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Abstract 
 

 

       This dissertation presents the design of a Broadband Vector Network Analyzer Ferromagnetic 

Resonance (VNA FMR) Spectrometer with differential detection. The hardware and the software 

required for the experimental setup of a simple VNA FMR spectrometer were built step-by-step, under 

thorough and in-depth study. It was implemented to a VNA FMR spectrometer with differential 

detection at a further step. The configuration was automated since its constituent devices were 

controlled by a MATLAB measurement code program, specially written for this purpose, and could be 

operated either in frequency or magnetic field sweep mode. In the differential technique, a small 

modulation field was applied in addition to the DC magnetic field, and the amplitudes of the differential 

transmission parameters of the permalloy sample were calculated and monitored, accomplishing 

absorption spectrums with a high signal-to-noise ratio and therefore, obtaining a very clean absorption 

FMR signal. The hardware implementation, the measurement sequence, and the data processing and 

analysis algorithms tailored are discussed in detail, while the results obtained for the permalloy sample, 

confirm that the instrument is well suited for the detailed characterization of the magnetic dynamics of 

materials. The experimental determination of the magnetic dynamic properties of materials, such as 

their gyromagnetic ratio, g-factor, effective magnetization, and damping factor, is crucial for the field 

of Spintronics, which its main purpose is the design of next-generation nano-electronic devices. Lastly, 

the setup can also be used to create spin currents via spin pumping during ferromagnetic resonance. 
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Chapter 1 

Introduction 

 

       Spintronics, short for “spin-transport-electronics”, also known as spin-electronics, is considered 

one of the most important emerging research fields in physics and engineering, that aims to study and 

exploit the role played by electron spin in solid-state materials. The main purpose of the study of 

Spintronics is to design, develop and provide next-generation nano-electronic devices with immense 

potential, reduced power consumption, and increased memory and processing capabilities. Such devices 

utilize the spin degree of freedom of electrons and/or holes, which can also interact with their orbital 

moments, by controlling them either with magnetic layers used as spin-polarisers and -analyzers or via 

spin-orbit coupling. Thus, spintronic devices comprise the generation, manipulation, and detection of 

spin-polarised electrons in various materials. [27][28][29] 

       Conventional digital electronic devices represent binary information of 1s and 0s by the presence 

or absence of electron charge. Similarly, the information in spintronic devices is represented by the 

direction of electron spins. Unlike electronic devices that use charge current and more specifically 

moving electrons, spintronic devices use spin current, with the spin polarisation being transferred by 

conduction electrons in a conductor or a spin-wave propagation across local magnetic moments in an 

insulator, and thus this information is transported faster requiring less energy.[29][31] 

       Generation of spin-polarised electrons in a non-magnetic material can be archived by spin injection 

from a ferromagnetic material through an ohmic contact or a tunnel barrier, electric or magnetic field 

application, electromagnetic wave introduction, Zeeman splitting, a spin motive force, thermal gradient, 

and mechanical rotation. Investigation of generation efficiency of spin current is critical for spintronic 

device applications and therefore, magnetic dynamic properties of these devices, such as damping 

constant and relaxation time, need to be determined. Magnetic characterization of devices is feasible 

with ferromagnetic resonance measurements. [27][28] 

      One of the highly efficient generation processes is spin pumping, in which the precessing 

magnetization of the ferromagnetic layer induces a spin-polarised current in the non-magnetic layer, 

that can be detected as an inverse spin Hall voltage. It can be accomplished with a ferromagnetic 

resonance configuration, and more precisely in the presence of microwave and external magnetic fields 

with the respective radiation frequency and flux density tunned at resonance conditions. [27][29] 

      The development of spintronic devices, such as hard disk drive read head, magnetic sensor, 

magnetic random-access memory, spin-torque oscillator, racetrack memory, neuromorphic logics, spin-

polarised field-effect transistor, spin-polarized light-emitting-diode and -laser, is commercial for an 

exponential future and innovation. [27][28] Some of the expected applications are superior and lightweight 

materials, quantum computers, increased situational awareness, powerful munitions, advanced 

diagnostics, novel drugs, economical energy resources, and robotics. [30] 



 

 

Chapter 2 

Fundamentals 

 

2.1 Electrons in Atoms 

 

Matter consists of atoms, the smallest particles that retain all the chemical properties of elements 

and can participate in chemical combinations. An atom consists of a nucleus located in its center, which 

contains positively charged protons (𝑞𝑝+ = +e =  +1.602 ∙ 10−19C) and neutral neutrons (𝑞𝑛0 = 0), 

as well as of negatively charged electrons (𝑞𝑒− = −e), which rotate in orbits around the nucleus while 

spinning around themselves (figure 1(a)). The nucleus concentrates the most mass of the atom and is 

diametrically much smaller than the atom itself. [1] 

In the quantum theory of a hydrogen atom, the wave function Ψnlml
(r, θ, φ) that describes the 

distribution of the electron, as it revolves around the proton, can be obtained by solving the Schrödinger 

equation, while the probability of finding the electron is given by |Ψnlml
(r, θ, φ)|

2
. The n principal 

quantum number determines the energy of the state where the electron can be found, while l azimuthal 

and ml magnetic quantum numbers are respectively related to its orbital-shape and -orientation of the 

angular momentum. [1] [3] 

Considering now the spinning of the electron around its axis, the electron can be in one of its two 

possible states, called spin up and spin down, as it can be derived by solving the relativistic Dirac 

equation (figure 1(b)). Spin states are described by the s =  ½ and ms  = ± ½ spin quantum numbers, 

which are respectively related to their spin-shape and -orientation of the angular momentum.[3] 

 

Therefore, the electron is a spinning charged particle that constitutes a magnetic dipole with a 

magnetic moment:      

𝛍 = γ𝐒 =  
gμΒ

ℏ
 𝐒          (1) 

Figure 1: (a) Constituent Particles of an Atom [4] (b) Spin up and Spin down Electrons [5] 



 

 

in which  γ =
gμΒ

ℏ
  is the gyromagnetic ratio,  μΒ =

eℏ

2me
= 9.274 ∙ 10−24 J/T is the Bohr magneton, 

g (≈ 2) is the Landau g-factor, ℏ =
h

2π
= 1.05457 ∙ 10−34 Js is the reduced Planck constant and S is 

the electron spin vector operator.  

     The same electron also rotates around the proton, which produces an external magnetic field of flux 

density B0 along its z-axis (see figure 2). The interaction between them is called spin orbit coupling and 

is described by the following Hamiltonian equation, known as the Larmor theorem: 

 

ℋ̂ = γ 𝚩𝟎 ∙ 𝐒 =
gμΒ

ℏ
B0Sẑ         (2) 

 

where, Sẑ is the z-component of the electron spin vector operator. This causes the electron of mass 

me = 9.1 ∙ 10−31Kg to precess around the proton with angular frequency [3] [6]:  

 

ω0 =
eB0

2me
          (3) 

 

 

The above discussion regarding hydrogen atoms can be applied to all atoms. If considering that 

there are n2 hydrogenic wavefunctions with the same En energy, and that electrons can only occupy 

one of the two spin states, known as the Pauli exclusive principle, then only two electrons with different 

spins can have the same wavefunction. Hence, the electrons are rotating around the atoms in shells that 

can accommodate 2n2 electrons, and atoms are described by the n number of shell, the l letter which 

specifies the orbital angular momentum and the m magnetic quantum number which is not listed but 

can be derived by the exponent that is used to indicate the number of electrons in the latter shell, also 

called valence electrons.[3]
 

Figure 2: Electron of Hydrogen Atom in Orbit [32] 



 

 

In the free electron model, the valence electrons of the constituent atoms become conduction 

electrons and move freely around the entire volume of the material, which is called a metal conductor. 

