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Abstract

This thesis discusses the interaction of magnetic materials and high
frequency signals inside of microstrip transmission line circuits. This work is
based on microstrip circuit designs that use magnetic materials for either the
ground plane and/or as an insert inside the microstrip substrate. The microstrip
circuits with inserts are characterized with AC and DC magnetic fields. The
magnetic materials are bulk metals. The magnetic materials inserted into the
circuit change how the circuit reacts to DC magnetic fields. When a DC magnetic
field is applied the transmission of the magnetic materials shifts at each

frequency.
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Chapter 1

Introduction

1.1 Motivation

With the advancement of communication technology, Radio Frequency (RF) and
microwave circuits have become much smaller and more complicated and use many
different materials, including magnetic materials. Magnetic materials can be affected by
DC magnetic fields that originate outside of the circuit, and thus can change the circuit
response. Because of the extreme magnetic with the frequency of the circuits with this
materials may experience higher loss increase, due to excitation of the ferromagnetic
resonance (FMR) [1-4] property of the magnetic material. Examples of circuits designed
with FMR include filters ([5-7]), noise suppressors [8], and circulators [9-12]. FMR has
been studied on a variety of RF structures including microstrip ([7], [13], [14]), stripline
([15-16]), and coplanar waveguide (CPW) ([17-19]). It has also being studied in various
materials including thin films ([17], [20]), multilayer films ([16], [21]) and nanowires
([2], [71, [13], [14], [22], [23], [24]). In order to better understand the interactions
between fields and embedded layers and bulk magnetic materials, microstrip transmission
lines have been tested with bulk inserts between the signal line and ground plane

compared to similar inserts with non-magnetic materials.

This thesis describes a physical microstrip circuit designed to characterize the

response of bulk magnetic materials to AC and DC magnetic fields. Nickel is chosen as
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the magnetic material characterized in this work because the change in nickel’s
permeability at the FMR point with applied magnetic field is well documented and
understood ([1], [3]). A microstrip test structure is chosen for the direction of its internal
fields as well as the ease of manufacture. Nickel is integrated into the microstrip circuit to

characterize how magnetic materials carry RF signals.
1.2 Design Overview

There are 3 main chapters in this thesis. The characterization of magnetic
materials when substituted for the ground plane of microstrip lines and also when
materials are inserted into the microstrip lines is discussed in Chapter 2. Chapter 3
investigates the changes in circuit response when strong DC magnetic fields are applied
to circuits with inserts inside them. A summary of this thesis and future directions for
building on this work are provided at Chapter 4. Appendixes are provided for expanded
computer simulations and for low DC magnetic field measurements that don’t saturate

the magnetic materials.



Chapter 2

Magnetic Material Characterization of Microstrip
Circuits

2.1 Introduction

Microstrip transmission lines are popular in planar and integrated RF
communication circuits. Their electrical properties depend on the dielectric (i.e.
permittivity) and the metal (i.e. conductivity) layers of the substrate material. Microstrip
lines have been used to test nanowires with the microstrip deposited onto of a substrate
with nanowires grown in it ([7], [9], [13], [14], [23]) and thin films planted on top of the
microstrip ([25]). The circuit designed in this chapter place a magnetic sample for FMR
measurement between the substrate and ground plane. In this chapter, the performance of
microstrip transmission lines is studied with metal inserts and different metal ground

planes without a DC magnetic field.

The behavior of microstrip transmission lines is evaluated and characterized based
on copper (non-magnetic) or nickel (magnetic materials) metals. The signal line is copper
in all cases. Nonmagnetic materials have a relative permeability of 1 whereas the
magnetic material, in this work nickel, has a relative permeability that is at least 100.

Metal behavior impacts circuit resistance, inductance, impedance, and skin depth.

The objectives of this chapter are to study and characterize bulk magnetic metal
effects on microstrip transmission lines. Bulk materials are chosen to establish

performance a comparison for similar materials in thin films [15] or nonmagnetic [25]
3



form. The first objective is to understand the impact of bulk magnetic material on losses
in microstrip. The second objective is to observe the behavior of insert metals underneath
the feedline. The third objective is to understand how the insert metal type, nonmagnetic
or magnetic, affects microstrip performance. These results establish a baseline for use of

magnetic materials in RF/microwave circuit design.

2.2 Ground Plane Material Effects on Microstrip Lines

Microstrip transmission line fields, shown in Fig. 2.1, have electric fields (E,
solid) that travel from between the signal line to the ground plane in the substrate while
the magnetic fields (H, dashed) orbit the signal line. The electric fields define the voltage
on the microstrip while the magnetic fields define the current. To absorb power from the
system an absorber needs to be exposed to the E and H field. Eqn 1 describes the
Poynting vector [27], a calculation of power (S) imparted by E and H fields via the cross
product of their two fields. Power can be absorbed by placing an insert above the
microstrip, between the ground plane and the microstrip’s signal line, or by replacing the
ground plane. Placing an insert above the microstrip will not interfere with the electric
field so it will not be considered for repeatable measurements. In this chapter designs will
be presented to measure both adding inserts and changing ground plane and the methods

of measuring these circuits will be presented.



Figure 2.1 The field distribution of a Microstrip Transmission line [27]

S=EXH (1)

2.2.1 Design

Microstrip lines in this work, shown in Fig. 2.2, are designed using Linecalc and
modeled in Advanced Design System (ADS) [28]. All designs are printed on a FR4 [29]
fiberglass that serves as the dielectric substrate. The FR4 dielectric thickness (h) is 28
mils thick, relative permittivity (&) is 4, and relative permeability (ug) is 1. The
manufactured board material is double-sided copper with metal conductivity (o) of
5.813x10’ Siemens/meter [27] and metal thickness of 1.4 mils. These parameters are also

shown in Table 2.1.

The reference line impedance is designed to be 50 ohms. In the study, the bottom
copper layer (tc = 1.4 mils) is removed and replaced with either a copper foil (tg = 1.4
mils) or nickel shim (tg = 6 mils). To insulate the inserts from the ground plane, a thin (tp
= 3 mils, €,=2) Melinex plastic [30] dielectric is included between the metal ground plane

and FR4 board as seen in Fig. 2.2 and the signal line width is adjusted to maintain a 50



Ohm impedance. Nickel conductivity (o) is 1.43 x 10’ Siemens/meter [27] and relative

permeability (ug) is 100 [31].

W
T
tp
tng

Figure 2.2 The microstrip transmission line and the Copper and Nickel ground plane
where W is line width, tc is conductor thickness, h is dielectric thickness, tp is plastic
thickness, and tg is ground plane thickness

2.3 Simulation of Microstrip with Magnetic and Nonmagnetic

Materials

Ideally circuit models like those used in Keysight’s (ADS) and Linecalc would be
used to predict circuit response (scattering parameters (S-Parameters) and characteristic
impedance), but their simple models only work when all metal layers are the same
material and the dielectric layers are of one type. This work considers circuits with mixed
metals as well as double layer dielectrics (i.e. FR4, plastic) so these modeling tools
cannot be used alone. Three dimensional full wave modeling software such as ANSYS’s
High Frequency Structure Simulator (HFSS) [32] and Quasi-static 3-D Extractor (Q3D)
[33] are used to evaluate these cases. ADS and HFSS will be evaluated to determine their
capability to simulate the reflection and transmission data of circuits used in this work

while Q3D will be evaluated to determine their capability to simulate impedance.
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2.3.1 Modeling Tool Introduction

The line discussed in chapter 2.2.1 will be modeled using several simulation tools
(i.e. ADS, HFSS and Q3D). These tools differ in whether they model the physical
geometries of the transmission lines or if they use predefined mathematical models.
HFSS and Q3D are tools that replicate the physical structure of the circuit and use that
structure to determine how the circuit responds to external sources. ADS reduces
transmission lines to mathematical models based on their parameters (height, width, etc.)
and computes the circuit response based on those models. Both simulation types will be

tested to characterize their capability to replicate the measured circuits in this work.

An ADS circuit model, shown in Fig. 2.3, uses the parameters shown in Table 2.1
to replicate the fabricated microstrip line. The parameters of the FR4 substrate used in
this simulation match the FR4 dielectric (Isola 185 HR [29]) that will be used for
measurements with fabricated circuits. The coaxial lines on both sides of the microstrip
line are part of the UTF [34] shown in Fig. 2.10 (the UTF will be described in chapter
2.3.3) that cannot be calibrated out of the measurements. Impedance is predicted with
Linecalc to be 50 Ohms. Linecalc is useful only for designing the initial circuit and will
not be used for anything else in this work. ADS assumes an infinite ground plane. Both
signal line and ground plane are copper. Neither ADS nor Linecalc include the Melinex
plastic layer between the ground plane and FR4 material. The ADS simulation is set up to

simulate from 40 MHz to 20 GHz with 401 equally spaced points in between.



