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Summary

The characterisation of passive components for a monolithic high-power amplifier (HPA) based on gallium
nitride (GaN) high electron-mobility transistors (HEMT) was the subject of this master thesis. This work was
partially carried out at the Eindhoven University of technology (TU/e) and partially at the monolithic
microwave integrated circuit (MMIC) group ofTNO-FEL, The Hague. This work was part of the GaN
research conducted at the TU/e, which focuses on the processing of GaN HEMTs and on an investigation into
the possibilities of a monolithic, GaN HPA.

The work presented in this report will focus on the passive components required for a GaN based HPA.
Although GaN can be grown on GaN, silicon carbide (SiC) and sapphire are the more common substrates. A
monolithic solution based on SiC and a hybrid solution based on either aluminium nitride (AIN) or sapphire
should be supported by this work. This means that the common microstrip design has to be replaced by a
coplanar waveguide design, due to the fact that no via hole process is available for all three substrates. Since
models for coplanar structure are not available for common circuit simulators, they should be created based
on measurements or simulations.

The main obstacle to be overcome in case the models are to based on measurements is the fact that a set of
contact pads needs to be added to the structure under test. These contact pads should not be included in the
extracted model. The removal of the pads is called de-embedding. The measurements are performed using
scattering parameters, which are normalised to the impedance of the measurement system. After de
embedding the scattering parameters of the structure under test are normalised to the characteristic
impedance of the unknown transmission line connecting this structure to the pads. Hence, the behaviour of
the pads and transmission line is not fully known and additional measurements are necessary. A capacitance
measurement on the transmission line provides the remaining information for complete de-embedding.

A maskset was designed which contains all structures required for the extraction of a scalable model for the
coplanar waveguide and the de-embedding of these transmission lines. Three numerical methods have been
implemented, which are able to extract the pad structure using two lines with different lengths. These
methods also allow direct extraction of the propagation constant. Finally, the characteristic impedance of the
transmission line is obtained using the propagation constant and the capacitance measurement.

The measurements show distortion at the higher frequencies for laterally large structures. It has been verified
that this distortion is not caused by probing or flawed calibration, but is related to parallel plate modes, which
become dominant if the lateral dimensions become large compared to the substrate thickness. To verify the
relation of this distortion to the substrate thickness a series of tests were performed which confirmed the
expected behaviour.

The extracted propagation constants are shown to agree well with conformal mapping algorithms and a
commercial transmission line calculator. The measured capacitance shows acceptable agreement with two
conformal mapping algorithms, which implies that the experimental measurement set-up can be used to
estimate the transmission line capacitance.

To be able to assess the possibility of model extraction based on simulations a series of simulations was run
using three electromagnetic simulators. The simulators that were used are HP Momentum, Sonnet EM Suite
and HP high-frequency structure simulator (HFSS). Due to the limited amount of time that was spent using
the three simulators, no conclusive results could be obtained. The preliminary results obtained with both HP
Momentum and Sonnet indicate, that these simulators have difficulties reproducing the measurements. HP
HFSS has indicated the presence of higher-order parallel plate modes.
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Introduction

1 Introduction

1.1 General introduction

This research is part of the Gallium Nitride (GaN) project at the Eindhoven University of Technology (TOle).
The GaN project focuses on the processing of GaN high electron mobility transistors (HEMT) and on the
investigation into the possibilities for a monolithic, GaN based high-power amplifier (HPA) working at X
band frequencies. The GaN research at the TOle is performed in co-operation with the monolithic microwave
integrated circuits (MMIC) group at TNO-FEL in The Hague.

The work presented in this report will focus on the passive components required to realise a monolithic, GaN
based high-power amplifier (HPA). Before the required components can be identified an approximate design
for the HPA has to be determined. This design can be used to identify the passive components and provide
and estimate of the constraints placed on these elements.

The past few years research towards wide bandgap materials, like GaN, aiming for high power and high
frequency applications has increased dramatically. The reason for this interest becomes clear when some of
the material properties are compared to the more main stream materials like Silicon and GaAs.

Table 1.1 Material properties of silicon, gallium arsenide and gallium nitride.

property units Silicon GaAs GaN
bandgap eY 1.11 1.43 3.4
relative dielectric constant 11.8 12.8 9.0
breakdown field (@, Nd = 101 cm,3 Y/cm 6.0105 6.5 105 3.5 106

electron mobility (@, Nd = 1016 cm,3 cm2y.1s·1 1350 6000 1000
hole mobility (@, Nd = 10 16 cm'.! cm2y,ls,l 450 330 300
saturated electron velocity cms·1 1.0 107 1.0 107 1.5 107

thermal conductivity Wcm·1K1 1.5 0.5 1.3

Wide bandgap materials will show better high voltage performance due to the higher breakdown field. This
means that identical devices fabricated on GaN and GaAs can be operated at higher voltages for the GaN
device increasing power potential for equal currents.

One problem that remains is heat-dissipation. GaN is grown on a sapphire or on a silicon carbide (SiC)
substrate l

. Although SiC has a better thermal conductivity it is much more expensive than sapphire.

It has been established that the heat-sinking capability of sapphire is insufficient for high-power operation.
This problem can be overcome by using a flip-chip technique that connects the GaN active elements to a
carrier substrate that is capable of sinking the heat generated by these active elements. In case a monolithic
solution is required SiC substrates should be used. The research in this work will enable both possibilities,
which means that any passive component supports both a hybrid flip-chip solution on a host substrate and a
monolithic solution on a SiC substrate.

1 We will not consider hydride vapour phase epitaxy (HVPE) substrates, as these are not yet readily available.



Introduction

Often MMICs are based on microstrip transmission lines, figure 1.1 shows a microstrip line.

signal

4---- dielectric

§I----- ground

Figure 1.1 Layout of a microstrip transmission line.

Microstrip circuits consist of tracks printed on a dielectric slab, the substrate, which is covered with metal,
which acts as a ground plane. Microstrip circuits require a via hole, a metallic connection through the
substrate, to contact the ground plane from the top of the substrate.

In case a monolithic solution based on sapphire is pursued via holes are not a viable option. For this reason
coplanar waveguides, as illustrated below, will be used.

ground

signal

ground

#--- dielectric

"..---- conductor backing

Figure 1.2 Layout of a conductor backed coplanar waveguide with finite ground planes.

Again the basis is a dielectric slab, however the conductor backing is not desired but rather an effect caused
by the metal mounting likely to be used for the power amplifier. All signal tracks are printed on top of the
substrate, the centre track carries the signal while the two outer tracks act as ground planes.

If coplanar waveguides are used, models will have to be extracted for the passive components. This will
require an investigation into the possibilities of modelling passive components based on measurements and or
simulations.

1.2 The objectives of this work

The aim of this research is to investigate the passive components required for realising a monolithic or hybrid
HPA. This means that both passive and active elements need to be realised on the same substrate. Since no
via holes can be etched into the sapphire substrate, a microstrip solution cannot be realised and the main
effort should be placed on the development of a library of coplanar circuit element models.

These circuit element models can either be based on simulations or measurements. Each method has its
specific advantages and disadvantages and a study needs to be performed into the possibilities of success
using either one of these two methods.

This report has the following set of goals:

1. To provide an overview of the passive components required for the HPA MMIC
2. To investigate the possibility of a measurement based approach for the modelling of passive components
3. To investigate the possibility of a simulation based approach for the modelling of passive components
4. To characterise a set of coplanar waveguide transmission lines
5. To assess the possibilities for realising a high-power amplifier based on coplanar waveguide elements

2



Introduction

1.3 The structure of this report

Chapter two introduces some general transmission line theory leading to a comparison of the coplanar
waveguide and the microstrip transmission line. Finally several modes supported by coplanar waveguides are
briefly reviewed.

Chapter three introduces a possible equivalent circuit of a power amplifier based on GaN HEMTs resulting in
an approximate solution for the required matching networks. After this a brief overview of the most
commonly used passive components is presented, leading to a choice concerning the [mal amplifier layout.

Chapter four presents the problems that can be expected in case a measurement-based approach is used. The
chapter concludes by introducing the set of masks, which can be used for the characterisation of coplanar
waveguide structures. After the measurement related problems have been identified solutions are proposed.
Where possible several alternative solutions are implemented and the best solution is identified.

Chapter five presents the results of the measurements that have been performed on samples fabricated using
the masks from chapter four. Where possible the results of the measurements will be explained using the
conformal mapping technique described in chapter three. For the cases where problems were expected
additional measurements will be used to verify the expected problem sources.

Chapter six starts out with introducing the three simulators used to study the possibilities of a simulation
based approach. Next the limitations of the simulators will be reviewed together with, where possible, work
around approaches. The results of the simulations will be compared to the results obtained from the
measurements presented in chapter five.

Finally chapter seven presents a brief review, introducing some general conclusions with respect to the goals
of this report and some recommendations for future work.

3



Transmission line theory

2 Transmission line theory

2.1 Introduction

As mentioned in the general introduction, the goal of the GaN project is to demonstrate an X-band HPA. This
means that it will operate at frequencies ranging from 8 up to 12 GHz. At these frequencies special attention
has to be paid to the interconnections which are used to connect active and passive components. At
microwave frequencies, these interconnects are called transmission lines.

This chapter will start by introducing some general theory with respect to these types of transmission lines in
section 2. A large amount of literature is available with respect to transmission line theory [37-41]. For this
reason this section will be limited to the most essential theory and some especially interesting items.

Section 3 will take a closer look into two commonly used transmission lines, i.e. microstrip and coplanar
waveguides. The advantages and disadvantages of the two types of transmission lines will be compared.

Finally, section 4 will discuss the electromagnetic modes that can propagate through a coplanar waveguide.

2.2 Lumped element transmission line model

The main difference between transmission line theory and common circuit theory is formed by the electrical
length of the interconnect under consideration. As mentioned earlier, circuit theory assumes an instantaneous
connection between both ends of a transmission line. This point of view is valid as long as the physical length
of the transmission line is much smaller than the electrical wavelength. At microwave frequencies this
assumption no longer holds, which means that voltage and currents are no longer constant but vary in phase
and magnitude along the line.

Transmission line theory uses a distributed parameter network to describe transmission lines. This means that
a transmission line is divided into an infInite number of sections of length ilz, as presented below. In this case
the length of any section is a fraction of the electrical wavelength and a lumped-element equivalent circuit
can be used to describe the behaviour of the single section.

RlI.z LlI.z

~
Figure 2.1 Equivalent circuit of a transmission line section.

The elements of the equivalent circuit are defIned per unit length:

R [nm· l
]

L [Hm"]
G [Sm'l]
C [Fm'l]

series resistance per unit length, for both conductors.
series inductance per unit length, for both conductors.
shunt conductance per unit length.
shunt capacitance per unit length.

The inductance represents the total inductance of the two wires, while the capacitance represents the coupling
between the two wires. The series resistance models the [mite conductivity of the wires while the
conductance models the losses in the dielectric, which is used to separate the two wires.

5



Transmission line theory

2.2.1 Wave propagation and characteristic impedance

In case Kirchhoffs voltage and current laws are applied to the equivalent circuit of the transmission line, and
a sinusoidal steady-state condition is assumed, the so-called telegrapher equations are obtained [41].

dV(z) =-(R+ ja.>L)I(z)
dz

dI(z) =-(G + ja)V(z)
dz

[2.1 ]

[2.2]

Combining [2.1] and [2.2] gives travelling wave equations, which describe the voltage and current phasors
along the length of the transmission line:

[2.3]

[2.4]

Where y is called the complex propagation constant, which is made up of a real part that describes the
attenuation of the wave along the line and an imaginary part, which describes the propagation along the line:

y = a+ jft = ~(ja.>L + RXjOJC + G)

These equations result in the definition of the following travelling wave solutions:

V(z) =Vo+e-~ + Vo-e~

I(z) =I;e-~ + I~e~

[2.5]

[2.6]

[2.7]

Where the tenn with e'Yz represent the wave travelling in the +z direction and the tenn with erz represents the
wave travelling in the -z direction.

Combining equations [2.1], [2.5] and [2.6] results in expressions which can be used to defme a characteristic
impedance for the transmission line.

[2.8]

Which relates the currents and voltages on the transmission line according to:

[2.9]

The propagation constant and characteristic impedance can describe the properties of the transmission line,
and unlike lumped-element equivalent circuits, these properties are able to describe lines, which are long
compared to the electrical wavelength.

6



Transmission line theory

2.2.2 Terminating a transmission line

A picture showing the position of the voltage and current phasors, used to describe the behaviour of a
terminated transmission line with characteristic impedance Zo is presented below:

SOUf(:C load

v·O>--__t_l _
Z -B~

z
o

Figure 2.2 Definition of the notations for the terminated transmission line.

The transmission line contains both incident waves from the source and reflected waves caused by a non
ideal matched load, the voltage and current caused by these two voltage waves can be represented by:

V -V V - y+ -rz y. rz
- incident + reflected - 0 e + oe

I - I I - 1 (y+ -rz y. rz)
- incident + reflected - - 0 e - oe

2
0

At the load Vo+ and Vo- are given by:

V; =t11(ZI +Zo)e,>l

V~ = tI.(ZI - Zo)e-,>I

[2.10]

[2.11]

[2.12]

[2.13]

Which in tum can be used to express the impedance of a transmission line at a random point z along the line,
as the ratio between the voltage and current phasor at that point.

[2.14]

Where d equals the distance from the load. Due to the fact that the propagation constant varies with
frequency the impedance that is seen on a certain position of the transmission line will also vary with
frequency. Next the reflection coefficient and transmission coefficient are defmed.

[' = V reflected =
ZI -Zo

[2.15]
Vincident ZI +Zo

T = V transmitted =
2Z1

[2.16]
Vincident ZI +Zo

Where VIransmined can be obtained by rewriting equations [2.12] and [2.13].

V+ -,I V-,I - V -,I
o e + 0 e - transmittede

y+ -,I _ y- ,I _ Zo V -,I
o e 0 e - Iransmittede

Z,

7
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Transmission line theory

2.2.3 Relation between scattering parameters and transmission line parameters

All measurements performed on the transmission lines will be performed using scattering parameters. For
this reason the relation between the transmission line parameters and the scattering parameters is presented.
For readers, which are unfamiliar with S-parameters a short description can be found in appendix A.

Tport

n. T -
0 r port r 1ine Zline, Yline, 1 r 1ine r port

Z

~ 1- -

Z

e-yl
Tport

Figure 2.3 Definition of the notations for the transmission line inserted between two measurement ports.

It can be observed that the entire set-up is symmetric which means that SII will equal S22 and S12 will equal
S21. For this same reason only two sets of reflection and transmission coefficients have to be determined. The
first set, [ port and Tport, describes the reflection and transmission for waves travelling from the port into the
transmission line while the second set, [line and Tline, describes the reflection and transmission for waves
travelling in the opposite direction.

[' = Zline -Zo
port Z Z

line + 0

T = 2Zline
port Z Z

line + 0

r: - Zline - Zo
line - - Z Z

line + 0

[2.19]

[2.20]

[2.21 ]

T. _ 2Zo
line - Z Z

line + 0

[2.22]

The relation between the transmission line parameters and the scattering parameters now follows from the
definitions of the individual scattering parameters as presented below:

y-
S - I

11 - y+
I v;=0

[2.23]

[2.24]

Where V I and V2 are voltage waves travelling towards and from port 1 and port 2. These equations can be
obtained by writing out the path followed by the incident wave a\. For the reflection coefficient S\I, this
results in a direct reflection [port followed by a series of reflections in a loop formed by the transmission line.
Any part of the wave that flows out of the transmission line at port 2 is lost while any part flowing out of the
transmission line at port 1 is added to the total reflected wave. Each loop through the transmission line adds a
phase shift of e-2y1 to the reflected wave at that point.

The reflection coefficient S\I can be obtained using an alternative approach, based on [2.15], since the
reflection coefficient S\I equals [port when the impedance from [2.14] is taken as load impedance.

8



Transmission line theory

If expressions [2.23] and [2.24] are used to plot the behaviour of a fictional transmission line as a function of
frequency the plots presented below can be obtained:

Reflection Transmission

40

/

JO JS

~ .._..

