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Abstract

The rapid growth of wireless communication increases the demand for higher
data rates, low latency, and availability. This leads to a complex infrastructure
where multiple systems coexist in a densely populated frequency spectrum,
requiring multi-carrier systems with high power and sensitive receivers. How-
ever, the requirements of modern communication systems increase the risk
of interference from weak spurious signals. The spurious signals result from
nonlinear mixing of two or more signals with different frequencies. The mixing
products are denoted as intermodulation distortion (IMD) in active devices and
passive intermodulation (PIM) in passive ones. The demand for highly linear
devices is increasing due to these new challenges. As a result, understanding
nonlinear behavior is crucial to develop accurate nonlinear models that will
help mitigate IMD and PIM.

This thesis analyzes and models nonlinear effects in different structures,
where the first part regards IMD in periodic structures. The periodic structure
employed in this thesis is a loaded-line phase shifter that is periodically loaded
by varactor-diodes. Various design factors were studied, including periodicity,
bias, input power, and unit cell configuration. A polynomial varactor model
was validated experimentally and scaled for circuit simulations to optimize
phase-shift /loss and linearity. Results showed that evenly distributing varactor
capacitance improves phase shift/loss, with a trade-off between minimizing
loss and IMD.

The second part of this thesis explores PIM generation in microstructures.
Firstly, PIM was analyzed using a rectangular coaxial transmission line with
a replaceable aluminum alloy (AlSil0Mg) center conductor fabricated via
additive manufacturing (AM) and compared to a milled aluminum counterpart.
A nonlinear distributed transmission line was developed. It was found that
AM fabricated conductors exhibit higher PIM levels due to increased surface
roughness.

Secondly, the generation of PIM in anodized antenna feeding networks for
satellite communications was analyzed. It was found that anodization could
both improve and degrade PIM performance compared to untreated feeding
networks. Cracks formed in the anodized coating, which were hypothesized to
act as nonlinear sources. A thinner anodized coating resulted in fewer cracks
and the best PIM performance, while a thicker coating produced more cracks
and led to the worst PIM performance.

Keywords: Intermodulation distortion, passive intermodulation, loaded-line
phase shifter, nonlinear analysis, additive manufacturing, thermal coating
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Notations and abbreviations

Notations
A, Area of crack
B Normalized load susceptance
Co Load capacitance of loaded transmission line
C; Variable junction capacitance

Cjo  Zero bias junction capacitance
Chn Polynomial coefficient of the nt"-order
Cp,  Parallel capacitance in varactor model

C Shunt capacitance per unit cell length
Cy Thermal capacity at constant volume
Cy  Varactor-diode capacitance

co Speed of light in vacuum

d Period of periodic structure

f Frequency
fB Bragg frequency
Fay Phase shifter figure of merit [deg./dB]

Jo Current density distribution

J Current density

Ly Series inductance in varactor model
Laqg Loss in dB

n Grading coefficient in diode

Rs Macroscopic nonlinear resistance
Ry, Thermal resistance

R, Series resistance in varactor model
T Temperature

Vi Breakdown voltage
Vgr Reversed bias voltage

2y Unloaded transmission line impedance

Ze Effective characteristic impedance of loaded transmission line
I} Phase constant in loaded line phase shifter

r Geometrical factor

A¢  Differential phase shift

€r Relative electric permittivity

[0) Built-in potential in diode
pPeo  Static resistivity
0o Electrical length of unloaded transmission line
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Abbreviations

5G:
6G:
ADS:
Al Os3:
AM:
BPF:

CPWG:

dB:
dBc:
dBm:
DC:
DUT:
FEM:
FIB:
FOM:
HDs:
HDs:
IL:
IM:
IM,:

IM3!
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Effective electrical length of loaded transmission line
Angular frequency

Fifth generation Mobile Network
Sixth generation Mobile Network
Advanced Design System
Aluminum oxide

Additive Manufacturing

Bandpass Filter

Grounded Coplanar Waveguide
Decibel

Decibel Relative to Carrier
Decibel Relative to 1 Milliwatt
Direct Current

Device Under Test

Finite Element Method

Focused Ion Beam

Figure Of Merit

Second-order Harmonic Distortion
Third-order Harmonic Distortion
Insertion Loss

Intermodulation

Second-order Intermodulation Distortion

Third-order Intermodulation Distortion



IM5:
IMD:
IoT:
IV:
1P3:
I1P3:
OIP3:
MM:
MIM:
PBF-LB:
PCB:
PIM:
P1dB:
QV:
RL:
RF:
SEM:
S-parameters:
S1P:
TRL:
TWT:
UC:
VNA:

Y2P:

Fifth-order Intermodulation Distortion
Intermodulation Distortion
Internet of Things
Current-Voltage

Third-order Intercept Point

Input Third-order Intercept Point
Output Third-order Intercept Point
Metal-to-Metal
Metal-Insulator-Metal

Powder Bed Fusion - Laser Beam
Printed Circuit Board

Passive Intermodulation

1-dB Compression Point
Charge-Voltage

Return Loss

Radio-Frequency

Scanning Electron Microscope
Scattering parameters

1-port S-parameter
Through-Reflect-Line

Traveling Wave Tube

Unit Cell

Vector Network Analyzer

2-port Equation-based Admittance
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CHAPTER 1

Introduction

Wireless technology is essential in our modern society and is used in personal,
professional, industrial, and scientific contexts. It has experienced immense
growth during the past few decades due to its broad range of applications, e.g.,
Bluetooth, wireless internet, telecommunications, satellite communications,
and deep space communications. Global mobile network data traffic is one
area that has grown tremendously in the last decade, and the data traffic has
increased from 18 exabytes (EB) per month at the beginning of 2018 to 157 EB
per month at the end of 2024 [1]. This increase is driven mainly by video traffic,
which accounts for approximately 74% of all mobile data traffic. The data
traffic is projected to increase to 473 EB per month by the end of 2030. The
deployment of the 5* generation (5G) of cellular network technology is one
of the recent advancements in wireless technology, which will accommodate
the growing demand for higher data rates, lower latency, and availability. 5G
mobile subscriptions currently make up 25% of all subscriptions, which is
projected to increase to 80% by 2030 [1].

Moreover, satellite communication is another expanding area with several
applications, such as Earth observation, navigation, weather forecasting, broad-
casting, and telecommunication. Satellite communication is expected to be
an integral part of the 5G and beyond communication systems. The 5G
Non-Terrestrial Network is expected to enhance reliability and improve 5G
capabilities for moving platforms and remote areas [2]. This technology can be
used for backhauling, helping to offload the primary terrestrial network, and
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enabling Internet of Things (IoT) services [2], [3]. Satellite internet service is
another expanding area, with Starlink actively launching a satellite internet
mega-constellation [4]. The initial deployment approved by the U.S. Federal
Communication Commission involves 4,425 satellites in low Earth orbit and
7,518 in very low Earth orbit [5].

The ongoing and future advancements in wireless technology result in in-
creased capacity, enabling us to meet the rising demand for higher data
rates, lower latency, and better availability. These improvements also allow
for new technologies, such as IoT. However, many new challenges are also
introduced with higher capacity. Several changes are made to increase the
capacity, such as higher frequencies, higher power signals, more systems with
multiple input/output signals, and a more complex infrastructure where several
communication systems have to co-exist closely together. These factors increase
the risk of interference between communication systems, which degrade the sys-
tem’s performance or, in the worst case, block the radio communication. There
are several types of interference that can range from noise to adjacent channel
interference from an external system. In this thesis, interference from unwanted
spurious signals is considered, known as intermodulation (IM) distortion (IMD)
products. The intermodulation products are generated in multicarrier systems
that contain nonlinear components. When encountering a nonlinear component,
the signals mix, and a wide range of new frequency components are generated,
covering the in-band, fundamentals, and harmonics. Most of these spurious sig-
nals can be removed by filters. However, spurious signals in close proximity to
the fundamental tones, such as the third-order intermodulation (IMs), cannot
be removed by filters as it would also affect the fundamental tones. IMD can
originate from both internal and external sources. External sources are in the
form of any metal object, e.g., antennas, tower infrastructure, and metal fences.
When these metal objects are radiated, they can generate intermodulation
that may be radiated back to a communication system.

The probability of interference from intermodulation increases when the
frequency spectrum becomes more densely populated and signal power increases.
When the frequency spectrum becomes increasingly crowded, with more co-
existing communication systems with similar frequency bands, the risk increases
that one system generates intermodulation products within the same frequency
band as another system’s receiver. This issue is more prominent for wideband
modulated signals, as the intermodulation product’s bandwidth is proportional
to the order, e.g., a fifth-order intermodulation (IM5) product has a bandwidth
five times as large as the carrier bandwidth. With an increase in input power,
the amplitude of the intermodulation products increases with the order. An
increase of 1 dB input power will increase the power of 3 dB and 5 dB for the



third- and fifth-order intermodulation products, respectively. A nonlinear device
can be considered linear for certain power conditions, however the addition of
higher power may put them into a nonlinear regime. Therefore, this will increase
the requirements on highly linear devices. To meet these requirements, accurate
models of nonlinear behavior are imperative to understand and mitigate IMD.
Active circuits like amplifiers, mixers, and multipliers exhibit nonlinear
behavior due to components such as transistors and diodes, characterized by
their current-voltage (IV) and charge-voltage (QV) relationships. In a commu-
nication channel, IMD results in spectral regrowth, i.e., there will be spectral
leakage into adjacent channels. Spectral masks are applied as a communica-
tion standard, defining the allowed ratio of transmitted power in the main
channel to the leakage in the adjacent channel. Techniques like feedback [6],
predistortion [7], and bias condition selection improve linearity. Various models
have been developed to describe the behavior of active circuits, e.g., empirical
models that use an equivalent circuit [8] and behavioral modeling [9]. While
these models have advanced significantly, development is still ongoing.
Passive devices can produce intermodulation, denoted as passive intermod-
ulation (PIM). Like active devices, PIM occurs when two or more signals
interact with a nonlinear element that mixes and generates new spurious sig-
nals. PIM has received less attention than IMD in active circuits. One reason
is that linear models can typically represent passive structures over a wide
range of power levels. The nonlinear sources in passive components are weakly
nonlinear, and high power levels are required to generate detectable PIM.
Nonlinear sources in passive devices are poorly understood due to less research
attention, but also due to the complexity of modeling the nonlinear behavior.
The nonlinear sources are typically distributed over the passive component,
where several different sources can co-exist, and multiphysics models are often
required to predict their behavior. Nevertheless, several physical sources of
PIM have been proposed, including constriction resistance [10], electro-thermal
induced PIM [11], tunneling [12], and nonlinear conductivity [13]. These types
of sources have been studied in several components, e.g., waveguides [12], [14],
coaxial connectors [15], transmission lines [16],-/17], and antennas [18]. PIM is a
prominentissue in thespace industry, primarilyrdue to high transmitting power
and the susceptibility of receivers. The satellite componén{’s PIM requirements
can be as low as -140 dBm [19]. Understanding the underlying mechanism of
PIM is imperative for the space industry, as it is costly to re-design components
that do not comply with the requirements. For instance, several satellites have
experienced PIM in their testing phases, such as FLTSATCOM (US Fleet
Communications Satellite), MARISAR (US Maritime Satellite), MARECS
(European Maritime Satellite), and IS-V (International communication satellite
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number V) [20], [21]. This led to launch delays due to the systems’ re-design.

This thesis aims to analyze and model IM effects in periodic and sur-
face microstructures. IMD generated in periodic structures is covered in
Paper [A], [B], and [C]. Paper [A] investigates an optimal loaded-line phase
shifter in terms of linearity and phase-shift/loss. The optimal design regards
two design parameters: the unit cell length and the varactor’s Q factor. The
paper also includes the design process of the loaded-line phase shifter and
the nonlinear modeling of varactor-diodes employed in the design. Paper [B]
reports on multi-source IM in a tunable loaded-line true-time delay phase
shifter, where the varactor-diodes are separated by a quarter-wavelength. In
Paper [C], IMD in artificial transmission lines is investigated. PIM generated
due to microstructures is presented in Paper [D] and [E]. PIM generated
by surface roughness is investigated in Paper [D]. Specifically, it examines a
rectangular coaxial transmission line with a replaceable center conductor made
of either milled aluminum or aluminum alloy (AlSi10Mg) produced by additive
manufacturing (AM). Paper [E| investigates PIM generated in antenna feeding
networks in satellite communications. The aluminum feeding networks are
anodized with aluminum oxide (AloO3) to increase thermal emissivity and pro-
tect them from high temperatures that can lead to thermoelastic movements.
The study compares PIM levels produced by different thicknesses of aluminum
oxides and non-anodized samples. The surface of the samples is observed and
analyzed using scanning electron microscope (SEM) and focused ion beam
(FIB) images to develop a nonlinear model.

This thesis has the following structure. Chapter 2 presents the fundamentals
of nonlinear distortion. Chapter 3 is dedicated to IM generated in periodic
structures. It provides a background and utilization of periodic structures and
presents the design of a loaded-line phase shifter. Additionally, it presents the
modeling process and the results regarding Paper [A], [B], and [C]. Chapter 4
presents PIM generated in AM structures. It provides background on AM
processes and surface roughness models. Furthermore, the test structure,
nonlinear model, and results are presented and discussed. Chapter 5 presents
the PIM characteristics of anodized antenna feeding networks covered in
Paper [E]. The different samples are presented and analyzed using SEM
and FIB images. A nonlinear source due to the protective coating and a
phenomenological model are proposed. Finally, Chapter 6 concludes this work
and discusses future work.



CHAPTER 2

Fundamentals of Nonlinear Distortion

This chapter presents fundamental theory of nonlinear distortion. Section. 2.1
gives a mathematical description of how nonlinear devices generate new fre-
quency content with an emphasis on intermodulation distortion. Section. 2.2
describes nonlinear distortion in passive devices.

[]

[]
2.1 Intermodulation distortion

To describe the generation of IMD products, a nonlinear system with a sinu-
soidal input signal with frequency f; will first be considered. The input signal
can be described as x(t) = Acos(wt), where A is the amplitude of the signal,
and the output can be obtained with the Taylor expansion

y(t) = a1x(t) + agz?(t) + asz>(t)... + ana™(t), (2.1)

where a,, is the nth-order Taylor coefficient, which is determined around a bias
point X, and is calculated by

. - Ld"y(Xo)
"l dxm

The result of the output signal with the sinusodial signal is

(2.2)
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1
y(t) = —agA® 4+ (a1 A + §G3A3 cos (wt)+
1 2 1 4 (2.3)
5@2/12 cos (2wt) + ZagAg’ cos (3wt) + ...