Table 2.1 Microstrip substrate parameters

Material Type Parameter Value
FR 4 Dielectric Constant (Er) | 4 (unitless)
Thickness 28 mils
*Loss tangent (TanD) 0.02 (unitless)
Plastic (Melinex) Dielectric Constant 2.8 (unitless)
Thickness 2 mils
Copper Thickness 1.4 mils
Conductivity 5.813 x 10’ (Siemens/meter)
Nickel Thickness 3 mils (insert), 6 mils (ground)
Conductivity 1.43 x 10" (Siemens/meter)

MLIN
TL53
Subst="MSub2"

Z=50 Ohm = COAX —= — COAX

Term 12 -
Turre: 2 MSUB

Z=50 Ohm pieuns

TL49 W=65 mil TL51 L H=28 mil
= " Di=39 37 mil L=2375 mil © Di=39.37mil - _L ©OEr=4 -
= Do=129.9 mil Do=129.9 mil = Mur=1
- =300 mil . . CL=300mil. - - . . . Cond=5813e7 .
Er=2.1 Er=2.1 Hu=3 9e+034 mil
TanD=0.002 TanD=0.002 T=1.4 mil
Rho=1 Rho=1 TanD=0.02
! : ‘ C : - Rough=0 mil

Bbase=
Dpeaks=

Figure 2.3 Co'pper'Ground ADS 'Circu'it I\I/Ibdel', baséd dff thé cirbuits from'Fig. 2.2

ADS’s simple mathematical model only allows for 1 homogenous dielectric
substrate, but later on in this work the dielectric substrate will be composed of multiple
dielectric layers that ADS will be incapable of modeling with its simple structures. ADS
also assumes that the signal line and ground plane will be made of the same metal

material, so when the nickel ground is simulated ADS also defines a Nickel signal line.

To account for mixed metal materials and the plastic layer between FR4 and
ground planes Q3D and HFSS are used. Q3D is used to determine the impedance of the
microstrip structure while HFSS computes S parameter data that describes reflection and

transmission. Q3D and HFSS are capable of independently defining the signal line and
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ground plane while also defining multiple dielectric layers. The circuit geometry used in

Q3D and HFSS will match the circuit used in the ADS simulations.

Q3D is a full wave modeling tool that computes the lumped element values for R,
L, G, and C of the input design. The cross section of a structure is shown in Fig. 2.4. Q3D
models physical circuits and therefore cannot accept an infinite group plane, so a
substrate width of 1570 mils (4 cm) is chosen for the simulation and eventually the
fabricated circuit. The two structures that are modeled are based off the ADS structure
from Fig. 2.3 and using the values from Table 2.1. These models have a plastic dielectric
material inserted between the FR4 dielectric layer and the ground plane. Once Q3D has
calculated the model’s R, L, G, and C parameters they are exported as a touchtone .s2P
file that can be read into ADS or other analysis software. Eqn 2 [27] describes the
calculation of characteristic impedance of the microstrip lines with the R, L, G, and C
parameters calculated from Q3D. The two designs in this work, microstrip with nickel
ground and microstrip with copper ground, are homogenous in the length dimension and

the impedance along the line length is a constant.

-

Figure 2.4 The cross section of the mjicrosﬁtrip Iwi“ﬁe used in Q3D to model the Copper
Ground circuit measured in chapter 2.3.2
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HFSS is a 3D simulation tool that computes S parameters based on complex
electric and magnetic fields in a structure. This tool will allow inclusion of different
metals and multiple dielectric layers. HFSS exports touchstone .s2P files that can be
imported to other software and analyzed. The HFSS model, shown in Fig. 2.5, uses the
dimensions defined in Table 2.2 and electrical parameters from Table 2.1. The HFSS
model matches the cross section defined in the Q3D model so that the impedance remains
constant between the two models. A wave port excitation is used and set to 50 Ohms on
both ports. The simulation frequency range is 40 MHz to 20 GHz with 401 equally
spaced data points. An air box is used on all models with the far field radiation boundary
conditions applied to each non-magnetic face where only the ground plane with nickel

poses an exception.

15 30 (mm)

Figure 2.5 HFSS 3D model of Copper GND microstrip line with a copper signal line
with dimensions based on Table 2.2
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Table 2.2: Dimensions of HFSS simulations

Dimension Value

Length 2375 mils

Substrate width 1573 mils

Line width 65 mils

Dielectric thickness 28 mils

Melinex thickness 3 mils

Conductor thickness 1.4 mils

Ground thickness 6 mils (nickel) or 1.4 mils (copper)

2.3.2 Q3D Impedance Simulation Results

The impedance data from Q3D is plotted in Origin [35] and shown in Fig. 2.6 for
microstrip with different metal grounds and with plastic layer. Q3D calculates the
characteristic impedance that varies over frequency, but it varies by about half an Ohm
over the 20 GHz range. The copper ground simulation also has rising impedance over
time while the nickel ground simulation remains constant. This is within 1 Ohm of the
desired 50 Ohm characteristic impedance. The Q3D model matches the cross section of
the HFSS model shown in Fig 2.5, so it follows that the HFSS model also has a

characteristic impedance of roughly 50 Ohms.

54 -

52+
AANAAAAAAAAANNNA
50 -

48

Impedance (Ohms)

""" Copper GND

46
—=— Nickel GND

T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20
Frequency (GHz)

Figure 2.6 Q3D impedance of microstrip with copper ground (black, dashed) and nickel
ground (red, solid)
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2.3.3 Model Comparisons

In Figs. 2.7 and 2.8 ADS and HFSS S parameter simulation results are compared
with different ground planes. For both copper (Fig 2.7) and nickel (Fig 2.8) the reflection
response (S11, (a)) and transmission response (S21, (b)) are shown. Reflection data (S11
or S22) is shown for the various test circuits to indicate mismatch between the VNA and
the different circuits, and Transmission data (S21 or S12) indicates the performance loss
due to the dielectric and conductors in the line. The ADS model is in solid red with
squares, measured results are in dashed black, and the HFSS model is in blue with x
symbols. The ADS model only allows for one metal the nickel ground measurement

assumes the signal line is nickel as well.

T T v T T T
—=— ADS Simulation

—=— HFSS Simulation

S11 (dB)
$21 (dB)

—=— ADS Simulation
59 —=—HFSS Simulation

T T T T T T T T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Frequency (GHz) Frequency (GHz)

Figure 2.7 The (a) reflection and (b) transmission response of the ADS model (red,
square) and HFSS model (blue, x) with copper ground plane

12
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Figure 2.8 The (a) reflection and (b) transmission response of the ADS model (red,
square) and HFSS model (blue, x) with nickel ground plane

Fig. 2.7 shows the reflection coefficient and transmission response of the copper
ground simulations and when the actual copper ground thickness and plastic parameters
are included in the HFSS model. HFSS data is solid blue with x symbols, ADS data is
solid red with circles and the measured results are in dashed black. The modeled results
are less than -20 dB across the band for both ADS and HFSS. The connectors, included in
ADS (but not in HFSS), account for phase shift but not mode transitions. The
transmission of the ADS and HFSS models are similar with the copper having slightly

higher transmission across the frequencies measured.

Fig. 2.8 compares ADS and HFSS simulations of reflection and transmission S-
parameter data with a nickel ground plane. HFSS data is solid blue with x symbols, ADS
data is solid red with circles. The models with a nickel ground plane use parameters from
Table 2.1, except the HFSS model has a ground plane that is 3 mils thick (to allow the
simulation to converge) and in ADS the signal line is also 6 mils thick and nickel (due to

only being able to define 1 metal thickness). While the reflection data of the ADS

13



simulation are similar between copper and nickel ground, the HFSS simulation data are
drastically different with HFSS predicting greater than -10 dB reflection with the Nickel
ground indicating that the impedance of the circuit is mismatched from 50 Ohms. The
transmission of the ADS simulation is similar to the copper ground, but the HFSS nickel
ground transmission shows mismatch between 40 MHz and 10 GHz before the

transmission data becomes unusable.