IS 20 25

frequency [GHzl

10

·2 -~/

-10

I

-lossless
lossy

-12 +--~-~-~-_-~-'====~==='J
o40JO JSIS 20 25

frequency [GHz)

i
d

10

-40

-<IS - lossless
.so +'-_~_~--..J..~-~-~...l-.J-,-_lo_s"",sy,---""

o

-S t---:-"'-""""'----;;r='"""""--.,-="'-<-~

. 10

_-IS
=
~.2O..
~.2S

'15. ·JO
E
.. ·JS

40JO JSIS 20 25

frequency [GHz]
10

IJS

180.,------------------,

·90

90

I

-iossiess
lossy

.ISO +-_~-~-'-_-~-~....l...,...-=+-..J.j

o

·1Jl

.. 4S..
~

~..
-a. -45

40JSJOIS 20 25

frequency [GHz]

10

I,.

~'" ~~, ,

"~I
~J '.

~

I

-lossless

lossy

·90

IJl

90

ISO

·IJS

·ISO

o

Figure 2.4 Transmission and reflection of a lossless and a lossy transmission line.

This transmission line used for this example has characteristic impedance of 100 n and a length of 5 mm.
The lossless transmission line has a propagation constant of 46.5 at 1 GHz, this is kept equal for the lossy line
expect that an attenuation was added, which increases linear with frequency from 0 up to 50.

The ideal curves show the behaviour, including periodicity, which follows directly from the formulas
presented on the previous page. The differences that are introduced by the losses will be discussed briefly.
The first difference is that the amplitude of the reflection coefficient decreases, the expressions below present
information on the bounding envelope of the reflection coefficient, represented by the dotted lines:

[2.25]

[2.26]

Where e,al denotes the real, frequency dependent attenuation constant, causing a gradual fade with increasing
frequency. Similar expression are found for the transmission coefficient as presented below:

[2.27]

[2.28]

9
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2.3 Two commonly used transmission lines

This section introduces the microstrip transmission line, which is often used to design MMICs, and the
coplanar waveguides, which will be used due to the fact that microstrip circuits can not be produced on a
sapphire substrate. To gain more insight into the advantages of using either microstrip transmission lines or
coplanar waveguides a comparison is presented between the two types of transmission lines.

2.3.1 Microstrip

The microstrip transmission line is the most commonly used type of transmission line. It consists of a metal
plane on the bottom of the substrate, which acts as ground plane, and a single track on top, which acts as
signal lead. A schematic representation of a microstrip transmission line is presented in the picture below:

signal

'==!.1111~=-=-=-=-=-:::: dielectrici ground

Figure 2.5 Layout of a microstrip transmission line.

The characteristic impedance of a microstrip transmission line is determined by the ratio of the track width
over the substrate thickness. Since the substrate thickness is fixed the characteristic impedance and the track
width are directly related. This means that downscaling of the circuit is limited by the substrate thickness.

2.3.2 Coplanar waveguide

A schematic representation of a coplanar waveguide is presented below. The three tracks on top of the
substrate form a ground-signal-ground system, which means that the ground plane is accessible on top of the
substrate. In practical situations a metal plane will be located beneath the substrate. This situation is called a
conductor backed coplanar waveguide.

ground

signal

ground

dielectric1111111111111'----- conductor backing

Figure 2.6 Layout of a conductor backed coplanar waveguide with finite ground planes.

The characteristic impedance ofa coplanar waveguide with infinite ground and substrate thickness is
presented below [40]. Elliptic integrals are included in MATLAB eliminating the need for approximations:

z _ 30ff K(~)
0- ~&eff K(k)

&r + 1
&eff =-2-

k= W
W+2S

[2.29]

[2.30]

[2.31 ]

This means that the circuit scaling is only limited by the losses in the metal and the limits posed by the
lithography used. The characteristic impedance increases with a decreasing spacing and for increasing width.
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2.3.3 Coplanar waveguide versus microstrip

This section compares microstrip transmission lines with coplanar waveguide transmission lines [3]. Finally a
conclusion is drawn about which solution should be chosen.

Advantages of coplanar waveguides compared to microstrip:

• No backside metalisation is required, which increases process yield and reduces processing costs.
• CPW allows smaller designs at high frequencies due to the fact that the characteristic impedance scales

with width over ground-to-ground spacing instead of width over substrate thickness.
• Shunt elements suffer less parasitics, microstrip shunt elements require via holes.
• Less dispersion, which in term should yield better broad band performance.
• Ground planes act as shield, thus reducing the coupling between adjacent lines.
• Ground planes can be contacted at the top of the chip, which is convenient for flip-chip.
• Via hole etching is not supported for sapphire substrates, since coplanar waveguides do not require via

holes, a monolithic GaN HPAs should be based on the coplanar waveguide solution.

Disadvantages of coplanar waveguides compared to micros trip:

• Lower effective dielectric constant, this results in slightly larger distributed elements.
• Higher losses, coplanar waveguides show higher losses than microstrip transmission lines with a

comparable geometry
• Higher loss, coplanar waveguide lines show slightly higher loss than microstrip lines with the same

lateral dimensions.
• Slotline mode, the coplanar waveguide can just as easily carry the coplanar mode as a slotline mode, this

effect can be overcome by using airbridges. See section 2.4.
• Parallel plate mode, if a backside metalisation is present, which is normally the case since the chips will

be mounted in a metal casing, a parallel plate mode can be excited. See section 2.4.
• Quasi-TEM behaviour, the field in microstrip lines is substrate oriented while the field in coplanar

waveguides is surface oriented, which means the TEM assumption is not valid.
• Coplanar waveguide elements are not supported by the common circuit simulators, which means that

MMIC design is complicated since models need to be generated before a circuit can be designed.

This set of advantages and disadvantages of coplanar waveguides over microstrip transmission lines leads to
the conclusion presented below:

Microstrip circuits require via holes to realise connections with the ground plane, in case sapphire is used no
via hole processing is available. Essentially this indicates that any power amplifier based on GaN HEMTs
fabricated on a sapphire substrate can not be based on microstrip transmission lines.

This in combination with the fact that a coplanar waveguide design can be used for both monolithic and
hybrid amplifier designs, a coplanar waveguide based solution should be chosen.

However, coplanar waveguide elements are not supported by the common circuit simulators, this means that
design is complicated since models need to be generated before a circuit can be designed. Therefore special
attention has to be paid to how these models can be extracted from either measurement or simulation.
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2.4 Modes supported by the coplanar waveguide

The coplanar waveguide supports a series of modes. This section will briefly discuss which modes can be
supported. Due to the fact that propagation constants and characteristic impedance of these modes differ,
mixing the modes will lead to signal distortion, which is undesired. For this reason the coplanar waveguide
mode is regarded as the desired mode while all other modes are regarded as undesired.

Coplanar waveguide mode

As mentioned earlier the coplanar mode is the mode that is desired for the operation of the coplanar
waveguide. The picture below presents a schematic representation of the E-field for the coplanar mode.

Figure 2.7 Schematic orientation of the E-field for a coplanar mode.

The transmission line theory in the previous section assumed a TIM-transmission line structure. The TEM
assumption means that both the E-field and H-field are transverse to the direction of propagation.

E =H =0z z [2.32]

Due to the fact that the fields are substrate oriented the TEM assumption is inherently incorrect, since the
propagation constant of the field through the air region is larger than the propagation constant of the fields
travelling through the substrate. However, this effect remains small in case the dimensions of the coplanar
waveguide remain moderate and a quasi-TEM description can be introduced [7].

Slotline mode

Another mode, which resembles the coplanar mode, is the slotline mode. In this case the voltage of one of the
ground planes exceeds the voltage of the signal lead, and the field at this gap is inverted. Again a schematic
representation of the E-field is presented below.

Figure 2.8 Schematic orientation of the E-field for a slotline mode.

The slotline mode is excited at discontinuities in the coplanar waveguide, for example corners. The slotline
mode can be cancelled by tagging the two ground planes together at strategic points, for example at corners.
Tagging the ground planes together requires airbridge technology.
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Parallel plate mode

Another mode, which can propagate through the coplanar waveguide structure, is called a parallel plate
mode.
The picture below presents a schematic representation of the orientation of the E-field for this mode.

••
\ ( \ (

Figure 2.9 Schematic orientation of the E-field for a parallel plate mode.

The basic TEM mode shows no cut-off frequency [37], a first estimate of the cut-offfrequency for the higher
order TM. and TE. modes is presented below:

f = nc
cut-off 2HF:; [2.33]

Assuming a 400 11m thick AlN substrate, this fonnula would indicate that the higher-order parallel plate
modes will not occur. It should be noted that the top plate is slotted and this may influence the behaviour of
the parallel plate mode. The influence of the backside metalisation can be relaxed by increasing the substrate
height, which in turn decreases the heat sinking capability of the substrate.

Transverse microstrip resonance [37]

Basic transmission line theory predicts another mode, which should be considered. The mode originates from
the fact that open-circuit planes which are spaced at 'A/2 can fonn a resonant structure. This situation could be
valid for the transverse plane of the coplanar waveguide and hence the mode could be excited.

The propagation direction of this resonant mode is orthogonal to the dominant mode in the coplanar
waveguide but at discontinuities this mode could couple to the nonnal propagating mode.

The fonnula presented below can be used to get a first estimate for the resonance frequency:

f = C
resonance 2F:;(W +2~W)

With

E:r +1
E:re =-2-

2~W:::::H

[2.34]

[2.35]

[2.36]

Where H represents the substrate thickness and c is the speed of light. W represents the lateral dimension of
the line, which is equal to the width of the total line structure measured from ground plane to ground plane.

This mode can be suppressed by inserting small longitudinal slots into the ground planes, which should have
little effect on the nonnal propagating mode.
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3 Matching theory

3.1 Introduction

This chapter will present some basic considerations with respect to impedance matching [41], which is a part
of amplifier design. The principle of impedance matching is presented below. A matching network is inserted
between the transmission line, connecting the source to the load, and the load.

source

Z,r

o

matching network

r

matching network

load

Figure 3.1 Definition of the notations for the terminated transmission line.

Ideally this matching network is lossless and is designed such that the load impedance transformed through
the matching network equals the characteristic impedance, Zo, of the transmission line. By doing this the
matching network cancels any reflection between the load and the source, although multiple reflections will
exist between the matching network and the load. From literature [41] it can be stated that there are several
reasons for impedance matching:

• Impedance matching in a source can optimise power gain and power transfer to the load.
• Impedance matching in a power distribution network can reduce amplitude and phase errors.
• Impedance matching in receiver elements can improve the signal-to-noise ratio of the system.

The matching networks should pay attention to aspects like complexity, bandwidth and implementation. The
matching network should be as simple as possible to reduce chip size, thus cost, and minimise the losses of
the matching network. Any type of matching network can result in a perfect match on a single frequency,
however a certain frequency band should be covered, which will result in an increase in complexity of the
matching network. Finally matching networks can be divided into three basic categories:

• Lumped element, in this case a series of lumped element components, i.e. capacitors, inductors and
resistors, are used as matching elements. This method is useable for the lower frequency range due to the
limited frequency range in which the lumped elements can be used.

• Transmission lines, this category uses transmission line sections to match a source to a load. The most
common types of matching networks are single and double stub tuning, and a quarter-wave transformer.

• Finally a hybrid can be used, normally this means that a transmission line replaces the inductance of the
lumped element matching network, this is the most common type for MMIC HPA designs.

This chapter will start by introducing a simple model and an approximate solution for the matching network.
Next a closer look at the lumped element solution is presented, together with an assessment on its usability,
leading to a conclusion about which type of matching network should be used.
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3.2 Approximate solution to the matching problem

Before a matching scheme can be derived, a model for the GaN HEMTs needs to be established. At present
the GaN HEMTs are still under investigation, which means no large-signal model has been extracted. Since
the amplifier design discussed here is only meant to get some insight into the required passive components a
simple large-signal model will be used, as presented below.

Linpur
gate~

C inpur

R,npur

source

drain

Figure 3.2 Simple large-signal GaN HEMT equivalent input and output impedance circuit.

Based on the performance of GaN HEMTs a breakdown voltage of 100 V combined with a current of 1 A
could be obtained, leading to an output resistance of 100 Ohms. The other element values are derived from
GaAs power HEMTs. The input inductance, capacitance and resistance have values of70 pH,S pF and 1 n,
while the output inductance, capacitance have values of 50 pH, 0.8 pF respectively.

The model of the GaN HEMT can be used to generate an approximate topology for the GaN power amplifier.
The difference in impedance level should remain moderate, since large difference in source and load
impedance cause a decrease in bandwidth. The picture below shows a GaN power amplifier lay-out based on
four GaN HEMTs, the blocks identify the source and load impedance for each of the matching networks:

1200 1.5c EoaNHEMB 700 120Q

1000 ~Q 60g 1200

i.... ,og lOOQ

1000 60Q 60Q llOQ

12OQ2_5Q~

60Q 1000

100 50g olllpll

600 1000

Figure 3.3 Impedance topology for a single stage amplifier using four GaN HEMTs .

After using a shunt inductance, as will be discussed later, the GaN HEMT has an output impedance of
approximately 70 n at 10 GHz, the first step matches this impedance to an impedance of 120 n. After the
matching networks these outputs are paired by 120 n transmission lines, the resulting output of this pairs
result in an impedance of 60 n. The second matching network matches this 60 n to a 100 n transmission
line, which result in a 50 n output impedance after the two 100 n transmission lines have been paired.

Using this general topology of the amplifier, a closer inspection of the required matching networks is
performed. The result of which is presented on the next page.
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Using the simple large-signal equivalent circuit combined with the chosen impedance levels at different
points of the amplifier matching scheme an approximate matching network lay-out can be established. A
simple method, which can be used to determine the capacitance and inductance values required for these
matching networks, is presented below.

The routine used to match the FETs to 50 Ohms consists of two main steps, the method will be described
using the output of the FET as an example. First the complex output impedance of the FET is converted to
another real impedance by using a complex conjugate match, every step after this only has to match a real
impedance to another real impedance. Theoretically this method only functions at a single point but in
practice this method can produce reasonable results over a small frequency band.

First the output admittance needs to be calculated for a specific frequency, for instance 10 GHz. This in tum
can be used to calculate a shunt inductance, Lreal> to make the admittance real, using the known values for
Cout> Loul and Roul> 0.8 pF, 50 pH and 100 n respectively, a shunt inductance of 0.27 nH can be used to
transform the complex output impedance to a real impedance. Furthermore the shunt inductance can also be
used to feed the power HEMT with a DC power supply.

The next steps transforms the remaining real impedance to another impedance using a LC-combination. A
resistor could also be used but that would lead to losses, while the inductor and capacitor, in the ideal case,
do not introduce any losses in the matching networks. The relations that relate the impedance differential to
the inductance and capacitance values are presented below:

L . =Zsoun:e .In -1
senes

OJ
[3.1]

1 r;r-1
Cshunt = -2-

OJZsource n
[3.2]

Where n is the transformation ratio, which is defined as:

Zgoal
n=---

Zsoun:e

[3.3]

These equations are valid if the transformation ratio is greater than unity, otherwise similar equations can be
derived. One branch of the amplifier design, obtained using equation [3.2] and [3.3], is shown below:
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16O"@ 10 Gllz

O.lpF

2.4"@~ 171,,@IOGHz

,~- - - - -GaNHEMT - - - - --.
0.115 nH a.l;! nH I 70 pH 50 pH I 1.03 nH

,-,....f'i"'-dr,..-.,..;in.--,-fY''"'-r---..-rY'f"'-,---,-ooutplt
,

0.71 nH I

6O"@~
,

inpll;

"'''@ I~Gllz I
,

b.4 FETJ 2x2 FETi 4:-.1 FEr .exl FEr 2x2 FETs b.4FETJ

Figure 3.4 Amplifier topology for a lumped element approach.

It is important to notice the fact that the impedance transformation of the gate is performed in two steps. This
is done to increase bandwidth and limit the required capacitance and inductance values. The inductance and
capacitance values as indicated in the amplifier topology can be seen as a first guess for simulation purposes.
By the time the final large signal HEMT model becomes available the amplifier topology can be adapted to
reflect the changes in the HEMT input and output impedance.
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3.3 Lumped element matching solution

This section will start with a brief overview of the passive components, followed by an assessment of the
viability of a GaN high-power amplifier with lumped element matching networks.

3.3.1 Overview of lumped element components

Lumped element resistors

The preliminary amplifier only shows one resistor, but in practice it might be necessary to add more resistors
to force stability. These resistors need to be independent of the voltage across them and a value of 100 ohms
per square can be used to create a wide range of resistances. Both series and shunt resistances are desired.