The result of (2.3) shows that the single input excitation has generated several
signals. Two factors are related to the fundamental frequency, where the factor
a1 A is the gain of the signal and %agA?’ represents the compression. The
term %a2A2 represents a DC shift. The other two components are the second
harmonic and third harmonic that have the amplitude of 2asA? and 1a3A3,
respectively.

If the input instead contains two sinusoidal signals with the same amplitude
A and fﬁuency components of wy and wa, z(t) = Acos(wit) + Acos(wat), then

the resultlof the Taylor expansion is

9
y(t) = CL2A2 + (alA + ZGSAS) CcoS (wl,zt)—}—
1 1
5(12142 Ccos (2w172t) + ZG3A3 cos (3&)1,275)4— (24)
3
ap A? cos (wy + wy) + Za3A3 cos (2w 2 £ wa1).

The Taylor expansion with the two-tone excitation also generates a DC shift
and harmonics, but also a set of new signals that is a mix of the frequency
components w; and ws. These new signals are the intermodulation products.
The term asA? cos (w1 &= wo) is the second order intermodulation (IM>) prod-
uct, and the term %a3A3 cos (2w1,2 £ wa 1) is the third order intermodulation
product. The frequency of the intermodulation products can be calculated as
finv = |mfi1 £ nfa|, where f; and f5 are the two fundamental frequencies, and
m and n are integers that give the intermodulation order N = m + n. The
two-tone frequency spectrum of order 3 is presented in Fig. 2.1. It is clear from
the figure, that the frequency components at the baseband and the harmonics
can be removed by filters. The frequency content in close proximity to the
fundamental tones of f; and f» cannot bb_filtered out as it will affect the
fundamental tones as well. The IM3 product is closest to the fundamental tones
and it is the IMD product that is often causing the greatest problems. The
amplitude of the IMD products is reducing with increasing order, and the IMj3
has the largest amplitude of the uneven IMD products. Due to its amplitude
and its close proximity to the fundamental tones, the IM3 is generally of main
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w; Wy
[
T | w2—-w w1 + wy
=
E 2w, 2w,
< 2w — Wy 2wy — wq 20+t w; 2wy + wq
3w1T I I T3w2
bC im2 M3 Input  pm3 HD2 IM2 HD2 HD3 IM3 IM3 HD3 ¢
shift signals

Figure 2.1. The two-tone frequency spectrum illustrated to the third-order, where
the two fundamental tones have the frequency of fi and fa.

interest when studying a nonlinear system.

The relationship between output and input power is of interest when studying
a nonlinear system. Fig. 2.2 depicts the output power as a function of input
power for one of the fundamental signals and one of the IM3 products. At small
input power, the fundamental output power increases by 1 dB when the input
power is increased by 1 dB, resulting in a slope of 1 dB/dB. The slope for a
higher-order signal is proportional to the order of the signal. Therefore, a IMj3
product has a slope of 3 dB/dB and a IMj5 product has a slope of 5 dB/dB. This
linear relationship-stops at large input signals due to compression. A metric
utilized to know vﬁfn a device goes into compression is the 1-dB compression
point (P1dB), which is defined as when the output power decreases by 1 dB
compared to an extrapolated line of its linear relationship at small input power.
To characterize a device’s linearity, the linear relationship is extrapolated for
both the fundamental tone and the IM3 product, and the intersection of these
two lines is called the third-order intercept point (I P3). The intercept point
will correspond to an input power (IIP3) and output power (OIPs), and a
greater value of 11 P3 or OI P indicates a more linear device. Intercept points
of higher orders are sometimes employed to characterize the linearity, however,
the I P3 is most commonly utilized.

2.2 Passive intermodulation distortion

Intermodulation distortion is commonly associated with active components
that are known to be nonlinear. When intermodulation is generated in a passive
component, it is called passive intermodulation (PIM). However, it is the same
phenomenon where two or more signals pass through a nonlinear element
that produces mixing products of the input signals. Most passive elements are
assumed to be linear. However, all passive components have intrinsic weakly
nonlinear sources that can generate PIM with large enough input power. PIM
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Compression. - --~ 2%~ P3

IIP3 |

15 40 5 0 5 10 15 20 25
P, [dBm]

Figure 2.2. The relationship between output and input power of the fundamental
tone and the third-order intermodulation. The dashed lines show the extrapolations
of the fundamental tone and the third-order intermodulation, and their intersection
is the third-order intercept point.

is also an issue in systems with high demands on the dynamic range. In satellite
communication systems, PIM is a major problem due to high power levels and
sensitive receivers, with PIM requirements of -140 dBm [19]. This complicates
the measurement of PIM, as the required dynamic range can reach levels of
-200 dBc. Satellites are often composed of various communication systems that
both have transmitters and receivers, which create high demands for these
to not interfere with each other. The growing demand for high data rates in
satellite communication and telecommunications is increasing the input power
and the number of signal carriers, making PIM a rising concern.

2.2.1 Sources of passive intermodulation

PIM can be generated both internally and externally. External PIM occurs
outside an antenna system and is caused by metallic objects such as metal fences,
tower structures, and support systems, which re-radiate PIM to the antenna.
Internal PIM is generated within the system itself and can be categorized into
several groups, including metallic contacts, materials, electro-thermal effects,
geometric effects, and contamination (dust, dirt, and metal flakes).

Contact nonlinearity is one of the most studied PIM sources and can be
generated in waveguide flanges [12], coaxial connectors, and wire mesh anten-
nas [22]. The nonlinearity is caused by the surface roughness of the metals,
which reduces the contact area. This can lead to several nonlinear effects, such
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as tunneling, thermionic emission, or the Poole-Frenkel effect.

Materials can also cause PIM due to nonlinear properties. Ferromagnetic
materials, such as nickel and iron, exhibit a nonlinear magnetic hysteresis
curve, leading to PIM generation [23]. Ferrimagnetic materials, often used in
devices like circulators [24] and isolators [25], also produce PIM. Additionally,
superconducting materials are intrinsically nonlinear because of the dependence
of the superfluid density on the current density [26]. This type of nonlinearity
has been studied and modeled in several components, including resonators [26],
filters [27], and transmission lines [28].

The electrical and thermal domains have vastly different time constants.
However, if the baseband components have a similar time constant to the
thermal domain, then the two domains can interact and generate electro-
thermal distortion. PIM generated due to electro-thermal effects has been
studied in microstrip lines [16], antennas [29], and attenuators [30].

The geometry of a structure can induce PIM. The effect_of bends on PIM in
connector-microstrip assemblies [31], superconducting transmission lines [32],
and coaxial connectors [33] has been studied and shown to increase PIM. More-
over, many PIM sources are current-dependent, and higher current densities
are associated with elevated PIM levels. Therefore, geometries that generate
high current densities, such as sharp corners, will-increase PIM levels.

The following text presents a more in-depth explanation of some PIM sources.

Metallic contacts

The connection between two metals can generate PIM, which has been stud-
ied for several components, e.g., coaxial connectors [15], [34]-[36], waveg-
uide flanges [12], [14], [37], [38], and wire mesh antennas [18], [22], [39], [40].
The contact area between two metals is only a small fraction of the total area
due to the surface roughness, as depicted in Fig. 2.3. This creates void regions
and contact regions. Metals have a natural insiilation layer of oxidation or
sulphides, and the thickness of the insulation layer depends on the type of
metal. For instance, gold has a thin pr_no insulation layer, whereas aluminum
typically has an oxidation layer of 2-3 nm thickness. Therefore, the contact
points between two metals have two types: MIM contact and MM contact.
If an insulating layer exists, the MM contact is formed by applying enough
contact pressure to break the insulating layer. In [12], the generation of PIM
in the metallic contact between waveguide flanges was studied. They employed
the surface model from [41] and the résult from [42] to model the connection
between two metals. The surface model utilizes a statistical approach that
distributes asperities (peaks on the surface) over the surface. Fig. 2.4 depicts
the topography of the surface model where one sur@fz is modeled as flat, and
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the other is modeled as a rough surface with spherical asperities. The asperities
are assumed to have the same radius of curvature r, z is the asperity height
and is assumed to have a Gaussian distribution, d is the distance between the
mean of asperity heights and the flat surface, and [ is the interference distance
(the distance of the asperity that penetrates the flat surface).

region region

Metal

Figure 2.3. Illustration of the rough surface contact between two metals. The blue
lines represent the constriction current due to the limited contact area.

Several nonlinear phenomenons that generate PIM in metallic contacts have
been proposed, and the type of nonlinearity depends on whether there is a void
region, a MIM contact, or a MM contact. In the void region, the nonlinearity
is associated with field emission or gas breakdown (corona) [12]. MIM contact
zones can generate PIM from tunneling, thermionic emission, or the Poole-
Frenkel effect. In the MM contact zones, the PIM is generated by constriction
resistance, which is related to the change in the direction of the current lines
in the area between the MM contact.

The insulating layer in a MIM contact functions as a potential barrier, where
a current can flow through due to the tunneling effect. For a wave to propagate
through the insulating layer depends on the amplitude of the wave function
and the energy of the barrier, i.e., the width of the barrier. The wave will
decay exponentially through the barrier and if the amplitude of the wave is
large enough, some of its energy will decay to the other side. A model for
the tunneling effect in MIM contacts is described in [43], which gives an -V
relation for the tunneling current. The model has been employed in [44] and
[12] to demonstrate the generation of PIM in MIM contacts.

Electro-thermal effects

PIM can be generated in lossy passive components through coupling between
the electrical and thermal domains. The electro-thermal distortion was studied
for lossy passive components in [11], [30]. The electrical and thermal domains
have time constants that differentiate by several order of magnitude. However,
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2.2 Passive intermodulation distortion

Flat surface

Mean of
asperity heights

Mean height of the
rough surface

Figure 2.4. The topography of the surface model employed in [12].

an interaction between the two domains is possible if the modulated radio-
frequency (RF) signal has baseband components that have a period comparable
to the thermal time constant. This creates a strong coupling between the
electrical and thermal domains and results in an electro-thermal distortion.
The coupling is induced by self-heating in resistive materials when high power
RF signals are applied. If two or more RF signals are applied, a time varying
signal envelope will exist. If the power envelope contains the baseband frequency
components, the resistance will vary from periodic heating and cooling. This
will effectively function as a passive mixer that will upconvert the envelope
frequencies, and result in PIM.

To understand the coupling between the electrical and thermal domains, we
begin with the resistance of a metal. The metal has an electrical resistance
and a thermally-based resistance [45]. From the thermally-based resistance,
a specific resistance p. can be modeled that also includes the temperature
dependence

pe(T) = peo(1 4 T + BT? + ...), (2.5)

where T is the temperature, p.o is the static resistivity and « and g are
temperature coefficients of resistance. The coupling of the thermal and electrical
domain is generated from dissipated electrical power, which depends on the
current density and the specific resistance of the material. The dissipated
electrical power is called self-heating and is expressed as

Q = szea (26)

where J is the current density. The heat generated by self-heating is then
transferred in the material, which can be described with the heat conduction
equation

11
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vT oT
v. (R—) -~ g (2.7)

where Ryj, is the thermal resistance and C), is the thermal capacity at constant
volume. The thermal resistance is the ability of a material to resist the flow of
heat through it. The thermal capacity represents the material’s capacity to
store heat and its ability to conduct heat to its surroundings. The nonlinear
system describing the electrical and thermal coupling is found by substituting
2.5 and 2.6 into 2.7, and is described as follows

V- (E) —Cva—T = J?peo(1 +aT + BT + ...). (2.8)
Rth ot

The nonlinear electro-thermal process has a static and a dynamic part with
the respective power signals P; and Py, dissipating through the static and
dynamic resistance Rg and Ry, respectively. The total power dissipated over the
stagtiq and-diynamic resistance is converted to the heat signal @ (Ps + Py). The
thermal resistance and capacitance constitute a low pass filter, and the heat
signal will be filtered by this thermal response. Fig. 2.5a shows the spectrum
of a two-tone signal that is applied to a restive element. The two-tone signal
will have a time-varying signal envelope. The instantaneous power of the signal
envelope will vary periodically at the beat frequency of the two-tone signal,
and Fig. 2.5b depicts the sum and difference frequency components. This will,
in turn, create periodic cooling and heating at baseband frequencies as long as
the beat frequency is within the band h of the lowpass filter, as depicted
in Fig. 2.5¢. The resistance will also vary periodically. This periodic oscillation
will result in a passive mixer generating IMD by up-converting the envelope
fre@lcies to RF frequencies, as shown in Fig. 2.5d.

[ 1]
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Vi(f) T T

(a) (b)
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Figure 2.5. Electro-thermal distortion generated in a resistive element by a two-tone
excitation. (a) The spectrum of the input voltages. (b) The input power spectrum
resulting from the two-tone spectrum. (c¢) The baseband component of the input

spectrum that is within the thermal response. (d) The resulting output spectrum
generated from electro-thermal mixing.
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CHAPTER 3

Intermodulation in Periodic structures

This chapter explores IMD generated in periodic structures, more specifically,
loaded-line phase shifters. Firstly, the basics of periodic structures are presented
in Section 3.1. In Section 3.2, the design of loaded-line phase shifters is explained.
Section 3.3 describes the modeling of the varactor-diodes employed in the phase
shifters. Then, the realized phase shifters are presented in Section 3.4. A two-
tone measurement is presented in Section 3.5. The phase shifter performance
and nonlinear behavior are presented in Section 3.6 and Section 3.7, respectively.
Lastly, $ection 3.8 dxamines whether there is an optimum design of loaded-line
pha@shifters with respect to phase-shift/loss and Hearity.

[
] [

3.1 Bhsics of periodic structures

Periodic structures consist of transmission lines or waveguides periodically
loaded with reactive elements, such as discontinuities or lumped components.
They exhibit passband-stopband response and can support waves with phase
velocities less than the speed of light [46]. These characteristics are employed
to modify electromagnetic waves, e.g., filters [46], traveling-wave tubes [47],
phase shifters [48], and steerabile antennas [49]. Fig. 3.1 illustrates two cases of
a transmission line with shunt capacitive loading and series inductive loading.

