna
array and comparator (feeding) network to create required monopulse radiation
patterns and it radiates fundamental TE1o mode with different array factors to create
monopulse radiation patterns. Alternative way for generating these patterns is to use
only one radiator and radiating different waveguide modes to generate different
monopulse radiation patterns by the help of mode converters. In this thesis, 3 structures
for mode generation (discrete stepped, bend, corner) are investigated to see if they are

capable of convert fundamental TE1o mode to required waveguide modes.

The first structure is discrete stepped mode converter. This structure has the most
number of parameters to be optimized, therefore their design takes the most time. Their
S parameter changes rapidly if the number of steps is few. When the number of steps
is increased, operating bandwidth increases, and S parameter response becomes
smoother. The only satisfactory result to convert TE;p mode to TE1o+TE3z mode
combination is obtained with this structure. In addition, as in section 3.1.5, mode
converter can be designed to radiate one mode at one frequency and the other mode at
other frequency.

The second structure is bend mode converter. This structure has the least number of
parameters to be optimized (only two), so mode converter design of this kind takes the

least time. Its operating bandwidth is wide, and the structure is symmetrical.

The last structure is corner mode converter. The number of parameters to be optimized

is more than bend converter and less than discrete stepped mode converter. This
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converter is the most compact waveguide mode converter that is investigated in this

thesis. It also has wide operating bandwidth.

One of the designs given in this thesis is fabricated. The selection of which design to
be fabricated is done by considering their S parameter and the difficult of conversion
operation. The structure which is thought to be one of the most problematic is selected
and fabricated by using Zortrax M200 3D printer. 3D printer fabrication makes
manufacturing process inexpensive and it makes the fabricated mode converter
lightweight. The fabricated mode converter is painted with Baku BK-426 conductive
silver paint to make its surface conductive. Both the design and fabrication processes

are validated by S parameter and radiation pattern measurements.

5.2. Future Work

In this thesis, it is focused on designing rectangular mode converter for generating
monopulse radiation patterns. In order to use these converters with one radiating
element, the output of these mode converters can be tried to couple to common single

horn antenna to obtain whole multimode monopulse fed as a future work.

The mode converter designs in this thesis can also be tried to combine with feeding
network and antenna array to hybrid solution for overcoming beam width optimization

problem as a future work.
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APPENDIX A

INFORMATION ABOUT CST MICROWAVE STUDIO® SOFTWARE

CST Microwave Studio® is used for 3D simulations of designed mode converters and

illustrations of some of the concepts in other chapters. In this chapter some of the

properties of this 3D simulation software are mentioned.

A.1. General Features of CST Microwave Studio®

CST Microwave Studio® is one of the most preferred electromagnetics simulation

software in electromagnetics engineering. The several reasons for why this software

Is chosen as a main design software can be listed as follows:

It has a user-friendly interface and it is easy to use and learn for new users.
Its 3D drawing tools are almost as capable as 3D CAD tools.

It allows importing and exporting different types of physical models (from
EDA models to CAD models).

It has a very large material library.

It has different types of solvers for different purposes (to be explained later in
this section). These solvers use different accurate and efficient numerical
methods and different meshing types for these methods. Thanks to this
property, the software can efficiently and accurately simulate broadband and

narrowband, electrically large or small, simple or complex problems.

It provides HPC (high performance computing) and GPU (graphics processing
unit) accelerated computing options for simulating complex and/or electrically
large problems. These options also provide speed increase for regular

problems.

127



e Measured data of interested problem can be imported into software and
realistic simulation results can be obtained. This imported data can be s
parameter of a device, dielectric properties of a material, nearfield

measurement data of antenna etc.

e It has different local and global optimizers. More information about its
optimizers will be discussed in detail later in this chapter.

e It can show active and regular S parameter of the interested device.