This chapter established that nickel ground and copper ground perform differently
in simulation. Both copper ground simulations have a linear transmission response and a
matched reflection, but HFSS cannot model the magnetic material when used as a ground
plane. The HFSS model cannot accurately predict the impedance matching of the nickel
ground plane. The ADS reflection and transmission data share a similar trend and
together these are a theoretical baseline for measured results. In the next chapter, insert

effects will be modeled.

2.3.4 Model Compared to Measurement

To determine the intrinsic properties of the circuit, physical circuits will be
fabricated, measured and compared to the simulations. Transmission coefficient and
reflection coefficient are measured as S-Parameters and will be used to compare the
measurement against the simulation. The microstrip lines used in this work are fabricated
on an LPKF Protomat S103 [36] and shown in Fig 2.9. The microstrip is fabricated with
the signal line on an FR4 dielectric and then a sheet of Melinex and the ground plane
(either copper or nickel) are placed on the bottom before the circuit is placed in the UTF.

14



Figure 2.9: Microstrip transmission line with copper and nickel ground plane

Measurements of microstrip lines are done with a Universal Test Fixture (Fig
2.10) or SMA connectors. The test fixture is used with no external B-field measurements
and the VNA only and the SMA connector with external B-field measurements,
discussed in chapter 3, and with the VNA. A 40 GHz Anritsu 37369D Lightning Vector
Network Analyzer ([37]), shown in Fig. 2.11, is used with SOLT (Short-Open-Load-
Thru) calibration [38] from 40 MHz to 20 GHz. The resolution of 49.8 MHz is based on
401 data points spread evenly across the frequency range. The SOLT calibration shifts
the reference plane from the VNA to the input connectors of the UTF. A block diagram
of the VNA measurement setup is shown in Appendix A. All measurement data is taken
with WinCal [39] saved in .s2P format and includes the microstrip line plus input and
output connectors of the UTF. The dimensions of the output connectors of the UTF are

compared to the size of the microstrip lines in Appendix A.
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7 4 o
Figure 2.11 Anritsu 37369D Lightning VNA

Measurement results that compare the ground plane effects are described next.
The reflection and transmission data shown in Figs. 2.12a and 2.12b represent the copper
ground plane while the reflection and transmission data for the nickel ground plane are
shown in Figs. 2.13a and 2.13b. The resulting loss calculation that comes from the VNA
measurement is shown in Fig 2.13c for microstrip with the copper and nickel ground

planes.

The reflection data of both designs are shown in Fig. 2.12a and Fig. 2.13a. Both

have a reflection coefficient below -10dB above 3 GHz. The nickel reflection data are
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slightly higher in the ranges of -5 to -8 dB. Both have resonance peaks below 3 GHz that
rise to -7 dB for copper and -10 dB for nickel. Fig. 2.12b and Fig. 2.13b show the
transmission response for copper and nickel ground planes respectively. Both lines have
similar transmission response across the band in the 3~14 GHz. Below 3 GHz, the copper
ground plane transmission is non-linear and it has more loss than nickel ground, and
above 14 GHz the nickel ground transmission drops far lower than the ADS simulation.
The copper transmission is better than the ADS simulation above 2 GHz and the nickel
transmission matches the ADS simulation up to 11 GHz before it drops below ADS’s
linear result. Overall the transmission values from simulation predict a linear
approximation of the transmission of both the copper and nickel ground plane, but neither

HFSS nor ADS can predict the level of mismatch in the reflection coefficient.

Another useful metric is the total loss of the circuit and the copper and nickel
ground VNA measurements are shown in Fig. 2.13c. Fig. 2.13c shows the loss
calculation based on egn 3 and plotted for both the copper and nickel ground planes. It is
notable that the loss in microstrip with nickel ground is less than the microstrip with
copper ground. Nickel is a more lossy metal than copper and therefore it should have
more loss than copper at all frequencies. To help determine where the differences
between the lines the dielectric loss (eqn 4), conductor loss (egn 5), and surface resistance
(egn 6) will be considered. The dielectric attenuation of the FR4 doesn’t change between
the two lines, but the conductor loss changes based on the surface resistance. The surface
resistance is based on the conductivity of the material, and since the conductivity of

copper is 4 times larger than the conductivity of nickel the expectation is that the copper
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ground should have lower loss. Since the dielectric attenuation is the same between the

two and the conductor attenuation is higher for nickel the loss should also be higher, but

in the measurement it isn’t.

loss =1 —|511]2 — |S21}? (3)
. . . koxErx(Ee—1)*tan(s) 1
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Figure 2.12 comparison of copper ground VNA measurement, HFSS and ADS
simulation for reflection (S11) (a) and transmission (S21) (b)
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Figure 2.13 reflection (S11) (a) and transmission (S21) (b) comparison of copper
ground VNA measurement, HFSS and ADS simulation, (c) Copper vs Nickel ground
plane loss calculation

In summary, microstrip lines with ground planes based on copper and nickel
perform similarly in the 40 MHz ~ 20 GHz band. The reflection response is similar
enough for both ground planes that the lines are a good match to the network analyzer.
The transmission response of the copper ground plane is better than the nickel ground

plane above 3 GHz. There is lower loss in the nickel ground plane.

2.4 Nickel and Copper Inserts
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Fig. 2.14 shows inserts that will be used to assess the performance of the
microstrip line when magnetic materials are introduced to the system. The inserts fit
between the FR4 dielectric layer and a Melinex dielectric layer. The inserts are placed
inside the microstrip circuit because the power imparted on the insert is the cross product
of the magnetic and electric fields as shown in eqgn 1 and the electric fields are strongest

between the signal line and ground plane.

The width and length of these copper and nickel inserts are shown in Table 2.3.
Nickel insert thickness is almost twice the copper thickness as shown in Table 2.1. The
microstrip line with the insert can be assumed to be a three section transmission line
modeled in Fig 2.15, the center section with the insert and its associated length and
characteristic impedance and the feedline sections with their own lengths and
impedances. The feedline sections will have higher characteristic impedance than the line
without the plastic while the insert section will have lower characteristic impedance than
the feedline sections or the microstrip without plastic inserted between the ground plane

and dielectric.
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Figure 2.14 Insert materials. Clockwise from top right: Copper square, Copper narrow,
Copper wide, Nickel wide, Nickel narrow, Nickel square

Length, feedline

Length, feedline Length, insert
 —  —  —
I E

2o, feedline Zo, insert Zo, feedline
I S
(a) _
Length, feedline Length, insert
] ]
Zo, feedline 2o, insert
— —
i - N
*[ff:_ plastic et lastic
tc Copper tc = Copper
(b) (c)

Figure 2.15 A cross section of microstrip with and without inserts and its circuit
representation. The whole line (a) is made up of 3 sections where the feedline sections
are shown in (b) and the insert section is shown in (c).
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Table 2.3 dimensions of Nickel and Copper inserts

Insert type Width (mils) Length (mils)
Nickel Wide 768 1513

Nickel Narrow 525 1542

Nickel Square 417 412

Copper Wide 745 1533

Copper Narrow 538 1548

Copper Square 427 420

2.5 Nickel and Copper Insert VNA Measurements

Microstrip lines with copper or nickel inserts are discussed and compared to the
conventional microstrip line design with copper or nickel ground (from Chapter 2.2).
Four test circuit cases are evaluated and shown in Table 2.4. The signal line is copper in
all cases. Nonmagnetic designs use Copper only; effectively magnetic designs use nickel
as the insert and ground. Mixed cases use either nickel insert with copper ground (Ni
insert/Cu ground) or copper insert with nickel ground (Cu insert /Ni ground). In this
chapter “conventional microstrip” will be used to describe a microstrip line of either
copper of nickel ground and copper signal line without an insert inside it. When the
ground plane is copper the conventional microstrip has a copper ground and the same is

true for nickel ground.

Table 2.4 the four cases of microstrip line and insert

Insert Ground
Copper Nickel
Copper Non magnetic Copper insert/Nickel ground
(Cu/Ni ground)
Nickel Nickel insert/Copper ground | Effectively Magnetic
(Ni/Cu ground)
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In the following chapters the wide inserts will be presented followed by the
narrow inserts and then the square inserts. This is done to group similar geometries

together so that the patterns that arise from the individual geometries will be apparent.