In a smeoth transmission line-it is nétpossible to change the phase velocity
by modifying the geometry. The phase velocity in a transmission line is
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1

vp = NIk (3.1)
where L; is the series inductance per unit cell length and C} is the shunt
capacitance per unit cell length. Suppose the geometry of the smooth trans-
mission line is changed to increase the shunt capacitance per unit cell length.
In that case, it will decrease series inductance per unit cell length, and the
phase velocity will stay consistent. The addition of periodic reactive elements
enables a change in the phase velocity by increasing the propagation con-
stant 5. An unloaded transmission line with low impedance is employed for the
transmission line with series inductance in Fig. 3.1a. The loading inductance
increases the transmission line’s characteristic impedance to its desired value.
The opposite happens for the transmission line with shunt capacitive loading
in Fig. 3.1b. An unloaded high-impedance transmission line is employed, and
the shunt capacitance decreases the characteristic impedance. This type of
shunt capacitive loading will be employed in the following sections.

d d

L I ;o B

ocoo 000

cood | ] L] [ e

coo 000

(b)

Figure 3.1. Illustration of a periodically loaded transmission line with (a) series
inductance loading, and (b) shunt capacitive loading.

3.2 Design of a loaded-line phase shifter

A tunable phase shifter has the purpose of modifying the phase shift or the
group delay of a transmitted signal with the smallest possible loss. There are
several implementations of tunable phase shifters, e.g., switched-line phase
shifters, hybrid-coupled reflection-type phase shifters [50]—[52] and loaded-line
phase-shifters [48], [53]. Only the two latter,may be used for analog tuning.
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3.2 Design of a loaded-line phase shifter

Tuning mechanisms include mechanical, magnetic, and electronic. For electronic
tuning, semiconductor varactor diodes are typically employed due to ease of
manufacturing, compatibility with circuits, and good performance [48], [54].
In the following text, the design basics of a loaded-line phase shifter and the
different performance metrics are presented.

A loaded-line phase shifter is composed of a transmission line periodically
loaded by shunt-susceptances. Fig 3.2 illustrates a loaded-line phase shifter
with N number of T-unit cells (UC), where each UC is composed of two
transmission lines of length d/2, and with a shunt-loaded varactor-diode in
between. The unloaded transmission line is characterized by its unloaded
electrical length 6y and impedance Z;,. The varactor-diodes function as the
loading and they are reversed biased, meaning that they act as a nonlinear
capacitor and share similarities with the design in Fig. 3.1b, where we wanted a
high-impedance unloaded transmission line. The varactor-diode has a voltage-
controlled capacitance C’\m’ r), where Vp is the reversed bias voltage. The
transmission line has an inductance per unit cell length L; and a capacitance per
unit cell length C';. The transmission line and the varactor-diode can be modeled
as an artificial transmission line with an effective electrical length 6. and
characteristic impedance Z.. The unit cell’s effective characteristic impedance
can be calculated with

L; L; 1 1
Ze — — —_— >< = Z 3.2
\/Ct +Cy(Va)/d NG~ \JT+1F(Va)  \/1+IF(Vr) (3.2)
where
Cv(VRr)
[ = 2" .
F Cyd (3.3)

is known as the inclusion factor. Under the condition Cy > Cid, (3.2) can be
simplified to

L
Z, o)’ [] (3.4)
where L = L;d is the inductance per unit cell. Equation (3.2) is valid as long
as the frequency is far below the Bragg frequency fg, which is defined as the
frequency where the period d between two yanactor-diodes is equal to half of
the guided wavelength A\,. In terms of the loaded-line phase shifter parameters,
the Bragg frequency [55] is
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Figure 3.2. [llustration of the periodic loaded-line phase shifter with N number of
T-unit cells.
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To achieve a large phase shift, both L and Cy, shall be large, and to obtain
a large L the unloaded transmission line needs to be of high-impedance. The
capacitance Cy (Vg) changes with the bias condition, and only one bias point
will achieve a perfect match with the system impedance. Therefore, the phase

B (3.5)

shifter will be mismatched when tuning the phase and there will be two extreme
bias points of Vi, and Viax. When designing a phase shifter, the differential
phase shift A¢ is of interest, which is defined as the phase shift between the
two extreme bias points and is expressed as follows

A¢ = B(Vmin) - ﬁ(vmax)- (36)

In reality, an increased phase shift normally comes with increased attenuation
due to mismatch and dissipation. Therefore, phase shifters are also evaluated
for a phase-shift /loss figure of merit (FOM). The FOM is expressed as

Frp = ———, (3.7)

where Lgp is the total loss in the phase shifter. The total loss will vary
depending on the applied bias, and in this work, Lgp is defined as the total
loss for the bias state with the most significant loss.

3.3 Varactor-diode modeling

To correctly evaluate the performance of a loaded-line phase shifter in sim-
ulation, an accurate varactor model has to be implemented, especially to
describe the nonlinear behavior of the phase shifter. The varactor-diode can be
represented by an equivalent circuit model [see Fig. 3.3] that is composed of
a series inductance (L), a series resish@ce (Rs), a parallel capacitance (C,),
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3.3 Varactor-diode modeling

and the variable junction capacitance (C;). The variable junction capacitance
is the nonlinear component in the model introduced due to the reversed bias
of the varactor. The impedance of the varactor-diode can be written as

) 1
Z(VrR) =Rs+j (wLS — m) ) (3.8)

where Cy (Vg) = C;(Vg) + Cp. The model of C; depends on the doping profile
of the p-n junction. In the case of a uniformly doped and linearly graded
junction, the variable junction capacitance is typically modeled as

Ciop™

C;(Vr) = CERALE (3.9)

where () is the zero bias junction capacitance of the diode, ¢ is the built-in
potential, and n is the grading coefficient [56]. This model has shown good
accuracy for uniform varactor-diodes. However, when the doping profile is
highly nonuniform, (3.9) may not accurately describe the C-V characteristics
of the varactor-diode. Instead, a piecewise model or a capacitive polynomial
series may be used. The C-V characteristics as a polynomial series can be
expressed as

Cj(Vr) = Co+ CiVr + CoVi + ... + CW Vi, (3.10)

where C), is thg]polynomial coefficient of the n'-order.

ng
— Cp

G~

!

Figure 3.3. Equivalent circuit model of the reversed bias varactor-diode.
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3.3.1 Extraction of varactor-diode model parameters

The model parameters in Fig. 3.3 can be extracted by measuring the S-
parameters of the varactor-diode and using (3.8). The modeled bias range of
the varactor should be larger than the bias range of the phase shifter to properly
model the nonlinear behavior because it has to cover the RF voltage swing,
which includes both DC and RF voltage. Due to the T-network configuration
of the measured two-port, the varactor’s impedance is equal to Z;2. From (3.8)
we can see that Ry is given by Re(Z12), and that Im(Z;2) contains both L
and Cy (Vg). However, at low frequencies, the parasitic inductance is small,
which makes it possible to estimate both values from the Im(Z2).

This method was utitized in Raper [A] to extract the model parameters of
the hyperabrupt varactor SMV1233-079LF [57]. To obtain Z;2, the two-port
network’s S-parameters were measured, and the effects of the transmission
lines were de-embedded. Then, 715 was calculated fr the de-embedded
S-parameters. The S-parameters were measured from D 5 GHz with a bias
voltage ranging from 0.3 V to -12 V. The C-V characteristic was obtained from
Im(Z12) at 200 MHz. A lower frequency would be preferred due to a smaller
influence of the parasitic inductance, but the VNA calibration had limited
precision at low frequency. A polynomial curve fitting of the measured C-V
characteristics extracted the polynomial coefficients, which include both C;
and C),. The two models of C; presented in (3.9) and (3.10) were evaluated for
the varactor SMV1233-079LF. The parameters in (3.9) were obtained from the
datasheet combined with optimization to fit the measured C-V characteristics
as best as possible. Fig. 3.4 depicts a comparison of the C-V characteristics and
the relative error between the measured data and the two models. The measured
data and polynomial model hav&celle@greement with a maximum relative
error of 2.4%. In contrast, the measured data and the model in (3.9) show
large discrepar@s, where the maximum relative error is 9.9%. Showing that
the polynomial model is a better fit for the highly nonuniform varactor-diode.

The series inductance was determined from the frequency-dependency of
the measured C-V. A least-square fit of the imaQary part of (3.8) versus
frequency for each bias voltage was utilized to determine L. The extracted
value was Ly = 1.51 nH. The datasheet value is 0.7 nH and it is expected that
the larger extracted value is from the pads connedtihg the varactor. At higher
frequencies, L; has a greater influence on Im(Z;5) and to adequately model the
nonlinear behavior this influence should be modeled to at least the frequency
of the third harmonic. Fig. 3.5a depicts the Im(Z;5) for the second and third
harmonic, corresponding to 3 GHz and 4.5 GHz, respectively.

Lastly, the seriedresistance was found from Re(Z12). The measured resistance
versus bias is depicted in Fig. 3.5b. At low frequency, the measurement is noisy,

[ ]
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Figure 3.4. A comparison of measured data, the varactor-diode model in (3.9), and
the varactor-diode model in (3.10) for the SMV1233-079LF varactor-diode’s (a) C-V
characteristics, and (b) the relative error between the measured data and the two
models.

and at higher frequency the resistance increases due—to the skin effect and
distributed effects in_the varactor. The resistance was obtained by finding the
average for each frequency and then calculating the average of those averages.
The frequencies were limited to 1.5 GHz to 2.5 GHz to avoid the measurement
noise and the skin effect and distributed effects at high frequency. The obtained
R, was 1.49 Q, which is close to the datasheet value of 1.2 €.

B 2 :
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Figure 3.5. (a) Modeled and measured Im(Z12) for the second harmonic (3 GHz)
and third harmonic (4.5 GHz). (b) Real part of the measured varactor impedance.
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UC length UC length
6, =57.7° 0, = 66.4°

Figure 3.6. The fabricated phase shifters in Paper [A].

3.4 Realized loaded-line phase shifters

In this section, the realized loaded-line phase shifters are presented. All phase
shifters are implemented in a grounded coplanar waveguide (CPWG) configu-
ration with substrate Rogers RO4350 with the relative permittivity €, = 3.66
and height 0.508 mm. The design frequency is 1.5 GHz and Z. = 50 €). The
main difference is the type of varactor-diode. The phase shifters in Paper [A]
are designed with the hyperabrupt SMV1233-079LF varactor-diode. Paper [B]
and Paper [C] employ a BAT63 silicon Schottky diode [58].

Fig. 3.6 depicts six loaded-line phase shifters realized in Paper [A]. The
differences are the unit cell length and the number of unit cells, which are 1, 5,
and 10 unit cells. An illustration of a unit cell is shown in Fig. 3.7a, composed
of a high-impedance transmission line, a shunt-varactor, and thru lines at the
input and output. A Thru-Reflect-Line (TRL) [59] was designed to de-embed
tHe bffect of the coaxial connector and the thru line. The phase shifters’ had
the bias tuning range from Vg = 3 V to V=8 V. A lower Vg increased
losses, and a higher Vi only slightly increased . In Fig. 3.7b, 6. and Z, are
presented for the two unit cells at[the center of the tuning range Vxp = 5.5 V.
The shorter unit cell has a 6, = 57.7° at 1.5 GHz and a Zy; = 100 ). The
longer unit cell has a ., = 66.4° at 1.5 GHzﬁ a Zo = 90 Q. A final comment
about the design, only one varactor-diode Tor each unit cell is connected to
one of the ground planes compared to Paper [B] and Paper [C|, which had two
varactor-diodes for each unit cell. This would increase the loading. However, to
maintain Z, = 50 {2, the unloaded impedance needs to be increased, resulting
in a too narrow transmission line.

Paper [B] and Paper [C] utilize the same fabricated designs, but the model
was further developed in Paper [C]. Three phase shifters were fabricated that
differ in the number of unit cells, which were 1, 4, and 7 unit cells, as depicted
in Fig. 3.8a. The unit cell is designed with a 6. = 90° at 1.5 GHz and Zy = 76 ).

[
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Figure 3.7. (a) Illustration of the phase shifter with a single unit cell and the thru
lines. The dimensions of the unit cell with §. = 57.7° are [ = 10.1 mm, w = 0.31
mm, and g = 2.34 mm. The dimensions of the unit cell with . = 66.4° are [ = 13.14
mm, w = 0.4 mm, and g = 2.29 mm. The dimensions of the thru line are [, = 8 mm,
wy = 1.183 mm, and g+ = 1.9 mm. (b) The simulated Z. and 6. for the two unit
cells.

The unit cell is symmetric with two varactor-diodes that are connected to the
top and bottom ground plane. The C-V characteristic of the BAT63 Schottky
diode is shown in Fig. 3.8b. At 1 MHz the diode’s junction capacitance Cj is
0.75 pF. The reversed bias applied to the phase shifters was varied from 0.3 V
to 3 V. The lower and upper limit was selected because at a Vg < 0.3 V losses
were too high, and at Vg > 3 V the tuning saturated.

08 —Simulated|
0.6 X . [--Measured
£0.4
o
0.2
0
0 1 2 3
VoIV
(b)

Figure 3.8. (a) Realized phase shifters with the BAT63 Schottky varactor-diode
employed. (b) Measured and simulated C-V characteristics of the BAT63 Schottky
varactor-diode.
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3.5 Two-tone measurement

This section describes the two-tone measurement in Paper [A]. A two-tone test
is a typical measurement setup to measure IMD in a device, which utilizes
two fundamental signals that are combined and fed into a DUT. The resulting
IMD is typically measured using a spectrum analyzer. The two fundamental
tones had frequencies of 1.5 GHz and 1.55 GHz, generating the lower-band
and upper-band IM3 products at 1.45 GHz. and 1.6 GHz, respectively. The
measurement setup in Paper [A] is shown in Fig. 3.9. In this setup, a Keysight
PNA-X N5247B is employed for both signal generation and IMD measurement.
Two sources generate the two fundamental signals internally of the PNA, and
the two signals eject two different ports. Each port is connected to a low-pass
filter (DC-2250 MHz) that is connected to an isolator. The low-pass filter
suppresses any higher-order harmonics generated in signal sources. The isolator
suppresses leakage between the channels and reflections from the DUT, which
can otherwise result in generation pfjIMD in the sources. After the isolator,
the two signals are combined in a 6-dB combiner and fed into the DUT. The
DUT is then connected to a third PNA port with the swept IMD measurement
type enabled, which measures the generated IMD. The measurement setup’s
noise floor was measured to -115 dBm, and the residual intermodulation was
below this level.