The software has different types of monitor for visualizing and informing user about
different aspects of the interested problem. Some of the its frequently used monitors

and their uses are:

e E-Field: The electric field vectors within the interested problem volume can be

stored and visualized.

e H-Field and Surface current: The magnetic field vectors and the surface

currents can be visualized using this monitor.

e Power flow: The Poynting vector of the electromagnetic field can be stored

using this monitor.

e Current density: In the presence of electric losses, the currents inside of these

lossy materials are showed by this type of monitor.

e Far field/RCS: For simulating far field of the antenna or simulating RCS of a
platform.

o Field source: Near field data of the interested problem can be stored and it can

be used in different project.

From above monitor types, E-field and Far field monitors will be used frequently in
this thesis. The E-field monitor will be used for setting optimization goal for designed
stepped mode converters and checking if the outcomes of these optimization processes
are triumphant or not. Far field monitor will be used for checking if the waveguide
modes, that are arising from the output port of the mode converters, is really radiates
desired monopulse far field patterns
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A.2. Solvers and Their Properties

CST Microwave Studio® software embodies different solver for different types of

problems. The solvers and their main purposes of usage are as follows [96, p. 9]:

e Transient Solver — general purpose (for obtaining S parameter of interested

problem)

e Frequency Domain Solver — general purpose (for obtaining S parameter of

interested problem)

e Integral Equation Solver — electrically large structures (e.g. electrically large

dish antenna), RCS (Radar Cross Section) calculations of different problems

e Asymptotic Solver — platform simulations of antennas, RCS calculations of
different platforms

e Eigenmode Solver — resonant structures (e.g. cavities)
e Multilayer Solver — planar structures
Properties of above solvers are given briefly below:

Transient Solver [97]:

Transient solver uses hexahedral meshes as the mesh type. It is usually used for low
resonant high frequency applications. The main objective to get S parameter results of
the considered problem and to design components using optimization and parameter
sweep tools of the CST Microwave Studio® software. The interested problem should
have electrically small or medium size for this solver to be efficient. This solver is very
good choice if the interested problem is one of the following type of problem:
connectors, transmission lines, filters, antennas, waveguide structures etc. By using
this solver, user can obtain whole broadband frequency response of the simulated
device in a single simulation run. Transient solver uses the Finite Integration
Technique (FIT) together with the Perfect Boundary Approximation (PBA, allowing
accurate modeling of curved structures) and the Thin Sheet Technique (TST, improves

the modeling of thin perfectly electric conducting sheets), owing to these, it can
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generate very accurate simulation results. Detailed information about these techniques
is out of scope of this thesis, but it can be found in [98], [99], [100] & [101].

Frequency Domain Solver [102]- [103]:

Just as transient solver, main purpose of using frequency domain solver to obtain S
parameter of the simulated device and design components by using optimization and
parameter sweep tools. It uses tetrahedral mesh type. Fields are transformed into
frequency domain and they are described by phasors. Due to this process, for each
frequency sample in the simulation settings, software needs to set up and solve new
equation sets. As a result, as the number of frequency samples increases, the simulation
time increases linearly. This solver is the best choice and the fastest when there are
only few interested frequency samples in the simulation. When there are only few
frequency samples in which the simulation results are required and when the simulated
problem is not electrically very large (when the mesh number is moderate), frequency
solver may be good and faster alternative to transient solver of CST Microwave
Studio® software.

Eigenmode Solver [104]- [105]:

Eigenmode Solver is used when the simulated problem is very resonant and lossless.
It is used to obtain electromagnetic field patterns (eigenmodes) and their frequencies
of such structures. Poles of strongly resonant components can be determined very
efficiently using this solver. The first several frequencies in which the electromagnetic
fields may be present in the simulated device and their field patterns in these
frequencies are obtained using this type of solver. Since this solver requires different
license than the writer of this thesis had, this solver left out of consideration when
choosing solvers for designing rectangular waveguide mode converters mentioned in

previous chapter.

Integral Equation Solver [106]- [107]:

Integral equation solver is used to simulate electrically large problems (e.g. reflector
antennas) and to obtain their performances. It can also be used for RCS (Radar cross
section) calculations. This solver uses surface meshes, as a result only the objects

boundaries (not all the volume, only the surfaces) in the interested problem is meshed.
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This leads to fewer number of unknowns to found than volume meshing techniques.
This solver uses Multi Level Fast Multipole Method (MLFMM) [108].