2.5.1 Wide Inserts

In Fig. 2.16a&b the nonmagnetic wide copper insert (1.89 cm wide), reflection
response is relatively close to conventional microstrip up to 12 GHz. Above 12 GHz the
mismatch increases, the transmission losses increase and a periodic resonance appears
every 3 GHz. While the line length seems to be linked to those resonances the
transmission decrease above 12 GHz corresponds to an increase in reflection response
above 12 GHz, meaning less energy gets through as the mismatch increases. The 3 GHz
resonances can be linked to the length of the copper insert through egn 7. By setting the
wavelength (1) equal to the length of the insert (3.84 cm) it can be shown that the 3 GHz

resonances are multiples of 1.5 wavelengths.

nxl _ c (7)
2 f*JuRr«€ef f

For the effectively magnetic case, shown in Fig. 2.16c&d, there are transmission
nulls at 3, 6, 10, 12, and 14, 16.5 and 19 GHz. The transmission begins to drop at around
14 GHz, but it begins looking like the conventional microstrip with nickel ground. The
resonances at 3, 6, 10, 14, and 19 suggest a periodic resonance at frequencies similar to

the nonmagnetic case but it is not as strong.
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The wide Ni insert/Cu ground case, shown in Fig. 2.16e&f, maintains the -2 dB
insertion loss drop above 12 GHz that both previous wide inserts have in addition to
having resonances at the same frequencies as the non-magnetic case, every 3 GHz. This
measurement looks similar to the nonmagnetic transmission shown in Fig 2.16b. The
reflection response shows far higher mismatch than the conventional microstrip with
copper ground. The transmission nulls at 6, 9, and 12 GHz are the largest deviation from
the conventional microstrip case (with the 12 GHz null being the strongest null) while the
response above 15 GHz is more subdued.

The wide Cu insert/Ni ground case, shown in Fig. 2.16g&h, has transmission
nulls at 2, 3, 5, 10, 12, 13, 14, and 15 GHz and looks like the conventional microstrip
with nickel ground between 6 and 9 GHz and above 16 GHz. This measurement looks
most like the effectively magnetic measurement shown in Fig 2.16d. The reflection
response is also similar to Fig 2.16c¢. It can be shown that the nickel ground decreases the

strengths of the resonances compared to the copper ground cases.
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Fig 2.16: The VNA measurements of microstrip lines with wide inserts (red, square)
compared against a No Insert (black, dashed) for copper ground and copper insert (a,b),
nickel ground and nickel insert (c,d), copper ground and nickel insert (e,f), and nickel
ground and copper insert (g,h).

Overall there is a contribution from the ground plane and the insert that can be
separated and are seen across multiple measurements. The 3 GHz resonances are seen

strongly in the circuits with a copper ground plane while the nickel ground plane circuits
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have a more subdued response at shifted frequencies. The Ni insert/ Cu ground case had

the largest difference from the conventional microstrip at 12 GHz.

2.5.2 Narrow Inserts

In Fig. 2.17a&b the narrow copper insert (1.37 cm wide) transmission response
shows reduced periodic resonances and highest loss above 16 GHz. The transmission
response has resonances at 2, 2.8, 5, 5.8, 7, 8.4 and 10.7 GHz before it begins fluctuating
2 dB up and down. Since the narrow insert is the same length as the wide insert there
should be 3 GHz resonances in this structure and aside from the lack of a resonance at 9
GHz, this circuit also maintains the resonances linked to its length. Above 16 GHz the
transmission response drops 2 GHz below the conventional microstrip with copper
ground, but it still has resonances at 17 and 19 GHz. When compared to the copper wide
measurement the strongly periodic nature of the resonances do not persist (suggesting
that the periodicity is related to insert width), but the decrease in transmission above 16

GHz in both cases suggests that the transmission decrease may be due to length.

The effectively magnetic narrow insert, shown in Fig. 2.17c&d, is similar to the
conventional microstrip with nickel ground, showing nulls at 2.5, 12.5, and 17 GHz and
small deviations from transmission beside that. When compared against the nonmagnetic
case (Fig 2.17a&Db) it has neither the 2, 5, 5.8, or 7 GHz resonances nor the strong
deviation from conventional microstrip above 12 GHz, but the 3 GHz effectively
magnetic resonance and the 2.5 GHz nonmagnetic resonance seem to be in about the

same place.
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The narrow Ni insert/Cu ground case, shown in Fig. 2.17e&f, the narrow mixed
metal case more closely matches the effectively magnetic case with resonances at 2.74,
8.92,11.1, 12, 14.1, 16.9, and 19.6 GHz. The narrow Ni/Cu ground case is similar to the
effectively magnetic transmission shown in Fig. 2.17d with a null at 3 GHz with

resonances above 9 GHz that are larger in the Ni/Cu ground transmission.

The narrow Cu insert/Ni ground case, shown in Fig. 2.17g&h, looks like the
nonmagnetic measurement shown in Fig 3.10b. There are resonances at 2, 2.7, 5, 5.8, 7,
9, 11, 14, and 16 GHz before the transmission response drops 2 dB before resonances at
18, 18.7, and 19.5 GHz. The 2, 2.7, 5, 5.8, 7, and 11 GHz resonances are similar between
the nonmagnetic and Cu/Ni ground and only a resonance at 9 GHz in the Cu/Ni ground

and 8.2 GHz in the nonmagnetic case are at different frequencies.
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Fig 2.17 The VNA measurements of microstrip lines with narrow inserts (red, square)
compared against a No Insert (black, dashed) for copper ground and copper insert (a,b),
nickel ground and nickel insert (c,d), copper ground and nickel insert (e,f), and nickel
ground and copper insert (g,h).

Overall the narrow insert behaves similarly to the wide insert, but there are more

resonances in the low frequencies, likely due to the narrower width. The nickel ground
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still subdues the transmission response. The effectively magnetic case (2.17c&d) shows

the least change with the insert’s inclusion.

2.5.3 Square Inserts

In Fig. 2.18(a&b) the square copper insert (1.08 cm wide) transmission response
matches the microstrip most consistently across the band above 3 GHz. The resonances
below 7 GHz are similar to resonances in the narrow insert measurement below 7 GHz
which suggest the line width may be responsible for the low band resonances. When the
length of the square insert (1.05 cm) is substituted in for the wavelength of (2) the
resonances correspond to 8 times the wavelength, far too large to not see something at
lower frequencies. Above 7 GHz the square insert measurement behaves like the
conventional microstrip with copper ground, suggesting that length determined the drop

in transmission above 7 GHz.

The square insert, shown in Fig. 2.18(c&d), has two wide transmission nulls at 4
and 13 GHz where both are significantly wider than the nulls that have come before
them. When compared against Fig. 2.18b they are extremely dissimilar and do not match
to each other, the two nulls in the effectively nickel measurement do not match to any

null in the nonmagnetic measurement and vice-versa.

The square Ni insert/Cu ground case, shown in Fig. 2.18(e&f), more closely
matches the effectively magnetic case in Fig 2.18d with a deep resonance near 11 GHz

(13 GHz for effectively magnetic) and a strong similarity to the conventional microstrip
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case. The resonance at 13 GHz dropped 2 GHz and the 4 GHz resonance dropped to 3

GHz and is much lower in magnitude.

The square Cu insert/Ni ground case, shown in Fig 2.18(g&h), looks like the
Ni/Cu ground measurement shown in Fig 2.18f and the effectively magnetic case in Fig
2.18d. The resonance at 11 GHz is at the same frequency as the Ni/Cu ground while
being ~2 GHz lower than the effectively magnetic case. The increase in transmission
above the conventional microstrip with nickel ground between 2 and 10 GHz and above
12 GHz is unusual when the reflection response is about the same between the
conventional microstrip with nickel ground and this Cu/Ni ground square insert case. The
nulls in transmission below 8 GHz look like the nonmagnetic case (Fig. 2.18a&b) and

that is linked to the insert being nonmagnetic.
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Fig 2.18 The VNA measurements of microstrip lines with square inserts (red, square)
compared against a No Insert (black, dashed) for copper ground and copper insert (a,b),
nickel ground and nickel insert (c,d), copper ground and nickel insert (e,f), and nickel

ground and copper insert.

Overall the square insert shows fewer resonances than either the wide or narrow
inserts. The transmission nulls in the low frequency are linked to the copper insert and the

nulls in the higher frequency are linked to the presence of any magnetic material.
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2.5.4 Insert Comparison Conclusion

When an insert is added to a conventional microstrip, the length and width impact
transmission and reflection response by changing the impedance of the line and by
changing the transmission mode. The measurements performed in this chapter proved
that there are 2 sorts of resonances: those defined by the length of the insert and those

defined by the width of the microstrip.