PNA = DC supply

Source 1
0|

PNA IMD

mode 7 ‘ ]
?
PNA ’ .
i — o/ Bias-T
Source 2 L Combiner v l : \%5"
) e
Low-pass e ﬁi‘h K
filter Isolator gy Combiner [ Isolator 2
(a) (b)

Figure 3.9. (a) Illustration of the two-tone measurement setup for forward IM. The
fundamental signals are generated by the PNA internally, and the IM is measured
with the same PNA at a third port in swept IMD measurement mode. (b) The
measurement setup.
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3.6 Phase shifter performance

3.6 Phase shifter performance

The performance metrics of the phase shifters in terms of the differential
phase shift, FOM, insertion loss (IL), phase shift, and return loss (RL) were
obtained from the S-parameters. The S-parameters were measured using an
N5222A PNA Microwave Network Analyzer, while simulations were conducted
using Advanced Design System (ADS). The results evaluate performance and
validate the varactor-diode model.

The phase shifters in Paper [A] have unit cell lengths of 57.7° and 66.4°.
Their results show similarities, and the following figures present the results
of the shorter unit cell. Fig. 3.10 depicts the IL and phase shift for the phase
shifters with a unit cell length of 57.7°. For all phase shifters, the measured
data agree well with the results from the model. The measured IL for the phase
shifters with 5 and 10 unit cells are larger than the simulated IL, which may
be attributed to higher metal loss due to deviating conductivity and higher
surface roughness in the fabricated phase shifters. There is also some deviation
in phase shift after 2 GHz between simulated and measured results, where
the phase shifter bdcothes more dispersive. Fig. 3.11a depicts A¢ between
VRmin = 3 V and Vrmax = 8 V. Fig. 3.11b depicts the FOM over frequency
for VRmax- The measured result has unrealistic values at low frequency due to
limited precision in VNA calibration, which greatly impacts the low IL. The
measured FOM is lower than the simulated FOM after 0.5 GHz because of the
larger measured IL. Table 3.1 compares the results of all phase shifters, and it
shows that the measured A 1.5 G@ greater for the phase shifters with
the longer unit cell length of 66.4°. This is to some extent surprising as the
phase shift is expected to increase as the varactor inclusion factor increases.
However, a longer unit cell is also more dispersive and the dispersion accelerates
the phase shift. The FOM is larger for the phase shifters with the shorter
unit cell length of 57.7° due to lower IL. Consequently, the phase shifters with
the shorter unit cell present the best performance in terms of both FOM and
linearity.
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Figure 3.10. The simulated and measured S-parameters for the phase shifter with
a unit cell length of 57.7°. The results for 1 unit cell (a) IL, and (b) phase shift. The
results for 5 unit cells (a) IL, and (b) phase shift.
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Figure 3.11. (a) The differential phase shift between Viamin = 3 V and VRmax = 8 V
for and (b) FOM for phase shifters with a unit cell length of 57.7°.
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3.6 Phase shifter performance

Table 3.1. Summary of the measured A¢, FOM, IL, RL at 1.5 GHz, and the I1P3
at 1.6 GHz for all fabricated phase shifters in Paper [A]. The IL is presented when
VRmin = 3 V, which gives the largest IL. The RL is selected at Vg =5 V. The ITP3
is selected at Vg = 5.5 V.

Unit cell length 6, = 57.7°
UucC Ag [°] FOM [°/dB] IL [dB] RL [dB] IIP3 [dBm]

| Sim. Meas.| Sim. Meas.| Sim. Meas.| Sim. Meas.| Sim. Meas.|
1 18.0 18.9 | 33.3 33.2 | 0.54 0.57 | 29.1 32.9 | 34.5 35.1

5 88.3 88.9 | 87.4 72.3 | 1.01 1.23 | 289 46.4 | 27.7 28.7
10 177 185 | 87.6 70.8 | 2.02 2.61 | 30.9 33.6 | 25.5 26.2

Unit cell length 6, = 66.4°

ucC A¢ [°] FOM [°/dB] IL [dB] RL [dB] IIP3 [dBm]
| Sim. Meas.| Sim. Meas.| Sim. Meas.| Sim. Meas.| Sim. Meas.|
1 18.7 19.9 | 32.8 30.6 | 0.57 0.65 | 29.2 32.1 | 34.2 34.8

5 94.8 97.7 | 72.9 64.7 | 1.30 1.51 | 37.9 43.0 | 27.0 28.4
10 188 195 774 69.1 | 2.43 2.82 | 32.9 36.8 | 24.2 26.0

Paper [B] and Paper [C] employ the same design, however, the model was
further developed and improved in Paper [C]. Therefore, the following results
are from Paper [C]. The measured and simulated IL and phase shift are
shown in Fig. 3.12 for the phase shifter with 4 unit cells. The simulated and
measured results have good agreement from DC to the design frequency. At
higher frequencies, there are some discrepancies that are probably the result
of distributed effects that the model does not capture.

0 T 200
-1 T
6V, =03V 100
__279VR=1.5V T
g 8V, =30V =
o R™T 8 0%
= 3 | |—Simulated (2
[ --Measured <
-100
-4
-5 - -200
0 0.5 1 1.5 2 25 3 0 0.5 1 1.5 2 25 3
Frequency [GHz] Frequency [GHz]
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Figure 3.12. The simulated and measured S-parameters for the phase shifter in
Paper [C]. The results for the phase shifter with 4 unit cells (a) IL and (b) phase
shift.
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Chapter 8 Intermodulation in Periodic structures

3.7 Nonlinear behavior

Accurately modeling IMD due to a varactor requires capturing parasitic ele-
ments, especially inductance. Also, accounting for impedance at the input and
output of the DUT is imperative. Ideally, the measurement system maintains a
50 €2 impedance to the DUT across all frequencies and biases, but this is rarely
achieved. Therefore, the S-parameters of the measurement system and the thru
lines are included in the simulation, as depicted in Fig. 3.13a. The improved
agreement between measured and simulated IMD is shown in Fig. 3.13b.

Measured -40
input impedance g\
S2P sP| & -50
Y2P I Ton put Thru T € ﬁ& %
\% T T m -60
= = Lol
P2 Tz ) v e 70 Gesared %&\\é
E £
Y12 = ~1/Ziars | 2 = o-Sim. setup: DUT+Thru+Z, +Z,
1¥21 = =1/ Zivairy | = stp| 58] 80 5-5im. setup: DUT+ Thru
Palopw) 1y, - 1Y Zways T Sim._ setup: DUT
PG e £ - 5 Q -9 = T T T T
Zismeas = 50((+ S1)/(1 - 511)) £ 3 2 3 4 5 6 7 8
- Zinaiff = Re(Zinmeas) — 50 +J - Im(Zinmeas) VR (V)
(a) (b)

Figure 3.13. (a) Illustration of the simulation setup in ADS, and (b) improved IM3
agreement. In the simulation setup, the measured input impedance of the measurement
setup is incorporated as an equation-based admittance (Y2P) component in ADS,
along with the S2P file of the thru. On the output side, the setup includes the
measured output impedance represented as an S1P file, the biasing network, and the
S2P file of the thru. The simulated system impedance is Zy = 50 €.

In Paper [A], IM3 was simulated and measured for input power from -18 dBm
to 1.6 dBm. Table 3.1 compares phase shifter linearity using /1 P3, obtained
by extrapolating input power and IMj3. It shows that more unit cells increase
nonlinearity, as I/ P3 decreases. Additionally, the shorter unit cell improved
linearity. Fig.3.14 shows IM3 as a function of Vi with P, = 1.6 dBm. The
model accufatkly predicts nonlinear behavior, especially for phase shifters with
a single unit cell. There are some discrepancies between the model and the
measurprgnts for the phase shifters with 5 and 10 unit cells in the range of 3 V
to b V. At Vg =0 V, IM3 peaks for a single unit cell but reaches a minimum
for phase shifters with 5 and 10 unit cells. The minimum is attributed to
suppression of the input signals, the measured IL > 70 dB at 1.5 GHz when
Vr =0 V. For a single unit cell with 6, = 57.7°, the measured IL is 12.9 dB.
Lastly, Fig. 3.15 compares the model in (3.9) to the measured IM3, showing
its inability to capture the hyperabrupt varactor’s nonlinear behavior. The
discre@cy grows with more unit cells, highlighting the need for precise C-V
modeling.
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3.7 Nonlinear behavior
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Figure 3.14. IM3 for the phase shifter with a unit cell length of 57.7° in Paper [A]
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Figure 3.15. Measured and simulated IM3 when the model in (3.9) is employed.

Fig. 3.16a shows the simulated and measured IM3 of the phase shifter with
7 unit cells from Paper [B] and [C], with the rhollel from Paper [C], as it was
further developed. The varactor model parameters were from the datasheet,
and the coaxial connector was modeled as an LC network. These parameters
Wthimized to match the measured S-parameters. The model was employed
to examine simulated forward and backward IM3; when varying the number
of unit cells. The results are depicted in Fig. 3.16b, where 1 to 11 unit cells
are simulated at Vg = 0.5 V and P;, = -10 dBm. As the number of unit cells
increases, the forward IMD also inc s. In contrast, the reverse IM3 behavior
depends on whether the phase shifter ias an odd or even number of unit cells.
For even numbers, IM3 increases with more unit cells, while for odd numbers,
the trend is reversed. It can be observed that the IM3 for 2 and 11 unit cells
is similar. This observation can be explained by destructive interference, as
explained in [16]. When two nonlinear sites are separated by an odd number of
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Chapter 8 Intermodulation in Periodic structures

quarter wavelengths, the IM3 value is minimized due to destructive interference.
Conversely, when an even number of quarter wavelengths are present between
the sites, a maximum of IMj is obtained. Hence, the lower IM3 value with
11 unit cells can be attributed to the destructive interference of the multiple
IM sources.
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Figure 3.16. (a) Measured and simulated IM3 for the phase shifter with 7 unit cells
in Paper [B] and [C]. (b) Simulated IM3 with varying number of unit cells.

3.8 Model based optimization

The following section examines whether there is an optimal design for loaded-
line phase shifters in terms of figure of merit (FOM) and linearity. The model
developed in Paper [A] is used, with a unit cell length of 57.7°. Therefore, the
parameters Cy, 6y, Rs, and L, refer to that unit cell. The effect of the cell
length and the varactor-diodes quality factor is investigated.

3.8.1 Influence of unit cell length

The influence of unit cell length was examined by reducing the unit cell length
of the reference unit cell (6. = 57.7°). The effect of reducing the unit cell length
is that the capacitance per unit cell length will increase, which is undesirable
for the comparison. Instead, the capacitance per unit cell length should be
consistent for all different unit cell lengths that were compared to have a fair
comparison. This was achieved by modifying the varactor’s capacitance with
the same amount of reduction of the unit cell length. However, reducing Cy
will also affect the quality factor of the varactor, and therefore, the series
resistance had to be modified to compensate for the change in quality factor.
Fig. 3.17 illustrates how 6y, Cy, and R, are scaled with the value N. As we

[ ]

30



3.8 Model based optimization

are reducing the length of the unit cell, 6y and Cy are divided by N, and R,
is multiplied by . This enables a comparison where the unit cell length is
different while the capacitance per unit cell length and the quality factor is
maintained for each unit cell. In this study, N is chosen to have the value of 1,
2, 4, and 8, where N =1 for the reference unit cell.

6,/N

Figure 3.17. Modification of the unit cell to maintain the same capacitance per
unit cell length and quality factor for all phase shifters. The reference unit cell has
an N = 1.

The reference phase shifter was designed with 10 unit cells, which gives a
differential phase shift larger than 180°. The physical length was the same
between all phase shifters in the comparison. Therefore, the phase shifters
with unit cell lengths of 6y/2, 6y/4, and 6y/8 had 20, 40, and 80 unit cells,
respectively. The unit cells had different IL, and it was suspected that they
might have different tuning ranges that optimized their FOM. Therefore, the
differential phase shift and the FOM were plotted as functions of Virmin when
VRmax Was set to 8 V, at the design frequency of 1.5 GHz, as depicted in
Fig. 3.18. If the tuning range is the same, one can conclude from the figure
that the largest differential phase shift is generated for the phase shifter with
the longest unit cell, and the greatest FOM is generated for the phase shifter
V&@]the shortest unit cell. However, with a shorter unit cell, the IL reduces
and enables a larger tuning range with a larger FOM. Therefore, Fig. 3.18 was
utilized to find the Vrmin that generated the maximum FOM for each phase
shifter. The figure shows that the phase shifters with_a_unit cell length of 6,
00/2, 0y/4, and 0y/8, generate the largest FOM whenm Vymin is 3 V, 2.25 V,
2V, and 1.75 V, respectively.

The differential phase shift and FOM was then studied versus frequency
in Fig. 3.19 when Vg is selected to maximize FOM for each phase shifter.
Th@ase shifter with the shortest unit cell has the greatest FOM over the
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Figure 3.18. The differential phase and FOM when Vrmin is varied and Vrmax i8S
set to 8 V, for each phase shifter with the different unit cell lengths of 6o, 60/2, 0o /4,
and 0p/8. The plot shows which Vamin generates the largest FOM for each phase
shifter when VRmax = 8 V.

majority of the frequency spectrum and the largest differential phase shift
from DC to 1.7 GHz. However, it should be noted that both FOM and A¢ are
quite similar for all phase shifters with reduced unit cell length from DC to
1.7 GHz. The upper-band IM3 versus V5 is depicted in Fig. 3.20 to evaluate
the linearity of the phase shifters. In the lower region of Vg, the IMj3 is the
smallest for the phase shifter with a unit cell length of 6y, and the largest IM3
is found for the phase shifter with a unit cell length of 6y/8. At a Vi above
4.4 V, the reference phase shifter obtains the largest IM3. This demonstrates
that having many small nonlinear elements dpesnot necessarily provide good

linearity.
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Figure 3.19. (a) Differential phase and (b) FOM when Vimin is selected to generate
maximum FOM for each phase shifter with the different unit cell lengths of 6o, 6o/2,
90/4, and 90/8
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3.8 Model based optimization

To summarize the results, a phase shifter with shorter unit cells presents
better phase shifter performance. In the case of IM3, a phase shifter designed
with fewer but longer unit cells can enhance linearity. It is a trade-off between
phase shifter performance and linearity. In the comparison presented, a good
trade-off would be the phase shifter with a unit cell length of 6y/2 as it has
good linearity over the full bias range and a FOM = 102 °/dB at 1.5 GHz.
This FOM value is similar to the phase shifter with a unit cell length of 6y/8
with a FOM = 108 °/dB.