The two types of lumped element resistors that are frequently used are:

• Semiconductor bar, a bar of GaN can be used to form a resistor, the main disadvantage of this
type of resistor is the bias dependency, the advantage stems from the fact that the teclmology to
fabricate these components is already available from the HEMT process.

• Thin film, in thin film teclmology a thin metal layer, normally NiCr, is sputtered onto the chip,
this metal layer has a relatively high resistivity, yielding the 100 ohms per square.

Due to the fact that a semiconductor bar resistor is much less ideal than a thin-film resistor, the thin film
resistor will be reviewed, a lay-out and an equivalent circuit are presented below:

Figure 3.5 Thin-film resistor lay-out and equivalent circuit.

The first thing that should be noticed in the circuit is the frequency dependence of the main component R(f),
the resistor is frequency dependent due to the skin effect which may not be neglected at these frequencies.
The inductor, L, models the inductance of the input and output lines while the capacitor, Cfb , models the
coupling between the input and the output. The shunt capacitors, Cpt and Cp2, model the coupling to the
ground planes.

The advantages of thin film resistors are the fact that it is bias independent and the resistance per square can
be adjusted during processing by applying a thicker or thinner layer. However, the teclmology required for
the fabrication of these types ofpassive components is no longer present at Eindhoven. Another negative
point is the fact that an additional mask is required for the definition of the NiCr resistor while GaN bar
resistors can be made using the masks available in the HEMT process.
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lumped element capacitors

The preliminary amplifier covered a capacitance range of 0.12 up to 5 pF, to be on the safe side the models
should extend to up to 10 pF. The expected operating voltage of the amplifier extend up to 75 volt, the
capacitors should aim at a breakdown voltage in excess of 150 volts.

The most common capacitor layouts are:

• Interdigitated, this type of capacitor is formed by a series of fingers connected in turns to each
side of the capacitor. The total capacitance is determined by the perimeter, which is shared by
both capacitor ends. The capacitance is limited to approximately 0.5 pF.

• Metal-Isolator-Metal, this type of capacitor is formed by two parallel plates that are separated
by a thin film of dielectric material. Capacitance values of up to 10 pF are readily obtained.

The figures below present an example of a series capacitor with its equivalent circuit.

Figure 3.6 MIM-capacitor lay-out and equivalent circuit.

the series capacitor, C, models the main capacitance while the resistor, R, models the losses of the lower
metal plate, which has not been plated. The shunt capacitors, C1 and C2, model the coupling to the ground
planes while the inductors, L1 and L2, model the inductance of the input and output lines.

A remark has to be placed in regard to the necessity of airbridge technology, one could argue that the top
plate could be made to rest on the insulator surface and no airbridges would be required. Although this is an
option, the breakdown voltage of such a structure is lower and is therefore not commonly used.

A set of experiments was performed on some rudimentary MIM capacitors, the capacitors had a top plate of
100xl00 11m and a SiOxNy dielectric with 300 nm thickness. No overlap between the top plate and the
dielectric was present, which could lead to early breakdown at the edges of the MIM-capacitor.
The capacitors have shown a breakdown voltage in excess of 150 volts and a capacitance of 2 pF.

The advantages of MIM capacitors can be found in the high capacitance per unit chip area and the possibility
to change the capacitance and the breakdown voltage by changing the dielectric thickness. On the downside
the need for airbridge technology and the higher series resistance due to the thin lower plate are mentioned.
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lumped element inductors

In the preliminary amplifier design, inductance values up to just over I nH can be observed, for modelling
purposes this maximum value will be set to 2 nH so that room remains for alterations.

The most common inductor layouts are:

• Single loop, a thin metal track is curved into a loop, this way a relatively long line can be
formed which does not require airbridge technology. The disadvantage is that a limited range of
inductance values can be obtained.

• Circular spiral, the spiral inductor is formed by a gradual helix with an airbridge to connect the
inner contact with the outside world. Most circuit simulators do not support this type of spiral
inductor, probably due to the high modelling complexity.

• Octagonal spiral, a structure similar to the circular spiral except that the circles have been
approximated by eight corner structures. This results in a simpler layout, but again ,most circuit
simulators do not support this type of structure.

• Square spiral, again similar to the circular spiral inductor but now with right angle bends.
Experimental results have shown that this structure has a higher series resistance, about ten
percent, which limits its behaviour. This is the most common solution since it is supported by
the simulator.

A lay-out example and a commonly used equivalent circuit of a spiral inductor are presented below:

Figure 3.7 Spiral inductor lay-out and equivalent circuit.

It must noted that with a growing number of turns the single section equivalent circuit has to be replaced by a
series of sections, and a feed through capacitor, C 12, between the input and output.
The inductor L models the main inductance of the spiral inductor while R model the metal losses.
finally C 1 and C2 are used to model the coupling to the ground planes.

The fact that high inductance values can be obtained combined with the relatively low chip area required to
do so, are the main advantages of the spiral inductor. However, the spiral inductor requires an airbridge to
connect the inner contact to the outside world, which means that the tracks under the airbridge will not be
plated and suffer from high series resistance. This in tUrn introduces higher losses and limits the current
carrying capability of the total inductor.
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3.3.2 Assessment of the lumped element solution

Several criteria have to be met before the lumped element matching networks can be approved. Now that the
structures have been introduced a closer look at these requirements can be presented.

Lumped element size

The size of the structures is limited by the lumped element assumption, basically this means that the total
length and width of the structures should remain small compared to the effective wavelength at a certain
frequency. In general a limit OfO.1A.effeclive is assumed to be adequate, a simple calculation results in a
maximum dimension of approximately I rom at 10 GHz for a AIN or GaN substrate.

Breakdown voltage

The capacitor and resistor should be able to deal with the operating voltages of the GaN amplifier, preferably
the breakdown voltage of these components should exceed twice the operating voltage. Experiments on some
basic lumped element capacitors showed breakdown voltages in excess of 150 Volts for a 150 nm thick
SiOxNy dielectric layer, resulting in a 2 pF capacitor at an area of IOOxl 00 /lm. This indicates that the
breakdown voltage will not pose a problem for the capacitors from the approximate matching solution.

Current limits

The current limit requires some additional attention, the process which limits the current a conductor can
carry is called electromigration. Due to high-current density, caused by an increased current combined with a
decrease in interconnect size, the electrons gain enough momentum to stimulate drift of gold-ions. For this
reason electromigration is sometimes referred to as 'electron wind' force, this wind force causes failures:

• open circuit, or voids, in the metal tracks carrying the current.
• short circuit between two metal tracks caused by stacks of metal ions, or hillocks.

A simple design rule yields a current density limit of approximately 15 mA/lm,2, this means that a 2/lm thick
conductor carrying I ampere should be at least 35 /lm wide. For the expected current densities in the GaN
high-power amplifier the current density will cause impractical conductor dimensions for spiral inductors.

conclusion

A matching solution based on lumped elements will not be possible due to the conductor cross-section
required for long-term operation.

It has been shown that MIM capacitors can be engineered with break down voltages well above the operating
voltage of the amplifier. This indicates that the lumped element/transmission line hybrid solution could be
realised. For any practical matching solution the resistor process needs to be implemented.

The next chapter will introduce the measurements. First a mask is defined, which is used to extract a scalable
model for a conductor backed coplanar waveguide. The problems that can be expected in the extraction of the
scalable model are introduced and solutions are proposed.
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4 Measurement theory

4.1 Introduction

In circuit simulators like ADS, MDS and LIBRA microstrip element models are readily available. This
means that microstrip circuits can be designed using the models that are available in these simulators. For
circuits based on coplanar waveguides, only the most basic components are included in the simulators, which
means that the remaining components need to be modelled before a circuit can be designed. This chapter
introduces methods to extract models from measurements on coplanar elements.

The first step is to determine under what conditions the models should be valid. The models are intended for
an X-band power amplifier MMIC, this means that the desired frequency ranges from 8 GHz up to 12 GHz.
The models should be valid to the highest frequency possible. Furthermore the term MMIC implies that all
elements will be integrated on one substrate thus the models should allow for this high level of integration.

Using the knowledge about the operating frequency a measurement set-up can be selected. In this case the
choice is rather straightforward. At microwave frequencies a vector network analyser, HP851O, is used to
measure the scattering parameters of the devices. Furthermore the high level of integration requires that the
structures are measured on wafer. Normally coplanar probes are used to contact the structures. The picture
below shows an active device with two coplanar probes:

Figure 4.1 An example of a coplanar probe and the probe pad configuration.

The first step of any measurement is the calibration of the measurement set-up, in literature a large range of
calibration techniques have been reported [19-28]. The Through-Reflect-Line (TRL) technique was used in
the measurements for this study. After this calibration step the reference plane is placed on the probe tips.
The reference plane is the position up to where the measurements have been corrected for systematic errors.

In this work, the measurements will be focussed on transmission line elements. However, the methods that
will be used for the transmission line elements will be used for other types of elements in future work. This
means that the methods are more complex that strictly needed for the transmission line examples used here.

Next the line is placed between the probe pads, which cause a distortion of the transmission line behaviour.
Any measurement based model approach has to account for the effect of the probe pads on the total model.
An calibration procedure is used to extract the pad structure parameters, this step is called de-embedding.

The method used to extract the pad structure is able to extract all the S-parameters of the pad structures.
Unfortunately these parameters are normalised to the characteristic impedance of the lines connected to the
pad structure. At the probe side this impedance equals the 50 n of the measurement set-up. However the
impedance on the structure side equals the unknown characteristic impedance of the line connected to the
pad. Section 4 will present methods to extract the characteristic impedance of the line from measurements.

The next section will present the mask that was used to test all de-embedding and pad structure extraction
algorithms. It also contains the structures, which are required to extract a scalable model for a conductor
backed coplanar waveguide.
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4.2 Transmission line mask

The results obtained in chapter 3 have resulted in the design of a maskset that can be used to process and
measure a large range of transmission line structures. The first goal for the maskset was to be able to test the
three pad extraction algorithms and support other possible algorithms if needed. The second goal was to gain
more insight into the behaviour of some coplanar transmission lines and to extract both the characteristic
impedance and propagation constant of these transmission lines.

Common calibration algorithms require a through, a delay and a reflective standard, short or open, this
standard should preferably be identical for both ports. This means that these four elements should be included
on the mask.

To test the transmission line properties a large range of characteristic impedances is required. Another
constraint is posed by the current carrying capability. Assuming a metal thickness of 2 /-lm in combination
with a current density limit of 15 mA/-lm-1 results in a desired range of transmission line widths of 25,50,75,
100, 150 and 200 /-lm. The spaci'ng of the lines was chosen at 10, 20, 40, 80, 160 and 320 /-lm since it turned
out to be the limiting factor, instead of the characteristic impedance. Finally a series of line lengths was
included, the lengths are 400,800, 1600 and 3200 /-lm. The distribution of the characteristic impedances
based on Heinrich [7] is presented below:
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Figure 4.2 Targeted distribution of the characteristic impedance distribution.

The graph shows that the chosen width and spacing values yield an acceptable range of characteristic
impedances. The final distribution will differ from this distribution due to the fact that the laterally large
structures, i.e. the 150 and 200 /-lm wide lines and the structures with 160 and 320 /-lm spacing, will show
deviating behaviour.
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A short list showing the different elements which are included on the transmission line test structures mask
and a short description showing their purpose is presented in the table below:

Table 4.1 overview of the transmission line test structures.

through

The through structure is intended for de-embedding
purposes, a short section of transmission line is added to
the pad structure to ensure a gradual transition to the
elements placed in between the two pad structures.

open

An open is commonly used in general calibration
procedures.

It can also be used to get an idea about the quality of the
extracted pad structures.

short

A short is commonly used in general calibration
procedures.

The short can also be used to get an idea about the quality
of the extracted pad structures.

lines

The shortest transmission line is used for the extraction of
the pad structure. The propagation constant is extracted
from all lines available, and should remain constant.

The different line lengths can also be used to verify
whether the measured ca acitance scales with line len tho
probe test structure

These structures can be used to get an estimate of the
combination of the probe stray capacitance and the open
end capacitance of the transmission line.
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Since it has been established which structures should be present on the mask, the fmallayout can be made.
This layout has to be made in such a way that the cells fit on the samples, the sample measure 1.5x1.5 ern,
which means the cells need to remain below 1.0xl.O ern. Since the total mask should not exceed 3.0x3.0 ern a
choice was made to divide the mask into nine blocks of 1.Ox 1.0 ern, which resulted in the mask below:

h~•.•...•.,I~."~~•. '.' •.•...'.'.'.'J ''.'•.'l.•.•. :.' ~'; ' '.••. ~.•,1' L~!' .I .I i ',..-,_ ' "'.
. i .

-~. ···.f-·· i-i., ... ~ ~;.' ~'-~. ,,-1'7. - •• ', ',J
.:-r _,·:~:,"-:.'·'·~!2-,l~· ._;-.. - _.~.: •

:~~L,~:.":00. ..too."
Figure 4.3 The final layout for the transmission line test structure mask.

The first two columns contain the through, open, short and three shortest lines while the block on the right
contains the largest lines for the two columns on its left. Each block is built up from bottom to top with
increasing line width and spacing, each subsequent block adds an offset to the spacing. This means that the
six blocks in the first two columns contain all possible width-spacing combinations, while the block size
remains approximately equal. To facilitate measurements the width and spacing is written before and after
each line in each block.
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4.3 Extraction of the pad structure

Literature presents a wide range of methods that are able to separate the pad structure from the line [28,33].
TNO-FEL and TIlle have suggested the Line-Reflect-Line (LRL) and Through-Short-Delay (TSD) methods
respectively. These two methods have been implemented and tested to see which method performs best.
Finally a third method was implemented which uses knowledge of the structure to facilitate calculations.

Although the TSD and LRL differ in name they refer to the same set of structures. The difference between
the two methods is the way they deal with the set of mathematical equations that needs to be solved. The
complete description of both methods can be found in appendix B.

Delay

Figure 4.1 Standards used for both the LRL and TSD algorithms.

The LRL and TSD algorithms use two error boxes, one for each pad on the structure. Since two error boxes
are used, differences caused by measurement and processing variations can be accounted for. However, the
purpose of the error boxes is to use them on other structures, which is only valid in case the processing and
measurement variations are small compared to the actual measurement.

The third method assumes that both pads are identical, an estimation of the error in this assumption is
obtained by comparing SII with S22 and S12 with S21 for the measurements. A second assumption is that the
pads are reciprocal, which means S12 should equal S21. With these assumptions only two calibration standards
are required, a through and a delay. This method will be referred to by BeL algorithm.

The disadvantages of the LRL and TSD methods lie in the fact that no direct solution is obtained, a root
selection problem remains which can be solved by knowledge of the structures. Another disadvantage of the
original routines is that three standards are required for the extraction. The assumptions used for the third
method can also be used for the TSD and LRL routine, resulting in symmetrical LRL and TSD algorithms,
the resulting simplified algorithms are also able to extract the pad structure using only two standards.

The symmetrical algorithms were implemented into~TLAB, the routines were programmed straight
forward using the advanced mathematical capabilities of~ATLAB. To test whether the implementation of
an algorithm was done correctly a test was performed.

First Sonnet E~ simulator was used to generate data for a pad structure, this way no pad structure equivalent
circuit needs to be determined. After this the data for a through and delay structure were generated using a
fictional but realistic propagation constant. This data was then fed into the extraction algorithms and the
extracted pad structure was compared to the original generated by Sonnet.

All three methods were able to correctly reproduce the pad structure, indicating that the methods were
implemented correctly.

27



Measurement theory

The test presented above checked whether the algorithm was implemented correctly, however it did not test
the capability of the algorithm to deal with measurement uncertainties. These measurement uncertainties
should remain small but they can propagate through the calculations, simple numerical methods theory
indicates that the result can no longer be guaranteed to be accurate. To test the influence of measurement
uncertainty the previously described test was modified.

Again Sonnet was used to generate pad structure data. This data was then used to create the necessary
through and delay data. At this point the data was corrupted with a random component. The data was then fed
into the extraction algorithms and the output was compared to the original pad stI1lcture. After an error was
calculated, the extracted pad structure was used to create new through and delay data, which was than used
for another iteration step.

The result of the error in the magnitude and phase of the transmission of the pad structure for the three
algorithms is presented below.
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Figu re 4.2 Error propagation through the original extraction methods.

