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In many instances the properties of a network are obstructed by an intervening network,
which is required when performing measurements of the network. These intervening
networks are often in the form of a mode transformer and are, in the general sense, referred

to as error networks.

A new analysis mechanism is developed by applying a de-embedding method that was
identified as being robust. The analysis was subsequently implemented in a numerical
computational software package. The analysis mechanism can then be applied to perform
the characterisation of error networks. The performance of the analysis mechanism is
verified using an ideal lumped-element network. The limitations of the mechanism are
identified and possible ways of addressing these limitations are given. The mechanism is

successfully applied to the characterisation of three different microwave networks.
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In baie gevalle word die eienskappe van die netwerk belemmer deur ‘n netwerk wat tussen-
in geplaas word en wat benodig word vir meetings. Hierdie tussen-netwerke is dikwels in

die vorm van ‘n modustransformator en word in die algemeen na verwys as foutnetwerke.

‘n Nuwe analisemetode is ontwikkel deur die toepassing van ‘n ontbeddende metode wat
as robuust geidentifiseer is. Die analise was daaropvolgend geimplementeer in ‘n
numeriese berekeningsprogrammatuur-pakket. Die analisemetode kan dan toegepas word
om die karakteriseering van foutnetwerke uit te voer. Die werkverrigting van die analise
meganisme is bevestig deur die gebruik van ‘n ideale punt-element netwerk. Die
beperkings van die meganisme word geidentifiseer en moontlike maniere om hierdie
beperkings aan te spreek word gegee. Die meganisme is suksesvol toegepas op drie

verskillende mikrogolf netwerke.
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LIST OF ABBREVIATIONS

ANA Automatic Network Analyser
CAD Computer-Aided Design

CPW Coplanar Waveguide

DUT Device Under Test

EM Electromagnetic

FDTD Finite Difference Time Domain
FEM Finite Element Method

GA Genetic Algorithm

MoM Method of Moments

SFD Closed Loop Signal Flow Diagram
S-parameter Scattering Parameter

TRL Through, Reflect and Line
TSD Through, Short and Delay
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CHAPTER 1
INTRODUCTION

1.1 BACKGROUND AND MOTIVATION

All electronic transmission networks have a need for some sort of mode transformer or
matching circuit to be present between the source and the device under test (DUT), as is
shown in figure 1.1. This is done to ensure that the maximum amount of power is delivered
from the source to the device. The presence of the mode transformer has an effect on the
network as it imparts its own transmission properties to the measurement of the device. As
a result of this the measurements taken of the network do not explicitly express the

characteristics of that device in isolation.

Network
|, — — — = — —
r————
| | | Mode | Device |
| Transformer | Under Test
- - — —
] ]
Network Error Network - DUT
Terminal Interface
(a)

Network
== == — — = — = —
A L I R
| | Mode | Device I | Mode | |

Transformer | Under Test | | Transformer | LL
S g WE— — =) — -
| —_—a T

! —— =+ — — — — — —

] ] ] ]
Network Error Network - DUT DUT - Error Network Network
Terminal Interface Interface Terminal

(b)

Figure 1.1. Block diagram of (a) a two section one-port network and (b) a three section two-port

network comprising mode transformer(s) and a DUT.
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Chapter 1 Introduction

The presence of a mode transformer in a network obscures the performance of the device it
is driving. A method to isolate the transmission properties of the device from the
transmission properties of the network is necessary. The application of de-embedding
methods allows for a section of a network to be characterised indirectly [1], [2]. By
applying de-embedding methods to the transmission properties of a network the
transmission properties of the device can be isolated from the transmission properties of

the mode transformer.

Given the advantages that software based prototyping can offer it can form the basis of a
powerful means to develop new devices. Combining this with a method to remove the
characteristics that the feeding section imposes on a device permits more control over the
network as a whole. For this reason it is proposed that an application, using de-embedding

methods and methodology, is developed to perform the desired network section isolation.

Certain properties have to be considered in the choice of de-embedding method to be used

for such an application. The specifications for a desirable de-embedding method are,

(i) The method must not be complex. This will reduce the computational

requirements needed to perform the de-embedding.

(i)  The method must be robust and capable of being applied to different types of
microwave circuit structures. These include microstrip, waveguide, ridged

waveguide, etc.

(ili)  The method should be implemented in an application that is independent of the

electromagnetic simulation package used to model the network.

Department of Electrical, Electronic and Computer Engineering 2
University of Pretoria
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Chapter 1 Introduction

1.2 RESEARCH OBJECTIVE AND QUESTIONS

1.2.1 Research Objectives

The focus of this study is to identify de-embedding methods that can be used to
characterise and isolate the transmission properties of the mode transformer separate from
the transmission properties of the network it might be connected to, and subsequently to
implement the de-embedding method in a stand-alone application. The objectives of the

study are,

(i)  The primary objective was the identification of an adequate, or combination of
adequate, de-embedding methods that are of a relatively low complexity and that

can be applied to a variety of different microwave structures.

(i)  Secondly a selection of structurally different microwave circuits will be
investigated and modelled in the appropriate simulation package and the
transmission properties of these structures will be characterised using the de-

embedding method.

(iii)  Finally the de-embedding method will be implemented in a platform independent

application.

1.2.2 Research Questions

The following are the research questions that will be addressed by this study.

(i)  Can de-embedding methods be used to characterise the transmission properties

of a microwave transition circuit.

(i)  Which de-embedding method, or combination of de-embedding methods, is most

suited to develop a mechanism for analysis.

Department of Electrical, Electronic and Computer Engineering 3
University of Pretoria
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Chapter 1 Introduction

(iii)  Can this tool be applied to characterising the transmission properties of a coaxial

to double ridged waveguide mode transformer.

1.3 HYPOTHESIS AND APPROACH

1.3.1 Hypothesis

It is hypothesised that an analysis mechanism can be developed by implementing de-
embedding methods. This can be done by using a combination of a numerical
computational software package and a full-wave electromagnetic (EM) modelling and
simulation software package. This tool can then be used to characterise the transmission
properties of a chosen section of microwave circuit in isolation from the rest of the

network.

1.3.2 Approach

The first step is to identify and verify the de-embedding method, or methods, that are most
suited to the development of the desired analysis mechanism. The necessary mathematical
manipulation software, required to extract the transmission properties of the desired section
from the transmission properties of the system, would be developed in a numerical
computational software package. Once this is found to perform satisfactorily, a model of
the structure will be created in EM modelling and simulation software. The calculated
simulation results would then be imported into the developed mathematical manipulation
software to perform the de-embedding process and the final results will be compared to the
a priori knowledge of the modelled network. The final step will be the application of the
developed analysis mechanism to characterise the transmission properties of a given
physical structure. Once it is shown that the analysis mechanism can be used to
characterise the desired section of a microwave circuit it will be applied to the

characterisation of a double ridged waveguide structure.

Department of Electrical, Electronic and Computer Engineering 4
University of Pretoria
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1.4 RESEARCH CONTRIBUTION

The evaluation and identification of de-embedding methods, which can be implemented in
an analysis mechanism, and be applied to characterising the transmission properties of a
given section of a network in isolation from the rest of the network. Currently no such

platform independent analysis mechanism is readily available.

1.5 OVERVIEW OF STUDY

Chapter 1 provides an introductory background, the motivation, the objective as well as the

contribution made by this work. The remainder of this dissertation is laid out below.

In Chapter 2 an introduction to de-embedding methods and methodology is presented and
the electrical standards used in de-embedding methods are tabulated. Thereafter a large
variety of de-embedding methods are examined and the de-embedding methods are

organised into two distinct classes.

In Chapter 3 the efficacy of the de-embedding methods for purposes of arbitrary network
characterisation is evaluated. The three offset short de-embedding method is identified as
the most robust de-embedding method for the purposes of network characterisation. The
method was implemented in MATLAB and was verified using a test network. Finally the

MATLAB algorithm was implemented in a C++ based application.

In Chapters 4, 5 and 6 the three offset short de-embedding method is applied to the
characterisation of three different networks. The three networks are a parallel line feed, a
coaxial to rectangular waveguide mode transformer and a coaxial to double ridged
waveguide mode transformer, respectively. The de-embedded results are compared to prior

performance knowledge of the respective networks.

Chapter 7 is the conclusion of the work comprising a short summary of the work done as

well as possible other applications of the work.

Department of Electrical, Electronic and Computer Engineering 5
University of Pretoria
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CHAPTER 2
DE-EMBEDDING METHODS

2.1 INTRODUCTION

De-embedding is the process of characterising the electrical properties of a device that is
obscured by the electrical properties of a different device, a mode transformer, and can
therefore not be characterised directly. Unterminating is the process of characterising the
electrical properties of the mode transformer that is responsible for the obscuration [1].
Another term that carries a similar meaning as unterminating is calibration. This is a
particular reference to the calibration of Automatic Network Analyser (ANA) connectors
by means of known electrical standards, in order to remove its effects on the measured
properties of a DUT. For the purpose of this work the three terms are treated as one and the

same and are referred to as de-embedding.

A number of de-embedding methods have been reported [1] - [40] and with the advances
in electronics producing smaller devices, many of the methods have been developed for,
and tested on, on-wafer devices [19] - [29]. While the medium in which they are
implemented is different, the methodology behind these de-embedding methods is generic

and can be applied to other structures as well.

The reported de-embedding methods can be categorised into two distinct classes. One is an
analytically based class where the networks are described by means of a cascade of
matrices, a closed loop signal flow diagram representation of the network or an equivalent
circuit model of the network [3] - [29]. The other class is a numerically based class where
the networks are calculated by means of numerical techniques such as Finite-Difference
Time-Domain (FDTD) [30], [31] or Method of Moments (MoM) [32] - [35]. In some
recent cases Genetic Algorithms (GA) were implemented to perform the de-embedding
[39], [40].

An aspect common to all the reported de-embedding methods is the definition of reference

plane locations along the network. These are necessary as they define which section of the

© University of Pretoria
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Chapter 2 De-embedding Methods

network is to be treated as the DUT and which is to be treated as the rest of the error
network in which the DUT is embedded. The location of the reference planes is in the
general sense not important as long as it remains constant for the duration of the de-
embedding process [3]. If the reference planes are defined so that it includes the ANA
connector lines then a one-tier de-embedding procedure can be performed to isolate the
DUT whereas if the reference plane is defined at the ends of the ANA connector lines then
a two-tier de-embedding procedure needs to be performed where first the ANA is
calibrated to remove the effects of the ANA and/or its connecting lines from the

measurements and only then can the DUT be de-embedded [16].

Also common to all the de-embedding methods is the use of either known electrical
standards to replace the DUT, or the use of equivalent circuit models used to describe the

error networks surrounding the DUT.

A summary of the electrical standards used in de-embedding methods, along with a brief

description of each, is given in table 2.1.

Table 2.1. Summary of electrical standards used for de-embedding.

Electrical Standard Description

Short A network termination with I', =-1

Open A network termination with I' | =+1

Reflect Either a Short or an Open network termination

“Delay” or “Length” or “Line” | A length of network imparting a phase shift

“Through” or “Thru” A network of zero length (direct connection)
Attenuator A length of network with a high «
Match A network termination with I', =0
Network A network termination with {I', e C||T" |<1}

A network where the forward and reverse transmission

Reciprocal .
P coefficients are equal

Department of Electrical, Electronic and Computer Engineering 7
University of Pretoria
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Chapter 2 De-embedding Methods

The “Through” or “Thru” electrical standard is created by directly cascading two sections
of a network, without the presence of an electrical standard section between them. This is
equivalent to using a Line standard of zero length. If the two sections are identical then any
phase shift measured for the network can be bisected thus characterising the phase shift
introduced by the individual sections.

2.2 ANALYTICALLY BASED DE-EMBEDDING METHODS

The analytical class of de-embedding methods can be further broken down into three sub-

groups which define how the network is represented.

2.2.1 Cascade Matrix Network Representation

The network is described as a cascade of matrices,

[TTotaI ] = [TError Network A ] [TDUT ] [TError Network B ] ' (2 1)

This is true if the network is a two- or multi-port network and the “error networks” are

terminated at the network terminals in matched loads.