0 : :
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= >\3§\
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Figure 3.20. Upper-band I M3 at P, = 1.6 dBm for each phase shifter with the
different unit cell lengths of 6o, 6o/2, 6o/4, and 6y/8.

3.8.2 Influence of varactor-diode quality factor

The same reference unit cell is employed in this study as the previous section.
The quality factor of the reference unit cell is denoted as QQp, and the quality
factor was modified by changing R, in the varactor-diode model. Five phase
shifters were compared and the quality factor of their varactor-diodes are
4Q0, 2Qo, Qo, Qo/2, and Qy/4, which corresponds to the series resistance
of Rs/4, Rs/2, Rs, 2R, and 4Ry, respectively. Fig. 3.21a depicts the quality
factor for each varactor-diode at 1.5 GHz. All phase shifters consist of 10 unit
cells and have the same length. The quality factor affects 6, marginally. As
a result, the differential phase shift rerhaing similar across all phase shifters.
However, the quality factor affects the IL greatly as depicted in Fig. 3.21b. An
increased quality factor leads to improved IL, which in turn results in a larger
FOM ([see Fig. 3.21c]. 1

Fig. 3.22 shows the IM3 for the five phase shifters, the result shows that
a larger duality factor increases the IM3. The increased IMj3 is the result of
the-srdaller series resistance. When R is reduced, the voltage swing over R
is smaller and the voltage swing over Cy increases, which in turn increases
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Chapter 8 Intermodulation in Periodic structures

the IM distortion. From the results, one can see that a larger quality factor
improves the phase shifter performance greatly. However, it should be noted
that there is a trade-off between low varactor loss and IMD.
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Figure 3.22. Upper-band IM3 for varying Q factor at P, = 1.6 dBm.
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CHAPTER 4

Passive Intermodulation due to Additive Manufacturing

This chapter examines how components fabricated by additive manufactur-
ing (AM) affect the PIM level and how they compare to milled components.
Section 4.1 provides a general overview of additive manufacturing and a more
in-depth explanation of the powder bed fusion-laser beam process. Section 4.2
presents the expected nonlinear source in additive manufacturing. Section 4.3
explains the design and fabrication of the test structure, which are utilized to
study PIM in AM components. Moreover, the two-tone measurement setup
to inehsure PIM is described. Section 4.4 provides a distributed nonlinear
transmission line model. In Section 4.5, the PIM level in % test structures is
presented and discussed.

4.1 Additive mang]tlz;(]:turing

Additive manufacturing (AM), commonly called 3D printing, is a manufac-
turing technique that builds objects by adding material in a selective process,
typically layer by layer. This process is the opposite of subtractive manufactur-
ing (SM), where sections of a raw material block are removed through methods
such as milling, laser cutting, or electroerosion. AM has gained a large interest
in research and industry due to its ability to produce prototypes quickly, create
complex designs, produce lightweight structures, and support large-scale pro-
duction. It is applied in many industries, such as healthcare, automotive, and
aerospace. For instance, in the healthcare sector, AM can be used to produce
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Chapter 4 Passive Intermodulation due to Additive Manufacturing

orthodontic implants and prostheses [60], while in the automotive industry, it
enables the creation of monolithic parts that do not require welding [61]. In
recent years, the development of microwave and millimeter-wave devices by
AM technology has increased due to advancements in precision and material
properties, making AM more suitable for manufacturing RF components [62].
Antennas, filters, and waveguides are a few examples of RF components man-
ufactured by AM. Due to AM’s ability to reduce cost by minimizing waste
and time in production, it is particularly appealing to the space industry. In
2013, NASA and Aerojet Rocketdyne successfully produced AM rocket engine
components, achieving a 70% reduction in costs and shortening the manu-
facturing time from over a year to just four months'eompared to traditional
processes [63].

AM is categorized into seven processes: binder jetting, ditected energy deposi-
tion, material extrusion, material jetting, powder bed fusion, sheet lamination,
and vat photopolymerization. These AM processes can be further divided
based on various manufacturing techniques. Each process has advantages and
disadvantages, and the suitability of a specific process often depends on the
object being produced. The powder bed fusion (PBF) process uses a high-
powerlaser or electron beam to melt and fuse metal powders layer by layer.
This results in dense and durable metal components with excellent mechanical
properties. PBF offers superior resolution and strength compared to other
AM processes, making it well-suited for industries requiring high-performance
materials. Therefore, PBF is an excellent choice for producing radio RF com-
ponents. The following section provides a more detailed explanation of the
PBF process.

4.1.1 Powder bed fusion

Powder bed fusion is a process that creates metallic structures using metallic
powders. The process begins by applying a fine layer of metal powder across a
build plate with a roller. A high-energy laser or electron beam then selectively
exposes specific geometries, causing the metal powder to fuse together. Once
this layer is finished, the build plate is lowered, and a new layer of metal powder
is applied. This cycle is repeated until the final component is complete. Fig. 4.1
illustrates the powder bed fusion process utilizing a laser beam (PBF-LB).
The main difference between using a laser beam and an tron beam is their
power and speed. Generally, the electron beam operatesat higher power and
speed, resulting in a poorer surface finish than a laser [61].

Various metal powders can be used in PBF, including the titanium alloy
Ti6Al4V, aluminum alloy Al-Si-Mg, and-¢obalt-chromium alloy Co-Cr. The
selection of material depends on the application, e.g., cobalt-chromium alloys
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Figure 4.1. Illustration of the powder bed fusion process, where a laser beam
selectively fuses the metal powder to create the design object.

are employed in biomedical applications due to their biocompatibility, hardness,
and resistance to corrosion [64]. Aluminum alloys are lightweight and are
preferred for automotive and aerospace components.

The quality of mechanical properties and surface roughness (Ryn,s) depends
on the material and the parameters of the PBF process, as they affect the
volumetric energy density that heats up and melts the powder. The metallic
powder’s grain size, shape, and energy absorption will affect the fusion. The
laser source’s wavelength and power, scanning speed, layer thickness, and the
chamber’s temperature control all play important roles in the final product’s
quality [65]. Suboptimal parameters can cause several effects that degrade
quality, such as increased R,.,s and porosity. The balling effect increases R,y
and results in higher porosity, which lowers conductivity [66]. This effect occurs
due to an unstable melt pool, causing the molten material to break apart and
creating inconsistencies in the melt track. These inconsistencies can lead to
inter-layer porosity or instability in the powder layer [67]. Slower laser speeds
and longer heating times can help reduce-the balling effect. Formation of
satellites [65] and Dross formation [68] are phenomenons that occur from the
sintering of powder or powder agglomerates to the surface of the solidified
material, which also contributes to higher R, .

4.2 Surface roughness and its effect on PIM

PBF-LB is a promising method for fabricating RF components due to its high
resolution and mechanical, electrical, and thermal properties. However, despite
its advantages, PBF-LB technology faces challenges such as increased surface
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Ryms compared to milled metals, which can affect the overall quality of the
final product. The amount of additional R,,,s in AM components depends on
the method and material employed. Aluminum alloy (AISi10Mg) is frequently
utilized in the design of RF components as a complement to milled aluminum.
The R,y for milled aluminum is approximately 0.5 um, whereas for PBF-LB
AlSi10Mg, it can range from 8 to 20 pum [69].

Surface roughness has been linked to PIM generation through multiple mech-
anisms. In [12], PIM levels were studied for conductor junctions with surface
roughness, which create PIM due to current constriction at asperities and
tunneling through MIM contacts. Additionally, surface roughness can induce
PIM through electro-thermal effects in imperfect conductors. In imperfect
conductors, RF power dissipation from conductor and dielectric losses can lead
to self-heating, causing resistivity changes in the conductors [70]. Such effects
have been observed in printed|lines and lossy conductors [11], where nonlinear
sources are distributed across the structure. Equivalent circuits of nonlinear
distributed transmission lines are often employed to model these distributed
effects [71], [72]. Furthermore, increased porosity in the metal due to the balling
effect may also lead to higher PIM levels due to lower conductivity, which
increases the surface resistivity.

4.2.1 Surface roughness and conductivity in AlSi10Mg

The surface roughness of a conductor refers to irregularities that deviate from
a smooth, ideal surface. These irregularities affect the losses in the conductor
because they disrupt the current, resulting in larger surface impedance. Dif-
ferent models have been proposed to explain how irregularities impact losses
in a conductor. S. P. Morgan proposed a model in 1949 utilizing triangular
or square grooves in a conductor surface to estimate the attenuation in the
conductor [73]. The model has been modified and improved to estimate the
attenuation up to higher frequencies by first Hammerstad and Jensen [74],
and then by Groiss et al. [75]. The Groiss model is valid up to 12 GHz. One
physies-based roughness model was proposed by P. G. Huray et al., where the
model employed a 3D "Snowball" model to calculate the-increased losses due
to the surface rolighness [76]. The model uses non-uniform spheres, referred
to as "snowballs," arranged in the shape of a 3D pyramidal stack. This model
has demonstrated good accuracy up to 50 GHz. However, the model is com-
plex, and it is difficult to measure and determine each size of the snowballs
accurately. A simplified model is the one-ball Huray model that assumes an
equal-sized "snowball" [77]. With this model, a roughness correction factor (H,)
can be calculated and multiplied with the smooth surface impedance (Z;) to
determine the Tough surface impedance
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4.8 Rectangular coaxial transmission line

Zo(w) = Hy(w)Zs(w) (4.1)

where w is the angular frequency. The roughness correction factor is described
by

1+5+ o |
r o 2r2

3 = 47172 N;
H, =1+ -
(w) * 2 i—1 Aﬂat

(4.2)

where r is the radius of a snowball, IN; is the number of snowballs, Ag,; is the
area of the flat surface, and ¢ is the skin depth. The skin depth is defined as

§ = \/ﬁ (4.3)

where f is the frequency, p is the magnetic permeability, and o is the electrical

conductivity. With higher porosity, the electrical conductivity decreases, which
will increase § and the conductor’s surface resistance (Ry).

In [78], the Q-factor was studied in cavity resonators fabricated by milled
aluminum and PBF-LB AlSil0Mg. The structures were printed at RISE
Research Institutes of Sweden, and the R,.,,s was extracted by a Sensofar Neox
S 3D optical profiler. In Paper [D], PBF-LB samples were fabricated at RISE.
Therefore, the surface roughness is expected to be similar to what was obtained
in [78]. Table 4.1 shows the material and electrical properties of aluminum and
AlSi10Mg used in the model developed in Paper [D].

Table 4.1. Properties of Aluminum and AlSil0Mg.

] Parameter Aluminum AlSi10Mg
o [S/m] 3.4x107 1.6x107
L 1.000021 1.000028
Rims [pm] 0.5 10.42

4.3 Rectangular coaxial transmission line

The following section presents the test structures and measurement setup de-
signed in Paper [D]. This paper examines the differences in PIM levels between
PBF-LB AlSil0Mg and milled aluminum. These manufacturing methods and
materials result in vastly different surface roughness profiles, and the effects of
the surface roughness on losses, current density, and PIM have been investi-
gated. An experimental study based on a rectangular coaxial transmission line
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test structure with an interchangeable center conductor has been carried out,
where the test structure was designed to exhibit high currents on the center
conductor to yield a dominant PIM response from it. A distributed model of
the rectangular coaxial transmission line was developed to characterize the
nonlinear resistance of the different center-conductors tested and to describe
the nonlinear behavior.

4.3.1 Design of test structure

A rectangular coaxial transmission line [see Fig. 4.2a] with an interchangeable
center conductor was designed to examine the effect of PIM in PBF-LB
manufactured structures. This setup provides flexibility as it allows for the
replacement of several center conductor samples. Milled and PBF-LB printed
center conductors were fabricated using aluminum and AlSi10Mg materials,
respectively. The outer conductor was realized by milled aluminum. Four types
of center conductors were tested:

—_

. Milled aluminum - Square cross-section

2. PBF-LB AlSi10Mg - Square cross-section

w

. Milled aluminum - Circular cross-section

4. PBF-LB AlSi10Mg - Circular cross-section

The two cross-sections are illustrated in Fig. 4.2b and Fig. 4.2c. The square
conductor has a side length of a = 3.5 mm, and the circular conductor has a
diameter of 3.5 mm. The outer conductor is square-shaped with a side length of
b = 13 mm. The rectangular coaxial transmission line was designed to generate
a transverse electromagnetic (T wave t induces high surface currents
on the center conductor, resulting in a dominant PIM level at the center
conductors. Additionally, the design prevents unwanted modes and provides
structural strength to the center conductor to avoid bending or breaking.

4.3.2 Realized coaxial transmission line

The fabricated rectangular coaxial transmission line is depicted in Fig. 4.3.
The outer conductor was realized by milling two sections along its length.
These two sections included waveguide transitions on-the input (TX) and
output (RX), which were required to connect the DUT to the measurement
setup. The TX was designed to match a WR112 interface, and the RX was
designed to match a WR90 interface. The TX transition supports the TEg
mode, which transforms into a TEM mode when transitioning to the DUT.
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4.8 Rectangular coaxial transmission line
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Figure 4.2. The rectangular coaxial transmission line (a) illustration of DUT (b)
cross-section of the square center conductor and (c) cross-section of the circular center
conductor. The parameters have the following values Lpyr = 250 mm, a = 3.5 mm,
b= 13 mm, and r = a/2.

TG
BRI

Figure 4.3. The DUT before assembling. The two milled aluminum parts comprise
the TX and RX waveguide transitions, as well as the outer conductor of the DUT.
The top milled part shows the inner conductor attached by six Ultem supports.
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Chapter 4 Passive Intermodulation due to Additive Manufacturing

The two sections are assembled with several screws that are designed to apply
a pressure of 70 MPa. This contact pressure ensures that the aluminum reaches
its elastic deformation[79], which has been shown to minimize PIM between
metallic contact [12]. The center conductor is held in place by six Ultem
support pieces within an air cavity. An air cavity was used to avoid dielectric
nonlinear sources [80]. The Ultem support is expected to have a negligible
effect on PIM due to its electrical properties.