This clearly shows that the methods, implemented directly into MATLAB, have problems with the
calculations. A numerical optimisation step was used to simplify the calculations and reduce the number of
unnecessary operations.
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To illustrate how the algorithms were optimised, two versions of the equation for Sll are presented below,
before and after optimisation respectively.

1-

1+

811 =+---;-(-----,Xc-:------:-)----+----------
1- Tr 1+ 1;. +1;2 2

1; + T (1 + (1 +Tr Y- 1;2 y2J_y2
(1+T)2_T2 4T 3 3

r t t

[4.1]

The first equation contains approximately 50 mathematical operations while the second contains 10. The
same principle has been applied to the extraction algorithms, the result is presented in appendix B.

[4.2]

After the optimised algorithms were implemented, they were tested, as presented below:
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Figure 4.3 Error propagation through the optimised extraction methods.

These graphs clearly show that the TSD and LRL method are numerically stable while the alternative
procedure has more problems. An accurate comparison between the TSD and LRL methods shows that the
LRL method is the most robust of the three methods.
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4.4 Capacitance measurements and calculations

The LRL, TSD and the alternative de-ennbedding algorithnn are able to extract the nornnalised scattering
paranneters of the pad structure and are thus able to de-ennbed the device under test. However, the scattering
paranneters are nornnalised to the characteristic innpedance of their environment. At the probe tips this
characteristic innpedance is 50 Ohms. Unfortunately this is no longer the case after the probe pads, since at
this point the innpedance is deternnined by the transnnission line connected to the device under test.

It is desired to extract both the characteristic innpedance and propagation constant fronn the sanne series of
nneasurennents, and though a lot of research has been perfornned on this subject no satisfactory solution has
been found. In case the pad structure is nnodelled by a sinnple lossy capacitor and inductor [13], the problenn
is sinnplified such that the characteristic innpedance can be solved fronn the scattering paranneter
nneasurennents. Since these nnethods are linnited in their application, they will not be used for this study.

Other investigations [29-33] deternnine the characteristic innpedance of a transnnission line fronn one of the
generalised circuit paranneters of the line. For any transnnission line, the generalised circuit paranneters C, G,
Rand L are defined in ternns of the characteristic innpedance Z and the propagation constant 'Y by:

L=jOJC+G
Zline

yZline = j OJL + R

[4.3]

[4.4]

The inductance L and resistance R of the transnnission line depend strongly on frequency while the
capacitance C can be replaced by the near DC capacitor Co. This nneans that the choice of deternnining C and
G separately is the logical choice. Several nnethods have been proposed to extract the capacitance fronn
nneasurennents, sinnulations or analytical calculations.

Willianns [30,31] proposes two nnethods to extract the capacitance fronn nneasurennents. The first nnethod uses
network analyser nneasurennents down to 5 ~Hz while the second nnethod requires processing lunnped
elennent loads. At current the technology for processing lunnped elennent resistors is not available, which
nneans that no lunnped loads can be processed. Furthernnore, the HP 8510 nneasurennent set-ups that will be
used have a nnininnunn frequency of 50 ~Hz. This nneans both nnethods cannot be used for this work.

In this section a technique will be presented which does not require any additional structures or processing,
and can be perfornned with the available equipnnent. As a nneans of verification of the nneasured capacitance
two nnethods will be presented which extract the capacitance of the transnnission line fronn sinnulations or
calculations. Since the structures will be fabricated on good insulating nnaterial it suffices to extract the
capacitance since the conductance can be neglected, in this case the characteristic innpedance follows by:

y
Z =--line . oJ::,

J 0

30

[4.5]
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4.4.1 Determining of Co from conformal mapping.

The capacitance that was measured will be used to calculate the characteristic impedance of the line. This
means that any error in the capacitance will directly translate into an error in the characteristic impedance. To
be able to confidently present the capacitance of a line it is necessary to have a method to verify the measured
capacitance, for this purpose two conformal mapping algorithms were used [7,13].

Conformal mapping theory [38]

To describe the principle of conformal mapping the simplest coplanar waveguide structure is used, which
means that both the substrate and ground planes are assumed to be infinite.

c, c, c,

Ie
----------

Figure 4.4 Cross-section of an ideal coplanar waveguide in the Z-plane.

In order to find the transmission line parameters, Laplace's equations needs to be solved.

with the appropriate boundary conditions

[4.6]

rp = rpl

rp = rp2
[4.7]

Although the structure is relatively simple, an analytical solution for Laplace's equation has not yet been
obtained. At this point the strength of conformal mapping becomes apparent. Essentially conformal mapping
is a method, which transforms the transmission line geometry to another, less complex geometry.

Assume that a conformal mapping transform can be found which transforms any point x+jy in the Z-plane to
an alternative point u+jv in the W-plane such that the dielectric is enclosed between the surface 8 1 and 82•

c,
,•• 1 - - - - • - - - • - - - - -

: transformed H4field line
,
r- transformed E-field line

c,

jv

L u

Figure 4.5 Cross-section of an ideal coplanar waveguide in the W-plane.

The field solution can easily be solved in the W-plane and once a solution in the W-plane is known the
solution can be mapped back onto the Z-plane, thus resulting in a solution in the Z-plane. The exact details of
the solution depend heavily on the exact nature of the problem and intended use and will thus not be treated.

The conformal mapping method has been used for a wide range of coplanar waveguide problems [7,10-13]
while another conunonly used approach uses measurement based models [7,14] or full-wave or mode
matching analyses [8,9].
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Quasi-TEM method proposed by Heinrich [7]

The coplanar waveguide geometry that was investigated by Heinrich is presented in the picture below, it
exists of a single coplanar waveguide with two fmite grounds and an infmite substrate. Heinrich also
accounts for the influence of metalisation thickness.

w s w.

r:==J r=J ~

'I
jy

L
Figure 4.6 Cross-section of an ideal coplanar waveguide in the Z-plane.

Essentially Heinrich divides the problem into two regions, the air and the substrate, and solves the
capacitance for each of those two areas separately. The resulting equations are presented below:

Cair = 2&oF(t = 1')

C,,,,, ~ 2cocl(t = 0) ~ 2coc, :'l~~

[4.8]

[4.9]

Where K(k) and K'(k) are the elliptic integrals that result from the conformal mapping algorithm [7]. In this
formula the function F(t) denotes a function created by Heinrich and k) is a geometrical factor obtained from
[7]. It is partially based on a conformal mapping algorithm and partially based on a polynomial fit. It can be
noted that the metalisation thickness is only used in the air capacitance, which is approximately nine times
lower than the substrate capacitance. Both air and substrate capacitance are assumed to be independent of
frequency.

The quasi-TE~ approach assumes that the dominant mode can be represented by a TE~ mode. This posses
various frequency and geometry limits. First of all the substrate thickness must remain large in comparison to
the lateral dimensions of the coplanar waveguide, normally greater than twice the ground-to-ground spacing.
Second the structure needs to be small compared to the effective wavelength, which means that the maximum
frequency can be defined by:

[4.10]

Adapted conformal mapping algorithm as proposed by Williams

Williams adapted the conformal mapping algorithm proposed by Heinrich to model multilayer structures.
Although this algorithm was not intended for conductor backed coplanar waveguide it can be used as such.

As the method is based on the quasi-TE~ description proposed by Heinrich it can be expected that the limits
proposed for Heinrich can be maintained. Except for the substrate thickness limits which is accounted for.
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4.4.2 Determining Co using a HP4275A LZR meter

The capacitance of the transmission lines can be measured using a HP 4275A, which can achieve tF accuracy
in case the measurement set-up is constructed as to minimise the parasitic capacitance. The measurement set
up that was used for the measurements is depicted below:

Figure 4.7 The measurement set-up that was used for the capacitance measurements.

The HP 4275A can calibrate to fF scale at a frequency setting of approximately 2 MHz. At this frequency the
assumption that the lines are short with respect to the effective wavelength holds. This means that the
transmission line can be divided into three regions, two pads and a transmission line, as presented below.

pad line pad

Figure 4.8 Separation of the pad structures and the transmission lines.

It is assumed that the behaviour of the pad structure can be estimated by a simple transmission line equivalent
circuit with two unequal capacitors and conductors. This means that the entire equivalent circuit consists of
three cascaded sections, one pad section is presented below:

Figure 4.9 Low-frequency equivalent circuit of a pad structure.

This equivalent circuit can be reduced to a single capacitor. It can be shown that the error introduced by this
simplification remains well below I percent. The capacitance will be determined by measurements on five
different line lengths. The shortest line, a through, is subtracted from the remaining lines and finally a simple
linear fit through the origin is performed. The next chapter will present the measurement results.
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5 Measurement results

5.1 Introduction

All structures that are required for a measurement-based approach to model coplanar waveguide elements
have been determined. A first mask containing the elements required to test several de-embedding methods
and to get a first impression of the problems to expect in a subsequent mask are identified. This chapter will
present the results from measurements together with some experiments, which provide more insight into the
problems that occur.

Before the measurements the HP851 0 network analyser needs to be calibrated. For this work the TRL
calibration was used. This calibration was performed on a 101-190B ISS substrate, which contains all the
required structures. The input power was set to -5 dB with a slope of0.1 dB/GHz and a 0.0 dB attenuation.
After the calibration the influence of the measurement set-up is corrected for up to the tips of the probes.

The remaining calibration standards are an open, probes in air, and three line lengths. Normally two line
lengths would have sufficed but the transition between the lines would be placed between 9 and 12 GHz.
Since the final goal is to use the measurements for a 9 GHz amplifier three standards, 5200, 1750 and 850
J.lm long, were chosen.

In this chapter the measurement results will be compared with theoretical data. The data will be presented in
tables, which contain both the data and coloured bars. These bars give some insight into the difference
between the measured data and the calculated data, as shown in the table below:

Table 5.1 Definition of the error bound labels.

:::>2.5 %
2.5-5.0 %
5.0-7.5 %
~7.5 %

Section two presents some typical measurement results. These results are intended to present some insight
into the measurement data that was obtained. Also a short review is presented which shows the correlation
between coplanar waveguide geometry and the measured reflection and transmission.

Section three introduces the results from the capacitance measurements and they are compared with two
conformal mapping techniques. Finally the measured capacitance values are fitted to a polynomial to form a
simple design equation.

Section four introduces the results, which were obtained using the pad extraction algorithms together with the
scaling properties of the pad structures.

Section five introduces the results from the de-embedding algorithm that was used to extract the propagation
constants. The extracted propagation constants are compared to the conformal mapping algorithm proposed
by Heinrich and to the results ofTXLine, which is a commercially available transmission line calculator.

Section six presents a set of tests that were performed to study the influence of backside metalisation and
substrate thickness.

Finally section seven presents some general conclusions which can be drawn from the measurement results
obtained in this chapter.
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5.2 Evaluation of the measurements

5.2.1 Quasi-TEM versus non-quasi-TEM structures

The mask from the previous chapter was measured. This section will introduce those measurements by
presenting some typical measurements. As can be expected the measurements also reflect the division of the
mask into a quasi-TEM section and a section where the quasi-TEM assumption no longer holds.
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Figure 5.1 Example of a quasi-TEM, left, and non-quasi-TEM, right, transmission line.

The figure on the left shows the typical behaviour of a quasi-TEM transmission line. The line has a width of
50 Ilm, a spacing of 80 Ilm and a length of 3200 Ilm. The top curve shows the transmission, which is near
unity, and the lower curve shows the reflection, which approaches zero at DC. This behaviour resembles the
behaviour as presented in chapter two.

The figure on the right, which has a width of 200 Ilm, a spacing of 320 Ilm and a length of 3200 Ilm, shows
non-quasi-TEM behaviour. The first change that can be noticed is that the curves are distorted above 20 GHz.
Furthermore no fixed period can be found, a minimum appears at 16 GHz, at 30 GHz and at 40 GHz.

If a distinction is made between structures showing quasi-TEM and non-quasi-TEM behaviour, the following
table can be found:

Table 5.1 Separation of the measurements in quasi-TEM and non-quasi-TEM.

10S 1--
2
-
0
-+---+--+----+----+.:",;

2: 1-=-=--+--+---+-----6:
40

.~ 1--=-8-=-0-+--+---+---1:

~ 160
r:r:. 320

The table shows a division into three shades of grey, the lightest grey indicates that the measurements are
predominantly quasi-TEM while the darkest grey indicates that the non-quasi-TEM effects start to dominate
the measurement. The distribution is in agreement with the validity boundary predicted by Heinrich.

The examples used in this chapter will be taken from the quasi-TEM region, since the curves from the non
quasi-TEM region show entirely different behaviour.
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5.2.2 Scaling properties of the transmission line structures

To indicate the scaling properties of the transmission lines, a set of measurements will be presented that show
the behaviour of different through structures. This presents some insight into how the structures scale with
geometry. The first picture shows the effect of the spacing between the ground and the centre conductor. The
width of the lines is 25 ~m while the spacing ranges from 20 up to 80 ~m. The reflection is relatively low,
witch indicates a good match while the transmission is almost unity, which indicates that the losses are low.
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Figure 5.1 Effect of scaling of the spacing on the through structure.

It can be observed that the reflection increases with increasing spacing, on the other hand the transmission
decreases with increased spacing. This can be expected since an increase in characteristic impedance causes
an increase in reflection coefficient since the impedances increase starting from approximately 50 Q. The pad
discontinuity has been neglected to get a first impression.

The next picture shows the effect of the centre conductor width, the spacing of the lines is a constant 80 ~m
while the width ranges from 25 up to 75 ~m. The latter already shows limited signs of non-quasi-TEM
behaviour. Again the same behaviour for the reflection and transmission coefficients is observed.
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Figure 5.2 Effect of scaling of the centre width on the through structure.

It can be observed that the reflection decreases with increasing width, while the transmission scales with
centre conductor width. Again this can be expected since an increase in centre conductor width causes a
decrease in characteristic impedance and thus a decrease in reflection coefficient, for impedances larger than
50 Q. Again the influence of the pad structure is neglected.
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5.3 Capacitance measurements and simulations

5.3.1 Capacitance measurements using the HP 4275A

Before a sample is measured the HP 4275A is calibrated. This is done on an open part of the sample.
The measured capacitance of the probe on the AlN is approximately equal for the different substrates, which
is important since the largest line lengths are located on a separate sample. If a discrepancy was found, the
through structure on one sample could not have been used to de-embed the large line located on another.

After calibration all the lines on a particular sample are measured. This routine is repeated until all samples
have been measured. The capacitance of a line segment is now calculated by subtracting the line
measurement and the appropriate through measurement. This method has the advantage that any offset
introduced during the calibration is subtracted from the line capacitance together with the pad capacitance.

The measured capacitance values are corrected for pad structure capacitance and systematic errors by
subtracting the pad capacitance from the remaining four lines. After this step a simple curve fit through the
origin is used to extract the capacitance per unit length.

The measured values for the capacitance per unit line length are presented in the table below:

Table 5.3 Capacitance per unit line length as measured with the HP 4275A.

C [pF/m] Width film]
25 50 75 100 150 200

e 10 148.4 179.6 200.7 215.5 236.8 244.0
20 115.7 142.4 161.3 172.7 191.8 200.82:
40 91.1 111.7 125.0 138.5 150.4 160.1=.II

= 80 68.8 85.9 97.1 104.3 117.5 124.7";:;
~ 160 52.6 63.4 75.8 82.0 87.1 92.9c.

(/)
320 38.4 45.8 50.6 55.0 59.8 64.5

A three dimensional plot of the capacitance values is presented below. It clearly shows a decreasing
capacitance for an increasing spacing while the capacitance increases with width.

Figure 5.4 Measured capacitance as a function of width and spacing.

To test reproducibility a single, nominal, structure was probed and measured thirty times. After each
measurement the probe was lifted and displaced in both the x and y direction. The probe placement was
rough, to provide a larger than normal deviation so an upper bound limit on the deviation could be found.
This measurement showed a mean value of62.4 iF and a standard deviation of0.3 iF, the most extreme
measurements were 63.2 iF on the high and 61.9 iF on the low side.
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5.3.2 Capacitance calculations based on conformal mapping

This section will present the results of the conformal mapping algorithm proposed by Heinrich and Williams
[7,13]. The first method that was implemented was the quasi-TEM description provided by Heinrich, which
resulted in the table shown below:

Table 5.4 Capacitance per unit line length as calculated using the quasi-TEM description of Heinrich.