Multilayer Solver [109]:

This solver exists for 3D simulations of planar structures. It uses Method of Moments
(MoM). By using this solver, multilayer planar problems can be analyzed correctly

and quickly.

Asymptotic Solver [110]:

This solver is used instead of Integral solver when the problem size is very large and
using Integral solver becomes inefficient. This solver uses rat tracing methods
(shooting and bouncing rays, SBR). Main application areas of this solver are RCS

calculation and antenna platform placement and performance analysis.

A.3. Chosen Solvers for This Thesis, Reasons, Chosen Solver Usage
Methodology

The problem types dealt with in this thesis are the rectangular waveguide mode
converters which are based on rectangular waveguide structures. Their largest
dimensions are only a few wavelengths (less than 10 lambda), therefore they are
electrically small. In addition, there are only a few frequencies in which these mode
conversion operations are wanted to be obtained. As a result, both frequency domain
solver and transient solver seem to be suitable for the solver choice. Indeed, both
frequency domain solver and transient solver used together to design desired
rectangular waveguide mode converters that will be presented in next chapters.

The general solver usage methodology was as follows: Initially, all parts of waveguide
mode converters modelled as vacuum in CST Microwave Studio® and the background
material chose as PEC (Perfect Electric Conductor). Since only a few frequencies in
which these mode conversion operations were wanted to be obtained, frequency
domain solver was chosen as a starting solver. By using this solver, the mode converter
design came to maturity level. Then metallic model (which has PEC walls with some
thickness and background material is vacuum this time) is simulated with transient

solver to see broadband response of the designed mode converters. This method was
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the fastest way of reaching final designs. In addition, to see if the mode components at
the output of the mode converters radiates desired radiation patterns, horn is connected
after some of the mode converter designs and whole system is simulated using
transient solver and far field radiation monitor. This solver usage methodology will be
clearer in the next chapters.

A.4. Optimization Algorithms of CST Microwave Studio® Software

There are two main types of optimization algorithms in CST Microwave Studio®

software: Local optimizers and global optimizers.

Local optimizer used when the initial parameter set is close to optimum values. If the
case is so, by using local optimizers optimum parameters values are obtained with less
number of trials than global optimizers, so they are faster than global optimizer
algorithms in that case. They are usually used when fine tuning of parameters of the
design problem. Local optimization algorithms become inefficient when initial set of
values of parameters of design problem is far away from optimum values and/or there

are large number of parameters to be optimized.

The global optimizers look for the optimum set of parameter values in whole parameter
space. Global optimization algorithms are used when there are large number of
parameters to be optimized and/or initial set of parameter values are far away from the
optimum values. If that is the case, they are faster and more efficient than local

optimization algorithms.

There are seven optimization algorithms that can be used in CST Microwave Studio®
[96]. Four of them are local optimizers and the rest of them is global optimizers. These

seven optimization algorithms are given below:
Local optimization algorithms:

e Trust Region Framework

e Nelder-Mead Simplex Algorithm

e Interpolated Quasi-Newton
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e Classic Powell
Global optimization algorithms:
e Genetic Algorithm
e Particle Swarm
e Covariance Matrix Adaptation Evolutionary Strategy (CMA-ES)

The choice of the required optimization algorithm can be decided using the Figure A.1

[111]:

Classic Powell
Interpolated Quasi Newton
Trust Region Framework
Nelder-Mead Simplex Algorithm
Particle Swarm Optimization
Genetic Algorithm

local global
Initial parameters already Initial parameters give a
give a good estimate of the poor estimate of the
optimum, parameter ranges optimum, parameter
are small ranges are large

Figure A.1: Choice of optimization algorithm depending on initial parameters

Brief information about these optimization algorithms can be given as follows [111]-
[112]- [113]- [114]- [115]:

Classic Powell: It uses line search for each parameter. Therefore, when there is only

one variable in the optimization problem, Classic Powell algorithm should be chosen
to have fast and accurate optimization result. Figure A.2 illustrates this algorithm

process.
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Figure A.2: Visualization of Classic Powell algorithm process

Interpolated Quasi Newton: When there is need for local optimizer for a

computationally demanding problem, this algorithm should be preferred. For each
parameter, the search direction is determined by discretely sampling the parameter
ranges. Then 3D electromagnetic simulations are performed for each of these sample
points. In other words, numerical calculations of the problem are only done in these
discrete samples. For all other combinations and intermediate values of parameters,
the solutions are found by interpolating primary data (not by numerical calculations).
After each optimization pass, the optimizer verifies interpolated (predicted)
performance by applying numerical solver. This optimization process is faster than

Classic Powell but less accurate. Figure A.3 illustrates this algorithm process.

Figure A.3: Visualization of Interpolated Quasi Newton algorithm process
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Trust Region Framework: Trust Region Framework is the most powerful and capable

local optimization algorithm that CST Microwave Studio® offers. This optimizer
creates a “trust” region around initial set of parameters. Then inside this region,
optimizer predicts the optimum point and goes to that point. If the error value
(depending on optimization goals) is smaller in this predicted point, optimizer moves
this point further in that direction until error increases and take last minimum error
point as new center of a new trust region with reduced trust region radius. If the
predicted point does not yield less error value, optimizer reduces its trust region radius
and predicts new optimum point. The optimization process continuous like this until
the trust region radius or distance to the next predicted optimum point becomes less

than the specified optimizer accuracy (it can be change in the setting of this optimizer).

Figure A.4 illustrates this algorithm process.

Figure A.4: Visualization of Trust Region Framework algorithm process

Nelder-Mead Simplex Algorithm: This optimizer is based on Simplex optimization

method offered by Nelder and Mead (“a simplex method for function minimization™).
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This optimization algorithm can be good choice if there are a few number of
parameters (i.e. less than 5) and initial set of parameters is not very good because

Nelder-Mead Simplex Algorithm is less dependent on initial points.

Figure A.5 illustrates this algorithm process.

Figure A.5: Visualization of Nelder-Mead Simplex algorithm process

Particle Swarm: This global optimization algorithm is recommended for optimization
problems with many parameters. The points in parameter space considered as shifting
particles. The particles change their positions in parameter space at each iteration of
the optimizer in accordance with both best-known position of each particle which gives

minimum error due to that parameter and best position of the whole swarm.

Figure A.6 illustrates this algorithm process.
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Figure A.6: Visualization of Particle Swarm algorithm process

Genetic Algorithm: This global optimizer is recommended when the number of

parameters is very large. Algorithm produces points in parameter space, after that it
purifies them through various generations, at each generation random parameter
mutation is introduced. After this, at each generation, most appropriate sets of
parameters (which give minimum error) are chosen. By doing so, optimizer reaches

optimum global parameter set at the end of optimization process.

Figure A.7 illustrates this algorithm process.

Figure A.7: Visualization of Genetic Algorithm process
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Covariance Matrix Adaptation Evolutionary Strategy (CMA-ES): This algorithm can

be considered as a fast-convergent global optimizer. This property of the optimizer is
result of its ability to recall previous trials, this ability can be used to improve
convergence speed of this optimizer. This recalling ability can also be used to bypass
local minima optimum points that may be unintentionally found by this optimizer.

A.5. Chosen Optimization Algorithms for Designing Mode Converters

Design process of discrete stepped rectangular waveguide converters requires usage
of optimization algorithms (since there are no design formulas). To design these
discrete stepped waveguide mode converters, optimization tools and algorithms of

CST Microwave Studio® software were used.

Initially Particle Swarm or Genetic Algorithm global optimizers used to bring stepped
mode converter designs to some maturity level. Then, when set of parameter values
which are very close to optimum values, Trust Region Framework local optimizer was
used for fine tuning of parameters. As a result, discrete stepped rectangular waveguide

mode converters, which exhibit desired performances, are designed.
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