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Abstract

Broadband material parameter measurements are essential in understanding how ma-
terials interact with electromagnetic waves. Traditional rectangular waveguide mate-
rial measurement systems are bandwidth limited. This results in multiple rectangular
waveguides of different sizes used to conduct broadband material parameter extrac-
tion. Efforts to produce a broadband rectangular waveguide have focused on the
inclusion of different guiding structures in the waveguide body. These designs have
the drawback of requiring precise machining and time-consuming sample preparation.
This research proposes a new broadband rectangular waveguide design which uses a
dual source excitation design. This is enabled by the fact that rectangular waveguides
are linear time invariant systems. The fields excited by each source superimpose in
a linear fashion. As a result, specific electromagnetic modes are suppressed. The
single electromagnetic mode frequency range now depends on the relative phase of
the excitation sources rather than the cutoff frequency of higher order modes.

A dual source excitation S-band waveguide is proposed in this research. Results
from CST Microwave Studio® (MWS®)) simulations are compared with those from
a physical design measured with a 2-port network analyzer. These results are used
to determine if this proposed rectangular waveguide design is suitable for broadband

material measurements.
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DUAL SOURCE EXCITATION RECTANGULAR WAVEGUIDE DESIGN AND
EVALUATION FOR THE MEASUREMENT OF ELECTROMAGNETIC
MATERIAL PROPERTIES

I. Introduction

Dielectric and magnetic materials are essential components in microwave systems.
These materials have constitutive parameters known as relative permittivity (e,) and
permeability (p,.). These complex-valued parameters describe the ability of a material
to support an electric polarization or a magnetization current density, respectively.
The real part of the permittivity and permeability values characterizes field energy
stored by the material and the imaginary part characterizes thermal energy losses.

Nicolson and Ross proposed a method for extracting the relative permittivity
and permeability of a material in 1970 with the use of a network analyzer and sub-
nanosecond pulses [29]. Their method uses a transmission line with a sample inserted
in the center. The Fourier transform of the transmitted and reflected time-domain
pulses is used to calculate the permittivity and permeability of the sample. Weir later
improved this method and proposed what is known today as the Nicolson-Ross-Weir
(NRW) method [43]. The NRW method uses frequency domain scattering parameters
to determine the transmission and reflection coefficients of a sample to calculate the
material’s constitutive parameters.

The NRW method does not rely on a specific transmission line type. As a result,
both circular waveguides and rectangular waveguides are used to extract material
parameters. Circular waveguides provide a large frequency range over which mea-

surements can be taken. The circular design makes material sample preparation



challenging. Rectangular waveguides on the other hand have a simple geometry, can
handle high power levels, and have simple closed form solutions for traveling wave

fields [26].

1.1 Problem Statement

The primary drawback to using rectangular waveguides to extract material pa-
rameters is the limited frequency range over which they can operate [26]. This is
because transmission systems like waveguides and are designed to operate with a sin-
gle electromagnetic mode excited. The single-mode operational frequency regime of
a rectangular waveguide is determined by the interior dimensions of the waveguide.
After the dominant mode is excited, unwanted higher order modes are excited as
the input frequency increases. Once the excitation frequency exceeds the maximum
of the single mode range, higher order electromagnetic modes can exist and subse-
quently interfere with dominant mode propagation. This degrades the waveguide’s
power transfer capability and thus the ability to measure the scattering parameters
of the sample. If measurements outside the single mode frequency range are de-
sired, multiple material samples must be prepared for waveguides of different interior
dimensions.

Rectangular waveguides are linear systems. If two excitation sources are placed
in the waveguide, the fields excited by each source will superimpose in a linear man-
ner [32]. Two sources can be excited simultaneously or sequentially and produce the
same results after the appropriate conversions are conducted. Using a dual source
excitation scheme (i.e., common or differential mode excitation), the fields of specific
electromagnetic modes will superimpose constructively while others will superimpose
destructively. This leads to the suppression of certain electromagnetic modes [13].

Ultimately, the single mode operational frequency range can be improved for a rect-



angular waveguide with this dual source excitation design.

1.2 Previous Work

The application of rectangular waveguides in material parameter extraction goes
further than single dielectric samples [2] [15]. Rectangular waveguides are used to ex-
tract complex electromagnetic material properties of layered dielectric samples [8],and
biaxial materials [9] [22] as well. Each of these works uses the scattering parameters
measured by a network analyzer to approximate €, and ..

Broadband rectangular waveguides have been proposed by many different au-
thors. Saha and Guha propose L-shaped and T-shaped septa of varying dimensions
depicted in Figure 1. Experimental data confirms that a proposed L-shaped septa
design improves the bandwidth of the rectangular waveguide over 133% [37]. Other
stub, L-shaped, and T-shaped septa designs are considered by Rong and Zaki. They
show the relationship between septa placement, size, and symmetry for nine different
designs. Each design has tradeoffs in terms of power-handing, bandwidth, attenu-
ation, dominant mode cutoff wavelength, and characteristic impedance [34]. Hyde
and Havrilla propose a broadband nondestructive method for characterizing mag-
netic materials using a clamped dual ridge waveguide. The dual ridge waveguide
has a significant single mode operational frequency range of 6 to 18 GHz [18]. This
material measurement technique requires the use of a large flat sheet of the material
under test, which is a departure from the relatively small samples transitionally used
in material parameter measurements.

All of the above designs show to varying degrees how structures included in the
guiding section of a rectangular waveguide can improve the overall single mode fre-
quency range. The issue with these designs is the challenge to accurately manufacture

septa designs and prepare material samples for these designs. Further, it cannot be
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Figure 1. Different septa designed to increase rectangular waveguide single mode op-
eration frequency range [37].

ignored that expressions for the electromagnetic fields excited in these structures are

far more complicated than those excited in a traditional rectangular waveguide.

1.3 Goals

The goal of this research is to simulate, design, and test a dual source excitation
rectangular waveguide and determine whether it can be used in broadband material
characterization. This is accomplished with iterative CAD designs in CST MWS®).
Design parameters are determined from these simulations and a physical model is
manufactured and tested in order to validate simulation data. Simulation and physical
testing has two focuses: the efficiency with which the waveguide launcher can transmit

power and the accuracy with which the system can extract material properties.

1.4 Scope

The scope of this research is the application of the designed rectangular waveguide
in the electromagnetic measurement of materials. The rectangular waveguide will not
contain tuning structures for improved coax-to-waveguide transition. While these

structures can improve the overall performance of the waveguide, the manufacture



and numerical analysis of these structures is outside the scope of this research effort.
Only simple dielectric media which can be 3D printed is used for parameter extraction.

These are limited to epoxy resin due to the available 3D printers.

1.5 Challenges

Due to the time constraint associated with this research, only a single physical
model will be produced. This means any errors or design flaws will not be addressed
via the production of a second model. Efforts will be taken to ensure that the physical
model produced matches as closely to the CAD simulated model. Wire electrical dis-
charge machining (EDM) will be used to produce orthogonal, axially-aligned interior
surfaces on the physical model.

In order to transition the CAD model analyzed in CST MWS®) to one which can
be manufactured, certain design changes will be made. Efforts will be taken to ensure
that, despite these changes, the function of the waveguide system is not impacted.

The samples used in this research will be 3D printed. A certain amount of defor-
mation occurs during and after the epoxy resin has cured. These deformations will
manifest in the measurements as a source of error. Efforts will be made to ensure

that the samples are as flat as possible to reduce this source of error.

1.6 Resources

The Air Force Institute of Technology (AFIT) Low Observable Radar Electro-
magnetic Network (LOREnet) possesses CST Microwave Studio® (MWS®)) licenses
required to design and evaluate potential rectangular waveguide models. Analysis
code will be generated to analyze simulated and test data using Matlab 2016b for
which AFIT possesses academic licenses. The AFIT material measurement labora-

tory owns a two-port waveguide which is used in waveguide measurements. AFIT will



contract Triangle Precision Industries (TPI) located in Kettering, OH to manufacture
an aluminum waveguide model. The AFRL Maker Hub possesses a FormLabs Form

2 stereolithography (SLA) 3D printer which can produce samples from epoxy resin.

1.7 Organization

In chapter IT background information is provided to understand the basics of rect-
angular waveguide theory, network analyzer operation, and material measurement.
Chapter III details the CAD model development process, calibration algorithm used,
and material parameter extraction process used in this research. Chapter IV de-
tails the results of the CAD simulations and physical model measurements. Finally,
Chapter V provides the pertinent takeaways from this effort along with future research

recommendations.



II. Background

A review of basic electromagnetic theory is required to understand the design and

operations of rectangular waveguide systems. Much of this derivation relies on [4]

and [31].

2.1 Maxwells Equations

The rigorous development of field equations for the electromagnetic modes which
are excited and propagate in a rectangular waveguide starts with Maxwells equations

describing the field behavior of an electromagnetic wave:

VxE=—M-jwB (1a)
V x H=J+ jwD (1b)
V-D=p. (1c)
V-ézpm (1d)

where E is the electric field, M is the magnetic current density, B is the magnetic
flux density, H is the magnetic field, J is the electric current density, D is the electric
flux density, p. is the electric charge density, and p,, is the magnetic current density.
The auxiliary relationships for simple media are

B =l (2a)

ol
Il

¢E (2b)

where p = p.po and € = €.¢9. The terms ¢, and ¢; are the relative and vacuum
permittivity respectively while p, and po are the relative and vacuum permeability.

In the analysis of electromagnetic problems involving simple media, vector potentials



are often employed to simplify analysis and to identify Transverse Electric (TE) and

Transverse Magnetic (TM) solutions. Vector potentials are discussed below.

Magnetic Vector Potential.

The magnetic vector potential A for simple media may be identified by first re-

moving the magnetic sources from Maxwell’s equations, namely

V x Ey= —jwuﬁA (3a)
V x Hy=J+ jweEy (3b)
V-Dj=p. (3c)
V-By=0 (3d)

The Gauss’s law V- B4 = 0 implies that B4 must be purely solenoidal, thus,

EA:uﬁAIVXE (4)
or
. 1 .
HAZEVXA (5)

Substituting Equation (5) into Faraday’s law expressed in terms of A (Equation
(3a)) produces
V X (Eq+ jwA) = 0. (6)

The vector identity V x (=V¢.) = 0 implies that Ea+ jwA = —V¢,, where ¢, is

the electric scalar potential and the minus sign is introduced by convention. Thus

Ep= -V, — jwA. (7)



Substituting Equations (5) and (7) into Ampere’s law (Equation (3b)), applying the
vector identity V x V x A = V(V- ff) — V2A, and using the Lorenz Gauge V - A =

—jweng, leads to the following wave equation for A:
VA + KA =—pJ (8)

where k? = w?ey. Implementing the Lorenz Gauge into Equation (7) allows the

electric field to be written as
- oo 1 -
Ey=—jwA—j—V(V-A). (9)

Electric Vector Potential.