However, these electrons are scattered to the ion cores and interact with each other, factors that must be 

taken into consideration.[2] An electrical insulator consists of atoms with fulfilled bands, which can lead 

to the necessity of a large amount of energy to excite electrons. Semiconductor materials, such as doped 

insulators, require significantly less energy to gain conduction electrons. [2] [3] 

 

 

2.2 Magnetic Materials 

 

The principal sources of the magnetic moment of a free atom are the spins, with which electrons 

are endowed, their orbital angular momentum about the nucleus, and the change in the orbital moment 

induced by an applied magnetic field. The first two effects give paramagnetic contributions to an atom’s 

magnetization, while the third gives a diamagnetic contribution. Atoms with all filled electron shells 

have zero spin and zero orbital moment. Hence, finite moments are associated with unfilled shells. 

The magnetic moment of a material is the vector sum of the magnetic moments of each atom or 

molecule it is composed of, which are generally in different directions. Magnetization M is defined as 

the magnetic moment per unit volume, whereas the magnetic susceptibility per unit volume is defined 

by:  

χ = μ0

M

B
        (4) 

 

in which B is the macroscopic magnetic field intensity and μ0 = 4π ∙ 10−7 N/A2 is the vacuum 

permeability. Many substances have zero macroscopical magnetic moment and magnetization in 

absence of an external magnetic field. When an external magnetic field is present the substances are 

categorized as diamagnetic, if they have negative magnetic susceptibility, and paramagnetic if their 

magnetic susceptibility is positive but small (figure 3(a)). [2] 

The applied external magnetic field causes the two spin states to split in different energies (Zeeman 

effect), leading electrons to transfer to new quantum states that are energetically lower, a phenomenon 

that is known as the exchange interaction.[3] [8] It is described by an exchange magnetic field that is 

proportional to the magnetization, BE = μ0M, is created due to the rearrangement of the magnetic 

moments. Although the temporary small magnetization and magnetic suspensibility of paramagnetic 

materials in the presence of an external magnetic field are dependent on their temperature, those of 

diamagnetic materials are not.[2] [8] 

A ferromagnet has a spontaneous magnetic moment even in a zero applied magnetic field, which 

suggests that electron spins and magnetic moments are arranged regularly. Figure 3(b-f) are presented 

the magnetic ordering of a simple ferromagnet, a simple antiferromagnet, a ferrimagnet, a canted 



 

 

antiferromagnet, and a helical spin array, which have simple spin arrangements and all of them except 

simple antiferromagnet have a relatively large and spontaneous magnetic moment and magnetization, 

called saturation magnetic moment and magnetization Ms.[2]  

 

Ferromagnetic substances are characterized by shape and magneto-crystalline anisotropy, resulting 

in the formation of magnetic domains, which are groups of atoms with aligned spins separated by Bloch 

walls and therefore, have magnetic moments in randomly oriented directions when is unmagnetized. 

When an external field is applied, the magnetic moment of each domain tends to come nearer to 

alignment with the external field, resulting in magnetization (figure 4). [2] [7] [9]  

 

The domains of hard magnetic materials remain aligned even after the external field is removed and 

have a border hysteresis loop, in contrast to those of soft magnetic materials. A typical hysteresis loop, 

shown in figure 5(a), is a graph of the magnetization in respect of the external magnetic strength                

H =  B /μ0, in which Mr and Hc are known as the remanence and the coercivity.[8] There is also 

temperature dependence in the magnetization (figure 5(b)) and the magnetic susceptibility. More 

precisely, ferromagnets and antiferromagnets become paramagnets above the Curie and Neel 

temperature respectively. [2] [8] 

Figure 4: Orientation of Magnetic Moment of Domains of a Ferromagnet in Absence and 

Presence of an external magnetic field [9] 

Figure 3: Types of magnetic ordering: a) paramagnetic, b) ferromagnetic, c) antiferromagnetic, 

d) canted antiferromagnetic, e) ferrimagnetic, and f) helical magnetic [7] 



 

 

 

 

2.3 Ferromagnetic Resonance 

 

Considering the discussions in the above sections, when an external magnetic field B  applies to a 

spin, the spin vector precess around the direction of the magnetic field. If a perpendicular microwave 

field with angular frequency ω is present, and it fulfills the resonance condition: 

 

ℏω0 = gμΒB0         (5) 

 

the spin will absorb microwaves. [6]  

       Similarly, if a ferromagnet with microscopic magnetization M is in an external magnetic field of 

strength 𝐇 =  𝐁 /μ0, will experience an effective field with the strength given by: 

 

𝐇eff = 𝐇 + 𝐇M + 𝐇k       (6) 

 

where HM and Hk are the magnetization and anisotropy magnetic field strengths. This causes the 

magnetization to precess around the direction of the effective magnetic field until it finds its new 

equilibrium. The motion of the magnetization is described by the Landau – Lifshitz – Gilbert equation:  

 

∂𝐌

∂t
=  −γ 𝚳 x μ0𝐇eff +

α 

Μs
 𝐌 x

∂𝐌

∂t
        (7)  

 

in which, α  is the damping factor. The first component describes the precess of magnetization around 

its new equilibrium and the second component describes a move back to its previous equilibrium. [6][23] 

Figure 5: (a) The Hysteresis Loop of a Ferromagnet [8] 

(b) Temperature Dependence on Magnetization [8] 



 

 

       The magnetization precess around the effective field at a cone angle θ (figure 6(a)), which becomes 

maximum at a resonance external magnetic field B0, and if a microwave field is present, absorption at 

the resonance angular frequency ω0 = 2πf0 will be maximum. The resonance condition fulfills the 

equation 8, known as the Kittel equation: 

 

ω0
2 = γ2[Β0 + (Νy − Nz)μ0Μeff][Β0 + (Νx − Nz)μ0Μeff]            (8) 

 

in which, Μeff = Ms − Hk is the effective magnetization.  