The PBF-LB center conductors were manufactured at the RISE Research
Institutes of Sweden using an SLM280 Twin machine. This machine employs
two IPG fiber lasers with a maximum power output of 400 W and focused
spot sizes of 0. mm. The fabricated center conductors are shown in Fig. 4.4,
where a cl@r fference in surface roughness between the milled and AM
printed conductors can be observed. In the circular PBF-LB center conductors,
unwanted smhll metallic discontinuities were generated during the manufac-
turing process caused by the attachment points in the printing setup. These
discontinuities were unavoidable in manufacturing and could not be removed
in post-process. The discontinuities can affect the PIM level as sharp corners
create high surface currents that may lead to higher PIM levels. Scanning
electron microscope (SEM) images were captured to examine the surface mi-
crostructures of the PBF-LB structures. Fig. 4.5 displays these SEM images,
revealing a high roughness profile, the balling effect, and grains that are fused
together.

PBF-LB Printed Sample

i\ «<—Vertical Print
‘|«—Horizontal Print
<«— Milled Sample

(a) (b)

Figure 4.4. The milled and PBF-LB printed center conductors with the cross-
sections (a) square and (b) circular.
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4.8 Rectangular coaxial transmission line

Mag| HV |Det| WI
500x 5.0 kV|ETD|9.7 mm

Figure 4.5. SEM images of the PBF-LB samples with (a) 100x magnification and
(b) 500x magnification. The images display a more pronounced roughness profile and
the balling effect.

4.3.3 Measurement setup

The PIM measurement setup follows the same premise as the two-tone measure-
ment explained in Section 3.5. However, the input power is significantly greater
due to the weakly nonlinear sources in a passive component. This results in
more strict requirements of the measurement setup in terms of dynamic range,
low PIM components, and isolation.

The PIM level of the coaxial transmission line was measured at the facility
of Beyond Gravityih Gothenburg. The measurement setup was designed for
the X-band, and two carrier signals with the frequencies f; = 7240 MHz and
fo = 7625 MHz were employed with an input power ranging from 39 dBm
to 46 dBm. The measured third-order passive intermodulation (PIM3) signal
had the frequency fpiymg = 8010 MHz. The PIM generated in the DUT is
transmitted and received by two horn antennas. The full measurement setup
is illustrated in Fig. 4.6a, where each equipment number is presented in
Table. 4.2. The setup begins with two signal sources that generate the two
fundamental tones that are combined and then amplified in a traveling wave
tu TWT) a@iﬁer. The power level is then monitored before entering a
chaim of bandpass filters (BPF) with a total isolation of 200 dB that removes
any IM products generated by the amplifier and PIM products generated by
the amplifier’s output waveguide. The BPFs are designed with high-pressure
flanges to mitigate metallic contact PIM. After the BPFs, the carriers enter the
waveguide transition that leads to the DUT. The carriers and the generated
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Figure 4.6. PIM measurement setup with (a) illustration of the setup where each
component is described in Table 4.2, and (b) anechoic chamber containing the DUT,
the TX- and RX-filter chains, and the TX and RX horn antennas.

PIM signals are transmitted from a horn antenna to a receiving horn antenna.
The received signal passes through the RX BPFs designed for 8010 MHz.
A spectrum analyze]f_—}s then measuring the PIM signal. The antennas and
the BPFs are inside an anechoic chamber, as shown in Fig. 4.6b. Due to the
presence of the two horn antennas, path losses and misalignment losses were
considered. The coupling between the antennas was measured to 45 dB, which
was employed to determine the actual generated PIM power in the DUT.

]
4.4 Distributed nonlinear transmission line model

A transmission line can be represented by a lumped-element equivalent cir-
cuit model. The circuit model is composed of cascaded line segments, where
the linear part of the line segment is represented by the per-unit-length ca-
pacitance Cy, conductance GGy, inductance Lg, and resistance Ry. The line
segment’s length scales the per-unit-length parameters. Additionally, the equiv-
alent circuit model can incorporate distributed nonlinearities.

The presence of PIM in transmission lines is caused by weakly intrinsic
nonlinear sources, such as material properties, that are distributed along
the transmission line. In the case of coaxial transmission lines, the primary
PIM source is anticipated to be the surface roughness. The lumped-element
equivalent circuit model is well suited to describe the distributed nonlinearities
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4.4 Distributed nonlinear transmission line model

Table 4.2. Equipment for test setup shown in Fig. 4.6a.

No. Equipment type No. Equipment type

1 Signal source 14 BPF TX signal

2 Signal source 15 BPF TX signal

3 RF door safety switch 16 DUT
Interchangeable

4 RF door safety switch 17
center conductor

) Wilkinson divider 18 ] TX Horn

6 TWT amplifer 19 RX Horn

7 Circulator 20 BPF RX signal

8 High power load 21 High-pass filter

9 Waveguide 22 Low-noise amplifier

directional coupler

Power sensor
10 23 Spectrum analyzer
Forward Tx Power

1 Power sensor 94 Power meter
Reflected Tx Power Forward Tx Power
) Power meter
12 BPF TX signal 25

Reflected Tx Power

13 BPF TX signal

of the coaxial transmission line. The line segment of this model is illustrated
in Fig. 4.7. This model includes some simplifications. Firstly, the conductance
can be neglected because the cavity is air-filled. Additionally, the nonlinear
capacitance can be disregarded because it relates to nonlinearities in the
die]ectric material [80]. We also assume that the nonlinear inductance can be
removed. In superconductors, nonlinear inductance can have a pivotal role in
modeling PIM where the nonlinearity is associated with kinetic inductance in
the superconductors [32]. Additionally, in bent structures, nonlinear inductance
may affect PIM [33]. In a straight transmission line with a regular conductor,
there should not; be any nonlinear effects from the inductance. Therefore, only
a weakly cutrent dependent nonlinear resistance AR(7) is considered. The
nonlinearity is assumed to have a quadratic form and is restricted to the second
order. Higher-order terms can be included to approximate higher-order PIM
components. For a coaxial line, both the inner and outer conductors must be
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Figure 4.7. A line segment of a distributed transmission line model represented by
its linear per-unit-length parameters Ry, Lo, Co, and its nonlinear resistance AR(%).

considered, leading to the following expression

AR(i) = (Ri2 + Ro2)i? (4.4)

where the subscripts i and o denote the inner and outer conductors, respectively,
while R, represents the macroscopic nonlinear parameter of the conductor,
with the units QA 2m~1.

In [81], a superconducting device’s quadratic nonlinear resistance is for-
mulated. This formulation can be adapted for a normal conductor as the
following

r r
R2 = 20'/12(,02(54'—2 = ag'—Q (45)
0 Jo

where jj is the characteristic current density and I' is the geometrical factor,
which is expressed as

_ Jjids

() jds)*
The geometrical factor, with the unit of m~%, is derived by integrating the
current density distribution across the cross-sectional area of the conductor.
The characteristic current density, with the units of Am™2, serves as a scaling
parameter for the nonlinearity and is fitted to measurement data to determine
the nonlinear resistance. The expression of ay in (4.5) has the units Qm, result-
ing in the units QA~2m~! for R,. The geometrical factor can be determined
analytically if a well-defined expreskioh exists for the current density distribu-
tion. Otherwise, a numerical simulation of the current density distribution is
required to calculate I'.

r (4.6)
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4.4 Distributed nonlinear transmission line model

4.4.1 Linear model parameter extraction

A circular coaxial cable have closed-form expressions of the per-unit-length
parameters [82]. However, deriving these expressions for a rectangular coaxial
transmission line is more complicated. Various methods, such as conformal
mapping, finite element method (FEM), method of moments (MoM), and
Equivalent Electrodes Method (EEM), have been used to determine the capaci-
tance, inductance, and characteristic impedance (Z.) [83]-[87]. To approximate
Ly and CY, closed-form expressions from [85] were employed obtained by FEM,
MoM and curve fitting techniques. The expressions works for both rectangular
coaxial transmission lines with circular and rectangular inner conductors. The
following, expression were used

b= Lt o |57 -

S RN SCEL) OO ICEL) DR

where Ly, Ck, Ay, As, 19, t1, to are coefficients that vary depending on
geometry, and r is the ratio between the inner and outer conductor. The circuit
model was compared with EM simulations and they provided accurate results.
However, slight tuning of the inductance were performed to match the phase.

The linear resistance was estimated by calculating the linear resistance of
a circular coaxial cable made of aluminum and fitting the results to the EM
simulation. Table 4.3 presents the per-unit-length parameters for each case.
The circuit simulation and EM simulation are compared in Fig. 4.8 for the
rectangular coaxial transmission line with a circular inner conductor, which
shows excellent agreement. The higher surface roughness in PBF-LB printed
structures iﬁeases losses significantly, especially at higher frequencies, as
shown in Fig. 4.9. At 8 GHz, the loss is around[6p times greater for the
PBF-LB printed structures.

Ij[‘able 4.3. Per-unit-length parameters for different cases.
Center conductor Cy [pF/m] Lo [nH/m] Ro [Q2/m]

Milled Circular 39.8 279.6 4.45
PBF-LB Circular 39.8 282.8 30.6
Milled Square 45.85 242.9 4.4
PBF-LB Square 45.85 245.6 29.1
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Figure 4.8. Comparison between the circuit model and EM simulation of the coaxial
WG with circular inner conductor for (a) RL, (b) phase, (c) IL.
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Figure 4.9. Losses EM simulated in rectangular coaxial transmission line for the
different inner conductors.
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4.4 Distributed nonlinear transmission line model

4.4.2 Nonlinear resistance extraction

The nonlinear resistance is the last parameter to be obtained in the distributed
model, which is described in (4.5). The parameters o, i, w, and § are known.
The unknown parameters are I' and jo. The geometric factor is determined by
numerically finding the current density distribution. It is solved numerically
due to the rectangular geometry, which makes it very challenging to define an
accurate analytical expression for the current density distribution. Lastly, jg
in (4.5) is a fitting parameter determined by measurements.

All variations of the rectangular coaxial transmission lines were simulated
in COMSOL Multiphysics. The magnetic field (H-field) was analyzed to better
understand the currerr;ﬁensity distribution pattern. Fig. 4.10a and Fig. 4.10b
depict the H-field of the coaxial transmission line of the milled square and cir-
cular inner conductor. The square inner conductor displays a higher maximum
H-field compared to the circular inner conductor, with the maximum field
@ated at the corners of the square. In contrast, the circular inner conductor
shows a more evenly distributed field around its radius. The fields for the outer
conductor are similar in both cases, with nulls in the corners and maximum
field strength in the center of each side. [ ] [ 1

The current density distribution for the coaxial transmission line with a
square inner conductor has a similar pattern as the H-field. In Fig. 4.11a,
the square inner conductor’s current density distribution is shown for milled
aluminum. The corners of the inner conductor exhibit peak values and current
density decreases with the skin depth inside the conductor. Fig. 4.11b compares
the current density distribution along the edge between the milled and the
PBF-LB printed square inner conductor. The milled cénductor demonstrates
a higher current density compared to the PBF-LB printed conductor, which is
attributed to its lower surface impedance.

Fig. 4.12a shows the current density distribch%] along the center diameter
of the circular inner conductor. The maximum is at the surface and decreases
with the skin depth inside the conductor. There is a small sinusoidal variation
of urrent density distribution along the circumference of the circular
inner conductor. The maxima are located along the x- and y-axes, shown in
Fig. 4.10b, corresponding to the peaks of the H-field. The minima are located
at 45 degrees relative to the maxima, directed towards the corners of the outer

C ctor.

E;(‘fg. 4.12b depicts the outer conductor’s current density along the edge of
the coaxial transmission line with a circular inner conductor. The results show
thdt the outer conductor’s current density is higher for the sample with a
milled inner conductor, with a maximum at the center that decreases to zero
at the corners. Similar results were observed for the outer conductor with a
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Chapter 4 Passive Intermodulation due to Additive Manufacturing

square inner conductor.

The geometric factor was obtained by integrating the simulated current
density distribution. The geometric factors for the inner conductors are sum-
marized in Table 4.4. The circular inner conductor has similar I" for the milled
and PBF-LB printed conductors, where the latter has the largest I'. The square
inner conductor has a larger difference in I', whereas the PBF-LB printed
conductor’s I' is twice as large. The outer conductor has similar I" for all cases.

Due to the lower current density in the outer conductor, we assume that the
inner conductor is expected to be the primary source of nonlinearity. Therefore,
we neglect R, 2 and simplify the nonlinear resistance to Ry = R; ».

Yy (A/m)
- 400 (A/m)
350 250
300 200
250
200 X 150
150 100
100
50
50
0 0
(a) (b)

Figure 4.10. The H-field in the rectangular coaxial transmission line of the milled
(a) square and (b) circular inner conductor.
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Figure 4.11. The current density distribution of the square inner conductor is
represented in (a) a 3D plot of the milled inner conductor, and (b) along the edge
for both milled aluminum and PBF-LB AlSi10Mg.
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Figure 4.12. The current density distribution in the coaxial transmission line with
a circular inner conductor is illustrated for (a) across the central diameter of the
inner conductor, and (b) along the edge of the outer conductor.

4.5 Passive intermodulation in PBF-LB printed
components

The forward PIM level of the four cases of the coaxial transmission line was
measured with the measurement setup in Section 4.3.3 at 8010 MHz, with
an input power ranging from 39 to 46 dBm. Simulations were performed in
ADS using the Harmonic balance simulator. In this simulation, the coaxial
transmission line was represented by a 1 mm line segment, which was cascaded
to match the total length of the coaxial transmission line. The nonlinear
resistance in the model was calculated wiflh (4.5) and j, was obtained from
the measurement results. All parameters to calculate R;» are presented in
Table 4.4.

The PIM level of the coaxial transmission line with square and circular
inner conductors is shown in Fig. 4[T3. The result shows that geometry greatly
affects the PIM level, as there is a 13 dB difference between the milled circular
an%quare inner conductor. The square inner conductor exhibits the highest
PIM level, which can be @Fibuted to the sharp edges that create high surface
current densities. Moreover, from the significant disparity in PIM levels, it can
be concluded that the inner conductor is the primary source of PIM and that
the contribution of the outer conductor to the total nonlinear resistance in the
model can be considered negligible.