The electric vector potential F for simple media may be identified by first removing

the electric sources from Maxwell’s equations, namely

V x Ep =—M — jouHp (10a)
V x Hp = jweEp (10b)
V.-Dp=0 (10c)
V- Bp = pm (10d)

The Gauss’s law V- Dy = 0 implies that Dy must be purely solenoidal, thus,

or

— ]_ —
€

Substituting Equation (12) into Faraday’s law expressed in terms of F (Equation



(10b)) produces

V x (Hp + jwF) =0 (13)

The vector identity V x (=V¢,,,) = 0 implies that Hp + jwF = —V,, where
¢m is the magnetic scalar potential and the minus sign is introduced by convention.

Thus,

Hy = =V, — juF. (14)

Substituting Equations (12) and (14) into Ampere’s law expressed in terms of A
(Equation (10a)), applying the vector identity V x V x F = V(V - F) — V2F, and
using the Lorenz Gauge V - F=— Jweno, leads to the following wave equation for

F:

V2F + k?F = —eM (15)

where k* = w?eu. Implementing the Lorenz Gauge into Equation (14) allows the

magnetic field to be written as

> o= 1 -
Hp = —ij—jw—MEV(V-F). (16)

10



Field recovery summary.

As a result of introducing the vector potentials, we can express the total electric

and magnetic fields in terms of A and F:

— — — - 1 - ]- =
F=FEi+Er=—jwA—j—V(V-A) —-VxF
WiLe €

- —

H=Hs+Hp=-VxA—jwF—j—V(V-F)
L WlLE

or, more generally,

1 (821490 N DA, N %A, B 1(8FZ OF,
wpe dx?  Odxdy  0x0z € Jy
. 1 9*A,  0*A,  0%A, 1 0F, OF,
Fil=jedy = jwue(ﬁxﬁy * 0y? N oydz’ € 9z Oz
1 0%A, N 0*A, O*A, 1,0F, OF,

ST oA —
+ A —jwA jw,ue(aazﬁz 8y82+ 0z € Ox dy

E = i[—jwA, — j

and

1 0*F, O%F, O*F, 1,0A. O0A,
( + + + —(
wpe 0x?  OJxdy  0x0z" - Oy 0z
G- jwF, — j 1 (82FgC 82Fy+82FZ)+l(%_8AZ
YTy ]w,ue Oxdy  0y*>  0Oydz' u 0z Ox
1 0*F, O0*F, O°F 1,0A, O0A

W, — w Y L, 104, 0A,
A= Jw,ue(ax@z - Y0z * 0z )+ ,u( ox dy )

H = i|—jwF, —j

)]

(17a)

(17b)

(18)

(19)

in rectangular coordinates. This is advantageous when analyzing the fields excited in

a rectangular waveguide due to the geometry of the guiding structure.

2.2 Transverse Electromagnetic Wave Solutions

In order the derive the transverse electromagnetic wave relationships a coordinate

system must first be established. Figure 2 depicts the orthogonal coordinate system

which is used going forward.

11
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Figure 2. Rectangular waveguide body section with coordinate system.

There are three primary types of modes which result from Equation 17: TE, TM,
and Transverse Electromagnetic (TEM). While the following section derives the field
components for TE and TM modes in a rectangular waveguide, TEM modes are not
supported in a waveguide with this geometry. This is due to the enforcement of the
boundary conditions along the walls of the waveguide in conjunction with the fields
which set up in the Z, , and Z directions [25]. There are important relationships which
must be defined regarding modes propagating in a waveguide: the field component
equations of the modes, the cutoff frequency (f.) of a mode, and the wave impedance

(Zy,) of a mode.

Transverse Electric Modes.

Transverse electric modes are those for which the electric field lies only in the plane
transverse to the direction of propagation. For modes traveling in the 2z direction this
results in F,, E, # 0 while E, = 0. Further, TE modes are generated in the absence
of a magnetic field source. As a result, the magnetic vector potential A =0 and the

magnetic flux density M = 0. It is seen from Equation 17a that F = 2F, is the

12



generator for TE? modes. The corresponding wave equation becomes
V2E,(2,y,2) + K*F.(v,y,2) =0 (20)

where, by using the separation of variables method for solving differential equations,
F, becomes the product of three orthogonal equations, namely: f(x), g(y), and h(z).
Taking into consideration the waveguide geometry in Figure 2, we know that a stand-
ing wave will set up in the  and ¢ directions while a traveling wave must set up
in the Z direction. Standing waves are expressed as the superposition of sinusoidal
functions, whereas traveling waves are expressed as the superposition of exponential
functions. This results in a general expression for a mode traveling in the 42 direction
of

FF = [C) cos(kyz) + Dy sin(k,2)][Cy cos(kyy) + Dasin)k,y)]Aze %> (21)

where k2 + ki + k? = k? and the values A3z, Oy, Cy, Dy, and D, are arbitrary scalar
coefficients. Equation (17) now becomes E = —%Vxﬁ and H = —jwﬁ—jﬁV(V-ﬁ)

which results in

B, = —1382 Z (222)

-t

E.=0 (22¢)
:

H,=— f'w%egxgl (22d)

H, — — jw%eg;g; (22¢)

Ho= (s + KR, (221)

In order to get a unique solution, the boundary conditions of the walls of the

13



waveguide are enforced. Here, the Perfect Electric Conductor (PEC) walls force the
tangential electric field component to zero when evaluated at the wall. This leads to

the following conditions for the left and right walls

Ex=0,0<y<bz)=E(r=0a,0<y<bz)=0 (23a)

E(r=00<y<bz2)=F,(r=a0<y<bz)=0 (23b)

and for the top and bottom walls

E,(0<z<a,y=0,2)=FE,(0<z<a,y=0b,2)=0 (24a)

E.0<z<a,y=0,2)=E,(0<z<a,y=0b,2)=0 (24b)

As a result of enforcing these boundary conditions and selecting nontrivial solu-
tions where appropriate, Dy = 0, Dy = 0, k, = %%, and k, = 4. Here, m and n
are nonnegative integers where both m and n cannot be equal to zero simultaneously.
These numbers specify the TE* mode for which Equations (23) and (24) are valid.
The electric potential vector F.f now simplifies to

FF = Al cos(kyx)cos(kyy)e 7 (25)

z

where Al = C1CyA;s. Plugging Equation (25) into Equation (22) results in the mode

14



field component equations

Ef = A:m@cos(kxx)sm(k;yy)e_jkzz (26a)
€
k. . ks
Ef = —A:;m?sm(kzx)cos(kyy)e gk (26Db)
Ef =0 (26¢)
Hf = A ik sin(kyx)cos(kyy)e I*=* (26d)
T mn wiLe Y
Hf = A kykzcos(k x)sin(k,y)e I (26e)
y e z y
k2 ,
Hf = —jA;me;Ecos(kxx)cos(k:yy)e_mz (26f)

where k. = ¢/k2+ k2 and is the cutoff wavenumber for the mn'* mode. This rep-
resents the wavenumber below which the TE,,,, mode will not propagate in a given
rectangular waveguide. Alternatively, the cutoff frequency f. is the frequency below

which modes will not propagate in a waveguide

o= gV () + (5 @)

Finally, the wave impedance for a particular mode Z/*(TE,,,) = 5—{
Y

The wave
impedance can be expressed in terms of a ratio of the stimulus frequency and the

cutoff frequency for a specific mode

Z3A(TE;,,) = ——t— (28)

1 (&)

where 1 = \/g and f > fe(mn)-
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Transverse Magnetic Modes.

Transverse magnetic modes are those which the magnetic field lies only in the
plane transverse to the direction of propagation. As a result, the magnetic potential
vector F = 0, the electric flux density J = 0 and the magnetic field component in the
% direction H, = 0. It is seen from Equation (17b) that A = 2A, generates the TM?

modes, thus the corresponding wave equation becomes
V2A(2,y,2) + K A.(2,y,2) = 0 (29)

where, by using the separation of variables method for solving differential equations,
A, becomes the product of three independent and orthogonal equation namely, f(z),
g(y), and h(z). Taking into consideration the waveguide geometry in Figure 2, we
know that a standing wave will set up in the & and ¢ directions while a traveling
wave must set up in the 2z direction. Here, the standing waves will be expressed as
the superposition of sinusoidal functions, whereas the traveling wave will be expressed
as the superposition of exponential functions. This results in a general expression for

a wave traveling in the +2 direction of
Al = [Cycos(k,x) + Dysin(k,x)][Cocos(kyy) + Dasin)k,y)] Aze 7" (30)

where k2 + k:f/ + k? = k? and the values A3z, Oy, Cy, Dy, and D, are arbitrary scalar

coefficients different from those used in Equation (21). Equation (17) now becomes
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E=—jwA—j-LV(V.-A)and H = %V x A which results in

wpe

1 0%A,
E = —j— 1
’ ]wue 0x0z (31a)
1 0%A,
Ey = _]w_;mayaz (31b)
E,=— 'L(a—2 + k%A (31c)
e 022 ? ¢
10A,
H, == 31d
Oy (319)
10A,
Hy = —p ax (316)
H.=0 (31f)

In order to get a unique solution, the boundary conditions of the walls of the
waveguide are enforced. The PEC walls force the tangential electric field component
to zero when the field is evaluated at the wall. This implies that for the left and right

walls

E (r=0,0<y<bz2)=E/(r=0a0<y<bz)=0 (32a)

E(x=0,0<y<bz)=FE,(r=0a,0<y<bz)=0 (32b)

and for the top and bottom walls

E.(0<z<a,y=0,2)=FE,(0<z<a,y=b,2)=0 (33a)

E.0<z<a,y=0,2)=FE,(0<z<a,y=b,z2)=0. (33b)
As a result of enforcing these boundary conditions and selecting the nontrivial

solution where appropriate, C; = 0, Co = 0, k, = =%, and k, = 5*. Here, m and n

are nonzero integers. These numbers are the mode number for which the expressions
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are valid. The magnetic potential vector Al now simplifies to

Al = B} sin(kyx)sin(k,y)e 7" (34)

z

where B} = D;DyAs. Plugging Equation (34) into Equation (31) results in the

mode field component equations

Ef=-B! %j: cos(k,w)sin(k,y)e 7%= (35a)
ES =—-Bj}, l:jllj: sin(k,x)cos(k,y)e 7" (35b)
Ef = —jB;rmwk—isin(kxx)sm(kyy)ejkzz (35¢)
Hf = B;{m%sm(kmx)cos(kyy)e_jkzz (35d)
Hf = —B:{m%cas(kxm)sm(kyy)e_jkzz (35¢)
HY =0 (351)

where k., = {/k2 + k2 is the cutoff wavenumber for the mn'* mode. This represents
the wavenumber below which the TM,,,, mode will not propagate in a given waveg-
uide. Similarly, the cutoff frequency f. is the frequency below which modes will not

propagate in a rectangular waveguide.