The width of the insert defines the transmission of the microstrip line by adding
specific resonances to it. The width of the insert defines the 3 GHz resonances in 2.5.1°s
Fig 2.16b and Fig 2.17f as roughly every 3 GHz, but this only occurs with a copper
ground plane. For the narrow case there are many resonances that can be linked to
specific designs, such as the 2~7 GHz range between 2.5.2°s Fig 2.17b and Fig 2.17h
linked to the copper insert or the 9~20 GHz range between 2.5.2’s Fig 2.17f and Fig
2.17h that do not share a ground plane or insert metal. When the width is reduced to the

square insert’s ~420 mils those resonances disappear.

The length of the inserts also determines how the circuits look, especially when
one compares the wide and narrow insert measurements (which have roughly the same
length) to the square insert. The square insert measurements will have one or two large
transmission resonances while wide or narrow insert measurements have many narrow

resonances.

2.6  Nickel and Copper insert models
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Chapter 2.5 characterized how microstrip lines perform with inserts within them,
and this chapter aims to replicate those measurements with the simulation tools from
chapter 2.3. A full discussion is in Appendix B, but the results will be briefly covered
here. Fig 2.19 shows the Copper ground microstrip with a wide copper insert when it’s
measured on the VNA (black, dashed), when it’s simulated in HFSS (red, square) and
when it’s simulated in ADS (blue, x). Neither HFSS nor ADS accurately model either the
recurring 3 GHz transmission nulls or the reflection response, but both are an adequate
predictor of the of the transmission response before the nulls are applied. Overall the
models are not capable of capturing the transmission nulls from the VNA measurements

and cannot be used to predict the response of the microstrip lines.
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Figure 2.19 Reflection and transmission response of the copper wide insert on copper
ground microstrip for VNA Measurement (black, dashed) vs HFSS model (red, square)
and ADS model (blue, x)

2.7 Conclusion

Adding inserts to the transmission lines radically changes how they operate by

changing how signals propagate through circuits. The inserts are placed between the
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dielectric substrate and the ground plane in order to ensure that the insert is exposed to
both electric and magnetic fields and can thus absorb power. Magnetic and Nonmagnetic
materials are used for the insert to determine the influence of magnetic materials (copper
and nickel), and the resulting measurements are different from each other. VNA
Measurements show a dependence of the reflection and transmission response on the
length and width of the insert along with the insert’s material composition. Various
simulation tools were applied to replicate the performance of the microstrip lines with
inserts, but they could not replicate the measurements. This chapter characterized

microstrip lines with inserts, and next chapter will apply magnetic fields.
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Chapter 3. DC Magnetic Field Effects on Microstrip Lines

3.1 Introduction

This chapter characterizes the circuits from chapter 3 with both AC and DC
magnetic field biases. Previous work has measured FMR with SQUID ([20]), Vibrating
Sample Measurement (VSM) ([6], [21], [24]), and VNA-FMR ([2], [7], [10], [12], [15],
[16], [17], [19], [25]). VNA-FMR was used in this work because it used the same VNA
as chapter 2. The DC magnetic field will be applied by an external magnetic field while
the AC magnetic field will come from the VNA used in Chapter 2. By exposing the
metallic inserts to a DC magnetic field a phenomenon called ferromagnetic resonance
(FMR) is expected to occur that will absorb power from the AC magnetic field and

disturb the transmission of the microstrip circuit [2].

3.2 SMA connectors and microstrip test circuits

The circuits shown in Fig. 3.1 have SMA connectors [40] soldered onto them.
These circuits have the same dimensions as those in chapter 2’s Table 2.1 and Table 2.2,
but with the SMA connector soldered to the signal line and ground plane. The metal
inserts slide between the plastic and FR4 dielectric layers and are visible through the
dielectric substrate so they can be properly aligned by sight. The square inserts are small
enough that they need to be taped to a sheet of Melinex plastic for accurate alignment, so

there is another layer of Melinex in the square insert measurements.
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(b)
Figure 3.1 (a) microstrip lines with SMA connectors (b) metal inserts from chapter 3,
with their dimensions defined in Table 2.3 and the nickel square taped to a sheet of
Melinex

These microstrip circuits will be used with the VNA, but these new lines with
their SMA connectors need to be characterized. The Anritsu VNA from Chapter 2 is used
to characterize the microstrip circuits with SMA connectors by evaluating the S-
parameters using SOLT calibration. As in chapter 2, reflection and transmission
responses are displayed in Fig 3.3 and the impedance is calculated from those
measurements and shown in Fig 3.2. Despite the incremental impedance mismatch; both
measurements are generally below -10 dB for return loss. The transmission response
slightly decreases when compared to similar data from the UTF measurements from
Chapter 2. The transmission response in Fig. 3.3b, at 20 GHz, is 1 dB lower than the
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equivalent UTF measurements. The transmission resonance at 8.873 GHz and 7.774 GHz

in the transmission response is due to the SMA connector.
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Figure 3.2 Measured with SMA connectors for copper (red) and nickel (black, dashed)
ground impedances
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Figure 3.3 The reflection (a) and transmission (b) response of microstrip with copper
GND (black, dashed) and nickel GND (red, square) for the circuits in Fig. 3.1.

The SMA is rated to 18 GHz and the transmission responses above that reduce by
1.5 dB as seen in Fig. 3.3. All DC plus AC data will be measured up to 18 GHz. The

transmission nulls at 7.7 and 8.8 GHz are not reflected in the impedance plot.

3.3  Measurement Setup with VNA and DC Magnetic Field
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In this chapter, the microstrip lines are evaluated with AC and DC magnetic
fields. The AC fields are provided by the VNA and DC fields provided by a Vibrating
Sample Measurement (VSM) repurposed to serve as an external electromagnet. Fig 3.4a
shows the measurement setup with the electromagnet, VNA, and laptop that controls the
VNA. The VNA provides the AC signal and is swept from 4 GHz to 18 GHz. No
calibration is used with the VNA in this configuration. An in-house MATLAB script
[41], [42] is used to control the electromagnet and VNA sweep and will capture
measurement data. The VSM cores are shown in Fig 3.4b. They provide the magnetic
flux between the two plates as shown in Fig 3.4c. The magnetic field is strongest in the
center of the plates. The plate used in these test are 2 inches in diameter at their
narrowest. The test circuits to be measured are 2372 mils (60.23 mm) by 1502 mils
(38.16 mm). The metal inserts considered have the following widths: 768 and 745 (wide),

525 and 538 (narrow), or 417 and 420 (square).

A

Figure 3.4a Electromagnet, VNA, and Laptop
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Figure 3.4b the Electromagnet core with VNA cable
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Figure 3.4c magnetic field direction inside Electromagnet’s cores

The electromagnet’s DC magnetic field is swept from +15 kOe to -15 kOe and
back. Fig 3.5a shows the microstrip DUT inserted into the electromagnet on a
polystyrene holder. Fig. 3.5b shows the foam spacer that is added to hold the circuit in
the same position when the magnetic field is on. The polystyrene foam does not interfere
with the magnetic fields. The DC magnetic field excitation can be applied either
perpendicular or parallel to the signal line based on the microstrip’s orientation. In this
work, perpendicular DC fields are used. The DUT is placed parallel to the
electromagnetic plates and in the center of the two plates in order to provide a uniform

DC magnetic field perpendicular to signal line and ground plane.
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Figure 3.5a a microstrip test circuit inside the Electromagnet
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Figure 3.5b the microstrip test circuit inside the Electromagnet with spacers to hold it in place.

Chapter 2 measurements were swept frequency from 40 MHz to 20 GHz. In this
chapter measurements are up to 18 GHz and uncalibrated. The calibration from Chapter 2
cannot be applied to the circuits in this chapter because the single frequency operating
mode of the VNA to take these measurements only functions while uncalibrated.
Additionally, all RF frequency data is measured by an in house program. Fig. 3.6 is a plot
of calibrated (SOLT with SMA) and uncalibrated (SMA) microstrip data for reflection
and transmission response. The reflection responses resemble each other, but the
uncalibrated measurement contains more noise. Below 8 GHz the uncalibrated

transmission response is above zero (>1) due to the uncalibrated nature of the VNA
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system. Most data in this chapter will be presented as linear values instead of dB as in

chapter 3.
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Figure 3.6 calibrated (black, dashed) vs uncalibrated (red, squares) microstrip with
copper GND and SMA connectors

DC magnetic field measurements are taken for a given RF frequency from 2~18

GHz in 2 GHz increments. Table 3.1 shows the transmission response at those frequency

points based on the linear data in Fig. 3.7.