The results show that the PBF-LB samples exhibit higher PIM compared
to their milled counterpart. The PIM level for the square inner conductor is
6 dB larger for the PBF-LB sample. The circular samples show a significant
difference of 19 dB between the milled and PBF-LB printed circular inner
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Figure 4.13. The measured and simulated PIM level for the rectangular coaxial
transmission line with (a) square and (b) circular inner conductor.

conductor. The difference may result from the sharp metal discontinuities
created during the fabrication process of the PBF-LB printed sample, shown
in Fig. 4.4b. The sharp edges of the discontinuities create current crowding,
which can lead to pronounced nonlinear effects. Additionally, the slope for
the measured PBF-LB printed circular inner conductor is different compared
to the other cases. It has a 3.8 dB/dB slope, whereas the other cases have a
3 dB/dB slope. This indicates that there is a nonlinear source different from
the distributed surface roughness.

estimate of the PBF-LB printed circular inner conductor’s PIM level
was calculated [see Fig. 4.13b]. The PIM level was obtained by assuming that
the ratio of the characteristic current density of the milled and the PBF-LB

Table 4.4. The s of the characteristic current density, geometrical factor and
the nonlinear resistance for the inner conductors. The inner conductor is expected to
be the primary source of nonlinearity and R, 2 can be neglected, therefore, R; 2 = Ra.

Center
aiz2 [Qm]  jio [A/m?] Ty [1/m°] R [Q/(A%m)]
conductor
Milled Square  2.35x10~7  7.1x10% 6.9x102%! 3.2x1073
PBF-LB Square 5x10~7 6.1x108 5.4%10%! 7.3%x1073

Milled Circular  2.35x10~7  1.91x10®  1.18x102%0 7.6x1074

PBF-LB Circular  5x10~7 0.94x10%  1.25x102° 7.1x1073

PBF-LB Circular
(estimated)

5x10~7 1.64x10%  1.25%1020 2.3x1073
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4.5 Passive intermodulation in PBF-LB printed components

printed circular samples should be similar to the square samples. The square
samples’ ratio of jg is 0.86. By multiplying this ratio with the jo of the milled
circular inner conductor, we can estimate a characteristic current density of
1.64x10% A?2m~! for the PBF-LB printed sample. A new R5 is calculated with
the estimated jg, which is employed to simulate a new PIM level. The PIM
level shows a 5.8 dBm difference between the milled and PBF-LB printed
samples. This may be a more realistic difference for a PBF-LB printed circular
inner conductor without discontinuities.
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CHAPTER B

Passive Intermodulation in Surface Treated Feeding
Networks

This chapter examines the PIM characteristics of anodized antenna feeding
networks. Section 5.1 briefly explains why different protective coatings are
employed in space applications. In Section 5.2, the antenna feeding network
and the studied samples are introduced. Section 5.3 provides an analysis of the
sample’s microstructure, followed by a phenomenological model in Section 5.4.
Section 5.5 presents the PIM levels for the different feeding networks under
ambient conifions and during thermal cycling. These results are compared
to the model results in Section 56 Lastly, Section 5.7 provides a discussion
regarding potential nonlinear sources and the observed n@inear behaviors in
the ffedding networks.

] ]
5.1 Space communication and its environment

The harsh conditions of space put a lot of constraints and requirements on
the equipment, especially for antennas, as they have to be mounted outside
the spacecraft. They have to handle thermal cycles between high to low tem-
peratures, high fluxes of electromagnetic radiation, and high vacuum, and
they have to withstand the impact of debris. Reliability is critical, as in-space
repairs are impossible. Various coatings are used to protect components and
enhance performance. These include thermal coatings with high solar reflec-
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tivity and emissivity, optical coatings, and atomic oxygen resistant protective
coatings [88]. Thermal coatings that increase emissivity serve as heat sinks,
radiating heat into space without adding much weight to the spacecraft. The
following sections examine the effects of a specific thermal coating on PIM.

5.2 Antenna feeding networks

Beyond Gravity has designed several antennas for Global Navigation Satellite
System (GNSS) receivers, comprising helix and patch excited cup antennas [89].
Fig5.1 shows one of the high-power patch excited cup (HPPEC) antenna
designed by Beyond Gravity [90]. The antenna comprises three patches sur-
rounded by a metallic cup. The two lower patches act as a resonant cavity, and
the top patch functions as a reflector that improves the aperture efficiency. The
antenna has two ports that can both be utilized for transmission and reception,
with the frequency bands 1515-1562 MHz and 1623-1678 MHz, respectively.
The radiator tower is fed by a feeding network that also f@ctions as a polarizer
metwork that provides the two ports with different polarization, right-hand
circular polarization (RHCP) and left-hand circular polarization (LHCP). The
feeding network is made of aluminum with a protective coating of aluminum
oxide AlyO3 formed through anodizing. Aluminum is a poor radiator of heat,
and the aluminum oxide coating increases the thermal emissivity, which allows
the feeding network to dissipate heat through radiation, reducing the ohmic
loss. This protection allows operation under large temperature changes and
reduces the risk of thermoelastic movements.

Bottom
patches

Port 2 Port 1

(a)

Figure 5.1. The high-power patch excited cup antenna (a) illustration and (b) inside
a measurement chamber.
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5.2 Antenna feeding networks

In-house measurements at Beyond Gravity have shown that the coating
affects PIM. Previous studies have investigated PIM in ferromagnetic coating
materials of coaxial connectors [91], which inherently have nonlinear character-
istics. In contrast, the aluminum oxide coating is electrically insulating and
does not possess nonlinear characteristics. Paper [E] investigated the PIM
performance in several feeding networks to understand why PIM is generated
and how different coating thicknesses affect the PIM level.

5.2.1 Samples of ﬁeding networks

Three different coating thickness cases were investigated: native oxide (un-
treated), 20 pum coating, and 50 um coating. Fig. 5.2 depicts the three cases.
Four samples were fabricated for both the untreated case and the 50 ym case,
while two samples were fabricated for the 20 um case. The untreated case was
realized to compare its PIM level to the anodized feeding lines. However, it is
not suitable for space applications due to its low thermal emissivity. Native alu-
minum oxide is typically 2-3 nm [92] and aluminum has an emissivity of ~0.1,
whereas AlyOg can have an emissivity—ef ~0.8 [93]. The 20 pm coating was
produced by a Type II class 1 (non—dyg sulfuric acid anodizing following the
MIL-A-8625 standard, where the pores were sealed by boiling deionized water.
The 50 pm coating was produced by a Type III class 1 sulfuric acid hard coat
anodizing following the %[L-A-8625 standard, and the pores were not sealed.

[

(b)

Figure 5.2. The three cases of the feeding networks: (a) Case 1 - untreated with
native oxidation, (b) Case 2 - 20 pm coating, and (c¢) Case 3 - 50 pum coating.
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5.3 Microstructures in the samples

The Al;Og3 coating is electrically isolating and should not influence the current
flowing through the aluminum feeding line. It was hypothesized that defects
in the coating could impact the PIM level. SEM and focused ion beam (FIB)
images of the samples were obtained to investigate this. The following section
presents an analysis of the microstructures in the samples.

5.3.1 Analysis of the samples’ microstructures

The surface of the samples was examined by SEM images, as shown in Fig. 5.3.
The most visible difference between the untreated and anodized samples is the
holes and cracks in the anodized samples. The cracks’ widths vary between
0.1 to 1 pm, and their lengths vary between 5 to 200 pm. The samples with a
thickness of 50 pm show more cracks than those with a thickness of 20 pm.
The formation of cracks is caused by thermal stresses when two materials have
different thermal expansion coefficients [94]. The therm pansion coefficient
of aluminum is 5 times greater than that of aluminum oxide. Consequently,
temperature changes during the anodizing process and high-power antenna
operation may lead to crack formation. Two other factors influencing crack
formation are environmental humidity and coating thickness. In low humidity
environments, coatings lose water, leading to significant tensile stresses. Thicker
coatings are more susceptible to cracking compared to thinner coatings, and
thicker coatings crack at lower temperatures [95]. Therefore, thicker coatings
are more likely to have more cracks.

FIB imaging was employed to view the cross-section of the samples. This
enables us to determine whether the holes and cracks extended to the aluminum,
which may impede the current arnd affect the PIM level. The FIB process was
time-consuming for the 50 pm samples, so some of their cross-section was
prepared by cutting and polishing them. The images are displayed in Fig. 5.4.
The native sample has a quite flat profile, but cracks were observed in the
aluminum that could potentially be a source of PIM. No holes were found
extending to the aluminum in the FIB images, which QJeared as shown in
Fig. 5.4b. However, the cracks did extend to or near the aluminum. In Fig. 5.4e,
two cracks in the 50 pm sample are shown where a small bump of aluminum
[extlends into the crack. This protrusion may have forlmedl due to growth of
aluminum during the anodizing process, which could also lead to the presence
of aluminum throughout the entire crack.
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EMT= 600kv Mag= 100KX  Detector= SE2
WD = 7.8 mm Focus = 7.8 mm

(a)

EMT=500kv Mag= 100KX  Detector=SE2
WD = 7.8 mm Focus = 7.8 mm

()

Figure 5.3. SEM images of (a) untreated sample, (b) 20 um sample, and (c) 50 pm
sample.

5.4 Phenomenological model

The anodized feeding network consists of aluminum, through which the current
flows, and aluminum oxide, which helps reduce heat through thermal radiation.
Ideally, the aluminum oxide should not interfere electrically with the aluminum
because it has electrically isolating properties. However, observations from FIB
images reveal that cracks extend to the aluminum. The cracks may disrupt
the flow of the current, especially if the aluminum has grown into the crack
during the anodizing process. This can generate highly localized electrical
fields that create nonlinear effects. The cracks will act as nonlinear sources
that are distributed along the feeding network, as illustrated in Fig. 5.5, which
will generate PIM in the forward (PIM¢) and reversed (PIM,) direction.

A phenomenological model was developed for the cracks, as the exact nonlin-
ear phenomenon is unknown. In this model, the cra(tlz—zl are assumed to behave
as diodes, where the size of the diode corresponds to the area of the cracks
observed in the SEM images. The SEM images were processed into pixilated
black-and-white images [see Fig. 5.6] to estimate the area of the cracks. White
pixels correspond to cra@, and the total number of white pixels was summed
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Figure 5.4. The cross-section of the different cases were we observe (a) untreated
case with a crack, (b) 20 pm case with a hole, (¢) 20 pm case with a crack, (d) 50 pm
case with a crack, and (e) 50 pm case with two cracks.
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Crack

n]

, Aluminum
Jsurf

Figure 5.5. Illustration of nonlinear sources produced by cracks in the anodized
feeding lines. The sources produce PIM in the forward and reversed direction.

PIM, PIM;

and multiplied by the pixel area. Table 5.1 compares the area of the cracks (A.)
in several SEM images. The results show that the 50 ym has a larger area of
cracks, approximately 2 to 7 times larger than the 20 um case. The area of a
SEM image is denoted as Agg.

Table 5.1. The area of SEM images and their corresponding crack area.

20 ym 50 ym
SEM # | Asgm [mm?] A, [mm?] || Asgm [mm?] A, [mm?]
1 0.0614 0.00022 0.0614 0.00079
2 0.058 0.00021 0.0614 0.00147
3 0.227 0.00184 0.227 0.00316

Fig. 5.6 illustrates a unit cell created based on the SEM images. It is
composed of N diodes that have a randomly assigned area, and their total area
adds up to A.. The number of diodes is estimated from the SEM images. The
diodes are separated by a transmission line representing the distance between
the[cracks. The model contains three simplifications:

1. A, is assumed to be the same at both the top and bottom of the crack.
2. All cracks extend to the aluminum.

3. All cracks are affected by the same input power.

In reality, the cracks can vary in width and length at the bottom, and some
may not extend all the way to the aluminum. Additionally, it is known that
the current reaches its maximum at the edges of the feeding network and its
minimum at the center.
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Simplified
Feed Network Image processed SEM figure

Figure 5.6. The process for modeling the unit cell from an SEM image starts by
converting the image into a black-and-white format to estimate the total crack area.
This area is then distributed randomly across N diodes representing the cracks in
the image.

5.5 Experimental results

In the following section, the PIM performance is presented. The measurement
setup is similar to Section 4.3.3. However, it is designed for the L-band,
and the setup employs a diplexer that enables measurement of forward and
reversed PIM. The two carriers have the frequency of f; = 1518 MHz and
f2 = 1559 MHz, and the fifth-order PIM (PIMj5) was measured at a frequency
of 1641 MHz. The [PIM5 was measured at three different input power levels
per carrier: 44 dBm, 47 dBm, and 50.5 dBm.

The feeding networks in the HPPEC were measured for ambient tempera-
ture (20 °C) and during thermal cycling to determine how the PIM level is
influenced by temperature. The HPPEC is placed in a thermal chamber inside
the anechoic chamber, where the temperature can be controlled. The thermal
cycling varies the temperature between -40 °C and 120 °C. The temperature is
held at a steady state for 20 minutes at the minimum and maximum tempera-
tures. Initially, the temperature increases at a rate of 3 °C per minute from
20 °C to 120 °C. After the steady state, the temperature is decreased to -40 °C
at a rate of -3 °C per minute. After the steady state at minimum temperature,
the temperature is increased to 20 °C, and then the measurement is complete.
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5.5 Ezperimental results

5.5.1 PIM at ambient temperature

The results of the PIM measurement at ambient temperature are presented
in Fig. 5.7. Several measurements were conducted of the samples, and their
variation in PIM level is shown in Fig. 5.7a-5.7c. Variations in the PIM levels
across different measurements are expected, as each sample has an unique
distribution of nonlinear sources. The variance in PIM level is compared at
P, = 50.5 dBm. The maximum variance is observed at P, = 44 dBm, where
measurement uncertainty increases due to lower PIM levels, which can be
affected by the noise floor of the measurement setup. The variance in forward
PIM is 2.5 dB, 3.1 dB, and 7.8 dB for the untreated case, 20 um, and 50 pm,
respegtively. The variance in reversed PIM is 5.7 dB, 6.9 dB, and 4.7 dB for
the untreated case, 20 pm, allrd_—Er@m, respectively. The results show that the
untreated case has the least variation on average and that the 50 ym samples
exhibit the greatest variation. This could be a result of the crack formation in
the coating that will vary between samples. Additionally, cracks might develop
during a measurement cycle due to increased temperatures.