2.3 Rectangular Waveguides

Rectangular waveguides are a special type of microwave transmission line. Trans-
mission lines are designed to transport power efficiently from a generator to a load
by analyzing the impedance and attenuation of a system. This is the same goal in
designing a waveguide launcher. Impedance mismatches at the interface between two

transmission lines creates unwanted power reflections. For waveguides this results
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increased power reflection back to the input source. To reduce these reflections, the
two system impedances must be matched. This maximizes the power coupled into
the waveguide and minimizes unwanted power reflections [31].

The important considerations in waveguide load matching are the excitation pin
design and characteristic impedance of the dominant TE mode. Excitation pins are
designed for specific field coupling. In this research electric field coupling pins are used
which are oriented in the +y direction. Pin placement within the waveguide also play
a vital role in power coupling. This is explored further in this section. Finally, the
characteristic impedance of the dominant mode is an important consideration. The
wave impedance for TE modes in Equation (28) shows that each mode has a different
wave impedance Z;?. While the input frequency is greater than the dominant mode
cutoff frequency, the wave impedance is greater than the intrinsic impedance of the

medium which fills the waveguide 7 [3].

Rectangular Waveguide Launcher Design.

The field component equations presented up to this point have been derived for
observations external to the electromagnetic source. In actuality, the source of radia-
tion which excites these fields is contained in the waveguide launcher. The waveguide
launcher is designed to deliver the maximum amount of power to the waveguide sys-
tem over a specific operating frequency [4]. This is accomplished through physical
design parameters and, in some cases, fine tuning post production [41]. Figure 3 pro-
vides the coordinate system and parameters which will be referenced in this section.

Traditional waveguides are designed for single mode operation which is determined
by the cutoff frequencies for the first two electromagnetic modes excited in a waveg-
uide with a specific interior width (a) and interior height (b) [31]. As long as a > b,

the first mode excited will always be TEq. For waveguides where a = 2b, the first two
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Figure 3. Basic single source excitation rectangular waveguide launcher.

electromagnetic modes which will be excited are TE g and TEyy. These modes are
convenient because only three field components are nonzero which are excited: E,,
H,, and H,. With this in mind, traditional rectangular waveguides maintain a single
mode operating frequency range between the cutoff frequencies of the TE;q and TEqy
modes. The first step in designing a rectangular waveguide launcher for operation
over a specific frequency range is to determine the interior dimension a and b such
that only the TE;y mode is excited over this frequency range.

Efficient power coupling into a waveguide designed for TE; single mode operation
starts with the placement of the excitation pin. Excitation pins are traditionally
thin g-oriented wires. Because the maximum of the F, standing wave occurs where
x = a/2, the excitation pin is placed in the center of the XY-plane in launcher. This
is akin to plucking a string which is strung between two fixed points in the center.
The next design consideration is the pin distance from the back PEC wall. This is
traditionally set at \,/4 where A, is the wavelength along the z-axis and is evaluated

at the center frequency of the desired operational frequency range [4]. This is done
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because the excitation pin launches a traveling wave in the +2 direction and the -2
direction. The wave initially launched in the -Z direction will be reflected by the back
PEC wall. On reflection, the wave undergoes a 180° phase shift and begins traveling
in the +2 direction. Because the excitation pin is placed \,/4 away from the back
wall, the initially -2 directed wave will undergo a 360° phase shift once it travels back
to the excitation pin where it constructively interferes with the already 42 directed
traveling wave [28].

Once the physical design parameters are set for a given waveguide launcher design,
extra power coupling structures are often added into the waveguide. This is due to
the impedance mismatch between the coax cable and the rectangular waveguide. The
excitation pins inside a rectangular waveguide are modeled as dipole antennas [30],
[44] and analyzed with image theory [33] or Method-of-Moments [19], [20]. In an
effort to reduce the coax-to-waveguide mismatch, structures have been proposed such
as dielectric sheaths around the excitation pin [21], tuning stubs [41], or shaping of the
excitation pin itself [7,11,39]. Each transition structure placed in a waveguide comes
with different benefits and drawbacks; no single design works in all applications. In
addition to the possible excitation of higher order modes, these structures require an
increased amount of rigorous field analysis in order to fully understand their impact
[38]. While simulation data can predict the interaction of these structures with the

excited field components, physical testing is required to validate the simulation data

[16].

2.4 Field Component Superposition

The dual source excitation design relies on two excitation pins driven at the
same time with identical signals either in phase or completely out of phase. Each of

these sources excite electromagnetic fields which combine together through a process
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called interference or superposition. Interference occurs constructively or destruc-
tively. Whether fields of the same frequency interfere constructively or destructively
depends on the relative phase of each field. Fields which are completely out of phase
interfere destructively and produce a field with a reduced amplitude. Field compo-
nents of the same frequency and phase interfere constructively which results in a field
with a greater amplitude. In a rectangular waveguide specific modes are excited as
denoted with the mn subscripts attached to the TE and TM modes. Figure 4 shows

the E, field profile for the TE;, TEq and TEy modes.

Normalized Ey fields excited in a rectangular waveguide
< T

N i w—TE,,
é 0.75- i 1 -::20
> | ! *
W o5 I ! B
> 1 1
w !
3 ozt s 1 |
i ] |
> 1 1
£ 0 ! !
%] 1 1
Q ] 1
o -0.25- ! ; -
2 i !
% -0.5 ! ! -
£ i 1
S -0.75- ! ‘ -
-0. ! |
“ | | __”
A | ;
0 0.25 0.5 0.75 1

Normalized width (x/a)

Figure 4. Electric field profiles for select TE modes.

The interaction of E), fields is of primary interest when considering a dual source
excitation rectangular waveguide. Because we have mathematical expressions for the
standing waves which are excited by the E), field components of the TE,,, excited in
a rectangular waveguide we can predict what the resultant £, field component will
look like when two sources are placed in a waveguide launcher. Assuming that the
excitation signal frequency is same for both excitation pins and the excitation pins
are placed at an appropriate distance from the interior walls, the resultant £, field
for TE g and TEqyq is depicted in Figure 5.

In this research, only two different excitation modes which are defined by their
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Figure 5. Odd mode electric fields will be suppresses in differential excitation and even
mode electric fields will be suppresses in common excitation mode.

phase difference will be considered. These modes are Common (CC) where the phase
difference is 0° and Differential (DD) where the phase difference is 180°. In CC
mode, TE,,; modes are suppressed where m is even. The opposite is true of DD
mode excitation, TE,,; modes with an odd m are suppressed. Physical placement of
the excitation pins also inherently suppresses specific TE,,,o modes. In the case where
the excitation pins are placed one quarter of the interior width of the waveguide away
from the interior side walls the TE4 mode is inherently prevented from coupling
into the system. This is because the placement of an excitation pin at the null of
the standing wave which is excited by a £, field component for an electromagnetic
mode inhibits that mode from being excited in a waveguide [16]. Based on the mode
suppression theory Table 1 summarizes the modes which will be suppressed by the
symmetric placement of two excitation pins excited by two signals either completely

in phase or completely out of phase.

2.5 DMaterial Measurement

In order to extract the material parameters of a sample under test, the transmis-

sion and reflection coefficients of that material must be known. Network analyzers
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Table 1. Suppressed TE and TM modes in dual source waveguide. Common mode
(CC) suppresses even TE,,; modes while differential mode (DD) suppresses odd TE,,o
modes along with TEq.

Mode CC Excitation | DD Excitation
TE4

can measure the scattering parameters of a rectangular waveguide with a sample in-
serted. The transmission and reflection coefficients of the sample are calculated by
calibrating the S-parameters measured when the sample is placed in the waveguide.
An understanding of how a network analyzer collects data and how material parame-
ter extraction algorithms work will provide a motivation for steps detailed in Chapter

II1.

Plane Wave Transmission and Reflection.

Region 1 Region 2 Region 3
> —
: €1, U1 [12 5‘2:_1”2 I3 € 1ls >
z=-d z=0

Figure 6. Plane wave reflection coefficients and impedances used in rectangular waveg-
uide material parameter extraction.

In Figure 6, a plane wave travels in the +Z direction from region 1 to region 3. As
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the wave reaches the boundaries at z = 0 or z = —d some of the wave is reflected (I)
and some of the wave is transmitted (7). The reflection terms in the figure assume
a steady state (i.e., they include the multiple reflections which occur as the plane
wave reflects back and forth in the dielectric material). The reflection coefficient for

a planar material interface is calculated with

N — N
Iy = P (36)
where I' is a complex value where |I'| < 1 typically, ij denotes the regions (i.e.
1, 2, 3, and so on), and n = \Q/,u_/e and is the intrinsic impedance of a material.
The relationship between reflection and transmission coefficients for lossless media is
T =1+ T. The total forward reflection coefficient (I';,(z = —d~) of the material
under test determines the reflection S-parameter measured by a network analyzer.

This is calculated with
_ Tyg 4 Doge 72k
N 14 F12F23€7]’2k2d

Lin (37)

where ks is the wavenumber in region 2. For dielectric materials ky = \2/ weoerloply — (ke)?,
where k. is the dominant TE,,q mode cutoff wavenumber [3].
The forward reflection and transmission scattering parameters Si; and So; respec-

tively are related to the transmission and reflection coefficients with [1] and [10]

1T,

S = me (38a)
117
So1 = Tml——F?l}L? (38D)

where T}, =1 —T';,.
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Scattering Parameters.

Network analyzers measure the scattering characteristics of microwave systems
via S-parameters. S-parameters are calculated with
Sij = a—; (39)
where ¢ and j are port numbers and S;; are the complex valued ratios of the power
signal received on port i (b;) and the power signal sent from port j (a;) [31]. Two
port network analyzers will generate four S-parameters: the reflection terms S;; and
Soo and the transmission terms Sy; and Sio. Similarly, four port network analyzers
generate 16 S-parameters; four reflection terms and 12 transmission terms. A useful
feature of four port network analyzers is the ability to excite two ports at a time.
This is done in common mode where the same signal is sent to both excitation ports

at a time and differential mode where two signals completely out of phase are sent to

the excitation ports [13].

Electromagnetic Characterization of a Sample.

When a electromagnetic wave (i.e., TEM, TE, or TM) traveling in a lossless media
reaches a boundary, some of the energy in the wave is transmitted into the media
while the rest is reflected and travels in the opposite direction. Two exceptions to
this statement are perfect electric and magnetic conductors. Goring forward, it is
assumed that the direction of travel is in the +2Z direction only and the angle of
incidence is normal. The amount of energy reflected or transmitted depends on the
difference in material properties between the two media (i.e. how much different the
relative permittivities (e,) and permeabilities (u,.) are) [3] .

The NRW method mentioned previously makes use of transmission and reflection
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S-parameters in order to extract the relative permittivity and permeability of a sample
under test. If all four S-parameters are available, the forward and reverse material
parameters can be calculated. For simple media, these two values should be equal.
This method is detailed in Appendix A.