Each matrix represents a section of the network as is defined by the choice of reference
plane location. The placement of the reference planes is arbitrary but in most cases the
reference planes are placed at the terminals of the respective section. This placement of the
reference plane in a network is represented graphically by figure 2.1, which also
corresponds to equation (2.1).

Department of Electrical, Electronic and Computer Engineering 8
University of Pretoria
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Reference planes

TNy

| & L 4T T LY

[TDUT] | | [TError Network B] :

I
as o i

[TError Network A]

T

Figure 2.1. A cascade of matrices representation of a three section network showing the reference

planes of the network.

For a two-port network each matrix would be of size 2x2 and each element of a matrix
would correspond to the coefficients of that section, which would dependent on the form
the matrix was in, for example the ABCD matrix form. The first step of the de-embedding
methods is to characterise the properties of the error networks encapsulating the DUT. This
is done by replacing the DUT with a variety of electrical standards and obtaining a
measurement for each configuration. The properties of the error networks are then
extracted from the measurements using closed form equations of the de-embedding
methods. Once the error networks are characterised the DUT is replaced back into the
network and a measurement of the network, which includes the DUT, is again performed.
This measurement characterises the “Total”” matrix of equation (2.1). The properties of the

DUT are then extracted by means of straight forward matrix manipulation as expressed by

[TDUT ] = [TError Network A ]71 [TTotaI ] [TError Network B ]71 ' (22)

One of the first reported de-embedding methods was a network calibration technique to
remove the errors from the scattering parameter (S-parameter) measurements introduced
by the connector lines of an ANA and it was performed using three unique electrical
standards [3], the Through, the Short and the Delay (TSD). The network was modelled as a
cascade of three 2x2 matrices where the outer matrices represent the “error networks” of
the network and the central matrix represents the DUT, as per (2.1). The error networks are

those sections of the network that obscure the properties of the DUT during measurements.

Department of Electrical, Electronic and Computer Engineering 9
University of Pretoria
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Chapter 2 De-embedding Methods

A non-iterative algorithm was developed to obtain the S-parameters of the two error
networks. The authors were able to show that despite some hardware stability issues that
contributed to measurement drift, the method showed great potential in a practical sense.
This method was expanded into a more general form where the Short electrical standard
was replaced by a Reflect electrical standard and this resulted in the formulation of the
Thru-Reflect-Line (TRL) method [4]. This method became the backbone calibration
method for ANA’s [41]. It is still in use today and is considered the most accurate

calibration method available in industry [42].

Even though the TRL method has been adopted by industry for the purposes of ANA
calibration it should be noted that it does exhibit certain limitations as were reported in [5]
and [6]. In [5] the TRL method exhibited frequency domain regions where it was
considered to be not valid. This occurs when the Through standard is used and the
measured phase shift of the network approaches half a wavelength in those frequency
regions. In [6] the authors reported that using an arbitrary Reflection standard caused a
phase uncertainty in the de-embedded results. This was due to the properties of the
Reflection standard used being unknown. It was thus suggested that by using a Reflection
standard of which the properties are precisely known, the phase uncertainty could, to a
large extent, be removed. Alternatively, it was suggested that the Reflection standard be
removed altogether from the de-embedding procedure. The resulting TL method makes use
of only two electrical standards but thus requires that the network be assumed to be
perfectly symmetrical for the de-embedding procedure to yield a unique solution. Further
details about the number of electrical standards used for de-embedding and the respective

accompanying assumptions that need to be made are given in Chapter 3.

A de-embedding method which evaluated the network section coefficients by using linear
equations was reported in [7]. The de-embedding was then performed by simple matrix
manipulation. This presented a generic approach to perform de-embedding. The approach
was further expanded to describe special cases of the method where a variety of

combinations of electrical standards were used. It also showed that the TRL and TSD

Department of Electrical, Electronic and Computer Engineering 10
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Chapter 2 De-embedding Methods

combinations fall under these special cases. The other special cases that were reported on
are the Open-Short-Match (OSM), Through-Attenuator-Network (TAN), Through-
Attenuator-Reflect (TAR), Through-Attenuator-Short (TAS), Through-Attenuator (TA),
Through-Line (TL), Through-Match-Reflect (TMR), Through-Match-Short (TMS) and
Through-Short-Open (TSO). Of these combinations the ones not using the Line standard
avoided inherent bandwidth and low frequency limits that would present when the physical
length of the transmission line was too long for practical use [7]. An extended version of
the TMR method, the Line-Reflect-Match (LRM) method makes use of cascaded matrices
to de-embed the S-parameters of the DUT [8]. A comparison of the LRM and Line-
Reflect-Reflect-Match (LRRM) methods showed that the LRM method offers the same
degree of accuracy but because one less electrical standard is required the de-embedding is

performed faster.

Many of the de-embedding methods discussed to this point have made use of at least one
Reflect electrical standard in the procedure. There are however cases of de-embedding
methods where the Reflect standard is not needed [9] - [12]. In [9] and [10] the process
requires only the use of two Line standards of different known lengths. The DUT, which is
located in between the two error networks as per equation (2.1), is replaced by each of the
Line standards. The network terminals of the two error networks are then attached to the
connecting lines of an ANA, which have been pre-calibrated using a known calibration
technique to be matched to the network characteristic impedance [42]. Thereafter a two-
port measurement of the network is made for each Line standard. By assuming that the two
error networks are identical and symmetrical allows the reciprocity principle to be applied,
which reduces the number of coefficients that need to be characterised to two [43]. Once
the error networks are characterised, the DUT is replaced back into the network and
another two-port measurement is taken. Performing the de-embedding method yields a
unique solution for the coefficients that describe the DUT. In [11] a similar approach is
used as that in [9] and [10]. The difference in [11] is that only one Through standard is
used instead of the two Line standards. This means that the two error networks are

connected directly to each other in a back-to-back configuration. Here again it is assumed
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Chapter 2 De-embedding Methods

that the two error networks are identical and symmetrical. Thereafter only one two-port
measurement of the network is taken. The measured ABCD matrix, which describes that
network, is bisected, thus characterising the two error networks of the network. Once the
error networks have been characterised the de-embedding of the DUT is performed as

previously discussed.

A unique de-embedding method, called the Line-Network-Network (LNN) method, is
presented in [12]. In this de-embedding method the DUT is not replaced by electrical
standards, as was previously discussed, instead the error networks are defined by unique
electrical standards. “Error Network A” is defined as a reciprocal Network standard,
described as an “obstacle” and of which the precise properties are unknown, placed at three
different lengths along the transmission line between the defined network terminal and the
device terminal. This forms the three unique electrical standards of this de-embedding
method. “Error Network B” is defined as a Through and therefore does not impart anything
on the measurements of the network. Three unique measurements of the network are taken,
one for each of the three locations of the obstacle. A fourth measurement is also taken of
just the transmission line with no obstacle present. Finally a closed form analytical
algorithm is implemented to perform the de-embedding of the DUT. The method is
expanded to a Double-LNN where the LNN method is performed on both sides of the
DUT. This means that both error networks are replaced by the unique electrical standards
of this method and which results in a total of six measurements that need to be made. The
one advantage that this de-embedding method offers is as a result of the fixed positioning
of the DUT that is being characterised. By not removing it from its fixture the possibility

of measurement errors as a result of misalignments is greatly reduced.

2.2.2 Signal Flow Diagram Network Representation

The analytical class of de-embedding methods can be expressed as a closed loop signal
flow diagram (SFD). A three section network, described by its S-parameter signal flow

diagram, is shown in figure 2.2.
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Figure 2.2. Signal flow diagram of a three section network, including the generator and load paths.

This form of network representation is preferred when working with a network that is
described by its S-parameters.

In [13] a de-embedding method was described where a two-port error network is
characterised by terminating the error network in three offset short standards. The offsets
are themselves two-port networks and are attached between the error network terminal and
a terminating Short standard. With each offset being of a different length, three one-port
networks are subsequently created [13]. The reflection coefficient for each offset short
terminated network is measured and the length of the offset is noted. The analytical
equations for the de-embedding method are derived from the SFD of the network along
with the circuit theory described in [44] and [45]. This generates three unique equations for
the three error network unknowns that require characterising. The de-embedding method is
then implemented to investigate what effect the use of an incorrectly defined offset length

has on the performance of the de-embedding method.

The work done in [13] was then expanded and a full set of equations for this de-embedding
method are derived in [14]. A de-embedding method based on the one described in [14],
but where the Short standard is replaced by a Network standard of which the properties are
known, is reported in [15]. The fundamental approach of these two methods is identical but
the use of the Network standard makes it possible to make two-port measurements of the
network. Doing this removes the need to assume that the network is reciprocal but rather
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the forward and reverse transmission coefficients can be compared and reciprocity can be

verified.

The method described in [16] makes use of three electrical standards, the Short, the Open
and the Through. It then describes the network using the matrix description approach to
generate a 4x4 error matrix. The error parameters described by this matrix are the two
connecting lines between the ANA connectors and the DUT mounting fixture as well as
the input and output error parameters of the DUT mounting fixture itself. The analytical
equations were then derived using Mason’s rule [44], [45]. No results were presented for
this method but the method is inherently wide-band because the three standards used for

the de-embedding procedure are fundamentally different at all frequencies.

The de-embedding method described in [17] applies a combination of the matrix
manipulation technique and the Mason’s rule derived equation in [14]. What is unique to
this method is the requirement placed on the Reciprocal standard used. A full knowledge
of the Reciprocal standard is not necessary; only its forward transmission coefficient phase
shift need to be known. If the DUT is known to be reciprocal it can be used as a standard in
its own network de-embedding procedure. The other standards used are the Open, Short
and Load (which has been defined as a Network in this text) thus creating the Reciprocal-
Open-Short-Load (ROSL) method. Its performance, for a Coplanar Waveguide (CPW),
was compared to that of the LRM de-embedding method and the behaviour showed very

good agreement.

A de-embedding method that also uses a combination of the matrix manipulation and the
SFD representation is described [18]. The method makes use of only two Line standards of
different length, that are placed between the two error networks in a back-to-back two-port
configuration. The circuit is analysed using Mason’s rule and the S-parameters of the
network sections are calculated. Limitations are noted at a frequency of approximately 15
GHz which corresponds to the physical separation of the Line standard approaching half a

wavelength. These limitations are similar to the observations reported in [5].
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The use of the SFD de-embedding approach has also been applied to characterising
sections of on-wafer devices [19], [20]. Despite the change in physical structure the de-
embedding approach is precisely the same as previously described. In [19] a very similar
approach is used to that reported in [18], with the exception that a third electrical standard,
the Through, was introduced into the de-embedding method. The network was again
placed in a back-to-back configuration and Mason’s rule was applied to derive the
analytical equations of the network. The equations were then solved and the forward and
reverse transmission coefficients of the error networks were thus obtained. The calculated

and measured results were given and a good agreement was observed between them.

Presented in [20] is a method based on Mason’s rule to perform a one-port de-embedding.
The method was proposed as an alternative to the lumped element method (described in
more detail later in this chapter), which experiences an inherent degradation in the
capacitance value as the frequency increases beyond 30 GHz. This runaway capacitance
may cause inaccurate network characterisation. By describing the network in terms of the
S-parameters the inherent limitations of lumped elements are removed, allowing more
reliable de-embedding results to be obtained at high frequencies. The proposed method
uses only two electrical standards, the Short and the Open, but with that also enforces two
conditions, the first being reciprocity and the second being symmetry of the network thus
requiring only two S-parameters to be characterised. The DUT was a reverse biased
Schottky diode and its de-embedded capacitance performance, for the new method, was
shown to be constant up to 110 GHz as compared to the de-embedded capacitance
performance of the lumped element method which diverged from the constant for

frequencies greater than 30 GHz.

2.2.3 Lumped Element Equivalent Circuit Network Representation

A third form of representation of the analytical method based de-embedding methods is to
model some of the sections of the network as a lumped element equivalent circuit
described by its series and shunt impedances. This method is preferred for simple

structures, such as a connector probe pad of an on-wafer device as the circuit complexity
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for such a section is relatively low. An example of a connector probe pad lumped element
equivalent circuit model, showing both a series and shunt impedance, is shown in figure
2.3.

ZSeries

ZShunt

Figure 2.3. Equivalent circuit model of a connector probe pad or length of transmission line.