Transmission coefficient, copper ground plane,
uncalibrated (Red) vs SOLT cal (Blue)
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Figure 3.7 The transmission coefficient of uncalibrated (red) and calibrated (blue)

VNA measurements of the copper ground microstrip transmission line.
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Table 3.1 Linear values of the Transmission Coefficient of the Copper Ground for

calibrated and uncalibrated data
Freq 2GHz |4GHz |6GHz [ 8GHz |10 12 14 16 18
GHz GHz GHz GHz GHz
S21 (cal) 0.929 [0.925 |.910 0.763 [0.838 |0.829 |0.83 0.682 | 0.637
S21 (nocal) | 1.45 1.31 1.20 1.00 0.96 0.98 0.84 0.62 0.56

3.4  Measurement Methodology

The microstrip lines with SMA connectors will be placed in the electromagnet to
apply a DC B-field and the VNA will be used to measure the circuit while the DC B-field
is swept [15], [25]. The DC B-field is applied perpendicularly to the metal insert and
ground plane of the microstrip line, as shown in Fig. 3.8. Since the DC B-field is
perpendicular to the face of the electromagnet the ground plane and insert are parallel to
the face of the electromagnet. The magnetization axis of the metal insert is in the plane of
the insert, so the DC B-field is accessing the hard-axis of the metallic insert. Only the
copper ground plane microstrip line will be measured with the strong magnetic fields to
avoid damaging the nickel ground plane with the strong magnetic field bending or

removing the ground plane from the circuit.
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Figure 3.8 The configuration of the AC and DC B (H) fields on the microstrip circuit
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The electromagnet is programmed to sweep the DC B-field from +15 kOe down
to -15 kOe in 3 minutes while the VNA is measuring the circuit at a constant frequency
before rising from -15 kOe to +15 kOe in 20 seconds while the VNA switches frequency.
The VNA starts at 18 GHz then shifts down by 2 GHz, and then repeats the measurement
until it reaches 4 GHz. During this time the VNA and electromagnet desynchronize and
over time the 0 kOe point moves as the frequencies shift. This shift is given in Table 3.2
as the electromagnet slows down when compared to the VNA. The X’s in Table 3.2 are
where there is little variation with magnetic field and the 0 kOe point is indeterminable.

Table 3.2: DC B-field 0 kOe shift at each frequency for nickel inserts

F 4GHz |[6GHz | 8GHz |10GHz | 12GHz | 14 GHz | 16 GHz | 18 GHz
(GHz)
Wide -5.01 -419 |-351 |-261 -1.77 -1.01 0 +0.45
(kOe)
Narrow | -5.07 -4.2 -3.39 | -2.53 -1.77 X -0.09 +0.334
(kOe)
Square | -5 -4.07 | -3.37 |-2.63 X -1.03 -0.27 +0.57
(kOe)

A nanowire sample with a known FMR will be tested to show the drift of the
VNA. The Nanowires used in this chapter are Cobalt nanowires with an expected FMR
frequency of 8 GHz with O externally applied B-Field. The Nanowire samples are built
through an AAO substrate that is 1 square centimeter in size, then cut down to match the
nanowires. The AAO substrate with the nanowires built into it is attached onto the
microstrip line, shown in Fig 3.9. The nanowire sample was so fragile that it couldn’t be
inserted between the ground plane and the dielectric without it breaking, so the nanowire

sample was affixed with vacuum grease on top of the circuit as seen in Fig. 3.11. The
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DUT will be inserted parallel to the plates of the Electromagnet as described in chapter

3.3.

Figure 3.9 nanowire sample affixed to microstrip line

The results of the magnetic field sweep are plotted as a family of curves and
shown in Figs. 3.10 and 3.11. Fig 3.10 shows the measured data with no averaging while
the data from Fig. 3.11 has been averaged and then arranged by frequency. There is little
change in transmission with magnetic field strength. At zero kOe the attenuation
decreases for the corresponding RF frequencies in order of 4, 6, 8, 10, 12, 14, 16 and 18
GHz. The nanowires could not display the FMR expected of them, but the transmission
decreases when no magnetic field is applied. That decrease in transmission shows the
shift in the zero point over time, where the shift in the 0 point can be seen with the first
measurement at 18 GHz at 0.45 kOe that then shifts down to -5 kOe at 4 GHz. Also
starting at 10 GHz the rising cycle of the magnetic field passing through 0 kOe is
captured at 15 kOe on the plot and it decreases in frequency with the falling cycle of the
sweep passes through 0 kOe. The nanowire measurements have shown that the 0 point of

the sweep moves over time and have characterized how the 0 point moves.
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GND: Copper, Cobalt 52 Nanowires, frequency family of curves
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Figure 3.10 copper ground, cobalt 52 nanowires, family of curves
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Figure 3.11 copper ground, cobalt 52 nanowires, family of curves, averaged

3.5 DC B-Field Measurements

DC magnetic fields will be applied to microstrip lines with and without inserts in
this chapter. The objective is to characterize the response of the inserts when DC and AC
magnetic fields are applied simultaneously. Before any DC B-field is applied the
uncalibrated circuits were measured. Figs. 3.12 and 3.13 shows the AC only transmission
response of the SMA copper ground microstrip over the frequencies measured for copper
and nickel inserts respectively and this data is also shown in Table 3.3. This baseline data

without DC B field in Fig. 3.12 indicates that there are specific resonances in the copper
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inserts such as 6 GHz for the copper wide 10 GHz for the copper square. The nickel data
in Fig. 3.13 shows a resonance at 6 GHz for the wide and narrow inserts and the square
insert stays close to the no insert case. The baseline measurements were made with the
copper ground plane. With the magnetic materials it is expected that if the nulls in
transmission data move to higher or lower frequencies with applied DC bias field the null
may represent the ferromagnetic resonance of the material. So the copper inserts should
remain constant over the B field sweep compared to the nickel inserts, which should

change with magnetic field strength.

Copper Inserts

1.4
= 1.2
m
() E x
£ 1
: V.
EO.S ¢—No Insert
§ 0.6 \ ‘ == Copper Wide
=]
En 0.4 V V ‘\._" Copper Narrow
202 M —=Copper Square

0
0 5 10 15 20
Frequency (GHz)

Figure 3.12 the transmission response of uncalibrated SMA copper ground plane
microstrip with no insert and copper inserts at the measurement frequencies with no
DC B-field
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Figure 3.13 the transmission response of uncalibrated SMA copper ground plane
microstrip with no insert and nickel inserts at the measurement frequencies with no DC

B-field

Table 3.3 Uncalibrated transmission values for varying samples at 0 kOe on a microstrip

with Copper GND plane and SMA connectors.

Copper Copper | Copper Nickel Nickel Nickel

No Insert | Wide Narrow | Square Wide Narrow | Square
4 1.179 1.152 1.167 1.149 1.148 1.087 1.18
6 1.09 0.424 0.775 1.092 0.68 0.723 1.09
8 0.85 0.72 0.728 0.743 0.772 0.756 0.828
10 0.817 0.639 0.531 0.308 0.645 0.708 0.799
12 0.788 0.635 0.669 0.601 0.643 0.677 0.714
14 0.681 0.319 0.535 0.651 0.457 0.592 0.656
16 0.578 0.247 0.355 0.533 0.467 0.445 0.493
18 0.497 0.229 0.207 0.454 0.429 0.337 0.484

Copper ground plane circuits with copper inserts are discussed next. Fig. 3.14

shows the transmission response for the family of curves as a function of applied

magnetic field for the no insert copper ground circuit. As with the no insert case shown in

Fig. 3.12 and 3.13, at 4 GHz the transmission is highest and it drops as the frequency

increases.
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Figure 3.14: copper ground, no insert, family of curves

Tables 3.4 and 3.5 show all insert cases for their 0 kOe measurements. When the
DC B-field is applied the transmission response shifts at the 0 kOe point for some
frequencies (usually 6, 10, and 12). This data is useful for showing how the circuits have
changed once the inserts have been biased by the magnetic field. The copper inserts are
showing significant difference with applied magnetic field, but only at specific
frequencies (greater than 10%, 6, 12 and 14 GHz for copper wide insert, 10 and 18 GHz
for copper narrow, 10, 12, 14, 16, and 18 GHz for the copper square insert). The nickel
inserts also strongly change with the application of magnetic field (10, 14, and 18 GHz
for nickel wide, 10 and 16 GHz for nickel narrow, and 10 GHz for nickel square).