       For flat samples and in-plane configuration, with the external magnetic field applied parallel to the 

sample and perpendicular to the microwave field, Νx = Nz = 0 and Ny = 1, resulting in a simpler 

resonance condition, described by equation [2] [6] [10]: 

 

ω0
2 = γ2Β0(Β0 + μ0Μeff)            (9) 

 

       The phenomenon discussed right above is called Ferromagnetic Resonance (FMR) and can be 

observed experimentally on the transmission spectrum of the microwave field. Figure 6(b) shows the 

expected transmission spectrum for microwave field at constant angular frequency ω0, while the 

external magnetic field B  is swept. The resonance absorption signal is described by a Lorentzian 

function of the flux density of the applied magnetic field B , for Direct Current (DC) external magnetic 

fields, whereas if a small Alternating (AC) component is applied in addition to the DC external magnetic 

field of flux density B , then the gained absorption signal behaves as the First Derivative of a Lorentzian 

function of B . 
[8] [10]  

 

Figure 6: (a) Precessing Magnetization at Resonance [18] (b) Transmission Spectrums of 

Microwave Field in Magnetic Field Sweep [8] 



 

 

Chapter 3 

Experimental Setup and Methodology 
 

 

3.1 Ferromagnetic Resonance Spectroscopy 

 

Ferromagnetic Resonance Spectroscopy is a spectroscopy technique, with which the magnetization 

characteristics in magnetic low-dimensional systems are probed. There are various practical aspects of 

FMR spectroscopy techniques, and sοme of them are discussed in this section, which is mainly based 

on the review of Ivan S. Maksymov and Mikhail Kostyleva. [11] 

Cavity FMR setup consists of a microwave generator, microwave waveguides, a circulator, a 

microwave resonant cavity, a microwave diode detector, an electromagnet, a power supply, and a 

laptop. It operates only at the resonance frequency of the cavity, while the applied magnetic field 

sweeps. Although it is a well-established technique with high sensitivity and absence of higher-order 

SSWMs, the extracted information is limited, and the measurement is impossible for samples with small 

magnetic losses. The reason is that coupling between sample and cavity resonance frequencies is high, 

which may lead the latter to shift. Also, no FMR response may be observed for very thin ferromagnetic 

and many nanopatterned materials, because the resonance frequency of the cavity may be too low. 

In the Lock-In Cavity FMR method, the microwave diode detector of the Cavity FMR setup is 

connected to a lock-in amplifier, which results in even more accurate measurements. 

In Stripline Broadband FMR (Stripline BFMR) configuration, the microwave cavity, the 

circulator, and the microwave waveguide of the Cavity FMR setup are replaced by a stripline 

transmission line, which allows the microwave frequency to be selected, and therefore, the applied 

magnetic field is swept over a broad range of frequencies. The disadvantages of Cavity FMR 

spectroscopy are not present in this method, but it is a less sensitive technique and therefore, for the 

reduction of noise is necessary to average between many measurements. 

Pulse Inductive Microwave Magnetometry (PIMM) setup consists of a step pulse generator, a 

coplanar transmission line, a thin separating layer of Teflon to isolate the sample from the waveguide, 

an attenuator, an oscilloscope, coaxial cables, an electromagnet, a power supply, and a laptop. Although 

this method is broadband, it requires averaging over-repeated data, due to its reduced accuracy, it has a 

time-domain character, it requires complex Fourier transformation of data, and it is more expensive 

than the above methods.  

Vector Network Analyzer FMR (VNA FMR) configuration consists of a VNA, microwave cables, 

a stripline transmission line, an electromagnet, a power supply, and a laptop. The time-domain character 

and the complex post-processing of the PIMM are not present in this broadband spectroscopy technique. 

Nevertheless, signals with a non-magnetic origin, due to variations in the impedance of the device under 

test (DUT); both the stripline and the sample, as the frequency is swept, are much greater than the 



 

 

absorption FMR signal, which results in the necessity of the background subtraction, as post-processing 

of data. Also, averaging over many measurements is mandatory due to the low signal–to–noise ratio 

and it is a high-cost method. 

In the Lock-In Stripline BFMR method, the microwave diode detector of the Cavity FMR setup 

is connected to the stripline of the VNA FMR setup and a lock-in amplifier, resulting in the elimination 

of the disadvantages of the latter configuration, but requires a more sophisticated analysis of data. 

In all the above cases, if modulation coils connected to a waveform generator are fixed at the poles 

of the electromagnet or the power supply of the electromagnet is replaced by a waveform generator, an 

AC applied field is added to the DC applied field, and the first derivative of the absorption FMR signal 

is measured. In these Field–Modulation FMR (FM FMR) spectroscopy techniques, the non-magnetic 

signals are absent.  

 

 

3.2 Experimental Setup of Field-Modulation Vector Network Analyzer Ferromagnetic 

Resonance Spectroscopy 

 

For this dissertation, the Field-Modulation Vector Network Analyzer Ferromagnetic Resonance 

(FM VNA FMR) was configured under a thorough and in-depth study, built step-by-step. The final 

experimental setup is shown in figure 7. A photo collection of the sample, the different GCPWs, and 

the gradual development of the experimental configuration used for this research can be found in the 

Appendix. 

The two microwave signals, which are produced separated by the two ports of the VNA, arrive at 

the GCPW through the microwave cables. The incident microwave signal creates a radio frequency (rf) 

microwave field onto the GCPW. Microwave adaptors and microwave removable connectors were used 

to connect the microwave cables to VNA and GCPW respectively. 

A 10 nm thick permalloy (NiFe) layer, deposited on a 1 mm thick SiO2 substrate, was used as a 

Sample Under Test (SUT). Before deposition, a cleaning procedure was held to the substrate, while the 

deposition of the permalloy layer was done by a high-intensity electron beam evaporator that was 

operated in a high vacuum. 

The SUT was placed in a prone position to maximize the inductive coupling with the rf microwave 

field, and more precisely, at a certain position of GCPW with high spatial uniformity of the microwave 

magnetic field and absence of the microwave electric field. GCPW is a printed circuit board (PCB), 

fabricated with a dielectric top layer to isolate it from the sample and therefore, to be able to place the 

sample face-down, and have maximum coupling. In figure 7, the magnetic component of the rf 

microwave field is in the horizontal direction. 

The DUT was placed between the poles of an electromagnet, such that the applied magnetic field 

and the signal line were in parallel directions, a configuration known as the in-plane FMR. The 



 

 

electromagnets were connected to a waveform generator, which supplied them with DC and AC 

voltages, and as a result, they produced an external magnetic field, which had DC and AC components. 

The applied magnetic field in figure 7 has a vertical direction. 

The Hall probe was placed just above the sample and was connected to a magnetometer, which was 

connected to an oscilloscope, to measure the DC and AC components of the applied magnetic field 

during the measurement. 

 

 

The rf microwave field is absorbed by the sample, inducing magnetization dynamics in it by altering 

the effective field direction, which disturbs the equilibrium position of magnetization, causing the 

magnetization to precess around its new equilibrium. As a result, a voltage back is induced into the 

GCPW and therefore, a reflected induced microwave signal ends back to its port, while the remained 

transmitted microwave signal ends up at the other port of the VNA. The reflected and transmitted 

microwave signals are measured and analyzed by the VNA. 

The VNA and the waveform generator were connected to the USB ports of a laptop and fully 

controlled by an individual MATLAB coding program. This unique program, called “VNA FMR 

Measurement”, was written especially for the purposes of this dissertation, after an in-depth study of 

the manuals of the devices and many trials. More details about the measurement sequence and the post-

progressing of data for each possible operation of the experimental setup can be found in section 3.5. 

In addition, after storing the original measured data and the post-progressing data in different text files, 

the specific program provides optional further analysis of the measurement.  

VNA is a microwave generator-receiver-analyzer and GCPW is a type of a stripline transmission 

line and are discussed in more detail in sections 3.3 and 3.4 respectively. 

Figure 7: Experimental Configuration of FM VNA FMR 



 

 

3.3 Vector Network Analyzer 

 

Vector Network Analyzer (VNA) is a self-contained, fully integrated measurement system, which 

contains a built-in source, a test set, and an analyzer, and its main usage is the measurement of the 

magnitude and phase characteristics of microwave devices, such as networks, amplifiers, attenuators, 

and antennas. 