The various sections of the network are described by either their respective impedance or
admittance matrix which can then easily be transformed to the corresponding S-parameter

form.

De-embedding methods using the lumped element equivalent circuit have been reported
several times in the past decade [21] - [29]. One of the earlier reports was [21] where the
Open-Short (OS) de-embedding method is performed using an equivalent circuit model.
Analytical equations are formulated from circuit theory and the unknown parameters can
be calculated. Despite using a simple circuit model the performance of this method was in
good agreement with a method that uses a comparatively more complex circuit model.

A de-embedding method using only two electrical standards was reported in [22]. The
connecting lines were modelled as equivalent circuits and because the two electrical
standards used for the method were the Open and the Through, a two-port de-embedding
procedure could be performed. Once the transmission properties of the connecting lines
were characterised, three different MOSFET’s were substituted into the system as the
DUT’s. The results showed that the intrinsic noise parameters obtained from this de-
embedding method were near identical to those calculated using the cascade matrix

approach. The reported benefit of this method is the interconnect scalability that allows it
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to be applied to DUT’s of various physical sizes without having to re-evaluate the parasitic

parameters of the interconnects each time.

As observed previously, not all the electrical standards are used in all the de-embedding
methods. The use of only transmission electrical standards in on-wafer devices is
commonly reported [23] - [29]. Often, only two Line standards, of different length, are
used but in some cases a third Line standard is introduced of either no length, a Through,
or of a third different length. From this point onwards the de-embedding procedure is the
same as for the other equivalent circuit methods and the performance of the reported
methods was found to be satisfactory in all the cases.

A limitation that has been observed with this approach to de-embedding is the simplicity of
the circuit models used. This is acceptable when working with simple sections of networks,
such as a transmission line, but becomes considerably more complex to work with as the
network complexity increases. Also observed was a difference in results between using a
T-network or a m-network equivalent circuit model. In [29] both equivalent circuit models
were evaluated and the results compared to those obtained from a Through-Line (TL) de-
embedding method. It was found that de-embedding using the T-network model yields
results that are similar to those obtained for the TL de-embedding method, whereas the z-

network model results compared less favourably.

2.3 NUMERICALLY BASED DE-EMBEDDING METHODS

The distinction between the numerically based de-embedding methods, as compared to the
analytically based de-embedding methods from the previous section, is that the latter can
be used to derive closed form equations which describe the network, whereas the former
have the network described by integro-differential equations. Solution of these integro-
differential equations necessitates that the network geometry be meshed over which the
current or voltage distributions are calculated. This requires the definition of suitable

current or voltage excitation as the source.
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2.3.1 Finite-Difference Time-Domain De-embedding

In an FDTD analysis technique, for a two-dimensional microwave network, the network is
segmented into equally sized blocks and the two-dimensional wave equation is solved for
each segment [30]. The calculated voltages and currents are then transformed into S-
parameters. The described method is applied to characterising a ring circuit, which had
been previously characterised in a different publication, and the results presented very
good agreement between the two methods. Also investigated were the effects the excitation
pulses had on the calculations and it was found that the delta-type pulse was the most

practical.

The circuit modelling technique using FDTD was extended to three-dimensional circuit
analysis in [31]. This was developed to more accurately take into account the fringing,
coupling and radiation effects of planar structures. The method was developed to calculate
the S-parameters of the network being analysed by applying Fourier transforms. It is then
applied to characterising a rectangular patch antenna, a microstrip lowpass filter, as well as
a four-port branch line coupler. In all three cases the calculated and measured results

showed very good agreement.

2.3.2 Method of Moment De-embedding

In [32] two different excitation models are investigated and compared against each other.
The two excitation models are the delta-gap voltage and the induced-currents model. In
order to compare these two models against each other their equivalence is first determined.
The integral equations are then derived and an impedance matrix for a M-port network is

developed. The excitation model relates to the impedance matrix through

[Z'10'1=V']. (2.3)

Irrespective of which excitation model is used this method requires only one unknown

parameter matrix to be determined. The network was then meshed and the impedance
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matrix was determined. Once the impedance matrix was known it was transformed into the
equivalent S-parameter matrix thus describing the network in terms of its transmission and
reflection properties. The two methods were applied to characterising a single stub
microstrip filter. The two sets of calculated results were in very good agreement when
compared to the measured results for the single stub microstrip filter.

The de-embedding circuit characterisation method described in [33] uses a very similar
approach to that described in [32], also using a delta-gap excitation model. The method is
developed with the use of an arbitrary four-port network and then tested using a coupled-
line bandpass filter which showed good agreement to measured results. The developed
MoM de-embedding method is then applied to characterise a four-port branch line coupler,
similar to the one described in [31], which was performed using the FDTD method. The

results of the two methods showed good agreement.

De-embedding by means of MoM is applied in conjunction with the Short-Open
Calibration (SOC) de-embedding method in [34]. The two electrical standards used, the
Short and the Open, are modelled by use of an Electric wall and a Magnetic wall,
respectively. The MoM based SOC method is used to characterise the connecting lines
between the excitation port and the DUT, in terms of their voltages and currents, which are
then explicitly described by their network matrices. The effects of microstrip end-to-end
coupling are investigated using the developed MoM based SOC de-embedding method.
The work on the MoM based SOC de-embedding method is then further developed to
characterise the properties of nonuniform connecting lines [35].

2.3.3 Finite Element Method De-embedding

The FEM contains certain attributes that make it desirable for the purposes of de-
embedding. The FEM is based on the boundary value problem, which is limited by
boundary conditions, and is applied as an integral formulation which can be approximated
by a polynomial. This is achieved by breaking the structure down into either surface or

volume elements and solving the polynomial approximation for each element. The
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advantage this offers is the ability to be applied to structures with irregular shapes as the
elements can be made to fit the contours of the structure more precisely [36]. The
versatility of the FEM based network characterisation technique has seen it being
implemented in full-wave electromagnetic simulation packages such as CST Studio Suite
[37].

The FEM can be used for the purposes of two-port network characterisation but
implementing it as a SOC de-embedding method. The definition of the Short and Open
electrical standards is similar to that found in [35], with the Short electrical standard being
modelled as an Electric wall and the Open electrical standard being modelled as a
Magnetic wall. The de-embedding method is applied to characterising several structures
namely a coplanar waveguide to microstrip transition, an open ended microstrip structure,
a microstrip coupling structure and a symmetric microstrip resonator structure. In all four
cases the results were compared to respective published results and showed very good

agreement [38].

Despite the robust nature of the FEM based de-embedding method for the purpose of
network characterisation care needs to be taken when using it. The polynomial
approximations of the integral functions may result in non-real solutions [36]. Also the

FEM cannot be directly applied to characterising unbounded or infinite structures [38].

2.3.4 Genetic Algorithm De-embedding

De-embedding can also be performed by viewing the network characterisation as an
optimisation problem and thus making use of a GA to determine the unknown parameters.
In [39] de-embedding is performed by implementing a GA to obtain the transmission
properties of a Through network. The method requires that both the upper and the lower
limits of the unknown parameters be defined by the user as constraints for the GA. The
method was verified by a comparison of measured and experimental results and it showed

very good performance.
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A de-embedding method which applies the GA to determine the unknown parameter at the
first frequency, and thereafter a gradient fitting technique to determine the parameter value
at the next frequency, based on the value of the previous point, was used in [40]. This
method was applied to characterising a coaxial to waveguide transition using several one-
and two-port electrical standards. The results of the proposed method were compared to

measured results and showed very good agreement.
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CHAPTER 3
DE-EMBEDDING BY MEANS OF THREE
OFFSET SHORT ELECTRICAL STANDARDS

In this work the application of de-embedding methods to perform the error network
characterisation was investigated. This means the DUT of the network shown in figure 2.1
was replaced by electrical standards of known properties, while simultaneously the error

network became the focus of the network characterisation.

The de-embedding methods discussed in Chapter 2 have all been shown to perform
satisfactorily for the networks that they were applied to. However, certain methods possess
attributes that make them unattractive for de-embedding networks of a high structural
complexity. These methods predominantly fall under the numerical class of de-embedding
methods which in the case of FDTD, MoM and FEM require precise structural information
of the network to be known. Thereafter a meshing of the structure must be performed to
satisfy the integro-differential boundary conditions. In the publications reported thus far
these three methods were applied to microstrip structures which, in many cases, were
approximated as two-dimensional structures to simplify the mathematics. In some cases the
work was expanded to a three-dimensional structure but this requires a three-dimensional
meshing of the structure to be defined which will subsequently require a longer
computational time to solve the integro-differential equations. These methods are better
suited to network characterisation where the physical structure is defined in a computer-

aided design (CAD) environment.

In the case of GA based de-embedding methods a broad a-priori knowledge of the
transmission properties of the network are preferred to be used as GA constraints. This
may not always be possible for an arbitrary error network. Also desired, for accurate
network characterisation, is the definition of a very low error evaluation number to be used
in the evaluation function stage of the algorithm. However, the choice of a small error
evaluation number may cause the algorithm to perform a large number of iterations to meet

the defined error requirement. The definition of a wide constraints range together with a
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low error evaluation number may result in the de-embedding process to take a long time to
complete. The GA based de-embedding methods are thus better suited as optimisation

methods where the constraints range is relatively narrow.

Consequently, an analytically based approach to de-embedding was further investigated.
The analytically based de-embedding methods were further narrowed down to comprise
only the cascade matrix and signal flow diagram methods. This was due to the equivalent
circuit methods requiring a detailed circuit model of the error network to be defined in
order to avoid an over-simplification of the error network, which could lead to inaccuracies
in the calculated properties. The equivalent circuit de-embedding methods are better suited
to describing fairly simple networks such as the transmission line or connecting probe
networks of a microstrip or on wafer structure. Therefore both the cascade matrix method
and the signal flow diagram method were investigated for a suitable de-embedding
method.

3.1 CASCADE MATRIX CONFIGURATION

Cascade matrices present a very convenient way of describing a network. Each section of
the network can be represented by its own matrix; these matrices can be of the form
ABCD, T, S or Z. Each of these matrix forms possesses unique attributes that give them

preferred application.

The T-matrix is a transmission matrix form that can be cascaded and is thus ideally suited
to the cascade matrix approach. In the case of network with balanced ports, i.e. a network
that has the same number of input and output ports, a direct relationship exists between the
T-matrix and the S-matrix form [46]. The direct conversion between T-matrix and S-

matrix for a two-port network is given in table 3.1.
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Table 3.1. T-matrix and S-matrix conversion table for a two-port network.

S T
To ¢ _Tolu
11
S |: Sll SlZ :| T22 T22
S'21 Szz i _ h
T22 T22
% Sls1822 % T, T
T 21 21 11 12
_ ﬁ i {TZl Ty, }
S21 S21

The mathematical representation of a three sectioned network terminated at both network

terminals in a matched network is given by (2.1), repeated in (3.1) for convenience.

[TTotaI ] = [TError Network A ] [TDUT ] [TError Network B ] (3 . l)

In this form the DUT is located inside the embedding network, which, in this case, is made
up of the two error networks. These error networks can be as simple as a length of
transmission line or more complex comprising many components. The de-embedding
procedure, to characterise the DUT, requires that the Total matrix as well as the two error

network matrices be determined first.

The Total matrix is obtained by terminating the network at both network terminals in a
matched load and then by performing either a measurement on an ANA or by calculation

of a model of the network in a full-wave EM simulation package.

The properties of the error networks can be characterised by replacing the DUT with
electrical standards of which the properties are known. A measurement of the network
containing each of the electrical standards, required for the de-embedding method, is made.

Thereafter, the influence of the electrical standards are extracted by applying the cascade
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matrix de-embedding methods reported in [3] - [12]. By applying matrix manipulations,

such as those expressed in

[TDUT ] = [TError Network A ]71 [TTotaI ] [TError Network B ]71

-1
= [TError Network A ] [TError Network A ] [TDUT ] [TError Network B ] [TError Network B ]

B2

-1

the properties of the DUT can be then extracted.

The de-embedding method used to perform the error network characterisation is often
governed by the availability of electrical standards. The replacement of the DUT by a
known electrical standard is done because the performance of the electrical standard can be
predicted and thus its influence on the measurement can be removed, subsequently

extracting the network surrounding the electrical standard.