'51---:::-::-+-+--=--:'-:-'7-t--+--';...;...:..:..::....t-t~..::-=-:-=-+-t"""'""'-:::-:-:-+,...-+--':-=-=-':

2:f-=-=---+--+----=-c:....:..:c=--t-t---=:....:.:::.:....:....+-+-..:...::...:..:...;.-+--+----=-cc..::..:...:,-

~

=.;:;
~

Co
rrJ

200
257.3
214.8
175.6
141.2
112.7
90.4

It can be seen that the method of Heinrich shows a division of the structures, which is in accordance with the
expected division based on the assumption of an infinite substrate thickness, as presented in Table 5.2.

The second algorithm that was implemented is based on a method by Williams, which was intended for
multilayer substrates, produces the capacitance values presented below:

Table 5.5 Capacitance per unit line length as calculated using the quasi-TEM description of Williams.

C [pF/m] Width rf,.Lm]
25 50 75 100 150 200

'5
10 .1 140.4 173.7 194.7 209.6 229.6 242.0
20 111.9 139.4 157.6 170.8 188.9 200.3

2:
40 89.4 110.5 125.0 135.8 150.7 160.3~

.: 80 71.5 86.9 97.4 105.4 116.4 123.4[8 56.1 66.7 73.7 78.9 86.0 90.4
rrJ 320 ' 41.0 47.1 51.3 54.5 59.0 61.5

The method should be able to give an accurate estimate for the larger structures, and an improvement can be
observed for that aspect. The majority of the capacitance values falls well within a 2.5 % error boundary.

The measured capacitance shows good agreement with respect to the expectations based on conformal
mapping, which indicates that the extraction method based on measurements is acceptable.

The formula below is the result ofa curve-fit on the measured capacitance data:

with

awidlh = -4.6210-6 W 2
- 6.8710-4 W + 4.20

a,pacing = 1.05 10-6 S2 -1.2010-3S +1.00

[5.1]

[5.2]

[5.3]

The equation for the elliptic integral, K(k l ), was borrowed from Heinrich [7] while the two fitting terms,
awidth and a,pacing, were introduced to achieve an acceptable fit with the measured data. This equation is able
to predict the capacitance of any line within 2 percent, while the majority remains well below 1 percent.
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5.4 Extracted pad structures

Three methods were identified that could be used to extract the pad structures from the measurements,
an initial study showed that the LRL method should be the most stable method. To see how the methods
perform for a real structure all three methods were performed on an average measurement. This resulted in
almost identical curves, with only a few structures showing deviating behaviour for the alternative algorithm.
This would indicate that an algorithms could be used to extract the pad-structure.

In case the alternative algorithm is used, the influence of the characteristic impedance can be taken into
account. Resulting in pad structures referenced to 50 n at both sides, which is easy for comparison. An
overview of the influence of the spacing on the extracted pad structure is presented below:
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Figure 5.1 Influence of spacing on the extracted pad structure.

The pad structures shown above are obtained from the transmission lines with a width of I00 ~m, a length of
800 J.lm while the different values for the spacing are 40,80 and 160 ~m respectively. With increased spacing
an increased reflection combined with decreased transmission is observed, this could be expected since the
characteristic impedance of the lines increases from 50 n upwards.

40



Measurement results

The pictures below present an overview of the influence of line width on the extracted pad structure:
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Figure 5.6 Influence of width on the extracted pad structure.

The pad structures shown above are obtained from the transmission lines with a spacing of 40 J.l.m, a length of
800 J.l.m while the different values for the width are 50, 75 and 100 J.l.m respectively. With increased spacing a
decreased reflection combined with an increased transmission is observed, this could be expected since the
characteristic impedance of the lines decreases.
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5.5 Propagation constant extraction

A lot of emphasis has been placed on the fact that the pad discontinuities need to be accounted for in case a
measurement based modelling approach were to be chosen. However it has not been shown what influence
the pad structure has on for example a line. To demonstrate this influence the picture below shows the
propagation constant extracted directly from the measurement and after de-embedding. The line has a width
of 50 ~m, a spacing of 80 ~m and a length of 800 ~m.
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Figure 5.7 Example of the influence of de-embedding on the propagation constant of a standard line structure.

This figure clearly illustrates the need for a de-embedding algorithm, since the dispersion would have been
overrated in case no de-embedding algorithm would have been used. For the extraction ofthe propagation
constant two extraction algorithms have been implemented. The first is a part of the LRL algorithm while the
second uses an actual de-embedding technique.

In case the de-embedding algorithm is used, the propagation constant can be extracted from a series of lines
with varying length, the combined data from these lines can then be used to get a better estimate for the
propagation constant. The results for a line with a width of50 ~m and a spacing of 80 ~m are presented:
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Figure 5.8 Example of the scaling of the propagation constant with line length.

It can be observed that there is a small difference between the different lines. The longer line lengths seem to
lead to straighter propagation constant curves, which can be expected since the longer lines show a larger
phase shift. It can be noted that the extraction of the propagation constant would benefit from using the
longest line available.

42



Measurement results

In the presentation of the measurement results a distinction was made between the elements which showed
quasi-TEM behaviour and elements which showed deviating behaviour. The same distinction can be made
for the extracted propagation constants. A line with a width of75 I-lm and a spacing of 80 I-lm and a line with
a width of 200 I-lm and a spacing of 320 I-lm yield the curves shown below:

to 15 20 25 30 35 40 45 50

frequency (GHz)

100

250 ,---------,-------,n",.---.,..-,.---,

200

150

e 50

=. o+--~=---=.."."....."".,io"---~"'-\11;_:....-..,......_I

I:l .50

-100

-150

-200

·250 +---i--....-......,.-~=;::::=:::;::::=:;::==;:=::;=:::...j

o

2500,-------------------,

:./'
"~ ;i!X'/ .
!:f yjr'~-"-'-,··-'_I'----__,I

o
o 5 to 15 20 25 30 35 40 45 50

frequency [GHz[

Figure 5.9 Example of the propagation constant of two standard line structures.

The figure on the right clearly shows the same distortion as was found in the measurements, indicating this
effect is not caused by pad parasitics. Again the distribution is in agreement with the limits proposed in [7].

The graph below shows the extracted propagation constant for different width and spacing values. The figure
on the left has a constant spacing of80 I-lm, a length of3200 I-lm and widths of 25,75 and 150 I-lm. The
figure on the right has a constant width of75 I-lm, a length of3200 I-lm and a spacing of 10,40 and 160 I-lm.
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Figure 5.10 Example of the propagation constant dependency on line width (left) and spacing (right).

To increase the efficiency of the curve fitting, the propagation constant will be extracted using the effective
dielectric constant which can be defmed by:

[5.4]

Where c models the speed oflight. For a lossless transmission line the dielectric constant should be
independent of frequency, which results in an easy fit. The curves on the next page show a cross section of
the effective dielectric constants, the samples on the left are taken from 25, 75 and 150 I-lm wide lines while
pictures on the right represent 10, 80 and 160 I-lm spacing.
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Figure 5.11 Examples of the extracted effective dielectric constants.

The extracted effective dielectric constants, depicted above, show deviating behaviour for structures
with large spacing values and higher frequencies. This can be explained by the fact that the basic
coplanar mode is no longer the dominant mode and higher order modes cause distortion above 20 GHz.
1'h~ otherb~haviour thatcanJ:>e n()!i.~~d.ist1l11t_tJ1el()\:Y frequency .b~1l11'li.2~ri.s4()_Illinatedby4isp~rsi()n:

The table below shows the result of extracting the propagation constant, frequencies below 10 GHz
were ignored and the data from lines with a length of 800, 1600 and 3200 11m were combined to obtain
this result.

Table 5.5 propagation constant per unit line length and frequency.

~ 10,9 [m,IHz'!] Width Il.lml
25 50 75 100 150 200

e 10 46.02 45.85 46.36 45.25 45.40 45.18

:1. 20 45.32 45.77 45.83 45.11 45.53 45.76

~ 40 45.27 46.62 45.70 46.37 45.99 46.54
= 80 45.33 45.37 45.67 46.23 46,68 46.78'u
'" 160 46.11 45.75 45.90 46.66 46.79 47.33c..

tZl
320 46,39 46.79 47,07 47.20 48.77 48.44

The next step is to fit some formula to the extracted data, however 95 % of the extracted propagation
constants are within 2 % of a value of 46.17, which means that a constant value would yield an
acceptable fit.
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A comparison with a commercial transmission line calculator, TXLine2 from Microwave Office, resulted in
the table below. The larger spacing values are not supported by this software and are thus left out.

Table 5.7 Propagation constant per unit line length and frequency generated by microwave orfice.

P10-9 [m-1Hz-1]
Width m

25 50 75 100 150 200

e 10 46.40 46.42 46.43 46.45 46.51 46.58
20 46.41 46.43 46.46 46.49 46.56 46.662:
40 46.44 45.47 46.51 46.55 46.66 46.78~

I: 80 46.51 46.57 46.63 46.69 46.84 47.00'Cj
~ 160 Xc.en

320 X

The propagation constant obtained using this transmission line calculator shows little width and spacing
dependency. The total range of propagation constant values lies within 1 percent of 46.7 radlm at 1 GHz.
The extracted propagation constant can be approximated by a mean value of 46.2 with an overall error ofa
couple of percent, the plots below show the extracted propagation constant and the propagation constant
obtained using TXLine. The scale has been adjusted to zoom in to the covered range.
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Figure 5.12 Extracted propagation constant as a function of width and spacing.

The agreement between the propagation constant obtained using TXLine and the extracted propagation
constant is acceptable.

The second verification is based on the conformal mapping algorithm proposed by Heinrich. This algorithm
has been modified in such a way that it uses the measured instead of the calculated capacitance values, to
account for the back plane influence.

Table 5.8 Propagation constant per unit line length and frequency using the description of Heinrich.

P10-9 [m-1Hz"]
200

e 10 44.58

::t 20 44.00
~ 40 43.59
I: 80 43.17'Cj
~ 160 42.02c.en

320 39.29

Again the same distribution as presented in Table 5.2 can be observed. Indicating proper extraction of the
propagation constant for the smaller structures.

2 TXLine version 1.1. copyright Applied Wave Research Inc. 1996.
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5.5.1 Characteristic impedance extraction

Finally the characteristic impedance values can be determined based on the extracted propagation constants
and the measured capacitance values. Due to the fact that the attenuation of the transmission lines has not
been investigated only the real part of the characteristic impedance, presented below, is determined:

Table 5.9 Propagation constant per unit line length and frequency.

20 [0]
Width fum!

25 50 75 100 150 200

'5
10 49.4 40.6 36.8 33.4 30.5 29.5
20 62.3 51.2 45.2 41.6 37.8 36.4

~
40 79.1 66.4 58.2 53.3 48.7 46.3OJ)

= 80 104.9 84.1 74.9 70.5 63.2 59.7'y
C':l 160 139.5 114.9 96.4 90.6 85.5 81.1c.

rJ"J 320 192.3 162.6 148.0 136.6 129.8 119.5

200

180

180

140

1 120
.c
Q.loo

~ 80

60

40

Figure 5.13 Extracted characteristic impedance as a function of width and spacing.

Instead of performing a curve-fitting algorithm on the extracted characteristic impedance, an equation is
determined based on the fit for the propagation constant and the transmission line capacitance. This results in
the equation presented below:

z =L:::; 46.2 K'(k,) 1

o a£ ffCo (Cr +1) K(k,) aWidlhaspacilrg
[5.5]

where awidth and aspacing are derived from the capacitance formula. The formula illustrates it's derivation
based on the propagation constant and a transmission line capacitance. The same methods can be applied to
extract an approximate formula for the inductance per unit line length.

L:L:::; 1067 K'(kJ 1

oic ff2co (Cr +1) K(kJ awidlhaspacing
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A connparison between the extracted characteristic innpedance and the characteristic innpedance that is
obtained using the algorithnn proposed by Heinrich results in the table below:

Table 5.10 Characteristic impedance generated by Heinrich.

20 [0]

10
E 20
~ I-::...:---+--t----..:...:..:.:'-+---/-...,..::-;~hl_---'--:.=..._+__t_-....:..:...:-
ell 40
="y 80
~ 160

fJ1 320

200
27.7
33.5
41.3
51.7
64.9
81.1

Again the quasi-TE~ distribution can be observed, indicating that the extracted characteristic innpedance is
accurate for the snnaller structures. As a second verification tool the extracted characteristic innpedance is
connpared with the results fronn the connnnercial TXLine, the results are presented below.

Table 5.11 Characteristic impedance generated by microwave office.

20 [0]

10
[ 20
-; 40
="y 80
~ 160

fJ1 320

200
28.4
37.7
47.5
58.7
x
x

The table shows the results using halve the width due to a bug in the algorithnns used by TXLine. Applied
wave research has been contacted about the topic and they confirnned the bug in the software and are
currently looking into the problenn.

Finally a connparison between the extracted characteristic innpedance and the characteristic innpedance that is
obtained using the finite grounded coplanar waveguide transnnission line in ~DS:

Table 5.12 Characteristic impedance generated by MOS.

20 [0]

10
[ 20
ell 40
='y 80
~ 160

fJ1 320

200
28.0
34.0
41.5
51.0
63.5
80.0

It can be observed that the agreennent with ~DS is poor, this nneans that ~DS should not be used to estinnate
the behaviour of a conductor backed coplanar waveguide.

At current no accurate connparison can be nnade due to the lack of a confornnal nnapping algorithnn and a bug
in TXLine. Due to the observed accuracy of both the propagation constant and transnnission line capacitance
the rennaining error observed in the characteristic innpedance is accepted for the nnonnent.
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5.5.2 De-embedding examples

To demonstrate the use of the de-embedding algorithm, it has been used on the short-circuit and open-circuit
structures that were included on the coplanar waveguide mask. The pictures presented on this page are based
on a structure with a width of 50 J.lm and a spacing of 40 J.lm.
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Figure 5.14 A short circuit before and after de-embedding.

The de-embedded short-circuit shows a small phase shift compared to the original. The remaining phase shift
is caused by de-embedding errors and the non-zero length short. A rough estimate of this is obtained by
assuming that the remaining equivalent circuit is dominated by an inductor between the signal path and
ground. This results in an inductance of approximately 12.5 pH, which is obtained by transforming the de
embedded scattering parameters to Z-parameters and then fitting ZI1 with a straight curve.
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The same principle can be applied to the open circuit, which is available on the same mask. Again a line with
a width of75 !!m and a spacing of 40 !!m was used.
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Figure 5.15 An open circuit before and after de-embedding.

The de-embedded open-circuit again shows a small phase shift, it can be attributed to de-embedding and
stray capacitance at the end of the transmission line. A rough estimate of this stray capacitance yields a value
of approximately 6.5 tF, which is obtained by fitting Y ll with a straight curve.
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5.6 Additional tests

This section wi11look into the influence of backside metalisation and a thicker substrate. Unfortunately these
measurements were perfonned at different locations with a different measurement set-ups.

Before the measurements perfonned at TNO-FEL and the measurements perfonned at the TU/e can be
compared, a line with a width of 200 Ilm, a spacing of320 Ilm and a length of3200 Ilm is compared. The
results from this measurement are depicted below.
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Figure 5.16 Comparison of measurements performed at TNO-FEL and measurements performed at TV/e.

The agreement that can be observed between the transmission and reflection coefficients is acceptable,
although the agreement is not ideal. At this moment it is not clear to what effect this difference can be
attributed, but it is suspected that the differences could, in part, be caused by the different types of probes
used to measure the structures.
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5.6.1 Backside metalisation test

The first test involves the influence of a backside metalisation step on the parallel plate modes. Since all
measurements are performed on a metal chuck it can be expected that the difference between the two
measurements is minimal. A small difference could exist due to the thin layer of air between the sample and
the metal chuck. The structure has a width of200 ~m, a spacing of320 11m and a length of 1600 ~m.
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Figure 5.17 Measurements showing the influence ofa backside metalisation on a laterally large structure.