More precisely, it produces separately incident microwave signals, the reflected and transmitted 

microwave signals of each incident microwave signal, and down-converts them into the passband of a 

lower intermediate frequency (IF), to obtain greater dynamic range and less sensitivity to interfering 

signals, including harmonics. Then, it measures their magnitudes by converting them to DC voltages, 

which are proportional to them, using diode detectors, while their phases are measured by a tunable 

local oscillator. The magnitude and phase characteristics, also called scattering S-parameters, are 

calculated by comparing the DC voltages and phases of incident signals with either those of the signals 

that are reflected from their inputs or those of the signals transmitted through the DUT. Other quantities, 

such as logarithmic magnitude, return gain and loss power, complex impedance and admittance, smith 

chart and group delay, can be derived from these data directly by the VNA. [12] [13] 

 

A two-port VNA can measure four S-parameters, which are shown in figure 8. In the case of equal 

reference, generator and load impedances, the linear magnitudes of S-Parameters are described by the 

equations 10 (a-d), as voltage radios. [12] [13] [14] 

 

S11  =
reflected to port 1

incident from port 1
=

V11

V01
 ∶  Forward Reflection            (10 (a)) 

 

S12  =
transmitted to port 1

incident from port 2
=

V12

V02
∶  Reverse Transmission       (10 (b)) 

 

S21  =
transmitted to port 2

incident from port 1
=

V21

V01
∶  Forward Transmission      (10 (c)) 

 

S22  =
reflected to port 2

incident from port 2
=

V22

V02
∶  Reverse Reflection              (10 (d)) 

 
 

These parameters can be displayed in linear magnitude or logarithmic magnitude(db). The conventional 

relation between the two of them (equation 10 (e)) is the following [13]: 

 

Sij(db) = 20 log Sij            (10 (e)) 

 

The phase length δ of S-Parameters can also be measured and therefore, the complex scattering matrix 

can be calculated by equation 10 (f). [13] [14] 



 

 

S = [eiδ1 0
0 eiδ2

] [
S11 S12

S21 S22
] [eiδ1 0

0 eiδ2
]        (10 (f)) 

 

 

Through the complex S-matrix, the complex impedance Z-matrix can be obtained, and therefore, 

the complex S-Parameters can be transacted to complex Z-Parameters, while the input and output 

impedances Zin  and Zout can be derived, using the following equations [13] [14]: 

 

 

Z = R +  iX =  (I −  S)−1(I +  S) ∙ Z0        (11 (a)) 

 

Z11 = Z0

(1 + S11)(1 − S22) + S12S21

(1 − S11)(1 − S22) − S12S21
        (11 (b)) 

 

Z12 = Z0

2S12

(1 − S11)(1 − S22) − S12S21
        (11 (c)) 

 

Z21 = Z0

2S21

(1 − S11)(1 − S22) − S12S21
        (11 (d)) 

 

Z22 = Z0

(1 − S11)(1 + S22) + S12S21

(1 − S11)(1 − S22) − S12S21
        (11 (e)) 

 

Zin = Z11 −
Z12Z21

Z22 + ZL
        (11 (f)) 

 

Zout = Z22 −
Z12Z21

Z11 + ZS
        (11 (g)) 

Figure 8: Scattering Parameters [12] 



 

 

where,  Z0 = ZL = ZS = 50Ω  are the reference, load, and source impedances and I is a 2x2 identity 

matrix, while R is resistance and X is reactance parameters that constitute complex Z-parameters and 

are determined with Smith Chart measurements. 

Group delay is a useful measurement of the rate of phase-change-vs-frequency, as if it is not 

constant, it means that the DUT is not linear with frequency, which is directly affecting the scattering 

and impedance measurements.  

The ShockLine MS46122B-020 by Anritsu is a Compact USB VNA with 2 K(m) Connector Test 

Ports that is controlled from an external PC running ShockLine software or a personal code program, 

which uses the same Graphical User Interface (GUI). The measurement mode can be selected between 

Frequency Sweep (FS) at the desired frequency range from 1 MHz to 20 GHz, Continuous Wave (CW) 

at a constant desired frequency between 1 MHz to 6 GHz, or other. The power of the produced 

microwave signal can be selected between low and high, while it provides intermediate frequency 

bandwidth (IFBW) from 1 to 300 kHz and has up to 16,001 total test points available with up to 16 

channels, 16 trace display graphs per channel, and 12 standard markers to a reference one per trace. Per-

sweep or per-point averaging, which work best at removing low- and high-rate noise respectively, as 

well time-domain measurements and external triggering are available and optional. [12][14][15] [16] 

 

 

3.4 Stripline 

 

Stripline transmission line is a type of microwave waveguide with a planar structure and easy 

accessibility of localization of their microwave field, that is used for the study of the magnetic properties 

of thin films and nanostructures. The microwave current that is flowing through its signal line, creates 

a microwave Oersted magnetic field, which induces magnetization dynamics to the mounted magnetic 

sample that is placed on top of the stripline. There are two main types of striplines, microstrip and 

coplanar waveguides.                                               

Microstrip waveguide (MW) (figure 9 (a)) consists of a signal line; a metal strip of a finite width 

w, and a parallel ground plane of infinite width, that are separated by the substrate; a layer made from 

a microwave dielectric material. The Oersted field has an in-plane (IP) component, which is the 

magnetic field and is symmetric concerning the vertical axis of the line, and an out–of–plane (OOP) 

component, which is the electric field and is anti-symmetric and hence, vanishes at the symmetry axis. 

Coplanar waveguide (CPW) (figure 9 (b)) consists of three parallel metal planar electrodes; the 

central electrode with a finite width of w is the signal line, while the two other half-planes are the ground 

lines, that are separated by two air gaps. The magnetic field (IP component) is localized above the signal 

line, while the electric field (OOP component) is in the slits that separate the three lines. [11] [17] 

CPWs have reduced radiation losses, are fabricated easier, and integrate the active and passive 

components compared to MWs. However, their radiation losses are generally high, and they are more 



 

 

likely to interact with nearby structures. Grounded coplanar waveguide (GCPW) (figure 10) consists of 

the three parallel metal planar electrodes of the CPW with finite side grounds, the lower ground plane 

of the MW with finite width, which is shorted to the finite side grounds using vias, all separated by the 

substrate which is made by a microwave dielectric material. The top and supporting layers of the 

GCPW, made from the same material of the substrate, are used to mount the DUT and for structure 

stability respectively. The advantages of GCPWs are the reduced radiation losses, the improved heat 

gain control, the avoidance of fields from coupling, the suppression of higher-order modes, and the 

reduced cost [17].  

For the purposes of this dissertation, a PCB GCPW, with a design based on the study of Arghya 

and Kathleen L. Melde [17] in 2016. Cooper (Cu), with conductivity at  σ = 5.8 × 107 S/m, was used 

as the conductor material, while Megtron6, with dielectric constant at  εr  = 3.5  and loss tangent at 

tan δ = 0.002,  as the dielectric material. At table 1, a list of the dimensions needed for the design of a 

50Ω GCPW is presented below, as also two diagrams, its electric field distribution, and its transmission 

spectrum are shown in figure 10. 