The choice of electrical standard dictates the configuration of the measurement that can be
made. The use of the Line, Through or Network standards allows for a two-port
measurement of the network to be taken. This is expressed by both the reflection and
transmission coefficients of the network. Making the assumption that the two error
networks are identical allows the network to be placed in a back-to-back configuration.

|

W_{—
N~

|
Plane of symmetry

Figure 3.1. Cross-sectional view of a two-port waveguide network in a back-to-back configuration.
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Figure 3.1 shows a cross-sectional back-to-back configuration of two coaxial to rectangular

waveguide mode transformers with an arbitrary length of waveguide between them.

There are eight error network unknowns that need to be characterised in a two-port back-
to-back network. Since the electrical standards used are passive devices, the principle of
reciprocity may be applied. This reduces the number of unknowns that need to be

determined to six as expressed by

{T“-Tolal TlZTolaI jl _ TllA TlZA TllLine TlZLine TZZB T21B

21ToIaI 22T0[a| L 21A TZZA | _TZlLine T22A AL

T11A T12A 0 leune TzzB leB

- . (33)

_T12A T22A__T12Lme 0 _leB TllB_

T12Line (leATzzB +T11AT123 ) leLine (leAleB +T11AT11B )
_leLinE (TZZATZZB +T12AT128 ) leLine (TzzAleB +T12AT118 )

This is done by making the forward and reverse transmission coefficients of each section

equal.

If the two error networks are assumed to be identical the number of error network

unknowns is reduced to three as is expressed by

{Tnmal TlZTotaI :l B T12T12Line (Tzz +T11) T12Line (le2 +T112) (3.4)

2ol 2274 leune (T222 +T122) TlZTlZLine (Tzz +T11)

Furthermore, if the two error networks are assumed to be identical then the network
becomes symmetrical around the plane symmetry shown in figure 3.1. This allows for the
forward reflection coefficient at the two ports of the ANA to be assumed equal thus further
reducing the number of unknowns that need to be determined to two as expressed by

Department of Electrical, Electronic and Computer Engineering 26
University of Pretoria

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

&
g

Chapter 3 De-embedding by Means of Three Offset Short Electrical Standards

|:T11Tmal T12Total :| . TlZTlZLine (2T11) T12Line (T122 +T112) (3 5)

T12Line (Tnz +T122 ) T12T12Une (2T11)

2 1T0ta| 22Total

Now only two unique two-port measurements need to be made, each with a different two-

port electrical standard.

In the case where the Through electrical standard is used the cascade matrices can be

expressed as

TllTotaI TlZTotaI _ _Tll T12 :| |:T22 T21 :|
T21Tota| T22Total _T21 T22 T12 Tll

— _Tll T12 :| |:Tll T12 :| (3 6)
_T12 Tll T12 Tll

2 (T11T12 ) T112 + T122

_ _T112 + T1z2 2 (T11T12 ) }

The use of Reflect standards allows for a one-port measurement of the network to be taken,
which would be expressed by only the reflection coefficient. This removes the need for a
back-to-back configuration allowing the error network to be directly terminated by the

Short or Open electrical standard as expressed by

TllTotaI T12T0tal _ _Tll le | _TllR T12R
TZlTotaI T22Tolal _T21 T22 i _T21R T22R

_ i 11 12 ] _T11R 0 (3.7)
_T21 2 || 0 0
. T11T11R 0
0 0
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Chapter 3 De-embedding by Means of Three Offset Short Electrical Standards

In all the cascade matrix de-embedding cases the use of more electrical standards than
there are unknowns adds redundancy which can be used to test the accuracy of the error

network characterisation.

Once the measurements of the network containing the electrical standards are made, the
error networks can be characterised by simultaneously solving the algebraic equations

derived from the cascaded matrices.

The cascade matrix de-embedding method presents a predictable and simple approach to
network characterisation. A limitation of this method is the need for two-port
measurements to be made. The reason for this is that the equations derived for the one-port
measurements can only contain one characterisation unknown, it being the reflection

coefficient, and thus cannot be used to perform a full error network characterisation.

For two-port measurements to be possible an ANA with two-port capabilities needs to be
available. Also required are two identical error networks to reduce the number of
unknowns that need to be characterised, which subsequently reduces the number of unique

electrical standards needed for the de-embedding method.

If the error network characterisation, of a back-to-back configured network, is to be
performed in an EM simulation package the two-port model would be very large as it
would have to comprise two error networks as well as the electrical standard. For complex
three-dimensional structures this results in simulation files that are considerably larger than
if only a single error network is characterised, which may cause the memory requirement

of the simulation package to be exceeded.

These limitations do not fully comply with the robustness requirement defined in section
1.1 (ii), thus making this de-embedding method not desirable for error network

characterisation.
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Chapter 3 De-embedding by Means of Three Offset Short Electrical Standards

3.2 SIGNAL FLOW DIAGRAM CONFIGURATION

The SFD representation is another convenient way of describing a network. As with the
cascade matrix method discussed previously, the network can be divided into adjacent
sections. Where the SFD method differs from the cascade matrix method is that each
section is described by a unique SFD. A SFD is a graphical representation of a set of linear
relations, comprising nodes, directional branches and loops [47]. The sections can be in the
S-parameter form which relates the output and input voltages of each branch. The S-
parameter form is desirable as most ANA’s and EM simulation packages can output data in
this form. An S-parameter SFD of a single section two-port network, including a source

and load path, is shown in figure 3.2.

Error
Network A

Figure 3.2. Signal flow diagram of a single section two-port network including source and load

paths.

The transfer function of a network is derived by examining the forward and loop paths that
are formed by the nodes and branches, paying attention to the combinations of non-
touching loops. Non-touching loops are loop paths in a network that do not share a node.
The algebraic transfer function to compliment the SFD can be derived from Mason’s rule
[44], which is expressed by

M :kT y (38)

where
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Chapter 3 De-embedding by Means of Three Offset Short Electrical Standards

My = path gain of the K™ forward path

4 = 1 — X (all individual loop gains)
+ X (loop gain products of all combinations of two non-touching loops)
— X (loop gain products of all combinations of three non-touching loops)
+ ...

A¢ = the value of A not touching the k™ forward path.

A network comprising more sections can be described by cascading two or more of the
single section SFDs. The ends of each section are defined by the reference planes, which
are represented by a node at the source and load of the network. The reference planes are
often chosen at the physical terminations of the structure the SFD is representing. A three

section SFD is shown in figure 2.2 in Chapter 2.

In [45] equation (3.8) was applied to an S-parameter network, such as that shown in figure
3.2, to derive a closed form equation for a single sectioned two-port SFD network. The

resulting S-parameter closed form equation for the network is given by

+ SleIZFL

. 3.9
1-S,I', (3.9

pP=3Sy,

This is a simplified equation where the source is assumed to be matched. Because the

network only comprises one loop the resulting closed form equation is fairly simple.

Terminating the network in a Short or Open electrical standard the load reflection

coefficient is replaced by F1, respectively, simplifying the equation to

(3.10)

A network represented by an SFD can also be terminated in an arbitrary Network electrical

standard as long as the input reflection coefficient of the terminating network is known.
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Chapter 3 De-embedding by Means of Three Offset Short Electrical Standards

However, terminating a single section SFD network in a matched load simplifies equation
(3.9) to only vyield the input reflection coefficient of the network. This does not carry

enough information to be of any use for the purposes of network characterisation.

For a two sectioned SFD network, such as the one shown in figure 3.3, the network now
presents more possible loop combinations making the resulting closed form equation,

expressed by equation (3.11), considerably more complex.

Error Error
Network A Network B
r——— - = — — —
S;l | S281 _!
¢ - | - T
| A A B |
s | SIA A S22 | SiTR 4 A S» Mo
- | -
| y | g |
| Siz S
_____ S

Figure 3.3. Signal flow diagram of a two sectioned two-port network.

S (1_ [(Sﬁszz ) + (FLszAz ) + (SzAlrlezszz )] + [81182282AZF|_ ])
_ +82181q812 (1_ I:SZA?_FL ]) + SleZAlrLSlgslz
1- [(Sﬁszz ) + (FLSZAZ ) + (SzAlrlezszz )] + [SllsZZSZAZFL :I

(3.11)

As with the single sectioned SFD network the source in figure 3.3 was assumed to be

matched allowing equation (3.11) to be in a simplified form.

If the individual sections of figure 3.3 are representative of a pair of identical sections in a

back-to-back configuration the following changes need be applied to equation (3.11),

(1)  The input and output reflection coefficients of the second section are first
exchanged, (S} « SJ), to ensure the network is in a back-to-back

configuration. Since the two error networks are identical the respective input and
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output reflection coefficients of the error networks can be made equal, (S, =

S,)and (S;, = S,,).

(i)  The forward and reverse transmission coefficients of the second section are first
exchanged, (S5 « SJ), to ensure the network is in a back-to-back

configuration. Since the two error networks are identical the respective forward
and reverse transmission coefficients of the error networks can be made equal,

(S5 = S,)and (S} = S,,).
(ilf)  The load is assumed to be matched, (I", = 0).

The equation can be further simplified if reciprocity is applied. The resulting closed form
equation, expressed by equation (3.12), is what is required to express a two-port Through

measurement using an SFD model.

S.(1-5..2)+S,.%S
o= 11( 22 )2 12 Y22 (3.12)
1-S,,

Similar to the two sectioned SFD, a three sectioned SFD, such as the one shown in figure
2.2, presents many possible loop combinations. This again results in a complex general

equation. Equation (3.13) is further simplified by assuming the source is matched.

By setting “error network A” identical to “error network B” the three sectioned SFD
equation can be simplified. Furthermore, by placing the network in a back-to-back
configuration similar changes, as those applied to the two sectioned SFD, can be applied to
error networks of the three sectioned SFD. The second, or central section, is left unchanged
and can be represent by either a Delay or Network electrical standard. The general SFD
closed form equation describing a three sectioned network is given by
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S, (1—[(53322)+(sfls;;)+(s;'2rL)+(sz’§sflslgszz)
+(SEr, 5585 )+(SASET SASES,, )]
+[(s;;522rLssz)+(sf;szzsgsg)+(sﬁsgnsg)
+(8015,S5T S5 4 )+ (T SESASESAS )]
-[(shsS28aT.85) )
+8,,845,, (1— (585 )+(S5T, )] +[(SisAr.s5, )])
+S,,SASBSAS, (1— [(s5r. )})
_ +5,SASST, SESAS,,
1—[(53522)+(sfls;\2)+(s;'2rL)+(s§sfls;;szz)
+(sflrLsfzs;;)+(s§s;'1rle’;sfzszz)}

(3.13)

+| (84,0, S5 ) +(8118,,8555 ) + (SESAT. S5
+(8,,S5T 8585 )+ (I S5SA8E85S,, ) |

[(shsasishr.ss)]

The closed form equation of a three sectioned network in a back-to-back configuration,

where the two error networks are identical is expressed by

Sy, (1 - [(Sﬁszz ) + (ngszé ) + (SzAlsfzslgszz )} + [(81?5228282522 )})
+82181/1812 (1_ [(szszg )])

— +82182A1818181/; S

(3.14)
1-[ (8152 ) + (8584 )+ (54858552 ) | +] (80188584 ) |

It is evident from the simplified equations formulated for the one, two and three sectioned
SFD configurations that any of the three can be used to determine the network unknowns.
The only condition that needs to be satisfied for de-embedding to be performed, discussed

in Chapter 2, is that the three different reflection coefficient measurements need to be
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performed using three unique electrical standards. In a back-to-back configuration the two
sectioned SFD network can only represent a Through and therefore can only be used to
obtain one of the three needed measurements. The other two measurements need be made
using either of the remaining SFD configurations. The one and three sectioned SFD
configurations can be used exclusively as long as the above electrical standard condition is

satisfied.

A limitation of using a two and three sectioned SFD configuration is that in a back-to-back
configuration a two-port measurement of the network needs to be performed. This is
similar to the limitation observed for the cascade matrix method. However, unlike with the
cascade matrix method, by terminating a single sectioned SFD in a Reflect electrical
standard a one-port network is created which can be used exclusively to perform the
network characterisation, as long as three unique measurements with three different Reflect
terminations are performed. This is possible because the closed form equation derived for
the single section SFD network contains all of the variables needed to describe a passive

network.