An alternative method to NRW material parameter extraction makes use of the
Newton’s method for approximating the zeros of a function. Newton’s method is
an iterative method which required an initial guess (z() as to where the function

f(z) = 0. The update equation used to better approximate the root of f(x) is

f(xn) (40)

where z,,41 is a better approximation for the root of f(z). This method is used
multiple times to improve on the approximation by using the calculated x,,; as the
next guess in the function. A termination criteria is required in order for this method
to finish if the previous x,.; is used as the current x,. This can come in the form
of a number of iterations completed or an accuracy determined by |z, — z,|. The
number of iterations this method uses is dependent on the shape of the function f(z),
the accuracy of the initial guess, and desired accuracy. This method does not always
converge to an answer as highly oscillatory functions or poorly selected initial guesses
may prevent convergence [24].

The way in which the Newton Root Search method is used in electromagnetic
material measurement is by using the theoretical and measured transmission (7") and

reflection (I') coefficients

F(f? €, ,u)theoretical - F(f)measured =0 (41)

27



and

T<f7 €, ,u)theoretical - T(f)measured =0 (42)

where f is the frequency, and ¢, and p are the values which are updated by Equation

(40).

2.6 Computational Electromagnetics

This research makes use of the computational electromagnetic (CEM) software
CST. CEM software solves complex electromagnetic problems by numerically solving
Maxwell’s equations. This is accomplished first by converting a CAD model of the
problem into a set of nodes. This meshing process generates a set of points or nodes on
which Maxwell’s Equations are solved. Analysis is accomplished in either the transient
domain with a finite difference time domain (FDTD) solver or in the frequency domain
with a method of moment (MoM) or finite element method (FEM) solver. Each
domain has key strengths and weaknesses in terms of computational resources, steady
state solution, and meshing algorithms. The results from one solver should match
those of an other. FDTD computations require a great amount of calculations while
limiting the amount of computer memory used. On the other hand, MoM and FEM
require a great amount of computer memory to numerically solve Maxwell’s equations
[42].

The CST MWS®) transient domain solver is exclusively used in this research.
This is done in order to compare the results from each solver for consistency. This
is also done because the transient domain solver provides insight into time-based
characteristics of the system under test. Transient domain simulations excite specific
port(s) with a Gaussian pulse. This pulse contains a specific amount of power over
the frequencies in the simulation domain. Results from this solver show a system’s

time-based response to an incident pulse and if an excitation pulse reflects back and
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forth, or rings, in a system.
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ITII. Design and Evaluation Methodology

The first phase of this research is the design of a dual source excitation rectangular
waveguide launcher. The model has three ports: two excitation pin ports and a port
at the aperture of the waveguide. The aperture port is used to analyze the power
delivered and modes excited by the pins. This phase relies on simulation data to refine
the waveguide design parameters such as interior waveguide height and excitation pin
distance from the back wall. The design parameters which deliver the most power over
the largest bandwidth are used in subsequent research phases. The power coupling of
the designed waveguide launcher is analyzed through a set of auxiliary simulations.

The second phase of research involves the simulation and physical testing of a two
port model. The two port model is simply the three port model with a flat metal
plate (reflection configuration) or a sample holder backed by a flat metal plate (sample
configuration) placed at the aperture. This single sided waveguide model is used to
extract the relative permittivity (e.) of nonmagnetic dielectric material samples. In
order to extract the €, of the material under test, the simulated and measured data
must be calibrated. Calibration, whether applied to sample data or internally to
the network analyzer, works to correct errors and set a reference plane [27]. After
calibration, Newton’s root search method is used to approximate €, by assuming that
e = 1.

The third phase of research uses the two port model to create a four port or
double-sided model. The double-sided model is a set of two port models connected
together by their apertures. Double-sided configurations include thru in which noth-
ing in placed between the apertures, line in which an empty sample holder is placed
between the apertures, reflection in which a flat metal plate is placed between the
apertures, and sample in which a sample holder filled with the sample under test is

placed between the apertures. The first three configurations are used to calibrate
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the data collected on the sample configuration. The calibrated data is then used to
extract the forward and reverse relative permittivity and relative permeability. This
is accomplished with both the Newton root search method and the NRW method.
Finally, a quantitative comparison of the transmission line metrics for all simula-
tion and physical models is presented. This includes three port, two port, and four
port models in each configuration simulated and tested. The quantitative basis of
comparison are each model’s mean return loss and mean insertion loss coefficients.
The standing wave ratio is calculated for single sided and double sided models in the

sample configurations.

3.1 Modeling and Simulation

Time and frequency domain data from simulations are analyzed for all models. In
this research, the transient domain solver is preferred because of the time domain pulse
information provided. Data collected from each simulation includes S-parameters
(or F-parameters for the first phase three-port model which requires simultaneous
excitation), time domain signals, and power accepted by each port. F-parameters
are generated in CST when simultaneous excitation is used in the transient domain.
These display the normalized power contained in each electromagnetic mode received
by a port.

Uniform settings are used in each simulation to reduce the variability in CST
results. In order to accurately mesh the CAD models, a maximum mesh node distance
of A\nin/10 or 2.7 mm is set [42]. Simulation accuracy is set to -50 dB and adaptive
mesh refinement is accomplished on each model to ensure stable solutions. The default
Gaussian pulse is used as the excitation signal.

The three-port design begins with the model in Figure 7. The interior width (a) of

the waveguide is set to 72.136mm and the interior height (b) is set at 16 mm to prevent
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Figure 7. Parameterized dual source excitation rectangular waveguide launcher mod-
eled in CST MWS®.

the excitation of higher order TE,,, and TM,,, modes. Parametric simulations are
conducted in which the placement of the pins is varied in order to determine the most
efficient distance (d) between excitation pins from the back wall of the waveguide.
Three port model simulations are conducted with simultaneous excitation because of
the aperture port. Subsequent models use individual excitation in order to mimic
the way in which physical data is gathered. The design parameters determined from
these parametric simulations are used to create a single-sided two port model and a
double-sided four port waveguide model.

The way in which this system’s power coupling capability is characterized is by
a set of two simulations with the three port model. The first simulation uses only a
single excitation pin. With this simulation the power reflected by the excitation pin is
used to characterize the input power coupling of the system while the signal received
by the non-excitation pin is used to characterize the crosstalk between excitation
pins. The second simulation configuration uses the waveguide aperture as a single
electromagnetic mode excitation source. Because common and differential excitation
modes have different dominant electromagnetic mode frequency ranges, the aperture
excites TEqy over a specific frequency range and TEyy over a different frequency range.

The results from these two simulations characterize the efficiency with which single
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TE,,o mode power is coupled out of the waveguide.

For the latter two phases of this research, the two and four port models are
simulated with individual excitations (i.e., each excitation pin is excited in turn rather
than simultaneously). This allows for the conversion of single source S-parameters to
two sets of dual source S-parameters. This has the added benefit of reducing by half
the number of dual source simulations required.

Two port models include simulations with the reflection standard (i.e., flat metal
plate) moved to different distances from the aperture of the waveguide. This is
accomplished in order to calibrate data collected from sample configurations. Analysis
on the S-parameters collected from the single sided configurations include both single
and dual excitation. Single excitation analysis uses only the reflection S-parameters
(i.e., S2amp). Dual-source excitation uses all four S-parameters to generate S PP,

Four port models include the thru, reflect, and line configurations along with a
dielectric samp configuration. The 16 S-parameters generated by each model con-
figuration are converted to dual-source excitation S-parameters. The sample data is

calibrated and material parameters are extracted.

3.2 Physical Measurements

Physical model measurements are collected with a two port Agilent network ana-
lyzer. Internal network analyzer calibration is accomplished to correct internal system
noise, network analyzer port crosstalk, and to move the reference plane to the end
of the network analyzer cables [12]. This results in measurements which mirror the
simulation environment. In addition to calibrating the network analyzer, cable mis-
match error terms must be corrected. This is done through the collection of 12 ratio
measurements:

_ Ay

Ruv - a_ Port v excitation (43)
v
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where a,, and a, are the incident signals and v and v = 1, 2, 3,4 but u # v. These ratio

measurements are used to find the actual S-parameters with the simple relationship:

Sy = S™ x R1 (44)

where S are the measured S-parameters, S, are the system detector S-parameters,
and R,, are the ratios as defined by Equation (43).

The two port model is measured with the two network analyzer by collecting the
four S-parameters and two ratio traces. The four port model requires six measure-
ments in order to collect all 16 S-parameters and 12 ratios. This is accomplished by
connecting the network analyzer cables to specific ports at a time with matched loads
connected to the unused two ports. The six measurements collected are summarized

in Table 2.

Table 2. Two Port Network Analyzer Measurements. By taking six different measure-
ments with a two port network analyzer, all 16 S-parameters for a four port dual source
excitation waveguide are collected.

Waveguide Ports

Measurement | 1 2 3 4 S-parameters | Ratio
1 I II L L St11, S12, S21, S22 | Rig, Rax
2 I L 1II L 813, 831, 833 R13, R31
3 I L L 11 814, S41, 844 R14, R41
4 L T 1II L So3, S32 Ros, Ros
5 L I 11 824, 842 R24, R42
6 L L I II 834, S43 R34, R43

I = network analyzer port 1

IT = network analyzer port 2

L. = matched load

A 12 in/Ib torque wrench is used to secure the cables to each of the 7 mm flange
connectors. Two vice grips are used to apply pressure to the brackets holding the
7 mm flanges in place. A sweep time of no less than one second is used in each

measurement. This is done to allow the excitation signal power to completely couple
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out of the system before the next measurement is taken.

3.3 Material Measurement

Material measurement with a waveguide can be conducted in either single-sided
or double-sided configurations. In single-sided measurements, the Newton root search
method is used to extract ¢, from the calibrated sample data reflection coefficient I"
in either single or dual excitation modes by assuming that p, = 1 (i.e., the sample is
nonmagnetic). In double-sided measurements both the NRW and Newton root search
methods are used to extract the forward and reverse €, and p, of the sample under
test from the calibrated data transmission (7') and reflection (I') coefficients. These

processes are applied to both measurement and simulation data.

Single-Sided Material Measurement.

Pin(s) 7=0

Figure 8. A block diagram of the single sided waveguide model.