Table 3.4 Transmission values for all copper inserts and the no insert measurement

F (GHz) AC B-field / DC + AC B-field
No Insert Copper Wide Copper Narrow Copper Square
4 1.179/1.217 1.152/1.162 1.167/1.18 1.149/1.12
6 1.09/1.11 0.424/0.884 0.775/0.817 1.092/1.10
8 0.85/0.842 0.72/0.691 0.728/0.698 0.743/0.805
10 0.817/0.802 0.639/0.676 0.531/0.595 0.308/0.164
12 0.788/0.791 0.635/0.697 0.669/0.666 0.601/0.695
14 0.681/0.69 0.319/0.366 0.535/0.585 0.651/0.505
16 0.578/0.594 0.247/0.236 0.355/0.354 0.533/0.370
18 0.497/0.498 0.229/0.240 0.207/0.174 0.454/0.300

48




Table 3.5 Transmission values for all nickel inserts and the no insert measurement

F (GHz) AC B-field / DC + AC B-field
No Insert Nickel Wide Nickel Narrow Nickel Square
4 1.179/1.217 1.148/1.16 1.087/1.19 1.18/1.15
6 1.09/1.11 0.68/0.721 0.723/0.746 1.09/1.05
8 0.85/0.842 0.772/0.753 0.756/0.8 0.828/0.817
10 0.817/0.802 0.645/0.372 0.708/0.648 0.799/0.231
12 0.788/0.791 0.643/0.584 0.677/0.644 0.714/0.739
14 0.681/0.69 0.457/0.383 0.592/0.641 0.656/0.610
16 0.578/0.594 0.467/0.437 0.445/.406 0.493/0.456
18 0.497/0.498 0.429/0.358 0.337/.334 0.484/0.442

Figure 3.15 shows the two wide inserts compared against each other. The nickel
inserts vary with magnetic field strength at every frequency point measured. At 4, 8, 14,
16, and 18 GHz the transmission increases with the nickel insert when compared to the
copper insert while at 6, 10, and 12 GHz the transmission decreases. The nickel
measurements are almost symmetrical around their 0 kOe points. At 6 GHz the
transmission of the nickel insert begins below that of copper before rising over copper for

a 4 kOe window that is symmetric around the 0 kOe point.

GND: Copper, insert: Copper vs. Nickel Wide, 4 ~ 6 GHz GND: Copper, insert: Copper vs. Nickel Wide, 8 ~ 10 GHz
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GND: Copper, insert: Copper vs. Nickel Wide, 12 ~ 14 GHz GND: Copper, insert: Copper vs. Nickel Wide, 16 ~ 18 GHz
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Figure 3.15 A family of curves for the wide inserts grouped into (a) 4 and 6 GHz, (b) 8
and 10 GHz, (c) 12 and 14 GHz, (d) 16 and 18 GHz for a swept B-Field. The copper
inserts are dashed lines and hollow symbols. The nickel inserts are solid lines and filled
symbols.

Fig. 3.16 shows the two narrow inserts compared against each other. The nickel
inserts vary with magnetic field strength at every frequency point measured except for 8
GHz. At 4, 8, 10, 14, 16, and 18 GHz the transmission increases with the nickel insert
when compared to the copper insert while at 6, 10, and 12 GHz the transmission
decreases. The nickel measurements are almost symmetrical around their 0 kOe points.
At 12 GHz the transmission of the nickel insert begins below that of copper before rising

over copper for a 4 kOe window that is symmetric around the 0 kOe point.
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GND: Copper, insert: Copper vs. Nickel Narrow, 12 ~ 14 GHz
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Figure 3.16 A family of curves for the narrow inserts grouped into (a) 4 and 6 GHz, (b)

8 and 10 GHz, (c) 12 and 14 GHz, (d) 16 and 18 GHz for a swept B-Field. The copper

inserts are dashed lines and hollow symbols. The nickel inserts are solid lines and filled
symbols.

magnetic field strength (kOe)

Fig. 3.17 shows the two square inserts compared against each other. The nickel
inserts vary with magnetic field strength at every frequency point measured except for 8
and 12 GHz. At 4, 8, 10, 12, 14, 16, and 18 GHz the transmission increases with the
nickel insert when compared to the copper insert while at 6 GHz the transmission

decreases. The nickel measurements are almost symmetrical around their 0 kOe points.
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GND: Copper, insert: Copper vs. Nickel Square, 12 ~ 14 GHz GND: Copper, insert: Copper vs. Nickel Square, 16 ~ 18 GHz
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Figure 3.17 A family of curves for the square inserts grouped into (a) 4 and 6 GHz, (b)
8 and 10 GHz, (c) 12 and 14 GHz, (d) 16 and 18 GHz for a swept B-Field. The copper
inserts are dashed lines and hollow symbols. The nickel inserts are solid lines and filled
symbols.

Overall with the high field measurements it can be shown that while the
nonmagnetic insert does not vary with magnetic field strength, the magnetic nickel inserts

vary with applied DC B-field.

3.6  Conclusion

In this chapter microstrip lines were evaluated with a strong DC magnetic field
applied to test if magnetic material response would change over the frequency sweep.
The nonmagnetic copper inserts did not change with applied magnetic field, but the
magnetic nickel inserts experienced changes with magnetic field strength. The wide and
narrow nickel inserts displayed a change in transmission between -7.5 kOe and 7.5 kOe
where around 0 kOe there was no change and as the field strengthened in either direction

the transmission increased or decreased before returning to a flat line outside of that
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range. Even though the nanowire sample could not be placed inside the microstrip line as

the other inserts before it, it was tested but no FMR was observed.
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Chapter 4

Conclusion and future work

4.1 Summary and Conclusions

Chapter 2 characterized a microstrip test structure with varied ground planes and
with varied inserts with AC magnetic fields applied as a part of RF signals. Chapter 3
characterized similar microstrip test structures inside DC magnetic fields to test the
reaction of magnetic materials to RF signals while saturated by a DC field. With no DC
magnetic field changing the ground plane does not appreciably change the response of
the microstrip line, and also adding inserts changes the response by adding another
propagation mode to the transmission. Full wave simulation tools, such as HFSS, are the
best at simulating these bulk magnetic materials but overall their response cannot be
predicted by computer models. When DC magnetic fields are added the circuits with
nonmagnetic inserts do not appreciably change, but the magnetic inserts display a change

in transmission at specific frequencies as the magnetic field is swept.

4.2 Future work

This work shows that there is some variation in bulk magnetic material response
to DC magnetic field. Only one magnetic material was tested in this work; many
magnetic materials could be tested and a reference of their responses could be
characterized. Nanowires could not be measured in the same way that the magnetic

inserts were. It would be nice for the test structure that fits in the Electromagnet to be
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able to test nanowires inside the substrate where they can be excited by a strong electric
and magnetic field simultaneously. The test structure would be better if it could be two
layers of FR4 dielectric with no air gap, so the insert is completely surrounded in FR4, or
with the insert able to be placed at different distances from the signal line and ground
plane in the test circuit to determine how response changes with circuit structure. Finally,
being able to synchronize the DC magnetic field measurements without drift between
frequencies would be allow more confidence in determining whether changes in response

are due to the DC magnetic field bias.
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APPENDIX A

VNA Block Diagram

Fig. A.1 shows the VNA measurement setup used in chapter 2. Fig A.2 shows the
VNA measurement setup used in chapter 3. The cables and connectors that link the VNA

to the microstrip (DUT) are included.