The SFD method can also be used to characterise the reflection coefficient of an arbitrary
load connected to a network. Once the properties of an error network have been
characterised the reflection coefficient of an arbitrary load can be characterised by
attaching it to the load terminal of the error network and performing a one-port
measurement or calculations of the network. Thereafter, by applying equation (3.9) the
reflection coefficient of the load can be isolated.

3.2.1 Three Offset Short De-embedding Method

The de-embedding method described in [13] makes use of a single section SFD network
representation to describe the error network, which is then terminated in three offset short
electrical standards. Each offset short is located at a different distance away from the error
network load reference plane. The three resulting network configurations are shown in

figure 3.4.
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| Error Network : | Offset Short :
al Sx la |
Calbrated [~~~ T — [ ~» ~ T~ '1'—1" Texp(iBt)
Automatic o | S v S | r
Network " 1 * 22 | tn M=
Analyser -———L—J-—< 1 _&____‘__eip(_lﬁf_n)_

|
b) Sz | |
| | | |

Figure 3.4. Error network terminated in three offset short electrical standards, with n =1, 2 and 3.

The closed form equations corresponding to figure 3.4 are defined in [14] and the generic

equation is given by

S,,S,, I’
=S, + 22 3.15
Pn T ST ( )
and
r, =T, exp|-2(a+jp)l, | (3.16)
withn =1, 2, 3 and where
pn = reflection coefficient at the network terminal
I, = reflection coefficient of the error network termination
I'y = reflection coefficient of the Short termination (7'y = -1)
I, = distance between the network load reference plane and the termination
a = attenuation constant of the network

= single mode propagation constant of the network.

The network was assumed to be lossless, thus allowing the attenuation constant to be set

equal to zero.
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From equation (3.16) it is evident that the three offset short de-embedding method allows
for only one propagating mode to be treated at a time as only a solitary propagation
constant can be defined. This allows the de-embedding method to be applied to
characterising both TEM networks as well as a singular propagating mode of multi-modal
networks. For this reason all further experiments using this de-embedding method were

performed for the fundamental mode only.

The three equations, for the three different offset short terminations, were then
simultaneously reworked in terms of the three unknown S-parameters of the error network
and are given in equation (3.17) - (3.19).

_ PPL [rz - Fl] + P01 [rs - rz] + o0, [rl - F3]

S, = (3.17)
" plrl[FZ_rl]+p2r2 [rs_r2]+psrs [rl_r3]
_ Siy [rz _rl]+p2rl —pd,
” I, [pz _101]
(3.18)
_ Su[l, —Ts]+ ol — ol
LIPS I [pz _/73]
o, —S,)(1-S,T
5,5, = 11)F( 22 1)
1
_ (pz - S11)(1_ Szzrz) (3.19)

Equation (3.19) returns the product of the forward and reverse transmission coefficients.
The two transmission terms can be separated by taking the square-root of the product term.
This is possible because the reciprocity principle was applied to the network making the

two transmission terms equal.
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Chapter 3 De-embedding by Means of Three Offset Short Electrical Standards

3.2.2 Evaluation

To verify the efficacy of the three offset short de-embedding method for the purposes of
network characterisation an experiment was devised. The first step is the implementation
of equations (3.17) - (3.19) in a MATLAB algorithm. Secondly a test network is needed to
serve as the error network with a known transfer function. This can then be evaluated by
means of the software and compared to the known value. The input port of the test network

is then designated the network terminal and the output port the device terminal.

For this purpose a lumped element third order Chebyshev lowpass filter was chosen. The
lowpass filter was designed to have a cutoff frequency of 2.4 GHz and a passband ripple of
0.1 dB. The response of the designed filter is given in figure 3.5, obtained by simple ladder
analysis into the matched ports.

S-Parameters - Lowpass Filter

0 ——

/><\

N/ 7
l

-40

s,, [dB]

s,, [dB]

50 H

Ladder Analysis Sl1 [dB]

Ladder Analysis Sy [dB]

-60 T T I
0 0.5 1 15 2 2.5 3 3.5 4
Frequency [GHz]

Figure 3.5. S-parameters of a 0.1 dB third order Chebyshev lowpass filter.

The device terminal of the lowpass filter was then terminated in three offset short electrical
standards. The three offset lengths chosen for the de-embedding were OXy, 0.25% and
0.5, where o is the wavelength at the cutoff frequency. The phase responses of each of

the three offset short measurements are shown in figure 3.6.

Department of Electrical, Electronic and Computer Engineering 37
University of Pretoria

© University of Pretoria



4+

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
W YUNIBESITHI YA PRETOR

Chapter 3 De-embedding by Means of Three Offset Short Electrical Standards
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(a) Phase of 0A, offset short.
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(b) Phase of 0.25), offset short.
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(c) Phase of 0.5, offset short.

Figure 3.6. Phase responses of the three offset short terminations calculated for a lowpass filter test

network.
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Chapter 3 De-embedding by Means of Three Offset Short Electrical Standards

The three offset short de-embedding method is principally hinged on the phase data of the
individual measurements. The difference in phase together with the knowledge of the
physical length of the offset and the propagation constant of the network are the
fundamental parameters needed for this method to be usable for the purpose of network
characterisation. The difference in phase between the three phase measurements in figure
3.6 are as a result of the offset of each measurement, which introduces an additional phase

delay to the measurement.

The three offset short measurements were processed with the MATLAB algorithm and the
characterised S-parameters of the error network, from 0 GHz — 4 GHz, are shown in figure

3.7.

S-Parameters - De-embedded Lowpass Filter
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Figure 3.7. S-parameters of the third order lowpass filter error network calculated using the three
offset short de-embedding method.

The de-embedded lowpass filter reflection and forward transmission response in figure 3.7
are for all intents and purposes identical to the lowpass filter reflection and forward

transmission response in figure 3.5, which was obtained by means of a simple ladder

analysis.
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The singularity that occurs at 2.4 GHz in figure 3.7 is as a result of the offset lengths
chosen for the characterisation process. At 2.4 GHz the 0.25), offset short behaves like a
quarter wavelength transformer, effectively presenting as an Open termination at the load
reference plane of the error network. This is a limitation of this de-embedding method, as
was pointed out in [48].

This limitation can be addressed in two different ways. The first is to replace the 0.25
offset with a fourth offset short measurement made using a fourth different offset length.
Thereafter proceed with the de-embedding method as previously described. This would
result in the singularity occurring at a different frequency, related to the new offset length.
By super-imposing the two calculated de-embedding results the occurrence of both
singularities is removed. The second way is by careful choice of the initial three offset
lengths. By choosing the offset lengths so that the quarter wavelength transformer occurs
outside of the desired frequency range the occurrence of the singularities can be effectively

removed.

3.2.3 De-embedding Application

Based on the performance of the MATLAB implemented three-Short de-embedding
method on a lumped element lowpass filter the equations were implemented in a C++

based application. A screenshot of the application is shown in figure 3.8.

The application was written to have as user inputs the three measured reflection coefficient
files, the physical lengths of the offsets and the cutoff frequency of the fundamental mode,
which is dependent on the structure of the network. The output of the application is a text-
file containing the de-embedded S-parameters of the error network and the corresponding

frequency.
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Figure 3.8. Screenshot of the C++ based de-embedding application implementing the three offset
short de-embedding method.

The three offset short calculations were then processed in the C++ application. The
comparison of the FEKO, MATLAB and C++ responses is shown in figure 3.9.

Comparison - Reflection Coefficient

0 T T T
MATLAB S, [dB] ]
ol C++S,, [dB] /
------- Ladder Analysis Sy [dB] /
-10 / <
Y \
5 s /
%)
-20 / \ ’
-25 /
-30
0.5 1 1.5 2 2.5 3 3.5 4

Frequency [GHz]

Figure 3.9. A comparison of the reflection coefficient of the lowpass filter network obtained from
a ladder analysis, the MATLAB algorithm and the C++ application.
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The characterised reflection coefficients from both the MATLAB algorithm and the C++
application are effectively identical to the reflection coefficient calculated by means of the
ladder analysis. The difference between the error network characterisation and the ladder
analysis reflection coefficient is due to the quarter wavelength resonances cause by the
offset short terminations.

3.3 SUMMARY

Of the de-embedding methods discussed in Chapter 2 the analytically based class of de-
embedding methods contains the Occum’s Razor approach to de-embedding. Also, by not
requiring the structural dimensions of the error network to be known for the purpose of
characterisation, as is the case with the numerically based class of de-embedding methods,
the analytically based class of de-embedding methods can be applied to the

characterisation of any arbitrary network.

While the cascade matrix method and the SFD method are in many respects similar they do
possess their individual attributes. The cascade matrix method presents a very convenient
way of characterising the properties of a DUT which is embedded between two error
networks; this under the condition that the properties of the embedding error networks are
fully known. The SFD method presents both a convenient way of characterising a DUT
embedded between two error networks as well as a way of easily characterising the

properties of the error networks.

By making use of only the Delay and Short electrical standards the three offset short de-
embedding method presents a very robust approach to performing network
characterisation. This is partly due to the availability of the two electrical standards for a
large number of microwave circuits and partly due to the ease with which the

characterisation equations can be obtained.

The performance of the three offset short de-embedding method was verified by applying

it to a test network, a lumped element lowpass filter. The reflection and transmission

Department of Electrical, Electronic and Computer Engineering 42
University of Pretoria

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

&
g

Chapter 3 De-embedding by Means of Three Offset Short Electrical Standards

properties of the test network, obtained by means of the three offset short de-embedding
method, compared favourably to those calculated for the test network using a simple ladder
analysis method. However, limitations of the three offset short characterisation method
were observed. These presented as a singularity in the calculated S-parameters and were
related to the choice of the offset lengths. By careful choice of these offsets the occurrence
of the singularities can be made to show at frequencies outside the desired frequency

range.

The robust nature of the SFD method, combined with the use of readily available electrical
standards allows this de-embedding method to be applied to a large variety of different
networks. In addition the error network characterisation equations were implemented in a

C++ based application to make this characterisation method cross-platform accessible.
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CHAPTER 4
CHARACTERISATION OF A PARALLEL LINE
FEED MODEL

4.1 INTRODUCTION

A characterisation of a parallel line feed using the three offset short de-embedding method
was performed. The implemented parallel line feed is similar to the one described in [49].
The structure was modelled in the full-wave EM simulation package FEKO. The MoM
was chosen as the analysis method used to perform the simulations of the structure. The
de-embedding was performed using the MATLAB algorithm as well as the C++ based

application and the two sets of results are compared.

42 CHARACTERISATION OF A MODELLED PARALLEL LINE FEED

4.2.1 Characterisation of a Modelled Parallel Line Feed Using Three Offset Shorts

The dimensions of the parallel line feed used in this experiment were obtained from [49].
The feed lines are separated by a free space gap of 1.0 mm and the feed line width is 5.9

mm, which is for a 50 Q characteristic impedance.

This was implemented in FEKO by making use of an infinitely large ground plane located
equidistantly between the two feed lines. Applying image theory to the structure allows for
one of the feed lines to be removed, effectively creating a microstrip line with a free space
dielectric of 0.5 mm height. To ensure that the characteristic impedance of the parallel line
feed structure remains 50 €, the effective microstrip characteristic impedance was defined
as 25 Q. A cross-sectional representation of the parallel line feed structure when using

image theory is shown in figure 4.1.
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5.9 mm
€< — —
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Figure 4.1. Cross-sectional view of a parallel line feed modelled using image theory.

The FEKO model of the microstrip line feed of length 66.7 mm which is located 0.5 mm

above an infinitely large ground plane is shown in figure 4.2.

(@) (b)

Figure 4.2. Parallel line feed modelled as a microstrip line in FEKO showing an edge port (a) and a
short termination (b).