 

Abbreviation Definition Value (μm) 

T Conductor Thickness 17.78 

H Substrate Thickness 101.6 

S Signal Line Width 177.8 

G Gap Width Between Signal and Side Grounds 101.6 

L Interconnect Length 6000 

SGW Side Ground Width 1200 

VR Via Radius 76.2 

VP Via-to-Via Pitch 508 

VL Center-to-Center Distance between Via and Signal 1212.7 

ES Separation between Edge and Closest Via 460 

TBLT Top and Bottom Layer Thickness 60 

 

Table 1: Dimensions for the design of a 50Ω GCPW [17] 

Figure 9: Structures of Microstrip(a) and Coplanar(b) Striplines, where E and H are the distributions of the 

microwave electric and magnetic field respectively [11] 



 

 

 

 

3.5 Challenges, Design Optimizations, and Methodology of Measurements 

 

This section focuses on the analytical study of the gradually continuous design optimization of a 

complete VNA FMR spectrometer, with the capability to perform broadband measurements on samples 

of various thin ferromagnetic materials. Under a well-executed measurement methodology in 

accordance with the requisite post-progressing procedures of data, the highest signal-to-noise rated 

possible absorption signals of the sample under test are obtained, due to the ferromagnetic resonance 

that it is experiencing. The broadband VNA FMR spectrometer that was finally built, can operate as a 

VNA FMR spectrometer with simple or differential detection in both frequency and magnetic field 

sweep modes, totally controllable by an individual unique MATLAB code program, which has been 

written as a part of this dissertation. Several of the aspects here are based on the study work of other 

researchers, but mostly following the research done by S. Tamaru et al in 2018. [10] 

 

 

3.5.1 Frequency Sweep Mode 

 

       VNA can operate in Frequency Sweep (FS) Mode, in which it generates microwave signals with a 

frequency, that is being continuously swept in a selected range available from 1 MHz to 20 GHz, while 

it is simultaneously detecting them. The number of points determines the step frequency of the sweep, 

and the S-parameters are calculated in relation to the microwave frequency. The following subsections 

focus on the challenges, the design optimizations, and the post-processing of data, that preceded the 

successful complete design of a simple VNA FMR Spectrometer operating in a frequency sweep mode. 

Figure 10: (a)Top Layer and (b)Cross Section of the GCPW and Plots of its (c)Transmission Spectrum and 

(d)Microwave Electric Field Distribution [17] 



 

 

3.5.1.1 Calibration Process 

 

       VNA is a highly linear receiver, that makes good measurements due to the sufficient spectral purity 

in its sources. However, some imperfections cause the measurement’s accuracy to decrease if a 

calibration procedure is not performed first. Therefore, greater accuracy can be obtained through vector 

error correction of the measured signal.  [11][16][18] 

      Since the microwave signals are measured in both magnitude and phase, it is possible to correct for 

six major error terms. More precisely, source and load test port matches, which describe the driven and 

termination return loss respectively, can lead to errors of greater than 1 db. The directivity of the 

directional couplers, which are used to separate the incident and reflected signals, can impact 

measurements of very small reflection coefficients, while isolation considers internal leakages that may 

be present, is optional and not recommended. Also, reflection and transmission frequency responses, 

including loss behaviors, derived from the microwave components, are largely present. The above six 

error terms can be corrected in both the forward and reverse directions, hence the name twelve-term 

error correction. [11][13][16] 

      Full two-port calibration is the most complete type of calibration, since all four S-Parameters are 

calibrated, while Short-Open-Load-Through (SOLT) is a simple, broadband calibration algorithm, 

primarily used to calibrate common coaxial microwave components. The calibration process requires a 

SOLT calibration kit, that contains the proper very well-defined standards, is poor on-wafer, and has 

lower accuracy at high frequencies. [16] Figure 11 presents the S-Parameters of the DUT, before and 

after the performance of a calibration process on the VNA’s ports connected to their adaptors and cables. 

 

 

3.5.1.2 Characteristic Measurements of the Microwave Components 

 

The scattering parameters in logarithmic magnitude of the two ports of the VNA, connected to their 

adaptors separately, and a test cable, with known behavior, were measured over the whole available 

range of frequencies to verify the functionality of the VNA. Also, the impedance parameters and smith 

charts of the two ports, whether not connected to any other component or only connected to their 

Figure 11: Calibrated and Non-Calibrated Reflection and Transmission Spectrums of DUT 



 

 

adaptors, were measured to verify that the source and load impedances were equal to  50.0Ω  with  0.0Ω 

of both standard deviation and error over the whole range of frequencies. However, when the test cable 

was connected and the same measurements were repeated, the mean of their common reflected 

impedance/resistance was calculated at  49.7 − 51.2Ω  with standard deviation at  5.6 − 6.4Ω   and 

standard error at   0.3Ω, while the input/output impedance obtained at   49.39 − 49.49Ω   with standard 

deviation at   0.57 − 0.65Ω  and standard error at   0.03Ω. 

Same measurements were held for each microwave cable connected from one adaptor to another, 

and therefore, from one port to another of the VNA, to identify that there was a continuous power 

reduction of the microwave signals transmitted through the cables as the frequency was swept, reaching 

about  40%  at  20GHz. The mean of their common reflected impedance/resistance was calculated at 

50.3 − 51.3Ω    with standard deviation at  6.1 − 7.2Ω   and standard error at   0.3 − 0.4Ω, while total 

input/output impedance obtained at  49.54 − 49.62Ω  with standard deviation and standard error at                           

0.44 − 0.54Ω   and  0.02 − 0.03Ω  respectively. 

The above discussion leads to the conclusion that the contributions from the uncorrected ports and 

the microwave components to which are connected, as well as the observed continuous reduction of the 

measured scattering parameters as the frequency is swept, are some important reasons for the necessity 

of the execution of a calibration process before taking any measurements. 

 

After a calibration process was performed on the microwave cables, which were connected to the 

adaptors of the ports of the VNA, the GCPW was connected to the setup and the measurements 

mentioned above were repeated. As the frequency was swept, a continuous almost linear reduction of 

the microwave signals transmitted through the GCPW was observed, reaching about  55%  at  20GHz. 

Figure 12: Transmission Spectrum in LogMag and LinMag, Impedance and 

Group Delay Spectrums of DUT 



 

 

The weighted mean of its reflected impedance was calculated at  51.170 ± 0.085Ω (σ = 0.389Ω), and 

its reflected resistance at  49.645 ± 0.096Ω (σ = 0.446Ω), with the total input/output impedance being 

at 48.518 ± 0.001Ω (σ = 0.047Ω). 

Keeping the last setup, the sample under test was mounted on top of the GCPW, to measure the S- 

and Z-parameters of the device under test and signalize the non-magnetic signals in the transmission 

spectrums and the variations in the reflected impedance spectrums, due to the coupling of SUT and 

GCPW, although they were isolated from each other by the top layer of the GCPW. The coupling can 

be measured as the group delay of the DUT, which was significantly affecting its impedance and 

scattering spectrums (figure 12). The weighted mean of the reflected impedance of the DUT was 

calculated at  49.080 ± 0.010Ω  (σ = 0.492Ω), and that of the total input/output impedance at 

48.153 ± 0.001Ω (σ = 0.041Ω). Based on the transmission spectrums shown in figure 12, it is obvious 

that the main reason the study of ferromagnetic resonance is carried out by measuring the S-parameters 

in Logarithmic Magnitude, in which the transmitted reduction is smoother and more linear. Moreover, 

as the frequency was swept, a continuous and almost linear reduction of the microwave signals 

transmitted through the DUT was observed, reaching about  67%  at  18GHz and hence, there was a 

need to test different GCPWs and microwave connectors. 