Anritsu 37369D Lightning
Vector Network Analyzer

Port1 Port 2

<—— Connectorsaver ———=>\ m

29F 29F

]
Anritsu 3671K50-1
25 inches

We'c
W6'C

DUT

Figure A.1 VNA Block Diagram for Chapter 2
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Figure A.2 VNA Block Diagram for Chapter 3

Fig. A.3 shows the connector of the UTF connected to the microstrip line with its
dimensions defined in Table A.1. Fig. A.4 show the SMA connection to the microstrip
line with its dimensions defined in Table A.2. The dimensions in Tables A.1 and A.2 are
outer diameter of the coaxial connector (Do), inner diameter of the coaxial connector
(Di), signal line thickness (tc), FR4 dielectric thickness (h), insert thickness (ti), Melinex
thickness (tp), and thickness of the ground plane (tg). The size of the outer diameter of
the coaxial line needs to reach the ground plane of the microstrip line in order to properly
transfer the fields from the coaxial mode to the microstrip mode, but the UTFs Do is too
small for this. The decrease in transmission of the UTF lines below 3 GHz maybe related

to this structural oversight.
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Table A.1 dimensions of microstrip line used in chapter 2

Dimension | Do | Di tc h | ti tp tg

mils 59.1 | 185 |14 |28 |14 (cu)or3(ni) |2 1.4 (cu) or 6 (ni)

Table A.2 dimensions of microstrip line used in chapter 3

Dimension | Do | Di tc h |t tp tg
mils 150 |35 1.4 |28 |14 (cu)yor3(ni) |2 1.4
Do
Di
—

le—
-
(a}
l—"
[ —
e
o0

Figure A.3 UTF connection to microstrip
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Figure A.4 SMA connection to microstrip
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Appendix B

ADS Equivalent Circuit models

Chapter 2 measured microstrip lines with magnetic and non-magnetic inserts; this
chapter will model the microstrip lines by modeling their impedances in ADS. The nickel
and copper inserts change the impedance of the microstrip transmission lines by adding a
parallel plate interaction between themselves and the ground plane and signal line and
creating an air gap between the two dielectric layers. To illustrate these two sections:
Figs. B.1a and B.1b show a cross section of an HFSS simulation with cuts through it for
the 2 domains to demonstrate the two sections that Q3D impedance measurements are
run for: with insert, and feedline (without insert). Fig. B.1a shows the simulation regions
for a square insert and Fig. B.1b shows the simulation regions for a narrow insert. Both
domains are simulated through Q3D to find the impedance of the line, and the

impedances are plugged into ADS as shown in Fig. B.1c for the square insert.

The ADS simulation is different from the original ADS simulation in chapter 2 to
account for the microstrip line no longer behaving like an ideal structure. The TLINP
simulation is used in place of the standard microstrip because the impedance from Q3D
can be assigned to the specific frequency. The most important reason to switch to TLINP
is that conductor attenuation (A, dB/meter) can be defined directly for both the nickel and
copper cases with numbers calculated through Eqns 5 & 6 from chapter 2. When Eqns 5
& 6 are solved for copper and nickel the conductor attenuation is Acu = 5.95 x 107

dB/meter and Ani = 1.22 x 107 dB/meter respectively. There are coaxial transmission
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lines on both ends of the model to simulate the ends of the fixture. Table B.1 below lists
the impedances from the Q3D simulations in the two sections simulated for copper

ground circuits.

H
Figure B.1a: Q3D simulation of a square sample

H

_ Figure B.1b: Q3D simulation of narrow sample

Vs aY 5 ) |_ —1 r 1 |_ —1 - ..
=rm 1 I 1 I 1 I Term
Termd5 TLINP TLINP TLINP Termd6
Num=45 TL36 TL35 TL34 Num=46

Z=500nm = COAX = = COMX = | Z=530hm. . Z=46750hm. Z=530hm. . = COAX = = COAX Z=50 Ohm
TL39 TL40 L=421 mil L=1533 mil L=421 mil L8 g
L " Di=39.37 mil © Di=19.69 mil * K=3063  K=3063 K=3063 Di=19.69mil ~ ~ Di=39.37 mil ’
T Do=129.9 mil Do=55.12 mil A=0372 A=03T72 A=02372 Do=55.12 mil Do=129.9 mil
- k=3837 mil - =531 mil- - F=10GHz- - F=10GHz- F=10GHz - =331 mil. - - L=3937mil - -
. Em240 E=21 TanD=002 . TanD=002 TanD=002 . Er=21 .. EBE=21, .
TanD=0.002 TanD=0.002 Mur=1 Mur=1 Mur=1 TanD=0.002 TanD=0.002
Rho=1 Rh0'1 TanM=0 TanM=0 TanM=0 Rh0—1 Rh0—1
C Sigma=0 =~ Sigma=0 Sigma=0 =

Flgure B.1c: ADS simulation built from Q3D simulations
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Table B.1: Impedances of Copper Ground circuits

Circuit Sections 1 & 3 Impedance Section 2 Impedance
No Sample 49.6 49.6

Copper Wide 53 46.75

Copper Narrow | 53 47.25

Copper Square | 53 47.48

Nickel Wide 56.05 46.83

Nickel Narrow | 56.05 47.23

Nickel Square 56.05 47.32

The no insert with copper ground and copper wide with copper ground
measurements will be compared to the ADS models in this chapter. Fig. B.2 shows the no
insert ADS simulation (red, solid) compared against the VNA measurement (black,
dashed). This model is more similar to the reflection response of the measurement while
only being -0.5 dB below the transmission over the entire band. The model’s reflection
response has a strong periodicity that is similar to the measurement’s, but that periodicity
breaks down between 7 and 9 GHz and 14.5 and 16 GHz. The model has a longer 8 GHz

pattern of higher mismatch for 6 GHz then a stable linear 2 GHz region.

204

.30

S11 (dB)

40
|

504 ] 54
| ----- VNA Measurement | [ s VNA Measurement
—=— ADS Simulation —=— ADS Simulation

-60 T T T T T T T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Frequency (GHz) Frequency (GHz)

(@) (b)

Figure B.2: Reflection (a) and Transmission (b) response for ADS simulation (red,
solid) vs VNA Measurement (black, dashed) of the no insert on copper ground
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Fig. B.3 compares an ADS circuit model with a wide copper insert and a VNA
measurement from section 3.5. The wide insert’s ADS simulation matches the VNA
measurement’s reflection response between 2 and 5 GHz and 9 and 13 GHz, but the
model has a 7 GHz pattern of 2 GHz of lower reflection before rising for 3 GHz and then
slowly declining for 2 GHz. The transmission response of the model predicts the
transmission to be -0.5 dB lower than it is in the measurement, but it captures neither the

drop in transmission that occurs at 11.7 GHz nor the nulls at 6 and 9 GHz.

LBe '\7"-—"'“'1""/!3,‘-;,;« Ay :
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-60

Figure B.3: Reflection (a) and Transmission (b) response of the ADS simulation (red,
solid) vs VNA Measurement (black, dashed) of the copper wide insert on copper ground

The ADS models are good for predicting the reflection response of the
measurements, but the transmission response models a -0.5 dB deviation from the
expected transmission response at best while not catching any of the nulls that occur at
periodic frequencies. Overall ADS models cannot predict the reflection or transmission
responses, only approximating the maximum reflection response and the trendline of the

transmission response. The microstrip lines with no insert can be modeled far better than
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a microstrip line with an insert, and thus ADS is not useful for determining circuit

performance of inserts.
HFSS insert models

In this chapter the HFSS simulations are compared against their measurements on
the VNA. The HFSS models were built off the 2 models seen in Chapter 2. All HFSS
models presented in this chapter use the same frequency sweeps and excitations as the
previous models and the VNA Measurements. The copper wide insert with copper
ground plane model will be compared against the VNA measurement from chapter 2. The
inserts are placed in between the non-conducting FR4 dielectric substrate and the non-
conducting plastic layer. An air gap is between the plastic and FR4 in the space not
occupied by the insert. HFSS’s meshes cannot converge when the nickel ground is 6 mils
thick, so instead the nickel ground planes are 3 mils thick.

In Fig. B.4 the wide copper insert on copper ground HFSS model (red, solid) is
compared against the equivalent VNA measurement (black, dashed) from chapter 2. The
simulation presents a better reflection below 8.5 GHz and above 11.3 GHz and a similar
transmission between 2 and 9 GHz. The transmission of the model dips below that of the
measurement between 9 and 11.8 GHz. The resonances at 4.5, 7, 11.5, 14, 16 and 18.2

GHz roughly correspond to the measurement’s 3 GHz resonances.
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Figure B.4: Reflection (a) and Transmission (b) response for HFSS simulation (red,
solid) vs VNA Measurement (black, dashed) of the copper wide insert on copper ground

The HFSS simulations are limitedly useful for predicting the behavior of circuits
measured in a VNA. The copper ground plane models are useful above 2 GHz and up to a
frequency dependent on the individual insert. The HFSS simulations always predict a
superior match than the VNA delivers, but it predicts similar behavior of the transmission
response. The HFSS models are not able to capture the dips in transmission that are seen
in the VNA measurements, frequently predicting them at different frequencies and with a

different periodicity. Ultimately HFSS cannot replicate the VNA Measurements and

predict how inserts will behave when inserted into microstrip lines.
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