As expected the difference between the measurements is minimal. The same difference between the
measurements performed at TNO-FEL and the measuremenffi performed at the TU/e can be observed.
This effect shows that no significant improvement is observed in case a backside metalisation is applied to
the sample, making this additional processing step obsolete.
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5.6.2 Substrate thickness tests

Two tests have been performed to check the influence of a thicker substrate on the parallel plate modes. The
first test was performed at TNO-FEL. Due to the lack ofa thicker substrate a simple plastic cover was used to
raise the sample a couple of millimetre into the air. The dielectric constant that is measured now becomes a
function of the AlN substrate, the plastic cover and the remaining air under the cover, which means that the
frequency between adjacent minima will increase slightly. The measurement depicted is performed on a line
with a width of200 Ilm, a spacing of320 Ilm and a length of3200 Ilm.
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Figure 5.18 Measurements showing the innuence of a raising the sample into the air on a laterally large structure.

The result of the increased sample thickness is remarkable. The effect of the parallel plate mode has almost
completely disappeared. The peaks in the single substrate are located at approximately 16,30 and 42 GHz,
after the sample has been raised the peaks are located at 17, 34 and just over 50 GHz. After the substrate was
raised the peaks are equidistant while they were not before. This is another indication that the effect observed
is not a function of the pad structures but has to do with parallel plate modes.
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The influence of raising the substrate was clear, but it is important to study the influence of substrate
thickness. Since acquiring a set of substrates with increasing thickness is not an option, the increasing
substrate thickness was realised by stacking multiple samples without metalisation under the sample under
test. The measurement depicted is performed on a line with a width of 200, a spacing of 320 and a length of
3200 !lm.
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Figure 5.19 Measurements showing the influence oran increased substrate thickness on a laterally large structure.

The measurements depicted above present the results of increasing the substrate thickness, the fust
measurement was performed on a standard sample, the second measurement featured a double substrate and
the third measurement had two substrates stacked under the sample.

The results of this test are promising, the peak at 30 GHz, present in the original measurements, is gone in the
second and third measurement. In the third measurement the second minimum in the reflection is visible at
approximately 33 GHz, which corresponds with the first minimum at 16.5 GHz. However the distortion at
the higher frequencies remains.

A further increase of a stack of three substrates to a stack of five substrates shows no further improvement.
Which might indicate that the remaining distortion is, in part, caused by the stack itself. Due to the fact that
the substrates don't form one uniform substrate and air is thus still present between the samples, some
distortion might be caused by the stack itself, this can only be tested by processing a thick sample.
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5.7 Results and conclusions

This section introduces the results, which were obtained, from the measurements and the related experiments.

Measurement results

The measurements show a clear distinction between structures showing behaviour, which is in agreement
with the expected curves and transmission lines showing non-quasi-TEM behaviour. The distribution of the
measurements is in agreement with the distribution proposed by Heinrich according to the validity of the
quasi-TEM model.

The non-quasi-TEM phenomenon was attributed to higher-order modes after the influence of probe
placement and calibration errors was eliminated by repeating previous measurements. The non-TEM effects
include a significant decrease in period over frequency and distortion of the measurements at higher
frequencies.

Transmission line capacitance

It has been established that the extraction of a transmission line capacitance is essential to extracting valid
circuit models. Two approaches have been studied, the first approach is based on measurements while the
second approach introduces two conformal mapping algorithms.

The measurement of the transmission line capacitance is based on a HP 4275A LZR meter. The original set
up was modified to support coplanar probes and allow for acceptable measurement accuracy. It has been
established that measurements are reproducible to within I iF and with a standard deviation of0.3 iF. The
method used the different line lengths for the extraction of the transmission line capacitance per unit length.

Two conformal mapping algorithms have been implemented, which rely on the assumption that the
capacitance does not depend on frequency. The conformal mapping algorithms were able to reproduce the
measured capacitance values within a 2.5 % error boundary.

Finally a simple design equation based on curve fitting is presented, which is able to reproduce the measured
transmission line capacitance values to within a I % error boundary.

It has been established that the assumption that transmission line capacitance remains constant as a function
of frequency should remain valid down to at least 2 MHz. The agreement between conformal mapping
algorithms and measurement results indicates that the capacitance values per unit line length, obtained with
the HP 4275 A LZR meter can be used for the characterisation of coplanar waveguide transmission lines.

Pad structure extraction

Three pad structure extraction algorithms, based on the TSD, LRL and an alternative algorithm, were
implemented and tested. All algorithms are capable to extract the pad structures from the measurements but
prior tests have shown that the LRL algorithm is likely to produce the most accurate results.

With increased spacing the pad structures show an increased reflection combined with a decreased
transmission, which·can be explained by the increasing characteristic impedance of the lines. For an
increasing signal track width the pad structures show a decreasing reflection and an increased transmission,
which can be explained by the decreasing characteristic impedance.

The results obtained with the pad extraction algorithms indicate that the pad structures can be extracted in
sufficient degree to allow the implementation of a de-embedding algorithm to be useful.
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Propagation constant

A de-embedding algorithm based on the LRL pad extraction algorithm was implemented. This algorithm was
used to extract the propagation constant of the transmission lines. The de-embedded propagation constants
show behaviour, which depends less on frequency, which could be expected.

The de-embedding algorithm was not able to remove the resonant behaviour present on the larger structures.
This supports the assumption that the resonant behaviour originates from higher order modes and not from
the discontinuities at the pad structure transmission line transition.

. .,. ~..~ _......... . ~~-_ ~._.._ _..

The distribution of the extracted propagation constant does not follow a specific trend, which can be
explained by the fact that the propagation constant for higher order modes differs from the propagation
constant of the basic propagating mode. The quasi-TEM distribution proposed by Heinrich is also valid for
the extracted propagation constant.

The extracted propagation constants can be fitted with a constant value of 46.2 introducing a limited error
bound. This same behaviour is obtained in case TXLine is used. A comparison with the propagation constant
obtained with the conformal mapping algorithm proposed by Heinrich shows an acceptable agreement for the
relevant structures.

It has been shown that the propagation constant, which is extracted after de-embedding the transmission
lines, shows acceptable agreement with conformal mapping and TXLine. This supports the usefulness of both
the pad structure extraction and the de-embedding algorithms.

Characteristic impedance

The characteristic impedance was calculated using the measured transmission line capacitance and the
extracted propagation constant. This characteristic impedance was compared with the characteristic
impedance obtained using TXLine. A bug was noticed in TXLine, which, at current, limits the usefulness of
TXLine. However, it can be assumed that the characteristic impedance is extracted with sufficient accuracy.

Parallel plate modes and backside metalisation

The resonant phenomena have been attributed a higher order parallel plate mode. Some tests were performed
which were intended to investigate the influence of substrate thickness and backside metalisation.

The first test used a backside metalisation. This yielded no significant difference implying that the little air
that remains between chuck and substrate does not playa significant role.

For the second test a plastic cover was placed between the sample and the chuck. The non-quasi-TEM
phenomenon was almost completely removed from the measurement. This would indicate that substrate
thickness plays a significant role with respect to the non-quasi-TEM phenomenon.

A third test used a stack of substrates instead of the plastic cover. The number of substrates under the sample
was increased to study the phenomenon as a function of substrate thickness. With an increasing number of
substrates the periodicity returned and the distortion was reduced. However a completely normal
measurement was not obtained, this could be due to the fact that a stack of substrates was used.

55



Simulation results

6 Simulation results

6.1 Introduction

The previous chapters aimed at circuit models for coplanar waveguide passive components, these models
were based on measurements. Another approach, which is gaining a lot of terrain, is extracting the models
from electromagnetic simulations. This option has become available due to the progress in numerical
methods and increased computing power.

This section will present an initial study, which is based on three commercial electromagnetic circuit
simulators, namely HP Momentum, Sonnet EM Suite and HP High-frequency Structure Simulator. The first
two simulator are 2.5D, in effect the structures simulated in this type of simulator need to be planar. The
latter is a true 3D simulator, this means the complex geometry of the structures can be used in the simulation.

It should be noted that only a limited amount of time has been spent using the simulators. For this reason one
should be careful with the conclusions, in effect this means that no direct conclusions have been drawn and
the sections contain elements which can be used as a base for further investigation of the structure simulators.

This chapter is divided into sections, which correspond to the different circuit simulators, the chapters will
present some of the problems related to using the specific simulator and where possible a solution is
presented. Finally some conclusions are presented on the usefulness of the simulations that were performed.
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6.2 Sonnet EM Suite

6.2.1 Definition of test structures

This section presents the constants used in Sonnet to defme substrate material and metal types.

Dielectric definition

This section will deal with the defmition of a single dielectric layer. Sonnet uses a set of parameters to
describe the properties of a dielectric layer, the ones needed for the coplanar structures are the thickness of
the dielectric layer structure with the relative dielectric constant, en the dielectric loss tangent, tan 0., and the
dielectric conductivity, cr. The combination of relative dielectric constant, dielectric loss tangent and
dielectric conductivity is used to calculate a total effective loss tan, which is defmed as:

cr
tano. =tano. +---

.reetiv.r roE rE 0
[6.1]

Since no magnetic materials will be used, the magnetic parameters, which have not been listed, should be
chosen such a way that they don't influence the simulations, in effect they should be left at the default values.

Metal definition

Sonnet EM Suite divides the metalisation losses into DC losses and RF losses, for each type of metalisation
loss a correction factor is introduced, Roc for the low frequency losses and RRF for the high frequency losses.
A surface reactance can be specified, this surface reactance is meant for super conductor purposes and should
not be used for normal operation. For coplanar waveguides the surface reactance will always be set to zero.

The bulk conductivity of the metal used and the cross-section of the metal determine the low frequency
losses. Sonnet uses the resistance per square to describe the DC metalisation losses.

[6.2]

Where t is metalisation thickness (m)

The high frequency metalisation losses can be accounted for by specifying the skin effect coefficient RRF.
Sonnet multiplies this skin effect coefficient by the square root of the frequency.

(OOZ-fsq -1 ) [6.3]

Below a threshold frequency, FT, the metal losses are estimated by the DC losses and above this frequency
the losses are modelled by the RF losses, the transition region is also modelled accurately.

[6.4]

58



Simulation results

6.2.2 Sonnet simulation results

First a pad was simulated, which was compared to measurements as presented below:
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Figure 6.1 Measured admittance of the pad structure versus simulated pad structure.

The figure above presents the admittance of both a measured and simulated pad structure. The measurement
yields a capacitance of 4.3 iF while a value of 6.8 iF is obtained from the simulation. A series of simulations
was performed to compare measured data to the data generated by Sonnet. The first simulation shows a line
with a width of 25 /lm, a spacing of lO /lm and a length of 800 /lm.

Reflection Transmission

·s
·10 -2

_-IS =-40=
:!!. -20 :!!... ..
~.25 ... -6.;
is. -30 is.e e -8.. ·3S ..

-40
-10

-4S

-so -12

0 10 IS 20 2S )0 3S 40 4S so 0 10 IS 20 2S )0 3S 40 4S so
frequency (GHz) frequency [GHz)

180 180

m m

90 90

2f 4S 1ii 4S

:!!. :!!.
~ ..

~.. ..-a 45 -a 45

-90 -90

·1lS -1lS - simulation
'- measurement

-180

10 IS 20 2S )0 3S 40 4S so 0 10 IS 20 2S )0 )S 40 4S so
frequency [GHzl frequency (GHz)

Figure 6.2 Comparison of a laterally small simulated and measured coplanar waveguide.

The graphs present both the measured and simulated transmission and the reflection coefficients. Although
the difference is clearly visible, the same trend can be observed in both curves.
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The simulation shows a resonance at approximately 32 GHz, while no box resonance error was generated.
A box resonance is a resonance, which is caused by the fact that a standing wave can occur within the
bounding box. The reason for the peak is not fully understood. A thorough simulation of this frequency
spectrum showed that the peak was not a single sample but that the effect was a true result from the
simulation. Although Sonnet did not detect a box resonance it could be a remnant from one that was
eliminated.

Another structure that was simulated using Sonnet is the largest line, which has a width of 200 !lm, a spacing
of 320 !lm and a length of 800 !lm. The results of this simulation are presented below:
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Figure 6.3 Comparison of a laterally large simulated and measured coplanar waveguide.

These simulations show a larger deviation for the magnitude of both the transmission and reflection
coefficients, the phase shows a good agreement up to 25 GHz. At this point the measurements shows the
effects of the higher order parallel plate modes while the simulation does not, as expected. The resonance
peak in this structure is a box resonance, this resonance could not be eliminated.

The following page shows a simulation of a 250 !lm wide open circuit with a width of 200 !lm and a spacing
of320 !lm. While a second simulation shows a 250!lm wide open circuit with width of25 !lm and a spacing
of 10 !lm. The fit between the measured and simulated data is acceptable, especially for the open structure.

Another thing, which can be noticed, is that the short circuit transmission shows the same kind ofparallel
plate distortion as the larger structures. This distortion is present at the point that the measured transmission
already starts to rise to reasonable values. The difference between the measured and simulated transmission
for the open structure can, in part, be explained by the fact that the measured signal is well below the
calibration level.
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The simulation results for the open and short-circuit mentioned on the previous page are presented below:
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6.3 HP Momentum

6.3.1 Description of the settings for the test structures

The material parameters as described in the list of constants section have been used to defme the substrate
and metalisation in momentum. The bottom of the substrate was defined to have a gold ground-plane, this
way the grounded coplanar waveguide geometry was inherently included in the simulations.

Figure 6.6 Example of the coplanar waveguide simulation structure used in Momentum.

One of the remaining problems in momentum is the definition of the coplanar waveguide structure. Coplanar
waveguides can be defmed by the slots in the metal or by the metal surface itself, the method preferred in
momentum is to use slots. Due to the fmite ground of the coplanar waveguides used, this method is not ideal.

To transform the simulated six-port data to the required two-port data, an additional simulation step in ADS
is used. This step reads the six-port data and then combines the six-port data into two-port data. The first step
is to connecting both ground ports, next a transformer is used to create a new ground while the ground used
for the six ports is left floating. A simple circuit using this principle is shown below:

Telm
Term1
NlITl-1
Z-511Ohm

TF
TFI
T-1.oo

S6? TF
SNP1 TF'2
FiI..'WSG5E4_22_08_o.d.· T-1.oo

[s PARAMETERS '

S_Param
SPI
Stall-O.OS GHz
StOll"511.0SGHr
SIepol.0 GHz

Figure 6.7 Example of a the conversion from 6-port to 2-port data.

Two results of the simulations performed with Momentum are presented on the following page. Both
simulations are performed on a structure with a width of 25 I.lm and a length of 800 I.lm, the spacing are 10
and 320 I.lm respectively. The larger structure shows a good fit with the measured data, this is not the case
for the smaller structure. This could be caused due to the fact that strips, which are not intended for tightly
spaced lines, are used instead of slots.
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Figure 6.8 Comparison or a laterally small simulated and measured coplanar waveguide.
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6.4 HP High-frequency structure simulator

Only one full structure simulation was perfonned using HP HFSS. The increased flexibility available in
HFSS also provides a higher complexity in the design and defInition of the structure. Due to the limited
amount of time that remained, no other simulations were perfonned using HFSS.

The pictures below show the result of the HFSS simulation for a through structure with a width of25 /lm a
spacing of 10 /lm, the scattering parameters of the three basic modes are presented.
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Figure 6.10 Comparison of a measurement and a HFSS simulation showing the three basic modes.

The pictures show that the simulated coplanar reflection coeffIcient resembles the measured reflection, the
transmission however still shows a large difference. the microstrip mode also shows behaviour similar to the
measurements for the reflection but shows an even larger difference for the transmission. Finally the slotline
mode shows a large difference for the reflection but is able to account for the lower transmission.

To understand how HFSS works with these different modes, one should fIrst understand how HFSS works in
general. But for this work it suffIces to mention that HFSS calculates a two dimensional electromagnetic
solution at the ports, called the port solution. Actually there are a number ofport solutions, each one of these
solutions corresponds with a certain mode. By applying a certain solution as a boundary condition this
specifIc mode is excited and thus the solution for this mode is obtained.
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To check whether HFSS simulations would result in higher order modes a simulation with a larger number
of modes was run. The propagation constants of these modes are presented below, three parallel plate higher
order modes can be observed next to the common microstrip, slotline and coplanar waveguide modes:
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Figure 6.11 The propagation and attenuation constants of six modes on a coplanar waveguide.

The picture below presents the reflection and transmission for a large line, if the frequency at which the
distortion fIrst occurs is compared to the frequency at which the higher order modes begin to propagate a
correlation can be observed.
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Figure 6.12 Measured reflection and transmission for a laterally large line.