-120 -120

—Forward (Untreated) —Forward (20 pm)

- -Reverse (Untreated) ~ -Reverse (20 pm)

a0

150 /
-160 -160
44 45 46 47 48 49 50 44 45 46 47 48 49 50
P, (dBm) P, (dBm)
(a) (b)
120 120
—Forward (50 pm) e
- -Reverse (50 um) y é - ';’
130 e — -130 — ‘/” —
£ e £ =
) = ) -1 . -zIr”
S 40 ffffi'fff// S g0 //, e —
<° /&’// s° //, -z - —Untreated - Fwd.
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-150 150 £=== -_5352?!3
—50 um - Fwd.
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Figure 5.7. Measured 5"-order PIM level for (a) untreated network, (b) 20 um
samples, (c) 50 pm samples, (d) mean value of measurements.
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Fig. 5.7d shows the mean forward and reversed PIM level. The 20 um coating
has the best PIM performance. The untreated case exhibits a 1.9 dB larger
PIM level than the 20 um case at P, = 50.5 dBm. The 50 ym coating has
a similar forward PIM as the untreated case. However, it has an unusual
behavior for reversed PIM as it is larger than the forward PIM level. Typically,
PIMs, < PIMs5;. This results in a 6.9 dB difference at P, = 50.5 dBm between
the 20 pm case and the 50 pm case.

An interesting observation from the results is that the slopes are lower than
the theoretical slope of 5 dB/dB [see Section 2.1]. Previous research has shown
thatIPIM can generate slopes lower than the expected order [96]. We see the
same phenomenon here as the mean forward PIM slope is 2.59, 2.63, and
2.38 dB/dB for the untreated case, 20 um, and 50 pm, respectively. The mean
reversed PIM slope is 3.18, 2.99, and 2.26 dB/dB for the untreated case, 20 pm,
and 50 pm, respectively. All slope values are lower than 5 dB/dB, and the
50 pm coating has the lowest slope, especially in the reverse direction.

[]
5.5.2 PIM and temperature dependency

The PIM level during thermal cycling is depicted in Fig. 5.8, where each mea-
surement point is plotted. The data of each measurement were fitted by linear
regression to obtain a simple relationship between PIM level and temperature.
Table 5.2 summarizes the change in PIM level for each measurement, where
ks is the forward slope and k, is the reverse slope. The result shows that the
untreated case has an increased forward and reverse PIM level with increasing
temperature. For the 20 ym and 50 pum cases, the reversed PIM level decreases
with increasing temperature, averaging around -2.8 dB/100°C. However, the
resillt for forward PIM is inconclusive, as it both decreases and increases from
separate measurements.
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Figure 5.8. Measured PIM; as a function of temperature (a) untreated sample,
(b) 20 pm sample, and (c¢) 50 pum sample. Red dot - Forward PIM (blue linear
regression line). Black dot - Reversed PIM (orange linear regression line).

Table 5.2. The variation of PIM as a function of temperature.

Untreated 20 pm 50 pm
[dB/100°C] | [dB/100°C] | [dB/100°C]
Meas. # ky k., ky k, ks k.,
1 1.24 298 | 0.87 -2.10 | 1.28 -4.02
2 0.63 1.08 | -0.04 -4.12 | 0.22 -2.74
3 - - -1.59 -2.20 | 045 -3.13
4 - - - - 5.12  -2.80
5 - - - - -0.85 -1.44
6 - - - - -1.56 -4.42
7 - - - - 0.23 -0.88
Mean 0935 203 |-0.25 -281 | 0.7 -2.78
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5.6 Model results

The model presented in Section 5.4 was employed to describe the nonlinear
behavior of the anodized feeding networks, and to investigate how the crack
area corresponds to the PIM level. The diode model employed was a p-n
junction diode, which includes I, Rs, C4, Cjo, ¢, n, and the breakdown
voltage (V3). In the model, the diode’s size is represented by the cracks area
[see Section 5.4]. A parallel plate capacitor is expressed as C' = (egA)/d, where
€ is the permittivity of space, A is the area, and d is the separation. With
this equation, the order of Cy is ~1 fF, and we can assume that C;o will be
in the same order. The diode diameter is the width of the crack. In [97], the
effect of diode size in o Schottky contact diodes is studied. In their study,
R increases with decreasing diode diameter and at 5 ym Rs = 11 . As the
widths of the cracks are smaller than 5 pm, we expect a larger R;.

Diode parameters were estimated based on [97] and then tuned to see their
effect PIM. The analysis indicated that the diodes’ area, I, and R had
the greatest effects on the PIM level. The effects of ¢ and n were minimal,
and their final value was set to ¢ = 1 V and n = 1., Capacitance exhibited a
minor effect on the PIM level, and their values were set to Cy = 25 fF and
Cjo = 5 I, based on parallel plate estimation. R, was estimated to be larger
than 11 €2, and its final value wasset to 25 2. Reducing R, to 11 2 increases
the PIM level by 10 dBm. I, had less effect on the PIM level than R, and
I, = 0.1 fA was employed in the simulation. Changing the diodes’ area affected
the PIM level greatly. A minimum and maximum PIM level were simulated
corresponding to the values of A, in row SEM 1 and SEM 3 in Table 5.1,
respectively. The A. was employed as the diode area in a unit cell randomly
distributed over the N number of diodes. The number of diodes employed
in the model is estimated by the SEM images where the 20 ym model has
20 diodes and the 50 pm model has 50 diodes.

The area of the feeding network Ageeq is much greater than Aggy, which
makes it impractical to simulate the full structure. Instead, the unit cells
cascaded composed a smaller area Ag;,, of the whole feeding line. The PIM
level of the simulated area was then multiplied by the ratio Afeed/ ASim-

The simulated results are shown in Fig. 5.9. For the 20 ym case, the measured
PIM falls within the simulated minimum and maximum levels. In the 50 pm
case, the measured PIM is er than the simulated value. The simulation
indicates that the crack area corresponds to the diode’s area. While the
agreement is not perfect, it remains within an acceptable range for a simplified
model, which introduces uncertainties.

The slopes generated in the model are 1 dB/dB because of compres-
sion. However, the slope can vary depending on the value of V. When
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Figure 5.9. The simulated PIM level for (a) 20 pm coating, and (b) 50 pum coating.

Vi > 0V, "sweet spots" are created, which result in minima at certain in-
put powers. Fig. 5.10 illustrates an example of a "sweet spot" for the 20 ym at
P, = 42.5 dBm, which affects the slope and generates a 1.8 dB/dB slope be-
tween 45 and 47 dBm. Typically, "sweet spots" are linked to active devices [98]
and have not yet been identified in passive devices. Lower slopes in PIM have
been observed in earlier research for a varying range of input power. The
existence of these "sweet spots" could account for the lower slope value, but
it would bérektricted to a smaller range of input power. The nonlinear PIM
sources are more likely to enter compression, generating lower slope levels.
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Figure 5.10. Simulated "sweet spot" for the 20 um case that affects the slope.

67



Chapter 5 Passive Intermodulation in Surface Treated Feeding Networks

5.7 Discussion

The measured results show that the Al;Og3 coating affects the PIM level in
the feeding network. All three cases have similar PIM and slopes, indicating
intrinsic nonlinear sources in the feeding. One potential source could be electro-
thermal effects as the PIM level increases with temperature for the untreated
feeding network. Also, the reverse PIM level for the anodized cases is reduced
with increasing temperature. However, other nonlinear sources can also have a
temperature dependency.

The anodized feeding networks show varying PIM performance depending
on the coating thickness, with the 20 ym coating showing an improvement.
Al,Og3 is electrically insulating and should not directly influence the currents
in the feeding network. However, the cracks in the coating may introduce
nonlinearities by disrupting current flow, particularly if aluminum grows into
these cracks during the anodization process. The 20 ym coating had the least
amount of cracks. The improved performance could result from the cracks
being too few to be a dominating PIM source. The coating will then function
as a heat sink due to the increased thermal emissivity. If the nonlinear source
has a temperature dependence, like electro-thermal effects, it will reduce PIM.

The 50 pm coating is more prone to cracking, potentially making it a
dominant source of PIM. Its PIM performance deviates from the untreated
case and the 20 ym coating, exhibiting a lower slope, greater variability in
measured PIM, and higher reversed PIM levels than forward PIM. This suggests
that the 50 pm coating influences PIM performance differently, with cracks
appearing to be the most likely source of nonlinearity. The phenomenological
model also suggests that the cracks in the 50 pym coating could be the dominant
source of PIM. The model predicts higher PIM than measured PIM for both
the maximum and minimum crack areas in the 50 pm coating.
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CHAPTER O

Conclusions and Future work

6.1 Conclusions

In this thesis, intermodulation distortion (IMD) and passive intermodulation
(PIM) have been analyzed and modeled in various components.

Firstly, IMD generated in periodic structures was examined. Specifically,
loaded-line phase shifters periodically loaded by varactor diodes. Several phase
shifters were designed, fabricated, and measured. A model was developed that
accurately described their phase shifter performance and nonlinear behavior.
The model in Paper [A] was employed to investigate if there is an optimum
design with respect to phase-shift/loss and linearity. It was demonstrated
that the phase-shift/loss primarily depends on the Q factor and distribution
of varactor capacitance. IMD is primarily proportional to the total varactor-
capacitance per unit cell. The study also revealed that an increase in the
varactor’s QQ factor results in higher IMD. Therefore, it is a trade-off between
low loss and low IMD. In Paper [B], forward and reverse IMD were investigated
for varying numbers of unit cells separated by a quarter-wavelength. Forward
IMD increased with more unit cells. Reversed IMD decreased when adding an
odd number of unit cells.

The generation of PIM due to additive manufacturing (AM) was examined.
An experimental investigation was conducted utilizing a rectangular coaxial
transmission line with an interchangeable center conductor, which was fabri-
cated by either milled aluminum or 3D-printed aluminum alloy AISi10Mg. A
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distributed nonlinear transmission line model was developed to describe the
observed nonlinear behavior. The AM conductors produced a higher PIM level,
which was attributed to their increased surface roughness. Additionally, it was
concluded that the current distribution greatly affects the PIM level, which is
dependent on the geometric shape of the conductors.

A comprehensive investigation was conducted on PIM in antenna feeding
networks coated with aluminum oxide to enhance thermal emissivity. The coat-
ing’s effect on PIM level was examined in three cases: native oxide (untreated),
20 pm coating, and 50 pum coating. The 50 ym coating had the highest PIM
level, whereas the 20 um coating had the lowest PIM level. The anodized
coatings were observed to develop cracks, which were hypothesized to act as
nonlinear sources. A phenomenological model was created to relate the area
of these cracks to a diode model. The 50 um coating displayed the highest
number of cracks, correlating with its poor PIM performance. In contrast,
the 20 pm coating had significantly fewer cracks, suggesting it may not be a
dominant nonlinear source in the structure. The improved performance of the
20 pm coating may result from increased thermal emissivity, which can reduce
PIM levels if the PIM sources are temperature-dependent.

6.2 Future work

The author would suggest future work with regard to the structures generating
PIM. In the case of PIM resulting from AM, it would be valuable to develop
the nonlinear model further. This development could involve establishing a
relationship between the surface roughness model and electro-thermal effects.
Additionally, measuring PIM levels after employing post-processing techniques
that reduce surface roughness and porosity would be beneficial. For instance,
Hirtisation® reduces surface roughness, and hot isostatic pressing reduces
porosity. Studying these effects could improve our understanding of the sources
of PIM in AM, and it would be interesting to compare the performance of
these processed structures to milled structures.

Future work could also involve studying anodized structures with simpler
geometries, such as a straight transmission line of constant width. It would
be beneficial to examine more samples with varying thicknesses to observe
differences in crack formation. This investigation could help confirm or disprove
whether the cracks act as a nonlinear source.
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Summary of appended papers

Paper A

Modeling of intermodulation in a loaded-line phase shifter
based on a polynomial varactor model

This work investigates if there is an optimum design of loaded-line phase shifters
with respect to phase-shift/loss and linearity. Six loaded-line phase shifters
were implemented in PCB technology with shunt-loaded varactor-diodes. A
equivalent circuit model was developed employing a polynomial series to model
the varactors’ nonlinear capacitance, and the model was experimentally verified.
It was demonstrated that the phase-shift /loss primarily depends on the Q factor
and distribution of varactor capacitance. IMD is primarily proportional to the
total varactor-capacitance per unit cell. Additionally, study also revealed that
an increase in the varactor’s Q factor results in higher IMD.

My contributions: design, measurements, nonlinear modeling, analysis of
results, writing.
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Paper B

Multi-source Intermodulation in a Loaded-line Phase Shifter

This work examines multi-source IM in a tunable loaded-line phase shifter. The
phase shifter was constructed using 1, 4, and 7 unit cells, and the simulated and
measured results showed good agreement. A quarter-wavelength transmission
line separated the varactor-diodes. It was demonstrated that when the number
of unit cells is increased, forward IM increases, whereas reverse IM can achieve
minima for an odd number of unit cells.

My contributions: design, measurements, nonlinear modeling, analysis of
results, writing, and oral presentation.

Paper C

Experimental Investigation of Distributed Intermodulation in
an Artificial Transmission Line

This work examined the nonlinear effects of a periodic structure containing
multiple nonlinear point sources with known locations and behaviors. The
model was verified experimentally. A simulation study investigated how the
PIM was affected by increasing the number of unit cells in the artificial
transmission line while maintaining the same capacitance per unit cell length
and effective electrical length. The results indicated that forward and reversed
IMD decreased when we had more unit cells with smaller nonlinearity.

My contributions: design, measurements, nonlinear modeling, analysis of
results, writing, and oral presentation.

Paper D

Passive Intermodulation in 3D Printed Coaxial Transmission
Lines

This paper investigates the difference in PIM between milled aluminum and
3D printed aluminum alloy (AlSil0Mg). AM is a promising fabrication method.
However, it increases surface roughness and porosity. These factors can con-
tribute to elevated PIM levels. This study evaluated a coaxial transmission line
test structure with interchangeable center conductors. The linear and nonlinear
behavior of the coaxial transmission line was modeled using a distributed
circuit model that included a nonlinear resistor. The results showed that AM
printed structures have higher PIM levels than their milled counterparts. The
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geometry of these structures played a significant role in influencing PIM levels.
My contributions: Idea generation, design, nonlinear modeling, analysis of
results, and writing.

Paper E

Passive Intermodulation in Surface Treated Antenna Feeding
Networks

This work investigates the generation of PIM in antenna feeding networks,
which have a protective coating of aluminum oxide produced by anodization.
Three cases were examined: native oxide (untreated), 20 um coating, and
50 pm coating. SEM- and FIB images revealed that the anodized coating
formed cracks, which were hypothesized to act as nonlinear sources. The
results showed that the 50 pm coating had the highest PIM level and most
cracks. The 20 pm coating had fewer cracks than the 50 ym coating and had
the best PIM performance.

My contributions: Analysis of SEM- and FIB images, proposed model,
nonlinear modeling, analysis of results, and writing.
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