Single-sided measurements are taken with the aperture of the waveguide connected
to a flat plate or a sample holder backed by a flat plate at z = 0 in Figure 7. The
sample holder can either be empty or filled with a sample under test. The block

diagram of this model in Figure 8 depicts the waveguide as the system A. In the
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single excitation scheme, the reflection S-parameters measured are modeled with

SASLSS

llp_S S Sllp

(45)

where ST}%) is the measured reflection S-parameter with port p excitation, 5151,;; is the
reflection at z = 0, and S22 where m,n = 1 and 2 are the scattering parameters of
the system A. ST}%, must be calibrated in order to determine the reflection coefficient
at z = 0 (i.e., where the sample and waveguide aperture interface). There are three
unknown terms in Equation (45): SA, S35, and S35, To solve for these terms, three
standards with known Siqu values are required. These standards are generated by
placing the flat plate at different distances away from the aperture. Empty sample
holders of different thicknesses backed by a flat plate are measured or simulated.
Because the reflection coefficient from a PEC plate is —1, the reflection coefficients

from the different standards is determined by
55, = —eaks (46)

where e/2#=0Ls yepresents a phase shift, k.o = &/ko — k2, ko = w/c, w = 21 f, k. = "%
m is the dominant mode number, a is the waveguide width, and L is the distance
from the waveguide aperture to the flat plate. This calibration method outlined in
Appendix B.

The Newton root search method used to extract €, from calibrated single sided

data is

STy (era) — S50 = (47)

mp

where S77"" is the measured or simulated sample reflection S-parameter and ST, is
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the theoretical sample reflection calculated with

ST R(l B P2)

1 — 1 — R2P2 (48)

where R = gjég, Z = wpp/ks, k., = Jwleug — k2, ke = m/a, a is the width of the
rectangular waveguide in meters, Zy = wg/k.o, k.o = V/kE — k2, ko = w/c, ¢ is the
speed of light, P = e %! and [ = the length of the sample. Both R and P are

functions of the input frequency w = 2n f, and € = €ge,..

Double Sided Material Measurement.

Four port single source excitation S-parameters must be converted to dual source

excitation S-parameters using mixed mode equations [17], [5]

§CCarDD _ %[(Su + Soa) % (So1 + Sio)] (492)
Sererbh = %[(513 + Saq) £ (So3 4 S14)] (49D)
SCCarDD _ %[(531 + Si) % (Ss2 + St)] (49¢)
SgaorPb = %[(533 + Sy4) £ (S + S34)] (49d)

where S,,, are the measured or simulated system S-parameters. Common mode
excitation S-parameters (S¢¢) are calculated as the sum of the terms and differential
excitation mode S-parameters (SP2) are calculated as the difference of the first two
terms with the latter two terms.

In order to extract the material parameters from the material under test, Thru-
Reflection-Line (TRL) calibration is used. In this case, the system under test is a
material sample placed in the center of the four port waveguide. Measurements from

three standard configurations (i.e., thru, reflection, and line) are required to apply
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this calibration to material measurements.

a e a S e
S L <3 3! > 2 e
€00 X e, Si1 T S, €2 Y €33
— < < < < ¢ -—
by €01 b, S1 CH €3 a3

Figure 9. The error box model for a two-port microwave system.

TRL calibration uses error boxes to represent the input and output reflection
terms as represented in Figure 9. The error boxes X and Y must be characterized
in order to extract the true S-parameters of the sample under test [35,36]. Cascade
matrix (T-parameters) are used to represent the system under test

X X U U Y Y
Tll T12 Tll T12 Tll T12

U — pXUTY (50)

T T | |Ta Tn| |Ta T
where TV represents the measured T-parameters, 7% and TV represent the input
and output reflection T-parameters and TV represents the T-parameters of the system
under test. In this case the system under test is whatever is placed between the two
waveguide apertures. The relationship between S-parameters and T-parameters is [14]

Ty Tio 1 S12521 — S11522 S
= (51)

Tor T S —Sa2 1

Solving for the system under test 7V and converting the error box terms to S-
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parameters results in

S SY(TX) 1TmU(TY)—1_
—1 —1

SXSX — §Xgx gx Sy sy, — svsy Sy, (52)
SX sy 11022 Pi1 mU 11 ‘
— S5 1 -5 1

Using this definition, there are eight unknown error terms. Following the TRL
calibration procedure and assuming that forward and reverse error terms are identical,
only seven of the eight error terms need to be solved in order to calibrate the sample
measurements: Sy Sa;, S35, Siv, Say, Sa15%, SY;, and SY,. The three calibration

standards used in TRL calibration allow for each of these terms to be solved. In the

thru configuration TV is completely known

1 0
TThTu — ) (53)

The line standard represents a phase delay

. eIkl
TLme — (54)
0 ekl

where k, is the 2-directed wavenumber and [ is the 2-directed length of the line delay.
The Reflection standard used is a highly reflective load (i.e., an electrical short)
which is typically a flat metal plate. All of the 77/ parameters are not required to

be known for this standard. It is only required S1; = Soo for this standard.
Once the S-parameters of the material sample (S;%"F) are calculated, the Newton

root search method and NRW algorithms are used to extract the forward and reverse

relative permittivity and permeability of the material. Si{"" and S37""" are used to
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calculate the forward €, and p, while S35 and S5 are used to calculate the reverse
€ and f,.
The double sided Newton root search method calculates the theoretical transmis-

sion (S%,,,12) and reflection (ST},,4,) S-parameters with

R(1— P?)
St roraa(€rs i, ) = T_epr (55a)
Pl — R?)
T
So1or12(€ry s W) = 1_Rp? (55b)

where R = glﬁﬁ: Z = wpopr [k, ky = Jwlen — k2, k. = w/a, a is the width of the
rectangular waveguide in meters, Zy = wg/k.o, k.o = ki — k2, ko = w/c, ¢ is the
speed of light in meters per second, P = e 7*:! and [ = the length of the sample.

Both R and P are functions of the input frequency w = 27 f, € = €pe,, and p = popiy

3.4 Transmission Line Metrics

The return loss (RL) coefficient is a measure of the power which is not received
by the intended receiver or load. In this research, the RL metric characterizes the

input reflection characteristic of a system. RL is calculated as

RL = —20logyo|T| (56)

where I', or Syy, characterizes the input impedance mismatch of the model when
operating in a specific excitation mode. As the input reflection decreases, the RL
value increases. This means that high RL indicates an efficient power coupling and
thus a closely match load between the network analyzer and the combination of the
excitation pin impedance and dominant mode wave impedance.

Insertion loss (IL) is the transmission coefficient between two points. Here, the two

points in question for three port and four port models are the excitation pins or port
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and output pins or port. The IL of dual source excitation single sided models cannot
be evaluated because input power is only reflected back to the excitation source. IL

is a better metric for these models and is calculated as

IL = —20logyo|T| (57)

where T', or Sy1, characterizes the power transmission of the waveguide model.
The standing wave ratio (SWR) is a measure of the impedance mismatch in a

transmission line. This is calculated with

1+ |7
L— I

SWR = (58)

A large SWR signifies a large impedance mismatch in the transmission system while

a low value signifies a system with a perfectly matched load (i.e., |I'| = 1) [31].
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IV. Results

4.1 Theoretical Single Mode Operations

Given an interior width of 72.136 mm and an interior height of 16 mm, Table 3
summarizes the all the modes which are excited in the waveguide over the 2 to 12.5
GHz range. Given these cutoff frequencies, from 2.08 to 9.37 GHz only TE,,,; modes
will be excited in the waveguide. Further, by the principle of field superposition, the
single mode operation frequency range when operating in common mode excitation
is 2.08 to 6.24 GHz due to the suppression of the TEyy mode. Alternatively, when
operating in differential mode the single mode frequency range is 4.16 to 9.37 GHz
due to the suppression of TE g, TE3q, and TE,;y modes.

Table 3. Electromagnetic modes excited in designed waveguide. The TE and TM mode
cutoff frequency (f.) formulas in Chapter II are used to calculate the which modes are

excited and at what frequency for a rectangular waveguide with an interior height of
16 mm and width of 72.136 mm over the 2.08 to 11 GHz frequency range.

Mode Cutoff Frequency (GHz)
TEq9 2.08
TEq 4.16
TE4 6.24
TEq 8.31
TEn 9.37
TE;, TMy, 9.60
TEyy, TMy, 10.25
TEs9 10.39

4.2 Three Port Model Simulation, Refinement and Analysis

The first model simulated in CST MWS®) is a three port waveguide. This is
a combination rectangular waveguide launcher and body. The interior width of the

waveguide is 72.136 mm with two excitation pins placed 18.034 mm away from the
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interior left and right walls. The interior height of the waveguide is set to 16mm
and the height of the excitation pins is set to 8 mm. In order to model the 7 mm
connectors (PN: 311-07-00-000) as closely as possible, dimensions from the connector’s
datasheet were used. Appendix C contains the connector datasheet. As a result, the
radius of the metal excitation pin is set to 0.635 mm and the radius of the Teflon
insulation is set to 2.057 mm. The Teflon insulation also protrudes 5.054 mm into the

waveguide. These pin dimensions remain unchanged for all CAD models analyzed in

CST MWS®.

Port 1 Port 2

4

Figure 10. The three port waveguide model is depicted from the front with simulation
ports annotated (left) and from the back (right).

Using the model depicted in Figure 10, parametric simulations were conducted
to determine the optimal pin placement from the back wall of the waveguide which
transmitted the most power over the largest frequency range. This was determined
by analyzing the power accepted by the aperture port of the waveguide over the
simulation frequency range where each excitation pin was driven with a . A 0.67 ns
Gaussian pulse with a an average power over the simulation frequency range of 0.5
W was used as the excitation signal. The total simulation time was set to 14 ns in

order allow a steady state to be met. It is assumed that all the power which was
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transmitted into the waveguide system was either transmitted to the aperture of the

waveguide or absorbed by the lossy Teflon material.
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Figure 11. The power delivered to the aperture of the three port waveguide as a func-
tion of pin distances from the back wall is displayed for common (top) and differential
(bottom) mode excitation.

The parametric range simulated was a distance of 21 to 6 mm in 0.25 mm in-
crements for a total of 61 simulations. From these simulations the power accepted
by the aperture (port 3) as a function of frequency was analyzed to determined pin
placement efficiency. Figure 11 shows the power delivered to Port 3 as a unction of
distance (d) and frequency in common and differential excitation mode. It was found
that as the pins were moved closer to the back wall of the waveguide, in differential
excitation mode a null in the power delivered to Port 3 develops. Moving the pins

too close to the back wall adversely impacts the total power delivered to the aperture
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at low frequencies in both common and differential modes. The pin distance which
provides the most power to the aperture over the largest bandwidth is 12 mm. At
this distance and over the single mode operation frequency range Port 3 receives on
average 0.227 W in common mode and 0.474 W in differential mode. This corre-
sponds to a quarter wavelength frequency of 6.25 GHz. The median of the single
mode operation frequency range in differential mode is 7.2 GHz which has a quarter
wavelength of 10.4 mm. Although this pin distance transported an average of 0.623
W in differential mode over the single mode frequency range to the aperture, the
power delivered as a function of frequency was less stable compared to that of the

chosen distance of 12 mm.

Power delivered to waveguide aperture
T T T T

T
==Common Mode
—Differential Mode
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Figure 12. The total power delivered to the aperture of a dual source rectangular
waveguide when operating in common or differential excitation modes.