As in [49] an edge port is placed at one end of the microstrip line, designated the network
terminal. The other end of the microstrip line is terminated in three offset short
terminations. The three offset lengths chosen for the experiment are 0 mm, 1.0 mm and 2.0
mm, respectively. The short terminations are modelled as a rectangular section of perfect
electric conductor which connects the microstrip line to the ground plane. Three reflection
coefficient measurements are performed at the edge port, one for each of the offset short
terminations. The measurements are performed for 0 GHz — 42 GHz. The phase graphs of

the three short termination measurements obtained from FEKO are shown in figure 4.3.
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Figure 4.3. Phase responses of the three offset short termination measurements of a parallel line

feed.
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Chapter 4 Characterisation of a Parallel Line Feed Model

A phase shift is observed between the three phase measurements in figure 4.3. This is
caused by the offset lengths used in each measurement, which introduce an additional

phase delay to the measurement.

The three offset short measurements were then imported into the MATLAB algorithm to
perform the characterisation of the parallel line feed. The S-parameters of the characterised

parallel line feed are shown in figure 4.4.

S-Parameters - De-embedded Parallel Feed Line
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Figure 4.4. S-parameters of the parallel line feed error network characterised using the three offset

short de-embedding method.

4.2.2 Two-port Reference Calculation

A fourth calculation of the microstrip line feed was needed to serve as a reference for the

de-embedding procedure.

A second edge port was placed at the end of the line that was previously terminated in the
Short electrical standards. A two-port characterisation of the microstrip line feed was
performed in FEKO. The S-parameters of the de-embedded parallel line feed were then
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Chapter 4 Characterisation of a Parallel Line Feed Model

compared to the S-parameters obtained for the two-port calculation. This comparison is

shown in figure 4.5.

Comparison - Two-port and De-embedded S-parameters
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Figure 4.5. Comparison of the de-embedded and the two-port calculation S-parameters of the

parallel line feed.

The singularities observed in the reflection coefficient of the lumped element test network
in Chapter 3 are again observed in the parallel line feed network. The quarter wavelength
transformer frequencies up to the 13™ quarter wavelength were calculated for the error
network and offset lengths and are given in table 4.1. A correlation was observed between
the calculated quarter wavelength transformer frequencies and the occurrence of the
singularities in the S-parameters of the error network characterisation. This correlation is

indicated with green arrows in figure 4.5.

An observation made in figure 4.5 is that the effect of the quarter wavelength transformer

decreases for each quarter wavelength harmonic.
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Table 4.1. Quarter wavelength transformer frequencies of the error network terminated in offset

shorts.

Wavelength [Aoffset 1] 1/4 3/4 5/4 714 9/4 11/4 13/4

Frequency [GHz] 112 | 337 | 562 | 7.87 | 1011 | 12.37 | 14.62

Wavelength [Aofset 2] 1/4 3/4 5/4 714 9/4 11/4 13/4

Frequency [GHz] 1.11 3.32 5.54 7.75 9.97 1219 | 14.40

Wavelength [Aoffset 3] 1/4 3/4 5/4 714 9/4 11/4 13/4

Frequency [GHz] 1.09 3.28 5.45 7.64 9.83 12.01 | 14.19

The three offset short calculations were then processed in the C++ application. The

comparison of the two-port FEKO, MATLAB and C++ responses is shown in figure 4.6.

Comparison - Reflection Coefficient
0 ;
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————— C++ S, [dB]
Two-Port S, [dB]
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Figure 4.6. A comparison of the reflection coefficient of the parallel line feed obtained from
FEKO, the MATLAB algorithm and the C++ application.

The characterised reflection coefficients from both the MATLAB algorithm and the C++

application are effectively identical. The difference between the error network
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Chapter 4 Characterisation of a Parallel Line Feed Model

characterisation and the two-port FEKO reflection coefficient is due to the quarter

wavelength resonances cause by the offset short terminations.

The VSWR of both the error network characterisation methods, when terminated in a
matched load and that was calculated using the three offset short de-embedding method,
are compared to the VSWR of the parallel line feed obtained from [49]. The comparison is

shown in figure 4.7.

Comparison - Voltage Standing Wave Ratio
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Figure 4.7. Comparison of the two-port FEKO VSWR, error network characterisation VSWR and
the VSWR obtained from [49].

The VSWR calculated from the three offset short characterisation is in very good
agreement with the two-port FEKO VSWR for the frequency range 10 GHz — 42 GHz. The
difference between the two sets of VSWR that is observed between 0 GHz and 10 GHz
occurs as a result of the effects of the quarter wavelength transformers. However, by
careful choice of the offset lengths used the occurrence of the singularities can be made
predictable. Thereafter by superimposing two sets of data the occurrence of the

singularities can be eliminated.
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Chapter 4 Characterisation of a Parallel Line Feed Model

To remove the effects of the singularities between 0 GHz and 10 GHz two additional sets
of offset shorts were chosen. The first was chosen with a quarter wavelength at 4 GHz and
the second with a quarter wavelength at 6 GHz. The three sets of data, from 0 GHz — 10
GHz and then from 10 GHz — 42 GHz, were superimposed and compared to the VSWR

reported in [49]. This comparison is shown in figure 4.8.

Comparison - Voltage Standing Wave Ratio
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Figure 4.8. Comparison of the superimposed two-port FEKO VSWR, error network
characterisation VSWR and the VSWR obtained from [49].

43 SUMMARY

A parallel line feed was modelled in FEKO and characterisation of the network was

performed using the three offset short de-embedding method.

The parallel line feed was similar to the one used in [49]. The parallel line feed was
modelled in FEKO as a microstrip line feed and by making use of an infinite ground plane

image theory.
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Chapter 4 Characterisation of a Parallel Line Feed Model

A two-port evaluation of the parallel line feed network was performed in FEKO to serve as
a reference for the three offset short characterisation. The two sets of S-parameters
compared favourably across the frequency range. However, the occurrence of singularities
caused by quarter wavelength transformers was observed in the three offset short

characterisation S-parameters.

Also calculated was the VSWR of the parallel line feed network. In the frequency range 10
GHz — 42 GHz both the VSWR obtained from the two-port FEKO evaluation and the
VSWR obtained from the three offset short characterisation compared very well to the
VSWR obtained from [49]. However, for the frequencies from 0 GHz — 10 GHz a notable
difference in the VSWR is observed. This was as a result of the offset lengths chosen for
the de-embedding procedure. By carefully choosing offset shorts the effects of the

singularities were eliminated from the VSWR.

The three offset short de-embedding method presents an effective way of characterising a
parallel line feed. The strengths of this de-embedding method are in that it only requires
the use of Delay and Short electrical standards, which are well characterised and readily
available for microstrip structures. It does however present inherent limitations related to

the physical lengths.
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CHAPTER 5
CHARACTERISATION OF A RECTANGULAR
WAVEGUIDE MODE TRANSFORMER

5.1 INTRODUCTION

The characterisation of a coaxial to rectangular waveguide mode transformer using the
three offset short de-embedding method was performed. This was carried out in two
different ways. The physical X-band coaxial to rectangular waveguide mode transformer
with an N-type to SMA adapter was evaluated on an HP 8510 ANA using three different
offset shorts. The S-parameters of the three offset short terminations were processed using
both the MATLAB and C++ algorithms. These results were verified by creating a CAD

model of the mode transformer in FEKO, and evaluating it by means of MoM.

5.2 CHARACTERISATION OF A PHYSICAL X-BAND COAXIAL TO
RECTANGULAR WAVEGUIDE MODE TRANSFORMER

5.2.1 Characterisation of a Sivers Lab PM 7325X X-band Coaxial to Rectangular
Waveguide Mode Transformer Using Three Offset Shorts

A Sivers Lab PM 7325X X-band coaxial to rectangular waveguide mode transformer with
an N-type to SMA adapter is shown in figure 5.1.

Figure 5.1. Sivers Lab PM 7325X X-band mode transformer with an N-type to SMA adapter.
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Chapter 5 Characterisation of a Rectangular Waveguide Mode Transformer

Two X-band delay plates were available for the experiment, which meant that the three
offset shorts were located at 0 mm, 5.0 mm and 14.8 mm away from the mode transformer
load reference plane. A photo of the two delay plates together with the Short plate are
shown in figure 5.2.

Figure 5.2. Two X-band delay plates together with the Short plate used for the experiment.

The three measurements were performed over the 5 GHz — 15 GHz frequency range and

the phase graphs of each measured reflection coefficient are shown in figure 5.3.

A phase shift is observed between the three phase measurements, shown in figure 5.3. This
is caused by the offset lengths used in each measurement, which introduce an additional

phase delay to the measurement.
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Figure 5.3. Phase responses of the three offset short termination measurements of a Sivers Lab PM
7325X X-band mode transformer with an N-type to SMA adapter.
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Chapter 5 Characterisation of a Rectangular Waveguide Mode Transformer

The three reflection coefficient measurements were processed using the MATLAB
algorithm and the resulting forward reflection and transmission coefficients are shown in

figure 5.4.

S-parameters - De-embedded X-band Mode Transformer
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Figure 5.4. S-parameters of an X-band mode transformer characterised using the three offset short
de-embedding method.

5.2.2 Two-port Reference Calculation

A fourth measurement of the X-band mode transformer was performed by terminating it in
a rectangular waveguide matched load standard. The matched load was placed at the load
reference plane of the mode transformer. The measurement using the matched load was
conducted to serve as a reference response for the performance of the mode transformer.
By assuming that the system is lossless the forward transmission coefficient was calculated

from the conservation of energy principle as is described by
1Sl +[S,[" =1 . (5.1)

The S-parameters of the three offset short characterisation method were then compared
directly against the matched load reference measurement. This comparison is shown in

figure 5.5.
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Comparison - De-embedded and Measured S-parameters
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Figure 5.5. Comparison of de-embedded and measured S-parameters of the X-band mode

transformer.

For frequencies below approximately 6.5 GHz the mode transformer is operating below the

fundamental cutoff frequency, as was calculated by

1 mY (nY
3T /(_j (5} | 5.2)

For frequencies below the fundamental cutoff frequency the propagation constant is

imaginary thus causing the erroneous characterisation properties to be calculated.

In the 6.5 GHz — 11.5 GHz frequency range the reflection coefficient of the mode
transformer obtained by means of the three short characterisation compares well to the
reflection coefficient measurement obtained using a matched load termination. However,
for frequencies between 11.5 GHz and 12.5 GHz a difference is observed between the de-

embedded and measured reflection coefficient.

This could be as a result of two things. The first possible cause of the difference is the

presence of high order modes propagating along the waveguide. This was investigated by
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Chapter 5 Characterisation of a Rectangular Waveguide Mode Transformer

determining the cutoff frequency of the higher propagating modes using equation (5.2).
The next mode is TE2 which has a cutoff frequency of 13.12 GHz. It can therefore not be

the cause of the difference occurring at 12.1 GHz.

The second possible cause of the difference is that one of the offset short terminations is a
quarter wavelength, or an odd multiple of a quarter wavelength, away from the pin
location. This will cause the structure effectively behaving like a quarter wavelength
transformer at that particular frequency. The wavelength of a wave travelling inside a

waveguide is determined using

P i . (5.3)

Using equation (5.3), [50], the quarter wavelength at 12.1 GHz is calculated to be 7.4 mm
and the three-quarter wavelength was found to be 22.2 mm. The three quarter wavelength
corresponds very well to the distance between the centre of the mode transformer pin and

the location of the first short termination, as is shown in figure 5.6.

_ == = ==

Figure 5.6. Cross-section of a coaxial to rectangular waveguide mode transformer showing the

distance between the centre of the pin and both the backshort and the first short termination.

Also shown in figure 5.6 is the distance between the centre of the mode transformer pin

and the backshort. This distance was measured to be 7.5 mm, which is approximately a
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Chapter 5 Characterisation of a Rectangular Waveguide Mode Transformer

quarter wavelength at 12.1 GHz. Since the distance between the pin and backshort does not
change throughout the experiment the influence of the quarter wavelength transformer
formed by the backshort will be present in all of the offset short measurements. Combining
this with the influence of the three-quarter wave transformer formed by the first offset
short describes the difference observed at approximately 12.1 GHz. This difference is
similar to the singularity observed for the ideal lowpass filter characterisation in section
3.2.1.

The three offset short measurements performed using an ANA were then processed in the
C++ application. The comparison of the ANA, MATLAB and C++ reflection coefficient is

shown in figure 5.7.
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Figure 5.7. A comparison of the reflection coefficient of the mode transformer obtained from an
ANA Measurement, the MATLAB algorithm and the C++ application.