It is clear to see that higher order modes due occur, but the influence of these modes on the fmal
measurement is less clear. HFSS supports no means to mould the six sets of S-parameter data into one set,
which represents the actual measurement situation. A proposition for a method to be able to verify the
influence of the higher order modes is presented below:

The output is a (N*M)x(N*M)-matrix, where N is the number of ports and M is the number of modes. If the
incoming wave is assumed to be a superposition of the six modes with weight factors al to a6 the scattering
parameters at the output can be calculated as well. By introducing a second set of weighting factors the
resulting scattering parameter matrix could be calculated. This 2x2-matrix would than contain the interaction
between the different modes caused by discontinuities within the structure.
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7 Conclusions and recommendations

7.1 Conclusions

This section will draw conclusions with regard to this report based on the five goals mentioned in section 1.2.

Conclusions with respect to the overview of the passive components

The goal was aimed at the passive components required for a monolithic or hybrid GaN-based HPA. An
assessment should be made which matching networks would best suit the requirements.

• It has been established that a monolithic or hybrid solution has to be based on coplanar waveguide
instead of the more common microstrip transmission lines, since no via holes can be realised on a
sapphire substrate.

• General transmission line theory combined with some basic matching theory resulted in an approximate
solution for the matching networks required for a GaN based high-power amplifier.

• The lumped element solution has been eliminated due to the lack of current carrying capability of the
spiral inductors required to realise the inductance values. A solution based on lumped element resistors
and MIM capacitors in combination with inductance realised by long transmission lines should be used.

It can be concluded that any research towards passive components for a GaN based amplifier should focus on
coplanar waveguide elements. Key elements are lumped element resistors, lumped element capacitors,
coplanar waveguide transmission lines and coplanar waveguide transmission line discontinuities.

Conclusions with respect to a measurement based approach to modelling of passive components

The requirements for a measurement based modelling approach have been explored. This lead to three basic
requirements, capacitance measurements, pad structure extraction algorithms and a de-embedding algorithm.

• The first measurement that has been explored is the measurement of the transmission line capacitance
per unit length. It has been established that the set-up based on a HP 4275 A LZR meter is capable of
these measurements with a standard deviation of approximately 0.3 IT. The measurements have been
compared to two conformal mapping algorithms 'and show good agreement for the relevant structures.

• The second topic that was covered focuses on the extraction of the scattering parameters of a pad
structure. Three methods have been implemented, which are based on general calibration algorithms but
have been adapted to simplify the required calculations. All three methods have shown to produce
acceptable pad structures.

• The third topic that was covered is the routine that is required for the de-embedding of measurements.
The routine that was implemented uses the results from the LRL pad extraction and subtracts the pads
from any subsequent measurement. Since no passive components have been characterised the method
has been tested on a short circuit and an open, the results of this de-embedding test are very promising.

It can be concluded that the basic elements required for a measurement based approach to modelling coplanar
waveguides are met, the three key elements are de-embedding, pad extraction and capacitance measurements.
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Conclusions with respect to a simulation based approach to modelling of passive components

The viability of extracting structure models based on simulations has been investigated using electromagnetic
structure simulators, which are Sonnet EM Suite, HP Momentum and HP High-frequency structure simulator.

• Sonnet EM suite, the similarity between the measurements and the simulations is reasonable. It would be
interesting to verify whether Sonnet is able to reproduce the behaviour of more complex circuits.

• HP Momentum, the agreement between the measurements and the simulations is reasonable at best.
• HP HFSS, the only true three dimensional structure simulator, only one simulation was performed, the

result was promising. Higher order modes are indicated with cut-off frequencies of 25 GHz, 40 GHz and
48 GHz. This is in agreement with the frequency at which the fIrst resonant behaviour is observed.

Due to the limited amount of time spent evaluating the electromagnetic simulators a hard conclusion can not
be drawn. However, the result obtained using HFSS indicates the possibility of studying the influence of the
higher-order modes. This influence should be tested to greater degree, which will require a series of
experiments with different geometry variations.

Conclusions with respect to the characterisation of a set of coplanar waveguides

A scalable model for a conductor-backed coplanar waveguide based on the extracted propagation constant
and characteristic impedance has been derived from measurements using previously described algorithms.

• The fIrst scalable model was created for the measured transmission line capacitance, an overall error
bound well below 1 % for the measured capacitance values was obtained. The measurements showed
good agreement with two conformal mapping algorithms indicating that the measurement was correct.

• The extracted propagation constant shows no apparent trend. However a constant value of 46.2 radm-1 at
1 GHz results in a reasonable fIt. TXLine shows the same behaviour, with an error bound below 1 % for
a constant value of 46.7 radm- I at 1 GHz.

• The characteristic impedance was calculated using the capacitance and the propagation constant, again a
comparison with TXLine results in reasonable agreement.

It can be concluded that a scalable model for the transmission line parameters can be extracted which shows
reasonable accuracy over the entire geometry range. Reasonable agreement was observed with respect to
conformal mapping algorithms and TXLine.

Conclusions with respect to feasibility of a coplanar GaN-based HPA

After all the different aspects of modelling coplanar waveguide elements have been treated a conclusion can
be drawn with respect of the feasibility of a coplanar GaN-based HPA.

• The effective wavelength is approximately 3 mm at 8 GHz, indicating that the inductors, which are
realised by transmission lines, will require a length in the millimetre range.

• It has been shown that the lateral dimensions have to be limited, indicating the need for a thicker plating.
• Models can be extracted based on measurements, this indicates that it should be possible to extract the

models required for the design of the amplifIer.

It has been established that the coplanar elements required for a GaN-based HPA can be realised, although
these elements will probably require thicker plating to limit lateral dimensions of the transmission lines. A
method for the extraction of the models required for a GaN-based HPA was proposed and successfully tested.
These facts lead to the fInal conclusion that a coplanar GaN-based HPA is feasible, although a lot of effort
will be required to model the necessary elements and expand the knowledge with respect to thick plating.

For this reason the next section will be used to introduce some reflections and some topics which have not
been worked-out in this work. Any future work could include these topics.
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7.2 Recommendations and future work

The examples of coplanar structures presented below have been implemented in a mask generation program,
which will not be discussed in further detail.

Changes in coplanar waveguide structures

The structures that were designed for the fIrst mask were intended to be fabricated at the Eindhoven
University of technology. Due to problems with the fabrication of masks the mask was kept as simple as
possible. If the mask is fabricated elsewhere the complexity of the mask could be increased. This increased
complexity could be used to create pad structures with smoother transitions.

Figure 7.1 Lay-out of the optimised, left, and original, right, through structure.

The improvements that are introduced to this new through structure are presented below:

• Pad structure impedance was matched to a 50 n transmission line geometry, which improves the match
between probe and pad structure.

• The pad structure has a round end capacitance, the removal of the edges introduces a better defIned state,
and no unnecessary discontinuities are introduced.

• The transitions in line width and spacing are smoothened using a cosine function. This way the transition
is less abrupt and a lower reflection can be expected.

The same optimisation can be applied to an open end structure, which is presented below.

Figure 7.2 Lay-out of the optimised, left, and original, right, open structure.

It is common practice to describe an open and short by an additional length of transmission line. In case the
new geometry is used the open circuit will behave as a true additional length of transmission line, due to the
fact that the end of the transmission line will not cause distortions in the fIeld pattern.
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Conclusions and recommendations

Influence of characteristic impedance on the pad structure extracted using the BCL algorithm

One item, which has not been mentioned before, is an effect that was noticed when the pad structures were
extracted. As mentioned in chapter five the pad structures were extracted using the BCL algorithm since this
algorithm is able to account for the different characteristic impedance levels at both ports of the pad structure.
It was noted that the extracted scattering parameters of the pad structures show a minimum near the
characteristic impedance obtained for the transmission lines, this effect is presented below:
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Figure 7.3 Influence of the characteristic impedance on the extracted pad structure.

The relation between the characteristic impedance and the extracted pad structure, which is observed, could
be used to verify the extracted characteristic impedance. Perhaps the necessity of a separate capacitance
measurement could be eliminated completely.

Further investigations using HFSS

Additional attention should be paid to the output produced by HFSS. As the scattering parameters for each
of the modes are generated it should be possible to use this data to predict the measured behaviour. As
mentioned before HFSS generates a (N*M)x(N*M)-matrix, where N is the number of ports and M is the
number of modes. A program could be written, for example using MATLAB, which combines the scattering
parameter data and transforms them into a measurement like data set.
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Figure 7.4 The real and imaginary part of the propagation constants of the six modes on a coplanar waveguide.

The propagation constant of the higher order modes are presented above, they indicate that these modes can
propagate through the structure. The only thing missing at this moment is a method to describe their
interaction. This will require investigation into the weighing vector, which should be used to divide the input
wave over the different modes and the weighing vector used to describe the resulting output.
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Conclusions and recommendations

Modelling of coplanar waveguide discontinuities

Finally some attention has to be paid to which structures should be modelled. It is apparent that a set of
coplanar waveguide discontinuities should be modelled. Among these structures at least those presented
below should be incorporated.

Table 7.1 Overview of the required coplanar waveguide discontinuities.

element
OPEN

An open end can be used in stubs, closing the end by connecting the two ground
planes ensures a defined situation, increasing the model accuracy.

SHORT

An short circuit can be used in stubs. The short circuit is inherently better defined
than the open end and could for that reason be preferred.

BRIDGE

Bridges should be used in any coplanar waveguide design to periodically tag both
ground planes together. Two topologies are possible for the airbridge, either lifting
the ground plane or the signal track.

CORNER

To be able to increase the length of the transmission line segments without wasting
chip area the transmission line are folded together. The ground planes can be
connected using several methods. Furthermore a curved comer could be used.

TEE

Tees can be used to split signal paths. Normally the tee will connect two signal
paths with a wider signal path. Again several methods are available to connect the
three ground planes. Finally, a choice might be made to choose a Y·shape instead
of the T-shape depicted here.

CROSS

In case a division into three signal leads is required, the cross structure could be
used, again supporting different methods to connect the four ground planes.

TAPER

A taper can be used to connect different lines together. The taper introduces less of
a discontinuity than the step in width.

J

~ffi
~~P=LJO=_······

UD
dlJ L

Up to this point the focus Was placed on modelling single structures, such as a comer or capacitor. It should
be verified if the models generated for these are able to predict the behaviour of more complex structures.
For this reason special attention should be paid to types of circuits which could be used to verify the models
of single components. One could use simple band-pass filters or simple single stub matching networks.
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S-parameters and Smith charts

A S-parameters and Smith charts

A.I S-Parameters

Normally circuit theory uses impedance or admittance parameters to describe two-port behaviour. The
impedance parameters for a two-port network can be defmed by a matrix relation presented below:

[A.I]

with VI and V2 the voltages across and II and 12 the currents into ports I and 2 respectively. This means the a
hypothetical open circuit is needed in order to defme the two-port, likewise admittance parameters require a
short circuit. At microwave frequencies shorts and opens no longer exist since the parasitics of these
structures playa dominant role, and are likely to cause instabilities in the measurements.

Scattering parameters have the same goal as the impedance or admittance parameters, the only difference is
that the two-port is described as a function of incident, reflected and transmitted power waves, the figure
below presents a two port with the appropriate defmitions:

a,. I'V\., 40JVI Clz

two-port

b1...,jV\ Nv.-~

Figure A.I Incident and renected waves at the input and output of a two-port network.

this results in the parameter matrix presented below:

[
b l

] =[SII SI2].[a l
]

b2 S21 S22 a2

with

[A.2]

[A.3]

For the scattering parameters, the incident wave at port 2 needs to be set to zero, this can be achieved by
connecting port 2 to a perfectly matched load.
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A.2 Smith charts

The Complete Smith Chart
Black Magic Design
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S-parameters and Smith charts

A.3 Parameter conversions
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S" = a+b+c+d

2(ad- be)
5 11 5 12
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12 - 6.

n
SI2 =-6.- Sl:z=~ " a+b+e+d,. 2

5 21 5 22
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Pad extraction algorithms

B Pad extraction algorithms

B.l LRL extraction routine

B.l.l LRL algorithm

The LRL calibration uses two transmission lines of different length and one short circuit, the behaviour of
which does not need to be known. The only limitation placed on the short is that its behaviour is symmetrical
with respect to the two ports, which can be guaranteed by designing a symmetrical short.

The LRL algorithm uses wave cascading parameters for the calculations, the relation between wave
cascading parameters and scattering parameters are presented below:

~,
[B.I]

The wave cascading matrix of a lossy transmission line can be written as:

e~ ]
[B.2]

The T-Parameters of the pad structures are presented below:

[B.3]

The LRL algorithm extracts two pad structures, Pais the pad structure at port one while Pb represents the pad
structure at the second port of the network analyser.

The standards used with the LRL calibration procedure are presented below.

structure

through

line A

reflect

scheme measurement

[
8 T11 8 T12 ]

8T21 8T22

[
8011 8D12 ]

8 D21 8D22
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[Milirough]= [Tpad}[Tpadr

~

[Mline ] =[Tpad J[TlineA J[Tpad Ji

[B.4]

[B.5]

[B.6]



Pad extraction algorithms

The fIrst step is to combine [BA] and [B.5] which yields the expressions below:

with

.(

[M delay] = [Tpad }[Tline J[Tpad Y~·[M thrOUgh]

[M dtA llTpad J= lTpad l[Tlin.l 9./\

[B.7]

[B.8]

[M dtA ] =[Mdelay }[MthrOUgh ]-1 =[~IIA
ZIA

M
1ZA

]

M ZZA

[B.9]

The next step is to write [B.9] in to its separate term so the fInal relations can be exposed.

M llA PIIA + M IZA P ZlA =PIIA e-~ ,9
MZlAPllA +MZZAPZlA =PZlAe-~ j7
M llA P lZA + MlZAPZZA =P IZA e~ r
MZlaPlZA + MZZAPZZA =PZZAe~ /J

[B.IO]

[B.ll]

[B.12]

[B.l3]

Where I is equal to the difference in line length between the through and the delay. Dividing [B.IO] by [B.ll]
and [B.Il] by [B.B] yields two quadratic equations which have the same coeffIcients:

[B.14]

PIIA P lZAThe solutions from [B.I4] should be mapped onto -- and -- which can be represented by:

P ZlA P ZZA ~

PIIA =S _SZlASIZA

P llA S 7
ZIA ZZA{

P
IZA =S !

P llA .
ZZA

[B.IS]

[B.16]

~ J11a f;lI/r
This means a decision has to be made which result gets assigned to SIIA, this can be done using the fact that
ISllA SzzAI will be laj;ger than ISIIA SZZA - SZIASIZAI for practical situations. Finally [B.B] divided by [B.IO]
results in an expression for y.

M PlZA M
ZIA--+ ZZA

etZ~ = P ZZA

M PZlA M
IZA --+ llA

PIIA
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Pad extraction algorithms

Using [B.I8] up to [B.20] instead of [E.7] up to [B.9] results in an equivalent problem for Pb, the method is
exactly the same, and no further attention will be paid to this problem.

With

[Mdelay] = [M throUgh J[Tpad jl. [Tline J[Tpad ]

lTpad J[M dtB ] =[T1ine HTpad J

[B.IS]

[B.19]

MI2B
]

M22B

[B.20]

The next step is to use the two unknown but equal reflection measurements. These measurements can be
made equal by measuring the same structure, or creating a symmetrical reflect structure.

[B.21]

[B.22]

Rewriting [B.2l] and [B.22] yields:

[B.23]

All the elements between brackets are known from [B.15], [B.16] or measurements, SRA. The next step is to
use the through measurement to get a relation between S22A and SIlB. For this purpose the wave cascading
parameters of the through are expanded into S-parameter terms.

[B.24]

This equation can be rewritten to form an expression of SliB as function of S22A.

[B.25]

Again measurements or [B.15] and [B.I6], yield the elements situated between the brackets. Combining
[B.23] with [B.25] results in the expression shown below, which yields S22A and SIIB'

[B.26]

The choice of sign is than dictated by knowledge from the structure, using the fact that an improper choice
results in a physically improbable result.
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B.1.2 Symmetrical LRL algorithm

The LRL algorithm described in the previous section obtains results for SIIA, S22A, Sl2A, S2IA, SIIB, S22B and
Sl2BS2IB. The disadvantage of this method is that the calculations required to support separate pad structures
for both ports are extensive while this feature will not be used. If the algorithm is adapted in such a way that
Pa equals Pb and a reciprocal circuit is assumed, i.e. SI2A=S2IA. the routine complexity is reduced significantly.
And the reflective standard measurement is no longer needed which should also increase the extraction
algorithm's accuracy.