The total power delivered to the aperture of the launchers is shown in Figure
12 for both operation modes. Annotated on the plot are the cut off frequencies at
the points which seem to experience a significant change in the power delivered to
the aperture. Only six of the ten mode cut-off frequencies are annotated because

not all ten modes excited in the 2 to 11 GHz range substantially impact the total
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power delivered to the aperture. From the plot, it is apparent that the single mode
operational frequency range is larger when operating in differential mode rather than
common mode. Further, the shape of the power delivered with respect to frequency
is better when operating in differential mode as evidenced by the flat response from
5.5 t0 9.25 GHz. An issue prevalent in both power curves is a rippling which disrupts
the curves minimally. This rippling is worse in the differential operation single mode
frequency range. Over this range the mean power delivered is 0.827 W (-0.8276 dBW)
with a variance of 2.19x107%. If a -2 dBW insertion loss is used as a standard for
the waveguide, the waveguide can operate from 4.4 to 10.2 GHz with TEy as the
single mode. This leads to a mean power delivered of 0.804 W (-0.95 dBW) and
a variance of 0.0023 over this frequency range. This indicates that the waveguide
operates efficiently in differential mode from 5.5 to 9.25 GHz using TEy as the single

electromagnetic mode excited.

4.3 Power Coupling Analysis

With the effect of the distance to the back wall investigated and the design set, the
power contained in each electromagnetic mode is analyzed. In Figure 13 the modes
not suppressed in a single source waveguide are compared to those not suppressed in
a three port waveguide with the same dimensions excited in common or differential
mode. The single source, traditional waveguide does not use field superposition to
suppress electromagnetic modes. This means that the modes which are suppressed
in the single source, traditional waveguide are due to the placement of the excitation
pin. As a result, TE;y, TE3y, and TE5y modes efficiently couple into the system due
to the shape of the F, fields these modes excite. Because the single excitation pin
in the traditional waveguide is placed at a null of the £, fields excited by TEy, and

TE4o modes these modes do not couple into the system efficiently. It can be concluded
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Two Port Waveguide Mode S-Parameters
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Figure 13. A visual comparison of the amplitude of each TE and TM mode excited
in a two or three port waveguide is provided. A single source excitation two port
waveguide (top) excites different modes from the dual source excitation waveguides
with the same interior dimensions excited in common mode (middle) or differential

mode (bottom) [23].
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then that the placement of the excitation pin(s) has a significant impact on the modes
which can couple into a waveguide system. The middle and bottom plots in Figure 13
show that field superposition efficiently suppresses the TE9g mode in common mode
excitation and both TE;q and TE3y modes in differential mode excitation.

Before moving on to two and four port models, a characterization of the input and
output power coupling capability provides insight into the system efficiency. The two
and four port models are electrically closed systems. Thus, power can only couple into
or out of the system in specific ways: from the input source to the excitation pin(s)
(i.e., input), from one excitation pin to the other (i.e., crosstalk), and from the non-
excitation pins to the receiver (i.e., output). Power can be absorbed by lossy materials
like copper and Teflon. Both copper and Teflon materials were simulated with low
losses in CST, minimizing the amount of loss due to these materials. Simulations
analyzing the power coupling capability of the designed waveguide use the three port
model in Figure 10 with minor modifications detailed when appropriate.

In order to isolate the input reflection and determine the input coupling and
crosstalk, a single pin was excited. The signal received by the unused excitation pin
and the waveguide aperture were collected. The reflection percentage was determined
by taking the ratio of power reflected by the excitation pin and incident signal power.
The cross talk and transmission percentages were calculated similarly.

The time-based signals in Figure 14 show that a significant portion of the incident
signal is reflected back to the source. On the other hand, the amount signal which
is lost to excitation pin crosstalk is small. Finally, signal received by the aperture is
divided into the three TE,,q modes excited over 2 - 11 GHz. Power in the other seven
modes was negligible.

The output coupling capability was analyzed by using the waveguide aperture as

the excitation source. The signal from the aperture is a single mode signal (either
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Figure 14. The time domain signals are plotted for the three port model when only
pin 1 is excited.

TE;p or TEg) and simulated over the single mode frequency range for common (f =
2.08 - 6.24 GHz) or differential (f = 4.16 - 10.25 GHz) excitation.

In Figure 15, the incident signal, signals received by pins 1 and 2, and the reflection
signal (i.e., the aperture signal) are plotted for TE;y and TEyq single mode excitation.
This simulates operation with either TE;q or TEsy, single mode excitation. In the
single sided and double sided configurations, power which is not coupled out of the
system continues to reflect back and forth in the waveguide until most of the power
is removed. The system is more efficient in coupling with TEs; mode signals rather
than TE;y. This is due to the placement of the excitation pins at the points where
the F, field component of the TEy mode are maximum.

Numerical results in Table 4 provide further insight into how the waveguide couples
power into and out of the system. A significant amount of power is reflected back to
the source by the waveguide when operating with a single source. This is due to an
impedance mismatch when the input signal transitions from the simulation port (or

network analyzer cable) to the interior of the rectangular waveguide [11,33]. This is
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Figure 15. The time domain signals are plotted for the three
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Table 4. The power coupling capability of the waveguide for input signals (top) and
output signals (bottom) is displayed. Results are based on the average signal reflected
or transmitted over the stated frequency range. The output percentages are the amount
of the incident signal which couples out of the waveguide.

Input (f = 2 - 11 GHz)

Metric Output (%)
Reflection 29.6
Crosstalk 0.9
Transmission 69.5

Output (single mode)
Dominant Mode Power Coupled Out (%)
TEo (f =2.08 - 6.24 GHz) | 16.77
TEy (f = 4.16 - 10.25 GHz) | 82.52

an issue for which many solutions have been proposed as reviewed in Chapter I.

Of the 69.5% of power which does couple into the system, much of that power
reflects back and forth in waveguide before coupling out of the system. When oper-
ating in common excitation mode, 16.77% of the power in TE;y couples out of the
system each time a pulse reaches the output pins. Alternatively, 82.52% of the power
in TE9 couples out of the system each time a pulse reaches the output pins. The
power reflects back and forth until virtually all of it is removed from the waveguide.
When operating in single sided mode, all the power which couple into the system
is received by the same two excitation pins. In the double-sided configuration, the
power which couples into the system is first received by the non-excitation pins, and
a portion of the power is reflected back to the excitation pins and so on. The power
in the TE;y mode will reflect within the waveguide for longer than that in the TEqy
mode.

Figure 16 shows the transmission coefficients for single mode output coupling as
a function of frequency. This plot indicates there are three distinct frequencies for
which TEy inefficiently couples out of the waveguide: 9.0 GHz, 9.6 GHz, and 10.1

GHz.

The latter two frequencies roughly correspond to the cutoff frequencies for

51



Single Mode Output Coupling

=== Transmitted TEzo

== Transmitted TEm

|S-Parameter| (dB)

2 3 4 5 6 7 8
Frequency (GHz)

Figure 16. The singe mode transmission coefficients are displayed for TE;; and TEy,.
The frequency over which the modes are plotted corresponds to the single mode fre-
quency range for common (TE;;, and f = 2.08 to 6.24 GHz) and differential (TE2; and
f = 4.16 to 10.25 GHz) excitation.

TE1;, TMy; and TE9;, TMs; modes respectively. The excitation of these degenerate

modes may cause the output power couple inefficiency.

4.4 Single Sided Simulation and Measurement

In order to design a four port model which could be manufactured and test, certain
changes were made to the original three port model. In order to allow the model to
be manufactured with wire EDM, a removable back plate was designed which would
attach to the waveguide with bolts. Because the 7 mm connectors selected for this
research contained a 1.25 in (or 31.75 mm) diameter flange of their own, the excitation
pins have to be moved away from the back plate 8 mm. To compensate for this
movement, the removable back plate was designed to include a block of metal which
would artificially move the back plate 8 mm closer to the excitation pins. In order to
ensure that the excitation pins maintained the 8 mm height inside the waveguide, the
bottom thickness of the waveguide was adjusted. The total height of 7 mm connector

excitation pins is 0.708 in (or 17.98 mm). This required that the bottom thickness of
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Figure 17. An exploded view of the two port waveguide model used for production and
simulation is shown with a sample holder placed between the aperture of the waveguide
and a flat PEC plate.

the waveguide be roughly 10 mm. In order to extract material properties using the
TRL calibration procedure, sample holders and a flat plate were also manufactured.
The original drawing files used for the physical models are in Appendix C. The final
two port model is depicted in Figure 17 which includes the aforementioned CAD
model alterations.

The four S-parameters collected from the waveguide were analyzed in single source
excitation and dual source excitation modes. Because single source excitation S-
parameters can be converted to dual source excitation S-parameters with mixed mode
equations in Chapter III, the same data sets are used for both calibration and material

parameter extraction.
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Single Source Excitation Measurements.

Single source excitation activates one pin at a time. As a result, the reflection
S-parameter is the only S-parameter used for analysis. Reflection coefficients were
generated with the transient domain solver in CST MWS@E®) in order to validate phys-
ical model measurements. Physical measurements were conducted with calibrated
network analyzer using a 2.3 ms sweep of the frequency range of interest. In Figure
18 the measured and simulated data are plotted together for two epoxy resin samples
of different thicknesses. Calibration measurements and simulations were conducted
with two sample holders of different thicknesses (4 mm, 9.5 mm) and a flat plate.
This was done in order to move the electrical short to different distances away from

the aperture of the waveguide.
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Figure 18. Measured, simulated, and calibrated sample measurement data.

The two samples measured are 3D printed epoxy resin blocks inserted into the

sample holders. The simulation sample used was a lossless material with €, = 4 while
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the material samples are assumed to have a e, = 3.2 [40]. The extracted €, plotted
in Figure 19 show that both the simulation and measurement data have significant

flaws when used in extracting an accurate relative permittivity. A deeper look into
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Figure 19. The real component of ¢, extracted with Newton’s root search method is
plotted for single source excitation for 4mm and 9.5mm epoxy resin samples.

the calibration data explains why the parameter extraction failed. The results of the
calibration applied to the sample measurement data in Figure 18 are not physically
realistic. The reflection coefficient of a simple dielectric sample like the epoxy resin
should never be greater than one. This would imply that the signal received from the
sample is greater than the signal incident on the sample. Another point of concern is
the rapid oscillation of the calibrated S,,,, with respect to frequency.

The offset short calibration method uses a theoretical reflection coeflicient

[thy — _gi2lskzo (59)
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where T is the theoretical reflection coefficient at the aperture of the waveguide
where z = 0, [ is the distance of the short from the aperture of the waveguide, and
k.o is the 2z directed wavenumber in free space of the dominant TE;y mode. Because
this calibration method depends on the phase shift induced by the offset shorts,
the standards used must not be multiples of half the wavelength of the operational
frequencies (i.e. [/(0.5 4 n)) . This means that the 9.5mm offset short is ineffective
for waves with frequencies of 15.75 GHz, 47.24 GHz, and so on. In the same way, the
4 mm offset short is ineffective for waves with frequencies of 37.5 GHz, 112.5 GHz,
and so on [35]. These ineffective frequencies are all well above the range of interest
in this research.