Both of the three offset short characterised reflection coefficients, one obtained from the
MATLAB algorithm and the other from the C++ application, are effectively identical and
both compare favourably to the reflection coefficient obtained from the ANA matched load

measurement.
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5.3 CHARACTERISATION OF A MODELLED X-BAND COAXIAL TO
RECTANGULAR WAVEGUIDE MODE TRANSFORMER

5.3.1 Characterisation of a Modelled X-band Coaxial to Rectangular Waveguide
Mode Transformer Using Three Offset Shorts

Measurements were taken of the mode transformer used in the physical experiment and the
structure was modelled in FEKO. The FEKO model of the mode transformer is shown in

figure 5.8.

Figure 5.8. FEKO model of X-band coaxial to rectangular waveguide mode transformer.

The dimensions of the structure are fixed; the only aspect of the model that required

defining was the way of modelling the coaxial line and pin of the mode transformer.

Two possible coaxial line models were considered. The first was to use a very thin wire as
an approximation of the centre conductor of the coaxial line. This is driven using a delta-
gap excitation source located at the centre of the wire. This model is very easy to
implement but may be an over-simplified way of addressing the coaxial to waveguide
transition. The second, more complex, method is to model the coaxial line as a coaxial

waveguide.

The characteristic impedance of the coaxial waveguide was chosen to be 50 €, to match
the characteristic impedance of the standard transmission line. The coaxial waveguide was

filled with a dielectric, of relative permittivity of 2.2, to more closely model the coaxial
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Chapter 5 Characterisation of a Rectangular Waveguide Mode Transformer

transmission lines used in the physical experiment. The dimensions for a dielectric filled

coaxial waveguide with relative permittivity of 2.2 were calculated as

1 |u D
Z,=—,=In| — |, 5.4
° 2z\e (dj .4)
where
D = outer diameter of coaxial waveguide
d = inner diameter of coaxial waveguide.

Choosing D = 2.9 mm and d = 0.9 mm results in a characteristic impedance of 47.30 Q,

which is an acceptable approximation to the chosen characteristic impedance.

The coaxial waveguide was initially modelled as two concentric metal cylinders. However,
when meshing of these structures is done in FEKO the resulting mesh is inhomogeneous
along the length of the coaxial waveguide geometry. This can be adequately addressed by
approximating the circularity of the cylinders with a 24-sided polygon. This creates a
geometry that is meshed homogeneously along the length of the geometry. A comparison
of the mesh of a 24-sided and circular coaxial waveguide structure is shown in figure 5.9.

Figure 5.9. Model mesh of a 24-sided (left) and circular (right) coaxial waveguide structure.
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Figure 5.10. Phase responses of the three offset short termination measurements of an X-band

mode transformer model.
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Chapter 5 Characterisation of a Rectangular Waveguide Mode Transformer

A waveguide port was placed at the base of the coaxial waveguide and a TEM source was
defined for that port. The rectangular waveguide then terminated in three offset short plates
of the same length as those available for the physical structure. The phase graphs for the
three short terminations obtained from FEKO are shown in figure 5.10.

A phase shift is observed between the three phase measurements. This is caused by the
offset lengths used in each measurement, which introduce an additional phase delay to the

measurement.

The three offset short measurements were then processed in the MATLAB. The waveguide
propagation constant for the fundamental mode, required for the de-embedding algorithm,

was calculated using

: (5.5)
C %
1—| —¢
)
5.3.2 Two-port Reference Calculation

A fourth calculation of the structure was needed to serve as a reference for the de-
embedding procedure. A FEKO waveguide port was placed at the aperture of the
rectangular waveguide; a fundamental mode source was defined for this port. Then, a two-
port characterisation of the mode transformer was performed in FEKO. The S-parameters
of the mode transformer characterised by means of the three offset short method were then
compared to the S-parameters obtained for the two-port calculation. The comparison is

shown in figure 5.11.
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Comparison - De-embedded and Two-port Mode Transformer
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Figure 5.11. Comparison of the de-embedded and the two-port measurement reflection and

transmission responses of the coaxial to rectangular waveguide mode transformer.

The S-parameters obtained by means of the three offset short method compare favourably
to the S-parameters obtained from the two-port FEKO calculation of the mode transformer.

In the de-embedded results a difference is observed at approximately 12.1 GHz. This is
consistent with the difference observed for the physical structure and is as a result of the
backshort being located a quarter wavelength away from the coaxial pin. A further
influence on the deviation is that the first offset short termination is three-quarter

wavelengths away from the coaxial pin, effectively behaving like a quarter wavelength

transformer.

The three offset short measurements were then processed in the C++ application. The

comparison of the FEKO, MATLAB and C++ responses is shown in figure 5.12.

The characterised reflection coefficients from both the MATLAB algorithm and the C++
application are in very good agreement. The difference between them is as a result of a
difference in numerical accuracy of the respective applications. The difference between the

de-embedded characterisation and the two-port FEKO reflection coefficient is due to the
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Chapter 5 Characterisation of a Rectangular Waveguide Mode Transformer

quarter wavelength resonances cause by the offset short terminations. The C++ derived

reflection coefficient exhibits the same deviation at 12.1 GHz as previously discussed.
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Figure 5.12. A comparison of the reflection coefficient of the mode transformer obtained from
FEKO, the MATLAB algorithm and the C++ application.

54 SUMMARY

The three offset short de-embedding method was applied to characterising the properties of

a coaxial to rectangular waveguide mode transformer.

Firstly the de-embedding method was applied to a Sivers Lab PM 7325X X-band mode
transformer. The mode transformer was terminated in a matched load and the results of this
measurement were used as a reference for the performance of the mode transformer. The
mode transformer S-parameters obtained by means of the three offset short method were
compared to a matched load measurement. Apart from the difference that was observed at
12.1 GHz the three offset short method S-parameters were in good agreement with those
obtained from the matched load measurement. The aforementioned difference was as a
result of the backshort, which at 12.1 GHz is located a quarter of a wavelength away from

the pin of the mode transformer.
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Chapter 5 Characterisation of a Rectangular Waveguide Mode Transformer

Secondly a CAD model of the Sivers Lab PM 7325X was created in FEKO and the three
offset short de-embedding method was applied to this model. As a reference measurement
the model was terminated in a second waveguide port at the aperture of the waveguide and
a two-port measurement was made. The S-parameters of the three offset short de-
embedding method were in good agreement with those obtained from the two-port
measurement of the mode transformer in FEKO. As observed for the physical structure the
three offset short S-parameters of the FEKO model also show a difference at 12.1 GHz. As
with the physical mode transformer, the backshort was located approximately a quarter of a
wavelength away from the pin and at 12.1 GHz this presented as a quarter wavelength

transformer.

The three offset short de-embedding method presents an effective way of characterising a
coaxial to rectangular waveguide mode transformer. The strength of this de-embedding
method is in that it only requires the use of Delay and Short electrical standards, which are
well characterised and readily available for rectangular waveguide structures. It does
however have inherent limitations related to the internal lengths. These can, for the most
part, be addressed by careful choice of the offset lengths. However, for coaxial to
waveguide mode transformers the delay between the pin and the backshort may present a
quarter wavelength transformer in the desired characterisation frequency range. This can
be addressed by moving the backshort closer to the pin thus decreasing the distance and
subsequently shifting the quarter wavelength transformer to occur at a higher frequency,
preferably outside the workable frequency range of the mode transformer. This was tested

for the coaxial to double ridged waveguide mode transformer shown in Chapter 6.
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CHAPTER 6
CHARACTERISATION OF A DOUBLE RIDGED
WAVEGUIDE MODE TRANSFORMER

6.1 INTRODUCTION

The design and then characterisation of a coaxial to double ridged waveguide mode
transformer, using the three offset short de-embedding method, was performed. The
structure was based on the X-band mode transformer discussed in Chapter 5. The designed
model was implemented in the full wave EM simulation package FEKO. This presented
with a problem as the waveguide ports available in FEKO cannot be placed on a face that
contains metal surfaces. Consequently, the presence of any ridge faces at the aperture of the
waveguide port will result in simulation errors. A way of addressing this problem is to
define a dielectric material with the same properties as free space and then fill all the
regions that are to be air inside the structure with this dielectric. This allows for a Finite
Element Method (FEM) Modal port to be placed at the aperture of the mode transformer
thus allowing the model to be simulated. The waveguide ports generally used in FEKO
were thus substituted with FEM Modal ports. The final step is to define the simulator to
perform an FEM simulation instead of the usual MoM simulation. The accuracy of this
method was tested by the manufacturers of FEKO on a waveguide step model and it was

show to be comparable to the accuracy obtained from an MoM simulation [51].

6.2 DOUBLE RIDGED WAVEGUIDE STRUCTURE DESIGN

The dimensions of the X-band rectangular waveguide, discussed in Chapter 5, were used as
a basis for the double ridged waveguide structure. The ridges of the latter were designed
following the guidelines set out by Hopfer [52] and Cohn [53]. The longitudinal
dimensions of the model were chosen to be symmetrical and the top and bottom ridges
were chosen to be identical. The lower dimensional limit of the ridge width was set by the
outer diameter of the coaxial waveguide. Thereafter a parametric study on the ridge
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Chapter 6 Characterisation of A Double Ridged Waveguide Mode Transformer

dimensions was performed to optimise the transmission properties of the mode transformer

so that it exhibited a centre frequency at 10 GHz.

A rectangular cavity was defined at the back of the mode transformer and the backshort
was placed 3 mm behind the back face of the ridges. The ridge length was chosen to be 15
mm from the back face of the ridges. The centre of the coaxial waveguide, which formed

the mode transformer pin, was located 2.5 mm from the back face of the ridges.

The coaxial waveguide model was obtained in the same way as for the rectangular
waveguide structure, as described in section 5.3. The only difference was that the outer
cylinder was extended to the top face of the bottom ridge. The inner cylinder was further
extended to touch the bottom face of the top ridge, thus spanning the gap between and the

two ridges and subsequently creating the mode transformer pin.

A cross-sectional diagram of the designed coaxial to double ridged waveguide mode

transformer is shown in figure 6.1.

A4>i P — -B
22.8% mm 3 mm 15/mm

——— = »! - e ——— - — — — —!

| 5rhm | [ |

... U . '

10.16 mm

]

A —> --—-— B

Section B-B Section A-A

Figure 6.1. Cross-sectional diagram of coaxial to double ridged waveguide mode transformer.
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Chapter 6 Characterisation of A Double Ridged Waveguide Mode Transformer

6.3 CHARACTERISATION OF A DOUBLE RIDGED WAVEGUIDE MODE
TRANSFORMER

6.3.1 Characterisation of a Coaxial to Double Ridged Waveguide Mode
Transformer Using Three Offset Shorts

The designed coaxial to double ridge waveguide mode transformer was modelled in FEKO.
The FEKO model is shown in figure 6.2.

Figure 6.2. FEKO model of coaxial to double ridge waveguide mode transformer.

The free space regions of the model were replaced by a dielectric material with the same
properties as free space. The simulator was configured to perform an FEM simulation of
the model as opposed to the MoM simulation usually used for waveguide models. As a
result the waveguide ports used for the simulation of rectangular waveguide model also
needed to be replaced, with FEM modal ports. An FEM modal port was placed at the base

of the coaxial waveguide.

The three offset lengths used for this model were 0 mm, 5 mm and 10 mm. The first short
plate was placed at the aperture of the ridged waveguide; for the other two offset short
terminations the waveguide and ridges were extended by the chosen offset length and the
short plate was placed at the end of the extension. The phase graphs of the three offset

terminations are shown in figure 6.3.
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Figure 6.3. Phase responses of the three offset short termination measurements of a double ridged

waveguide mode transformer model.
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Chapter 6 Characterisation of A Double Ridged Waveguide Mode Transformer

A phase shift is observed between the three phase measurements in figure 6.3. This is
caused by the offset lengths used in each measurement, which introduce an additional
phase delay to the measurement. Also, discontinuities in the phase are identified at
approximately 18 GHz, 18.5 GHz and 19 GHz. These are discussed later in this chapter.

The three offset short measurements were then imported into the MATLAB algorithm to

perform the de-embedding of the mode transformer. The S-parameters of the de-embedded
mode transformer are shown in figure 6.4.
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Figure 6.4. De-embedded reflection and transmission responses of the coaxial to double ridged

waveguide mode transformer.