 

 

3.5.1.3 Different GCPWs and Microwave Connectors 

 

Initially, a GCPW was joined with fixed microwave connectors, in a process called soldering.    

Inexperience and ignorance were the reasons that resulted in the connector’s signal pin impairment, 

which was extremely evident in its reflection and transmission spectrums, mainly forming a sharp 

absorption signal at 2GHz (see figures 11, 14, and 15). Therefore, another GCPW was connected to 

removable microwave connectors and used for the rest measurements. After more consideration, 

creating thin layers of soldering wire on each contact of GCPW, placing connectors to GCPW separately 

and heating contacts using the soldering iron could be a proper method to accomplish the joint. 

As discussed in the previous subsection, the microwave signals transmitted through the GCPW with 

top and supporting layers, compared to the incident ones, have a continuous and almost linear decrease, 

which reaches 55% at 20GHz. Although this reduction may not directly affect the detection of the 

absorption FMR signal, as it was subtracted as a background measurement, the signal-to-noise ratio was 

relatively small. After this awareness, a GCPW, without the top and bottom layers, was fabricated and 

its scattering, impedance, and resistance parameters were measured to identify that there is not any 

difference between the two GCPWs. In fact, without a top layer to isolate the GCPW from the sample, 

a separating Kapton tape had to be included, and even in a perfect deposition, its thickness was greater 

than that of the top layer, so that the sample was further away from the rf microwave field, and the 

absorption FMR signal was even smaller, which was not desirable. 



 

 

3.5.1.4 Investigation of the Proper Background Measurement 

 

       Firstly, the reflection and transmission spectrums of the GCPW with the absence of DC applied 

magnetic field, operated at frequency sweep mode, were used as the background spectrums. 

Nevertheless, subtracting them from those measured when the sample was placed in a prone position 

on top of the GCPW, while a DC applied magnetic field was present, resulted in an absorption spectrum 

with extremely highly significant noise and absence of any return gain or absorption FMR signal. 

Consequently, our next step was to examine again the functionality of the GCPW and the SUT, and this 

was archived by the usage of the VNA and the EPR spectroscope respectively, to identify that their 

performance had not been affected. 

       After many aspects, it was observed that the SUT was affecting the GCPW, as well as its spectrums, 

with the absence of DC applied magnetic field. Moreover, there was not any significant difference 

between them and those when a DC applied magnetic field was present. As result, the spectrums of 

DUT with the DC applied magnetic field being absent, were used as a background measurement, and 

were subtracted from those when a DC applied magnetic field was present, to acquire the return gain 

and absorption spectrums with the expected FMR signals. 

 

       Although the sample under test and the grounded coplanar waveguide are isolated from each other 

by the top layer, are still affecting each other, resulting in the presence of non-magnetic signals, that are 

remarkably greater than the FMR signal due to their coupling, which causes variations in their common 

impedance.  

Figure 13: (a) Reflection and Transmission Spectrums of DUT in different magnetic fields, 

(b) Return Gain and Absorption Spectrums of DUT obtained after subtraction between them   
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       Despite that the scattering spectrums seemed identical (figure 13 (a)), with an external magnetic 

field being either present or absent, there are small variations in the impedance of the DUT causing a 

magnetic background. This magnetic background, which is not significant in the spectrums of scattering 

parameters, is resulting in a highly noisy FMR signal when it is not subtracted. 

       Therefore, the ideal background measurement is performed with the DUT in the presence of an 

external magnetic field, with flux density being substantially smaller or larger than that of those of the 

examined magnetic field, thus archiving the removal of non-magnetic and magnetic background, and 

obtaining the absorption signal with considerably decreased noise (figure 13 (b)). 

 

 

3.5.1.5 Absorption vs Return Gain Signal 

 

       Considering the transmission and reflection spectrums obtained after the background subtraction 

was performed, which are presented in figure 13(b), the absorption and return gain signals are 

significant in the transmission and reflection spectrums respectively. However, the noise of the return 

gain signal can be characterized as enormous compared to that of the absorption signal, making it 

unsuitable to be fitted and analyzed. 

 

 

3.5.1.6 Investigations of the Appropriate VNA FMR Measurement Settings 

 

       The vector network analyzer offers broadband options for its measurement settings and therefore, 

choosing between them may affect the duration and signal-to-noise rate of the measurement, as explored 

in this subsection. For each of the following setting investigations, the full two-port SOLT calibrated 

VNA FMR configuration was used, with the DC applied magnetic field set at 12.0mT, to measure the 

transmission spectrum of the DUT as the frequency was swept from 1MHz to 5GHz. The absorption 

spectrum was obtained after applying the background subtraction. 

       For the choice between low and high as the suitable power of the rf microwave field, IFBW was 

set to 10kHz and the number of points to 8001, to perform averaging over 10 sweeps, generally defined 

as averaging per-sweep. The absorption spectrums are shown in figure 14(a) and as expected, the FMR 

signals had the same amplitudes, since the magnitudes of scattering parameters are voltage radios, while 

the duration of measurement was not affected. Even though in the case of low power rf microwave field, 

the noise is significantly noticeable, but not desirable, it is identified that the signal-to-noise rate was 

highly increased after normalization, and perhaps this fact should be taken into consideration for further 

study since all measurements in this dissertation were performed with the power of the rf microwave 

field, produced by the VNA, set to high. 



 

 

       To investigate how the selection of the number of points is affecting the measurement and the FMR 

absorption signal, the rf power of microwave signals was set to high, IFBW to 10kHz, and averaging 

per-sweep to 10. In figure 14(b), the absorption spectrums given by setting 1001, 2001, 4001, and 8001 

as the number of points are represented. As the number of points was increased, the signal line became 

nosier and the measurement was slower, while setting a small number of points is not recommended.  

       For the proper choice of the IFBW, rf power was set to high, number of points to 4001, and 

averaging per-sweep to 10. From the absorption spectra shown in figure 14(c), where the IFBW was set 

to 1, 2, 5, 10, 20, 50, and 100 kHz, it is observed that as the IFBW was raised, the signal line became 

noisier, whereas the measurement duration was smaller and the trace noise was decreased, offering a 

higher signal-to-noise ratio. 

 

 

       Due to the observed noise with the increasement of the IFBW, for this testing the rf power was set 

to high, the number of points to 4001, IFBW to 10kHz, and averaging type to per-sweep, to ultimately 

discover the proper averaging number. The absorption spectrums after 1, 10, 20, 50, and 100 averages 

are presented in figure 14(d). As the averaging number was increased, so did the measurement duration, 

while the trace noise was decreased. Hence, the trace noise that was observed for large IFBWs in the 

signal line can be reduced by increasing the number of averages, that were selected to be performed 

       At that time, it was not inspected how the type of averaging impacts the measurement and the 

obtained absorption FMR signal, but after consideration, selecting to average per-point improves the 

duration of measurement, while any external contributions are known and visible during the 

measurement, thus the measurement can be repeated immediately. For that reason, the averaging type 

of the following measurements was selected to per-point. 