Based on this, it is apparent that the three-term error model used in the calibration
method is not suitable for this system. This is because there is a source of error which
this calibration scheme does not model properly as shown in Figure 18. An accurate
calibration method produces data which can be used to extract ¢,. Further simulation
is required to determine why all power transmitted into the single-sided waveguide
is not transmitted out as seen in Figure 18. Basic theory indicates that —S;;— and

—S99— should be equal to 1.

Dual Source Excitation.

Single source data is converted to dual source data with the use of Equation
(49a). This is accomplished with both simulated and measured data. The dual source
simulation and measurement data sets now do not agree with each other. Figure
20 shows this for both common and differential excitation modes. The measured
reflection coefficients show significant attenuation where the simulation data shows
there should be none. The same calibration algorithm was applied to the simulation

and measurement data with similar results as single source excitation calibrated data.
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Figure 20. Dual source excitation reflection data measured and simulated are presented
for two epoxy resin samples.
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Figure 21. The magnitude and real component of the simulation data for the dual
source single sided model operated in both common and differential excitation modes.
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Inconclusive results were generated by the Newton root search method when ap-
plied to the calibrated sample data. The reflection data in Figure 20 seems to indicate
that €, can be extracted because the magnitude of the reflection coefficient oscillates
about 1. In reality, the real and imaginary components of that data are not suitable
for material parameter extraction. The comparison plots in Figure 21 show that the
real component of the data (and also the imaginary component which is not shown)
oscillates wildly. In reality, the theoretical reflection coefficient does not oscillate in
this manner. This is why €, extraction was inconclusive with this data as well. While
single-sided waveguide simulations and measurements were inconclusive in extract-
ing €, from nonmagnetic dielectric samples, further research should be conducted in

single-sided waveguide data analysis.

4.5 Double-Sided Simulation and Measurement

Figure 22. An exploded view of the four port waveguide model used for production
and simulation is shown with a sample holder placed between the apertures of the two
end of the waveguide and the ports annotated.

Double-sided measurements and simulations were conducted with the waveguide

in the configuration depicted in Figure 22. Simulations were conducted in single
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source excitation with the transient domain CST MWS®) solver. Physical model

measurements were taken with a two port network analyzer and converted to dual

source excitation S-parameters with the mixed mode equations presented in Equation

(49).

Thru Measurement and Simulation.
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Figure 23. Common (top) and differential (bottom) mode simultaneous excitation S-
parameters plotted for both simulated and measured data.
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The thru configuration characterizes the waveguide’s ability to transport power.
In this configuration, the waveguide apertures are connected directly together. The
CAD model ports were defined so that the reference plane was at the exterior of the
waveguide. Physical measurements mirrored this by calibrating the network analyzer
to the end of the cables.

The simulation and measurement data show an overall level of agreement in Figure
23, but they both diverge from the three port launcher model in Figure 12. Use of
the transient domain solver in CST caused the low frequency ringing apparent in
the common mode S-parameters from 2 to 5 GHz. This phenomenon is present in
the differential mode S-parameters but less pronounced due to the dominant TEq
excitation at 4.16 GHz. The ringing can be mitigated with longer simulation times.
Despite minor inconsistencies, the measured data validates the simulation data. The
measured and simulated S-parameters depart from the expected frequency response
in Figure 12. This is likely due to the power which reflects back and forth in the
waveguide.

The time and frequency domain signals in Figure 24 support the notion that
pulse reflection in the body of the waveguide contribute to the unexpected results
in Figure 23. The ref and thru configurations have two distinct time-based signal
characteristics which result in different frequency-based power transmitted in each
configuration. Each of the configurations was simulated with identical excitation
signals. Both time domain plots show portions of the excitation signal reflected back
to the source. This is the first pulse seen from t < 1 ns. In the thru configuration,
after the signal couples into the system, some of the signal is received by the output
pins but a portion of the signal is reflected back to the excitation pins (t > 2 ns).
This second pulse received by the excitation pins is likely responsible for the shape

of the frequency domain power transmission. In the sample configuration both the
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Figure 24. Time and frequency domain plots show the impact that waves reflecting
back and forth in the three port model and four port waveguide. The plots on the left
show the thru (top left) and sample (mid left) time domain signals which transmit the
total power (bottom left) to the waveguide aperture. The plots on the right show the

thru (top right) and sample (mid right) time domain signals which transmit the total
power (bottom right) to the output pins.
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excitation pins and output pins receive a signal pulse almost simultaneously. This
is physically intuitive due to the nature of plane wave reflection and transmission at
material boundaries [3]. The second pulse received by the output pins (t > 2 ns).
This means that the power contained in the time-domain pulses which are reflected
back and forth in the waveguide are the cause of the unexpected rippling features
in Figure 23. This can be mitigated with an improved waveguide-to-coax transition

which would minimize the power reflected in the waveguide.

Material Measurement.

The thru configuration results show the impact of the inefficient output power
coupling of the designed waveguide. Despite this, material measurement can be con-
ducted with the double-sided waveguide. Electromagnetic material measurement with
the four port waveguide requires a TRL calibration in order to calculate the forward
and reverse transmission and reflection coefficients. Simulation and measurement
TRL models used a flat metal plate as the reflection standard and an empty 4 mm
sample holder as the line standard. The same two physical samples used in single
sided-measurements were used again in double-sided measurements along with the
same 4 mm epoxy sample in CST with €, = 4.

The calibrated measured and simulated dual-source S-parameters indicate that
the measurement data is unsuitable for material parameter extraction. This is due
to the familiar unrealistic and unstable set of transmission and reflection coefficients
seen in the calibrated single side S-parameters in Figure 18. On the other hand,
the calibrated simulation S-parameters show regions in which material parameter
extraction is possible. Most notably is the 5.5 - 10 GHz range in differential mode
excitation. Material parameter extraction conducted on the calibrated simulation

data with both Newton’s method and the NRW method in Figure 25 show that
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material parameter extraction can be conducted with this system.
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Figure 25. The extracted material parameters with both the Newton method and the
NRW algorithm are plotted for a dual source double sided waveguide.

Minor differences exist in the regions in which both methods successfully extracted
the relative permittivity of the dielectric sample. Over the 5.5 to 10 GHz range, the
real part of the ¢, extracted by both methods differed by 4.06x 10713, With a real e,
of 4, both results were on average within 8.78% of the actual answer. While neither
method was more accurate in the region of interest, the NRW method produced results
in only 1.70% of the time that the Newton method required to produce results. This
is due to the iterative nature of the Newton method. While only two function calls
were required to process the calibrated data with the NRW method, the Newton
method used 75,366 function calls, or iterations, to process 1,001 data points. The
maximum number of iterations was set to 1,000 and the tolerance was set to -140
dB. The number of function calls used by the Newton method to produce results is
a function of the maximum number of iterations allowed, the accuracy of the initial
guess and the stability of the calibrated data. It should be noted that the originally

determined single mode operation range of 4.16 to 10.25 GHz encompasses the range
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for which material parameters could be extracted.

4.6 Transmission Line Metrics

Metrics are calculated with data collected when the models are operated in differ-
ential mode due to the superior single mode operation bandwidth. Not every metric
is suitable for every model. The single-sided two port models are not intended to

transmit power. Thus the RL and SWR metrics are not presented for these models.

Table 5. Transmission line metrics for the three port models operated in differential
excitation mode.

Model RL (dB) | IL (dB) | [SWR|
Thru 4.19 9.15 5.17
Sample (4mm) 3.55 11.15 15.15
Aperture Excitation, TEg, | 14.66 3.34 2.16

The data in Table 5 provide baseline metrics by which the two port models and
four port models are compared. The aperture port is a perfect measure of the power
coupled into the system with the excitation pins (as in the thru and sample con-
figurations) or a perfect source of single mode signals over an arbitrary frequency
range (as in the aperture excitation configuration). The impedance mismatch of the
waveguide pins is quantified in thru and aperture excitation model SWR values. The
thru SWR quantified the input impedance mismatch while the aperture excitation
SWR quantified the output impedance mismatch over the differential excitation single
mode frequency range. The coax-to-waveguide impedance mismatch drives the thru
SWR value while the electric field coupling impedance mismatch drives the aperture
excitation SWR value. The sample model SWR provides a baseline for double sided
sample model SWR. The RL and IL results in the thru configuration confirm the
power coupling analysis conducted in Table 4.

The IL values in Table 6 further show the difference between the simulated and
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Table 6. Reflection loss for two port models operated in differential excitation mode.

Simulation | Measurement
Model RL (dB) RL (dB)
[ = Omm 0.08 5.87
[ = 4mm 0.22 4.55
[ = 9.52mm 0.11 5.86
sample, 4mm 0.12 6.28
sample, 9.5mm | 0.28 5.71

measured dual source single sided waveguide data. In this configuration it is assumed
that all the incident power is reflected back to the source by either the excitation
pin impedance mismatch or by the PEC plate in the waveguide. A RL # 0 implies
that not all the power delivered to the system is reflected back to the source. In the
simulation domain the average RL for all five models is 0.162 dB which means that
98.2% of the incident power is reflected back to the source. The missing 1.8% of the
power incident power may either have been consumed by the lossy Teflon material or
simply not have coupled out of the system (i.e., steady state was never achieved).
The measurement data has an average RL of 5.65 dB for the five models which
means that 52.1% of the incident power is reflected back to the network analyzer. This
significant departure from the simulation data may be due to physical gaps between
the 7 mm flange plates and the waveguide or from gaps between the back and front

PEC plates.

Table 7. Transmission line metrics for the four port models operated in differential
excitation mode.

Simulation Measurement
Model RL (dB) | IL (dB) | ISWR| | RL (dB) | IL (dB) | | SWR|
Thru 8.04 2.73 2.27* 8.83 3.48 5.9
Line 8.18 2.17 11.01* | 9.29 3.46 4.89
Sample, 4mm | 5.16 5.37 16.46 9.69 5.36 5.44
* = negative values

65




The transmission line metrics from the four port models in Table 7 in addition to
the three port model metrics in Table 5 quantify the performance of the double sided
waveguide when operated in differential excitation mode. Between the simulation
and measured models RL increased an average of 2.14 dB and IL increased 0.68
dB. The trend of higher RL and IL values calculated from the measurement data
when compared to the simulation data can be attributed to physical sources such as
the 7 mm connectors or network analyzer cable connections. The four port model
simulation RL and SWR are comparable to that of the three port model RL and SWR.
The difference in these two metrics between the three and four-port models further
quantifies the impact of excitation pins. By receiving power with two excitation pins
rather than the aperture port results in a RL increase of 1.61 dB and a SWR increase

of 1.31 or 8.65%.