For frequencies below approximately 3.2 GHz the mode transformer is operating below the
fundamental cutoff frequency, as was determined from [52]. For frequencies below the

fundamental cutoff frequency the propagation constant is imaginary thus causing the
erroneous characterisation properties to be calculated.
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Chapter 6 Characterisation of A Double Ridged Waveguide Mode Transformer

6.3.2 Two-port Reference Calculation

A fourth calculation of the model was needed to serve as a reference for the de-embedding
procedure. A FEM modal port was placed at the aperture of the ridged waveguide, and a
fundamental mode source was defined for this port. Then, similar to a matched load
measurement of the physical structure, a two-port characterisation of the mode transformer
was performed in FEKO over the 2 GHz — 20 GHz frequency range. The S-parameters of

the de-embedded mode transformer were then compared to the results obtained for the two-
port calculation. The comparison is shown in figure 6.5.
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Figure 6.5. Comparison of the de-embedded and the two-port measurement reflection and

transmission responses of the coaxial to double ridged waveguide mode transformer.

The cutoff frequencies of the TEj, TE2 and TEz, modes were determined from [52] and

were found to be 3.20 GHz, 15.26 GHz and 16.83 GHz, respectively. The cutoff frequency

of the TEj;; mode was used in equation (5.5) to determine the fundamental mode
propagation constant of the waveguide.

The performance of the de-embedded structure is as expected for frequencies up to

approximately 15 GHz as it is in good agreement with the results obtained for the two-port
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Chapter 6 Characterisation of A Double Ridged Waveguide Mode Transformer

structure. However, at approximately 15.5 GHz, 18 GHz and 19 GHz singularities are

observed in the de-embedded results.

The singularity at approximately 15.5 GHz corresponds to a quarter wavelength of 5.35
mm, which is the approximate distance between the centre of the mode transformer pin and
the backshort. Furthermore, it is influenced by the three quarter wavelength transformer
that is formed between the centre of the mode transformer pin and the second offset short
termination. Similarly the singularity at approximately 19 GHz corresponds to a three-
quarter wavelength transformer length of 12.6 mm, which is formed when using the first
offset short termination. These observations are consistent with those made for the coaxial

to rectangular waveguide mode transformer.

The singularity at 18 GHz does not correspond to any immediately obvious lengths inside
the model that may form a quarter wavelength transformer. It does however occur above
the cutoff frequency of the next higher order mode and could thus occur as a result of

higher order mode propagation.

6.3.3 Eliminating the Singularities

In an endeavour to address the matter of the singularities the effects that the structural
dimensions of the network have on the occurrence of the singularities were investigated.
Consequently, the lengths between the mode transformer pin and both the backshort and
offset shorts need to be changed. This is be done by shifting the waveguide reference plane
and the backshort closer to the mode transformer pin, subsequently altering the dimensions
of the mode transformer model. The backshort was moved closer to the mode transformer
pin, reducing the length from 3 mm to 2.5 mm, and the length between the mode
transformer pin and the aperture of the ridged waveguide from 15 mm to 7 mm. The
lengths of the three offset shorts were also made shorter, namely 0 mm, 1 mm and 2 mm,

respectively. The shortened double ridged waveguide structure is shown in figure 6.6.
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Figure 6.6. FEKO model of the shortened coaxial to double ridge waveguide mode transformer.

As before a two-port structure was defined and simulated in FEKO to serve as a reference

for the reflection and transmission properties of the mode transformer.
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Figure 6.7. Comparison of the de-embedded and the two-port measurement reflection and

transmission responses of the shortened coaxial to double ridged waveguide mode transformer.

The three offset short measurements were processed with the MATLAB algorithm. The

6.7.

comparison of the de-embedded and two-port characterisation results is shown in figure
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Chapter 6 Characterisation of A Double Ridged Waveguide Mode Transformer

Reducing the distance between the mode transformer pin and the backshort has shifted the
quarter wavelength transformer to occur at 20 GHz, which is outside the possible workable
bandwidth of the model. Furthermore reducing the length of the waveguide has shifted the
three-quarter wavelength transformer to also present outside the possible workable
bandwidth. This results in a very good correlation between the two-port FEKO

characterisation and the three offset short characterisation of the mode transformer.

The three offset short measurements were then processed in the C++ application. The
comparison of the FEKO, MATLAB and C++ responses is shown in figure 6.8.
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Figure 6.8. A comparison of the reflection coefficient of the mode transformer obtained from
FEKO, the MATLAB algorithm and the C++ application.

The de-embedded reflection coefficients from both the MATLAB algorithm and the C++
application are effectively identical, and both are in very good agreement with the

reflection coefficient obtained from the two-port FEKO characterisation.
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Chapter 6 Characterisation of A Double Ridged Waveguide Mode Transformer

6.4 SUMMARY

A coaxial to double ridged waveguide mode transformer was designed and characterised

using the three offset short de-embedding method.

The design was based on the Sivers Lab PM 7325X mode transformer. Thereafter a
parametric study of the ridge dimensions was performed to result in a coaxial to double
ridged waveguide mode transformer with a centre frequency of 10 GHz. The structure was
modelled in FEKO and the three offset short de-embedding method was performed to
characterise the structure. As a reference of the performance of the structure a fourth

measurement was made by terminating the mode transformer in a matched load.

The de-embedded results were in good agreement with the results obtained from the
matched load measurement with the exception of the singularities that occurred at 15.5
GHz, 18 GHz and 19 GHz. These were found to be as a result of the length between the
mode transformer pin and the backshort of the structure. Furthermore the length between
the mode transformer pin and the first offset short termination was influencing the
occurrence of one of the singularities. This was addressed by reducing the length between
the pin and the backshort as well as reducing the length of the waveguide section of the
structure and reducing the offsets of the short terminations. The de-embedding of the
shortened structure was in very good agreement with the matched load measurement of the
same structure and presented with none of the singularities observed for the initial

structure.

The three offset short de-embedding method presents an effective way of characterising a
coaxial to double ridged waveguide mode transformer. The strengths of this de-embedding
method are in that it only requires the use of Delay and Short electrical standards, which
are well characterised and can easily be obtained for double ridged waveguide structures. It
does however present inherent limitations related to the internal lengths of the structure.
However, by altering these lengths the effects of the singularities can be shifted outside the

desired frequency range.
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CHAPTER 7
DISCUSSION AND CONCLUSION

7.1 General Conclusions

The characterisation of the properties of a DUT often requires the DUT to be placed in an
embedding network to match the terminations of the DUT to the terminations of the
measurement device. However, the presence of the embedding structure obscures the
properties of the DUT as it imparts its own properties on the measurement. Consequently,
the objective of this work was the development of an analysis mechanism for the purpose

of characterising the embedding network, also referred to as error network characterisation.

A method to extract the properties of the DUT from the properties of the measurement was
needed. To this end a large variety of de-embedding methods were evaluated to identify a
de-embedding method, or a combination of de-embedding methods, which could be used

for the development of a network characterisation mechanism.

The evaluated de-embedding methods were organised into two distinct classes, namely the
analytically based class of de-embedding method and the numerically based class of de-
embedding methods. It was found that the latter class is better suited to performing the
characterisation of a network that is implemented in a CAD environment. Alternatively,
the latter class of de-embedding methods can be used for purposes of network

optimisation. In both cases the physical dimensions of the DUT need to be well defined.

The analytically based class of de-embedding methods was identified as being a more
robust approach to de-embedding as the precise physical dimensions of the error network
do not need to be known for characterisation to be performed and can thus be applied to
the characterisation of an arbitrary TEM network or network with only a single
propagating mode . The de-embedding is performed by taking measurements of the

network with the DUT replaced with known electrical standards and then solving the
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Chapter 7 Discussion and Conclusion

closed form equations which describe the reflection and transmission properties of the

network.

The analysis mechanism was based on the analytically based class of de-embedding
methods. Of the de-embedding methods discussed in that class the three offset short de-
embedding method was identified as being the best suited for the purposes of network
characterisation as it requires the use of only Delay and Short electrical standards. Both of

these electrical standards are well described for networks used in Microwave Engineering.

The three offset short de-embedding method was at first implemented in a MATLAB
algorithm and applied to perform the characterisation of a lumped element lowpass filter
test network. The properties of the test network were also evaluated using a ladder analysis
method and the two sets of properties were compared. The de-embedding method was
found to perform satisfactorily, albeit for the occurrence of a singularity at the cutoff
frequency of the lowpass filter. Based on these results the MATLAB algorithm was then

implemented into a C++ based application.

The three offset short de-embedding method was further tested by applying it to
characterise three different mode transformer networks used as feeds for, amongst others,
antennas. The three feed networks used were the parallel line feed, the coaxial to
rectangular waveguide mode transformer and the coaxial to double ridged waveguide
mode transformer. In all three cases the analysis mechanism performed the characterisation
satisfactorily. However, the occurrence of singularities was observed in the properties
obtained from the de-embedding method.

The singularities, which occurred in all the results obtained from the analysis mechanism,
were identified as an inherent limitation of the three offset short de-embedding method. At
certain frequencies the choice of the Delay electrical standard length behaves as a quarter
wavelength transformer. The effects of the quarter wavelength transformer caused the

Short termination to be measured at the reference plane as an Open termination. As the de-
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Chapter 7 Discussion and Conclusion

embedding method algorithm is defined to make use of Short electrical standards as
terminations this transformation presented as a singularity in the transmission properties of

the network.

The occurrence of the singularities is directly related to the choice of offset length. One
way to remove the singularity from presenting in the desired frequency range is by careful
choice of the offset lengths, thus allowing the singularity to occur outside the frequency

range.

Another way is by replacing the offset length related to the quarter wavelength transformer
with a fourth, different offset length and performing the characterisation again. This will
cause the singularity at a different frequency. By superimposing the two sets of de-

embedded properties the singularities are removed.

Alternatively, in the case of the coaxial to double ridged waveguide, the reference planes
and backshort of the model can be shifted to a position closer to the mode transformer
causing the singularities to be shifted to occur outside the desired frequency range.
However, for cases where changing the dimensions of the structure might not be possible,
careful choice of offset lengths is necessary. By choosing the first offset short to be located
a quarter wavelength away from the reference plane, at the frequency of the singularity,
and the subsequent offset shorts to be located a further half a wavelength away from the
previous short location, allows the occurrence of the singularity to be eliminated at that
frequency. Thereafter, superimposing the sets of de-embedded properties removes the
singularity form the S-parameters.

7.2 Application of the Analysis Mechanism and Future Work

The developed analysis mechanism can be applied to the characterisation of either a TEM
network or a network supporting only a single propagating mode, of which only basic
structural properties need to be known. These include the type of structure, e.g. rectangular
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waveguide which is needed to determine the propagation constant of the structure at a
specific mode, and the physical lengths of the three offsets. The effects of higher order
modes were not investigated in this work and thus this remains a topic for further study.

The mechanism is not only limited to the characterisation of antenna feed networks but can
also be applied to the characterisation of subsections of a DUT. A network is defined by
the location of the reference planes. As the locations of the reference planes can be defined
arbitrarily, as long as they remain constant throughout the de-embedding procedure, they
can thus be defined inside the network. Using a three stub microstrip filter as an example,
the reference planes of this network are generally defined to contain the three stubs in
between the device terminals. However, by defining the reference planes to contain only
two of the network stubs it is possible for the properties of only those two stubs to be

characterised, making it possible to internally analyse a network.

A method of characterising the properties of an error network has been developed. If the
error network, which has to be characterised by means of the developed analysis
mechanism, is connected to a DUT, as is shown in figure 1.1.(a), the properties of the
network can be measured or calculated and from the network properties the properties of
the DUT can be isolated. For instance, a study of the properties of an antenna, where the
antenna is the DUT, can be performed irrespective of the properties of the mode
transformer used to feed the antenna as the properties of the mode transformer can be
eliminated from the measurement or calculation of the network. Thus, a study of a double
or quad ridged horn entails choosing an arbitrary mode transformer, characterising it, and
then extracting the properties of the horn from the properties of the horn and mode
transformer network measurement or calculation, as long as the mode transformer guide

and the horn guide are the same.
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