Figure 14: Absorption Spectrums of Different Measurement Setting of VNA (a)Power 

of VNA (b)Number of Points (c)IFBW and (d)Number of Averages 

 



 

 

3.5.1.7 Normalization of Measurement 

 

       S. Tamaru et al. in 2018[10], suggested that the measurements can be normalized by dividing each 

data obtained after background subtraction by the corresponding background one, that was measured 

with the same frequency. From figure 15, it is obvious that performing a normalization process on the 

transmitted data, resulted in a significant reduction of the trace noise for frequencies higher than 

1.5GHz, while for frequencies lower than 1.5GHz, it resulted in a considerable increment. It can be 

observed that there is also about a 10% reduction of the absorption signal, a contribution that perhaps 

was due to the trace noise eliminated by applying normalization of data. However, the advantage 

prevails over the disadvantage and therefore, data normalization is an analysis procedure applied in this 

research.  

 

       Lastly, in the case of the return gain signal, which is obtained after background subtraction and is 

apparent in the reflection spectrum of figure 15, it is demonstrated that performing a normalization 

process on the reflected data, precipitates the opposite results, since the return gain signal and signal-

to-noise ratio are reduced by 95% and 60% respectively.  

       The return gain and absorption spectrums in figure 13(b) are also presented after being normalized.  

 

 

3.5.2 Continuous Wave Mode 

 

       VNA can also operate in Continuous Wave (CW) Mode, in which it is producing incident 

microwave signals at a constant frequency, that can be selected between 1 MHz and 6 GHz while 

measuring both reflected and transmitted microwave signals. The S-parameters are calculated and 

monitored about the number of points, which can be correlated to the measurement time. The following 

subsections discuss the detailed data processing study, that was conducted with the ultimate purpose of 

fully designing a simple VNA FMR Spectrometer, operating in magnetic field sweep mode, as well as 

a VNA FMR Spectrometer with differential detection.  

Figure 15: Normalized vs Non-Normalized Return Gain and Absorption Spectrums 



 

 

3.5.2.1 Simple Continuous Wave Measurement 

 

       As mentioned above, when the VNA is selected to be operated in the CW mode, it measures the   

S-Parameter of the DUT to the number of points. In this operation mode, the number of points can be 

converted to the measurement time. However, there is no standard conventional relation between them, 

as it depends on the other selected settings of the VNA. 

       There was no significant difference in the observed fluctuations of the measured parameters either 

in the absence or in the presence of an applied DC magnetic field, which was not applied to the average 

of measurements done in the resonance region, while when a DC magnetic field was applied, an almost 

linear shift of the total run was observed. The spectrums of the S11 and S12 parameters in logarithmic 

magnitude at a constant frequency of 3.4GHz in a DC magnetic field with flux density at 0.1mT are 

shown in figure 16(a).  
 

 

       To further study the observed variations of the measured S-parameters of the DUT, the 

measurement was repeated after setting smoothing at 1%, and the spectrums obtained, are presented 

Figure 16: (a) S-Parameters of DUT from Simple CW Measurement in the presence 

of Applied DC Magnetic Field, (b) their Variations, and (c) limited S-Parameters 

obtained after Linearly Fitted Shift Subtraction 
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along with those with 0% smoothing in figure 16(a). The percentage of smoothing corresponds to the 

percentage of the total number of points, that are calculated on average. The observed shift of S-

Parameters is clearer in 1% smoothed measurement. This shift is relatively significant at the first tenths 

of both reflection and transmission spectrums, as well as at the last tenths of the reflection spectrums, 

while those of transmission spectrums seem to be obliterated. Also, the shift can be almost characterized 

as linear at the middle tenths of the measurement. The spectrums of these variations obtained after 

subtracting each other and their mean are also presented in figure 16 (b). Their calculated mean is almost 

equal to zero, while their maximum amplitude is about 0.1% of the absolute mean of the measured S-

parameters of the DUT. Therefore, setting a small percentage of smoothing is generally being suggested 

for Continuous Wave measurements.  

       The above conclusions are applied to the calculation of the mean of the S-Parameters of the DUT. 

For this purpose, the measurement with smoothing at 1% is limited, as the first and last tenth of the      

S-parameters are not considered, and the shift is linearly fitted. The limited spectrums of the S-

parameters, after fitted shift subtraction, and the value of their mean are presented in figure 16 (c). 

Massive CW measurements and their mean calculation constitute a single VNA FMR measurement in 

field sweep mode. 

 

  

3.5.2.2 Simple CW Measurements in Magnetic Field with Different Flux Densities 

 

        If the execution of simple continuous wave measurements, set to a constant microwave frequency, 

and the mean calculation of the measured S-Parameters were repeated, as discussed above, in DC 

magnetic field with different flux densities, then a single measurement of the simple VNA FMR 

configuration operating in magnetic field sweep mode occurs. 

        For this purpose, the uncalibrated VNA was set to high power CW mode at a constant frequency 

of 3.4GHz, to measure the S-parameters of the DUT smoothed by 5% as a function of time, while the 

applied DC bias field was swept in the range of 7.85 to 22.25mT. Their mean was calculated, after the 

linear fitted shift was subtracted, without considering the data of the first and last tenth of each sweep. 

Figure 17: Return Gain and Absorption Spectrums obtained after Mean 

Calculation of S-Parameters of DUT 



 

 

The obtained reflection and transmission spectrums of the DUT as a function of the flux density of the 

applied magnetic field are presented in figure 17. 

        As expected, the absence of the non-magnetic signals, that were observed in the spectrums of the 

simple measurements in frequency sweep mode, result to clear return gain and absorption signals of the 

DUT, although the simple measurement in magnetic field sweep mode requires post-processing of data 

and the duration of the measurement is much greater. 

 

 

3.5.2.3 Differential Continuous Wave Measurement 

 

       This subsection focuses on the differential detection and analysis of the S-Parameters of the DUT 

at a constant microwave frequency, measured about the number of points, corresponding to the 

measurement time, when an AC magnetic field is applied in addition to the DC magnetic field, 

hereinafter referred to as differential CW measurement. 

       For a differential CW measurement, the AC magnetic field of sinusoidal waveform with an 

amplitude of 0.1mT and modulation frequency of 10Hz was applied in addition to the DC magnetic 

field with a flux density of 14.2mT, while the VNA was tuned to high-power CW mode to produce and 

measure a microwave field with a constant frequency of 3.4GHz. The S-Parameters of the DUT were 

calculated by the VNA, after being smoothed by 1%, as it was suggested from the observations of 

simple CW measurements. As shown in the spectrums of figure 18(a), the S11 and S12 parameters are 

detected to vary between their mean value, as a sine function of time, while an almost linear shift of the 

total run is significant, which was expected from the study of the simple CW measurement, that was 

discussed in subsection 3.5.2.1. 

       To measure the observed shift, the measurement was repeated after setting smoothing at 5%, and 

the spectrums, which were obtained, are presented along with those smoothed by 1% in figure 18(a). 

The last measurement constitutes the background measurement of the differential detection mode since 

the differential S-Parameters of DUT are obtained, after its subtraction from the main measurement 

with smoothing set at 1%. Their spectrums, which were limited by the first and last twentieth of the 

total run, are presented in figure 18(b).  