The first step is to extract SII, which is done using [B.16] from the LRL algorithm, instead of introducing the
reflective measurement to extract S22 the through matrix is expanded and solved.

[B.27]

Yielding

[B.28]

[B.29]

[B.30]

[B.3!]

Combining [B.30] with [B.31] results in an expression for S22 as a function of SII. as presented below:

S22 =-T21 - T22 SII '-~
I

The final step is to extract Sl2, which is equal to S21 due to the reciprocity, by rewriting [B.IS].

[B.32]

[B.33]

The sign choice is now fixed due to the fact that the low frequency phase should approach zero from the
negative side.
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B.lo3 Optimisation of the computational efficiency

The fIrst step was to implement the routine into MATLAB using all matrix mathematics available in
MATLAB. The output of this basic algorithm is presented below:
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Figure B.l Pad structure extracted using the original LRL algorithm. .

As can be seen on the left picture both reflection parameters behave fairly well, which can be expected since
only a limited number of calculations is needed to extract these parameters. The picture on the right shows
the transmission parameter S 12 of the pad structure, It can easily be seen that the extracted behaviour is not
physically correct since this behaviour would indicate amplifIcation, S12 > adB. The graphs below present
the numerical stability of the original (LRLo) algorithm.
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Figure B.2 Error propagation through the original LRL algorithm.

The pictures shows how a distortion of 5 percent on the input signal result in a much larger distortion on the
output signal, indicating that this algorithm would probably not result in reliable output data.

83



Pad extraction algorithms

The previous pictures illustrate the fact that the numerical efficiency of the original LRL algorithm is not
optimised. For this reason the algorithm will be optimised using the method described below.

First we use the knowledge of the test structure, the method described here assumes that the pad structure on
the left is identical to the pad structure on the right. This is inherently incorrect since probing variations will
cause differences in the measured parameters on the left and right. One can verify the correctness of
neglecting this effect by looking at the difference in Sll and S22. In the remaining part of the routine port one
will be assumed to be exactly the same as port two. A new set ofparameters will be introduced. The
reflection, T" and transmission, T t, of the through and the reflection, D" and transmission, Db of the delay.
The parameters are obtained from the measured S-parameters by averaging the parameters from both ports.

Next some variables are introduced to speed up calculation by replacing frequently used parameter
combinations. The second advantage of this approach is that the resulting formulas remain relatively small.
Tadd represents STr + STr while Tsub equals STr-STb Dadd and Dsub perform the same function for the delay.
Finally Csub equals STr-SDr and Crnul represents STrSDr.

Starting top down the expression for Sll will be examined fIrst. Sll is the smallest solution ofa quadratic
equation, [B. 14]. Rewriting this formula yields an expression in the terms defmed previously:

T add * T sub -D add * D sub ±~(Dadd -TaddXTsub -DsubXDadd -TsubXTadd -Dsub )
x=------------=------~:.....:....--~----------

2Csub

Rewriting [B.32] yields the new formula for S220

The next step is to rewrite [B.33], which leads to the formula below.

[B.34]

[B.35]

=+ ~(Dadd -TaddXTsub -DsubXDadd -T.ubXJ:dd -DsuJ

- C
sub

[B.36]

Finally the extraction of gamma has to be rewritten starting from [B. I?], this results in the formula below.

where

1
y=-ln

21
( )

PIIA
STrDaddDsub - SDr T add T sub + Cmul -DaddDsub -

P21A

[B.37]

G =(Tadd * Tsub -D add *DSUbY -(D add -TaddXTsUb -DSUbXDadd -TsubXTadd -Dsub )

a 4C
sub
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With these adjustments the LRL algorithm produces acceptable results.
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Figure B.3 Pad structure extracted using the optimised LRL algorithm.

The difference compared to the original LRL algorithm is clearly visible, while the curves show more likely
behaviour they can still be erroneous, this check will be presented in the next section. The pictures below
present the curves of the optimised (LRLe) algorithm.
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Figure B.4 Error propagation through the optimised LRL algorithm.

The pictures shows how a distortion of 5 percent on the input signal result in a distortion on the output signal,
however the distortion is significantly lower than that produced by the original LRL algorithm.
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B.IA Correctness verification

Before the adapted LRL algorithm can be accepted for use in later modelling schemes, the correctness of the
algorithm has to be tested. In order to test the correctness of the algorithm a simple simulation was performed
which yields the scattering parameter data ofa single pad structure. The pad structure data is than cascaded to
form a single through structure. Since the reference impedance at both side of the pad structure was 50 ohms,
a second simulation of a delay line cannot be used. The delay line was approximated by a purely imaginary
propagation constant, cascaded with the simulated pad structures. If these elements are used as input for the
LRL algorithm the input and output data of the algorithm can be verified. The result of this test is presented
in the pictures below:
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Figure B.5 Input and output of the LRL algorithm used to test the implementation.

The figures above show that the extracted pad structure tightly resembles the original pad structure, which
indicates that the LRL algorithm was implemented correctly.
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Figure B.6 Error propagation through the original and optimised LRL algorithm.
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B.2 BeL extraction routine

B.2.1 BeL algorithm

Where the general TSD or LRL approaches use scattering and wave cascading parameter matrices to
calculate the error circuits ABCD and Y and Z parameters could also be used. This has some advantages over
using scattering and wave cascading parameters. This method will be referred to with the abbreviation BCL.

The fIrst step is to defme the structures necessary for this de-embedding scheme.

structure

through

line

scheme measurement theoretical matrix

[S~ Sn] lM through J= lApad JlA pad J [B.39]
STt STr

[SD' SD, J [MlineA] = lApad J[A lineA JlApad J [BAG]
SDt SDr

Where the matrices [Mthrough], [MlineA] and [MlineS] represent the measured ABCD parameters of the de
embedding structures. The matrices [Apad] and [Apadl" I represent the theoretical ABCD parameters of the pad
structure cascading from left to right and from right to left respectively. Finally the matrix [AlineX] represents
the theoretical ABCD parameters of the line segment.

From literature one can find expressions for the ABCD parameters of a lossy transmission line:

[
[

cosh(y 1,,)
A lineX]= y. 'nh( 1)

hne Sl V"

Z line sinh(y 1" )]

cosh(y1" )
[B.4I]

Again the assumption that the pad structure may be represented by a reciprocal circuit is used to simplify the
problem. An expression for the pad structure can be found which has three unknown elements, since any
reciprocal circuit can be represented by an equivalent circuit as depicted below.

,
. - - - - - -y-~- - - - - - - ,

Figure B.7 Representation of the pi-network of a reciprocal circuit.

Using this equivalent circuit the ABCD parameters of the pad structure in terms of the three admittances Yl,
Y2 and Y3 from the equivalent circuit now become:

[BA2]
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The first step in the parameter extraction follows directly from the through measurement by combining
[B.39] and [BA2] a matrix relation is obtained, which describes measured through behaviour [BA3]. To
simplify the problem the measured matrix of the through will be redefmed as shown below in [BA4]:

By combining [B.43] and [B.44] expressions for Y 1 and Y2 in relation to Y3 are obtained:

To +1
Y1 =---Y3

T1

Y2 =t TIY3
2
-Y3

The equation obtained from T2 will not yield any new information since it is a function ofT! and To.
Due to the symmetry of the problem, each measurement yields at most two independent equations.

Using these relations the ABeD matrix of the pad structure can be rewritten to a function ofY3:

[B,43]

[B,44]

[B,45]

[B,46]

[B.47]

[B,48]

By combining [B.39] with [BAO] one can eliminate IAI!LJ from the remaining equations.

[Mde1aJ= [Apad}[AlinJ[ApadJI.[MthroUgh] ,
[MdJlApadJ= lApad1[Aline] V

with

[B.49]

[B.50]

[M dt ]= [Mdelay }[M throUgh ]-1 =[~I!
21
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[B.52]

[B.53]

[ DII1 .-
j

l y~)
_.

Jl
/'

\/ VL\' ,

".. .~with

The next step is to write [B.50] in to its separate term so the [mal relations can be exposed. The additional
line length, next to the zero-length through line, yields one independent equation for YJ as a function of Zoo

\

y1;Jw )
~I

\ .. it· \

\.

Go =cosh(,ldelay)=t(To +1)D Il -t(To -1)D 22 +t D 12 T 2 -:-P~lTI

sinh(acosh(x)) = .JX -1~X + 1 =~

[B.54]

[B.55]

Again one unknown has been solved and one unknown has been expressed in YJ, this means we either need
an estimate for one of the unknowns or a measurement, which yields independent equations.

At this point the main advantage of this method becomes apparent, all methods using S-matrices or T
matrices are able to solve SII> S12, S21 and S22 of the pad structure. Although this seems to solve the problem
one major issue can easily be forgotten. The extracted S-parameters are referenced to the 50 n impedance of
the measurement system, while the reference impedance at the new reference-plane should have been the
impedance of the transmission line in-between. Since this impedance has not and cannot be solved from the
S-parameter measurements the solution is not complete and an alternative approach has to be used to solve
the line impedance so the extracted S-parameters can be adjusted. The BeL algorithm suggested here
includes the line impedance in the calculation, so no error can be made on that part.

It is important to realise that including a perfect short-circuit wouldn't yield new independent equations since
an ideal short-circuit, in combination with [B.46], should yield:

[B.56]

A perfect open-circuit wouldn't yield any new independent relation either since it again can be derived from
the measured S-parameter data:

[B.57]

Another line length would yield an equation resembling [B.50] and will not yield independent equations,
since the only change should be the length, ldelay" which is a known factor. This means we're not able to
extract the missing unknown element directly from the measurement and Zo still needs to be determined.

I I
j) I 2 " )f /T j)1/ -f Z oJ

YL I 'I
~~......-

o '. <.
- J

L-..~..

l. T, C'J

"".,~~.- ~

i

j

)
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B.2.2 Optimisation of the computational efficiency

Again the algorithm was implemented directly into MATLAB and then the expressions were rewritten into
functions of the measured scattering parameters, the output of this technique is shown below.
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Figure B.8 Pad structure extracted using the BCL algorithm.

It is important to notice that this basic routine produces accurate data for the transmission coefficients but the
reflection coefficients show behaviour that cannot be used for de-embedding purposes. The graphs below
present the numerical stability of the original algorithm (BCLo).
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Figure B.9 Error propagation through the BCL algorithm.

The pictures shows how a distortion of 5 percent on the input signal result in a much larger distortion on the
output signal, indicating that this algorithm would probably not result in reliable output data.
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The fIrst fonnula that will be optimised is [B.55] this results in the fonnula shown below:

[B.58]

The phase of Go needs to be adjusted such that the y extracted from Go shows smooth behaviour, no further
optimisation has been done for y since the original method already shows acceptable perfonnance.

Next Y3 is optimised from [B.53] using a 50 Ohms characteristic impedance, this is done so that
compatibility with the LRL routine that was previously discussed is preserved.

Next optimised equations for Y2 and YI can be derived from [B.45] and [B.46] resulting in:

y = 1+ 2Sn - TaddTsub _ y
I J

1+ 2S Tr +TaddTsub

y =1+2STr + Tadd Tsub y2 _ Y
2 4S 3 3

Tl

IB.59]

[B.60]

[B.61]

Now all admittance parameters have been extracted, the admittance parameters need to be transfonned to
scattering parameters so they can be compared with the adapted LRL method, or they have to be transfonned
to wave cascading parameters so they can be used to de-embed a measurement.

The transfonnation between Y-parameters and S-parameters can be optimised using:

[B.62]

[B.63]

[B.64]
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No direct improvement can be achieved from this point, the resulting output still causes instabilities for
certain structures as can be seen in the figures below.
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Figure B.lO Pad structure extracted using the optimised BCL algorithm.

The curves of the optimised BCL algorithm (BCLe) are presented below:
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Figure B.ll Error propagation through the optimised BCL algorithm.

The pictures shows how a distortion of 5 percent on the input signal result in a distortion on the output signal,
however the distortion is significantly lower than that produced by the original LRL algorithm.
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B.2.3 Correctness verification

Again the correctness of the algorithm needs to checked, this has been done using the same method as was
used to verify the BCL algorithm, the results are shown below:
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Figure B.12 Input and output of the BCL algorithm used to test the implementation.

The figures above show that the extracted pad structure tightly resembles the original pad structure, which
indicates that the BCL algorithm was implemented correctly.

Again the analyses ofmeasurement uncertainty versus error propagation have been performed:
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Figure B.I3 Error propagation through the original and optimised BCL algorithm.
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B.3 TSD extraction routine

B.3.1 TSD algorithm

The third method that was tested is the TSD method, it uses the same set of standards as were defined for the
LRL method. The only significant difference between the two methods is the mathematical approach towards
the problem. It should be noted that the TSD method is known to have stability problems.

Structure scheme

Through 1"1.;:~;i;al

line A

Measurement

[
STll ST12]
ST21 ST22

[

SDlI SDI2]
SD21 SD22

Theoretical matrix

lM through J= ITpad llTpad J [B.65]

[B.66]

Reflect [B.67]

The routine start by defining two supporting matrices:

H =M through M~i~e

K =M~i~eMthrough

[B.68]

[B.69]

Where H eliminates the right pad structure and K eliminates the left pad structure, In the remainder of this
chapter only the mathematics for the left pad structure will be presented since the left and right pad should be
practically identical. Next an additional set of equations is derived from these matrices:

where

R= 1
~(HlI +H 22 Y-4

HI =t(R(H22 -Hll)+l)

H 2 =t(R(Hn -Hll)-l)
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[B.n]

[B.73]
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From this set of equations two pad structure scattering parameters can be derived. The fIrst solution is
obtained using the equations presented below:

[B.76]

[B.77]

[B.78]

[B.79]

While the second uses the set of equations

[B.80]

[B.8l]

[B.82]

[B.83]

After this the through structure is calculated using both solutions, using the equations below:

[B.84]

[B.8S]

Since the through will be very short, the imaginary part of T22fT1[, which equals e2Y
', should always be

positive, this test will rule out one of the two solutions.
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B.3.2 Optimisation of the computational efficiency

Again the numerical stability was optimised by implementing the basic algorithm directly into MATLAB and
then rewriting the expressions into functions of the measured scattering parameters. The output of this
technique prior to optimisation is shown below.
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Figure B.I4 Pad structure extracted using the TSD algorithm.

As the plot clearly illustrates, the results produced by the original TSD algorithm has a serious problem with
calculation accuracy. The results are not useful for de-embedding purposes. The graphs below present the
numerical stability of the original algorithm (TSDo).
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Figure B.IS Error propagation through the TSD algorithm.

The pictures shows how a distortion of 5 percent on the input signal result in a much larger distortion on the
output signal, indicating that this algorithm would probably not result in reliable output data.
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Relatively few alterations have been made to the original routine, it has to be noted that the optimisation of
S22 results in exactly the same fonnula, since the same assumptions have been made.

The only optimisations are done in the definition of the variables HI, H2 and H4.

[B.86]

[B.87]

[B.88]

Next to this set of optimisations the assumption that the left and right pad structures are identical results in
the simple fonnula for S22 as was presented for the LRL method. After these modifications the TSD (TSDe)
algorithm produces the curves on this page. The extracted pad structure curves tightly resemble the curves
extracted using the LRL algorithm.
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Figure 8.16 Error propagation through the optimised TSD algorithm.•

Again the results from the numerical accuracy routine described in is presented below the extracted pad
structure S-parameter data, the curves show the optimised routine out-perfonns the original routine.
Also the curves show the same behaviour as was obtained using the previously described algorithms.
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B.3.3 Correctness verification

Again the correctness of the algorithm needs to checked, this has been done using the same method as was
used to verify the optimised TSD algorithm, the results are shown below:
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Figure B.I7 Input and output of the TSD algorithm used to test the implementation.

The figures above show that the extracted pad structure tightly resembles the original pad structure, which
indicates that the optimised TSD algorithm was implemented correctly. Again the analyses of measurement
uncertainty versus error propagation have been performed, the error introduced by averaging ports one and
two is subtracted from the simulation results:
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Figure B.IS Error propagation through the original and optimised TSD algorithm.
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