4.7 Error Sources

Error analysis can be conducted on measurement data and simulation data inde-
pendently. This is because the sources of error are fundamentally different for the
data collected or generated by the different methods employed. Measurement data is
the most susceptible to error as evidenced by the inconclusive double sided material
measurement results. The error which influenced the measurement data takes two
forms: systemic and random. Systemic errors include physical gaps in the waveguide
where there should be none, improper application of calibration methods, and poorly
sized material samples. These error sources are controlled through good practices
like appropriate manufacturing tolerances, proper calibration methods standards and
algorithms, and careful sample preparation. Random error in measurement data from
the two port network analyzer is mitigated by allowing extended sweep times, keep-

ing the network analyzer cables in roughly the same position, and averaging multiple
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results together.

Error in the results from numerical analysis had specific tolerance or accuracy
levels. The Newton root search method used a set numerical accuracy to halt it-
erations of -140 dB. CST MWS®) simulations were set to a -50 dB accuracy. The
two CST MWS®) solvers use different CEM meshing algorithms to set points to solve
Maxwell’s equations. In order to improve the accuracy of the model mesh, a maximum
point spacing of A\, /10 or 2.7 mm was set. Further, Adaptive Mesh Refinement was

implemented in all simulations.
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V. Conclusion

In the first phase of this research, a dual source excitation rectangular waveguide
launcher was designed, simulated, manufactured, tested, and analyzed. Starting with
a hypothesis as to the implication of a dual source excitation design, a launcher was
designed with two excitation pins symmetrically placed in a rectangular waveguide.
The result of the pin placement and the superposition of the excited F, fields for each
TE,,0 mode was an effective suppression of F, fields for certain modes. Driving the
dual source excitation launcher with signals in either a Common or Differential mode
determines which £, fields are suppressed: common mode excitation suppresses the
E, fields of even TE,,; modes while differential excitation mode suppresses odd TE,,
modes. Regardless of the excitation mode, TE,q is not excited due to the placement
of the excitation pins at the nulls of the £, field.

It is the shape of the standing F, waves along with the physical placement of the
pins which causes power to poorly couple into and out of the system. Traditional
waveguides contain a single excitation pin centered in the middle of the waveguide’s
XY plane because this corresponds to the maximum point of the £, field excited in
the TE;y mode. The operational frequency for these waveguides is set such that only
the TE g mode is excited. By placing pins away from the location of the maximum
of the F, field and operating outside of the single mode frequency range, the system
begins to experience less and less efficient operations. Power coupling structures can
be included in the waveguide which will assist in coupling power into and out of the
system and improve overall performance.

In the second phase of the research, the dimensions of the three port launcher
model were used to design both a single sided two port model and a physical model.
The physical model was manufactured and tested in order to validate the simulation

results. Material measurement results were inconclusive for both the physical model
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and CAD model data when operated with either a single source or a dual source.
The third phase of the research involved a four-port CAD and physical model. The
physical model thru measurements showed an initial agreement with the simulation
data but the TRL calibration resulted in unsuitable data for the NRW or Newton
material parameter extraction methods. The four-port calibrated simulation data
extracted marginally accurate material parameters over the 5.5 to 10 GHz range.
The results of this research is the starting point for further dual source excita-
tion rectangular waveguide design. The success in extracting the relative permittivity
and permeability of the sample simulation proved that the dual-source excitation de-
sign can be used in material measurement. As shown through plots of simulation
and measurement data, more design and research work must go into addressing the
impedance mismatch in the coax-to-waveguide transition. The difference in the per-
formance between the three port simulations and the subsequent two and four port
models indicates that while the dual source launcher couples roughly 70% of the inci-
dent power into the system, degraded electric field coupling results in power reflecting

back and forth in the waveguide multiple times.

5.1 Future Work

Future endeavors in this area should focus on single sided calibration and power
coupling. As seen in Chapter IV, the traditional error model for a single sided waveg-
uide is incompatible with the dual source waveguide. As a result, the data calibrated
with the three reflection standards is unusable. This implies that either a different
set of standards should be developed for single sided calibration or that a source of
error is not corrected with the calibration method.

Power coupling issues with the design are twofold. Coupling power into the system

is problematic due to the impedance mismatch between the cable (or waveguide port)
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and the excitation pin. This can be addressed with a number of solutions proposed
including dielectric sheaths, tuning stubs, or excitation probe alterations. While
multiple coax-to-waveguide structures were designed and simulated, no one design
stood out from the rest. Each had unique trade offs. While coupling power into the
system is inefficient so is coupling power out of the waveguide. The shape of the F,
field of the dominant mode plays a key role in coupling power out of the waveguide.
TEqo power is much less efficient that TEyy due to the excitation pins’ placement at

maxima of the TEyy £, field.
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Appendix A. Nicolson-Ross-Weir Method

Nicolson and Ross initially proposed a broadband method for determining the
complex relative permittivity and permeability of a sample of simple dielectric me-
dia with a single time-domain measurement [29]. A network analyzer interrogates
a material under test with a sub-nanosecond pulse. The Fourier transform of the
interrogation pulse, transmitted pulse, and reflected pulse yields transmission and
reflection scattering parameters So; and Si; in the frequency domain. From these
calculated values the dielectric material properties are calculated. Taking advantage
of the advent of more advanced network analyzers, Weir later improved on Nicolson’s
and Ross’ technique [43]. The algorithm Weir proposes is summarized below along
with adaptations contained in [6].

Once the transmission and reflection scattering parameters Sg; and Sq; are mea-

sured, the reflection factor I' is calculated with

T=x++vx2—1 (60)

where

1
25, (61)

The proper root of Equation (60) is determined where |I'| < 1 for passive materials.

The intrinsic impedance of the dielectric material is
4 =—— (62)

The propagation factor of a wave propagating through a material is

-T
p— S11 + So Sa1

1-— (SH + 521)F 1-— FSH ( )
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The propagation constant in a rectangular waveguide of interior width a for TE,,

Yo =\ ki — ko (64)

where k, = ™ and ky = w,/€fto. Finally, the relative permeability (x,) and permit-

modes is

tivity (e,.) of the material under test with a thickness d are

—Z - In(P)
AL 65
p ol (65)
]{Z2 . (lnl(ij))z
R S BV 66
€ /_erg ( )
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Appendix B. Single Excitation Single Sided Calibration

Single sided material measurements can be made with single or dual source exci-
tation. In order to calibrate the single source excitation single sided measurements a

linear model of the waveguide system is used.

ai a‘24
rf‘< A >F2A
pA— ———p4

Figure 26. Block model of the single sided waveguide measurement configuration.

In Figure 26 port 1 is the network analyzer so that I'{' is ST °, or the reflection
coefficient at the network analyzer and port 2 is the waveguide aperture so that I's\
is S5, , which is the reflection coefficient at the waveguide aperture. I'y' is either a
known value in the case of standard measurements or the value which is sought. From

microwave system theory we know that

bit = Siiaf + Siyay (67a)

bo' = S al + Siyas (67D)

The aperture of the waveguide will always have a flat plate attached to it at some
length, thus a5 = b3T% which, when substituted into Equations (67a) and (67b)

results in

vt = Stat + SHbaTs (68a)

bo' = Syhalt 4+ Sgbs T (68D)

Solving Equation (68b) for b5 and then eliminating b4 from Equation (68a) results
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Calibration requires the measurement of three independent standards in which a
flat plate or electrical short is placed at different distances away from the aperture
of the waveguide. This is accomplished with empty sample holders of different thick-
nesses. There are three unknown terms in Equation (69): Si}, S3;5:5, and Siy. By us-
ing reflection standards at different lengths, ST, | = —e/?*0% where k.0 = ko — k2,
ko =w/c,w=2x7x*f, k.= "% mis the dominant mode number, a is the waveguide
width, and Ly is the distance the flat plate is away from z = 0. In order to simplify
the system of equations used in this calibration, the following parameterization is

used:

My, = S7o" (70a)
Ky, =8, (70Db)
A=g84 (70c)

= 5454 (70d)
C = S5 (70e)

where shy o3 represents standards 1, 2, 3. These three standards are shorts placed
at different lengths (11,13, l3) away from the waveguide aperture. This results in the

following expressions for the measurements taken with the standards
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BK;

M= PRy
=1 _CK, T
BE,

M, = Ph2 g
2= 10K,
BK;

My = 283 g
ST 1_CK,

The difference of Equations (71a) and (71b) is

BK, BK,
1-CK, 1-CK,

K, — K,
(1-CKy)(1— CKQ))

My — My = B(

which results in
(M; — My)(1 — CKy)(1 — CK>)

B = .
K, — Ky

Similarly, the difference of Equations (71b) and (71c) is

BK, BEK; _ 4 ( K, — K )
1-CKy, 1-CKz — (1-CK)(1-CKs3)

AMy3 =

where AM,,,, = M,, — M,, results in

(AMy3)(1 — CKs)(1 — CK)

B =

for AK,,, = K,, — K,,.

(71a)
(71b)

(71lc)

The equations above for B are used to solve for C' by setting Equation (74) equal
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to Equation (75):

(AMyp)(1 — CK)(1 - CKy)  (AMa)(1 — CK»)(1 — CK3)

AKis A Ko
(AM;2)(1 — CKY) _ (AMa3)(1 — CK3)
AKiy AKys
A M, B (AMp)CKy  AMss B (AMy3)CK;
AKi AKi AKos A Koy
(AM2) B AMos _ (AM,9)CK, B (AMs3)C K5
AKi A Ko AKi A Koy
(AMy3)(AKys) — (AMi2)(Ky — K3) _ (AMa3)(AK9) K3 — (AMis)(AKo3) K, o
(AK2)(AKs3) (AK2)(AK3)
O (AMa3)(AK1 o) — (AMis)(AKs3)
(AMa3)(AK19) K3 — (AMio)(AKy3) K,
(76)

Once C'is calculated, Equations (74) or (75) are used to calculate B. With both

B and C known, Equations (71a), (71a), or (71c) are used to calculate A. In order to

calibrate the sample measurement Sy}°)"" = M, Equation (69) must be rearranged

using the nomenclature introduced in Equations (70a) - (70e), yielding

BK
M:—s A
= 1_CK. "

(M, — A)(1 - CK,) = BK,
(M, — A) — (M, — A)CK, = BK,
(M, — A) = (M, — A)CK, + BK,
M,— A

K=grcan -2 (77)

where K, = S7{7)" is the reflection coefficient of the sample. Newton’s method for
finding the root or zero of a function can now be used to find the relative permittivity

of the sample as long as it is nonmagnetic.
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The parameters A, B, and C or S}, S5 57}, and Si characterize the waveguide
and network analyzer when a specific port is active. This dependency has been
suppressed for clarity, but only standard measurements made with a specific port can
be used to calibrate sample measurements made with that same port. This process
is repeated for each excitation port (i.e., ports 1 and 2 in terms of the proposed

rectangular waveguide design in this research).
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Appendix C. Waveguide Drawings
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