       For the calculations of amplitude and sample frequency of the differential S-Parameters of DUT, 

Fast Fourier Transform was performed both on the data of the main measurement and those obtained 

after background subtraction, discovering that the results are more pencilly in the case of the latter, as 

it is observed in figure 18(c). Therefore, background measurement and subtraction, as well as Fast 

Fourier Transform, are post-processing of data, which were needed for the calculation of the amplitude 

of measured S-Parameters of DUT at the sample frequency of the VNA FMR configuration operating 

in differential detection mode. 

 



 

 

 

 

3.5.2.4 Differential CW Measurements in Magnetic Field with Different Flux Densities 

 

      If the measurement of the Continuous Wave at a constant frequency and the calculation of the 

amplitude of the differential S-Parameters are repeated as discussed above, in DC magnetic field with 

different flux densities and in the presence of an AC magnetic field, then a single measurement of the 

VNA FMR configuration operating in magnetic field sweep mode with differential detection is 

obtained. Similarly, if the measurement of the CW and the calculation of the amplitude of the 

Figure 18: (a) S-Parameters of DUT from Differential CW Measurement in the presence of both AC and 

DC Applied Magnetic Field and Background Measurement, (b) Differential S-Parameters of DUT after 

Background Subtraction, and the (c) Fast Fourier Transform Results  
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differential S-Parameters are repeated for different constant frequencies of the CW, in a DC magnetic 

field with constant flux density and in the presence of an AC magnetic field, then a single measurement 

of the VNA FMR configuration operating in frequency sweep mode with differential detection is 

obtained. 

       For this purpose, the uncalibrated VNA was set to high power Continuous Wave mode to measure 

the S-parameters of the DUT smoothed by 1% as a function of time, in the presence of an AC magnetic 

field of a sinusoidal waveform, with an amplitude of 0.2mT and modulation frequency of 10Hz. At the 

same time, as the background measurement the S-parameters of the DUT, smoothed by 5%, were 

measured and subtracted from the main measurement, to obtain the differential S-Parameters, at which 

Fast Fourier Transform was performed, to calculate their amplitude at the expected sample frequency. 

In frequency sweep mode, the applied DC bias field was set at 31.8mT and kept constant, while the 

frequency of the continuous microwave field, produced by the VNA, was swept in the range of 4.6 to 

5.6GHz. In the case of magnetic field sweep mode, the frequency of the continuous microwave field 

was set at 5.1GHz and kept constant, while the applied DC bias field was swept in the range of 25.2 to 

37.8mT. The spectrums of the calculated amplitude of the S12 parameter obtained both in frequency 

and magnetic field sweep operation modes are shown in figure 19. 

 

         

       As expected, the absence of the non-magnetic signals observed in the transmission spectrums of 

the simple measurement operated in frequency sweep mode results in clear absorption signals of the 

DUT. In contrast to the absorption signals obtained from simple measurements, the above absorption 

signals are derivative, which is anticipated from the fundamentals of Ferromagnetic Resonance 

spectroscopy techniques that use field-modulation spectroscopes with differential detection. Both 

operation modes require post-processing of data as was discussed above, while similar to the simple 

measurements, the duration of measurement with differential detection operated in frequency sweep 

mode is smaller than that operated in magnetic field sweep mode, but both are greater than that of simple 

measurement operated in frequency sweep mode. 

Figure 19: Absorption Spectrums obtained after Amplitude Calculation of Differential S-Parameters of DUT 

measured in Frequency(left) and Magnetic Field(right) Sweep Operation Modes 



 

 

3.5.3 Vector Network Analyzer Ferromagnetic Resonance Measurements 

 

       As mentioned in section 3.1, VNA FMR is one of the spectroscopy techniques that can be used for 

the magnetic characterization of a sample under test and be operated in frequency or magnetic field 

sweep mode as a simple VNA FMR and as a VNA FMR with differential detection. The last is generally 

mentioned as VNA FMR in magnetic field-modulation mode. A more detailed discussion of each 

operation follows in the subsections below. 

       The configuration is fully controllable by a MATLAB code program. The measurement sequence 

and the post-processing of data followed during the measurement in each different operation mode of 

the experimental setup are shown in the below flowchart of figure 20. After setting the measurement 

configuration, the operation is selected by setting the proper values to measurement parameters of the 

function InitialSettingsOfDevices() that communicates directly with the main measurement program, 

which is called Measurement(). 

 

       Massive and complete measurements of each possible operation mode of the configuration are 

shown and discussed in the subsections below, while in the last subsection of the chapter a detailed 

comparison between them can be found. 

Figure 20: Flowchart of VNA FMR Measurements in Each Possible Operation 

and Sweep Mode of the Experimental Setup 



 

 

3.5.3.1    Simple Measurements in Frequency Sweep Mode 

 

       After investigating the appropriate measurement settings of the VNA, to obtain absorption spectra 

with a maximum signal-to-noise rate in the shortest possible time, the full two-port SOLT calibrated 

VNA FMR setup was configured, and tuned to the high-power frequency sweep mode, with IFBW at 

300kHz, to perform 1000 per-point averages for 2401 points. For ten different DC applied magnetic 

fields in the range of 21.5 to 64.1mT, the frequency of the microwave field, produced by VNA, was 

swept in the range of 3 to 9GHz, and the S-Parameters of DUT were measured, while the background 

measurement was performed first at a DC applied magnetic field of 1.9mT. Background subtraction 

and normalization were applied to the data, as post-processing analysis, to calculate the absorption 

spectra that are shown displaced in figure 21. 

 

       The fact that as the flux density of the applied DC bias field was increased, the absorption signal 

was observed in higher microwave frequencies, was enough to believe that the configuration of the 

VNA FMR was working as desired. The calculated data were fitted as Lorentzian curves, to determine 

the resonance frequencies and the FWHM of the curve for every value of the flux density of the applied 

DC bias field, to proceed with their further data analysis, which is discussed in detail in the next chapter.  

       Although every possible measurement setting of the simple configuration in frequency sweep and 

data processing for this technique has been tried and studied, and the signal-to-noise ratio is highly 

reduced, trace noise is still significant at the absorption spectra, which led to the trial of the simple VNA 

FMR method in magnetic field sweep mode. 

Figure 21: Absorption Spectrums obtained with the simple VNA FMR 

method in Frequency Sweep Mode 



 

 

3.5.3.2    Simple Measurements in Magnetic Field Sweep Mode 

 

       Due to the necessity for further reduction of the trace noise and improvement of the signal to noise 

ratio, the same configuration was used for the study of the simple technique, operating in magnetic field 

sweep mode. For this part of the research, the VNA stayed uncalibrated and tuned to the high-power 

Continuous Wave mode, with the produced and measured microwave field at a constant frequency, to 

measure the scattering parameters in logarithmic magnitude as a function of time.  

       For ten different constant frequencies of the continuous microwave field in the range of 3.2 to 

3.6GHz, the flux density of the DC applied magnetic field was swept in the range of 7.85 to 22.25mT 

and the S-parameters of the DUT were measured. The time of measurement was affected by the choice 

of the IFBW and the number of averages and points, which were selected to 300kHz, 1000 per-point, 

and 2001 respectively. To calculate the absorption spectra that are shown displaced in figure 22, 

subtraction of the linearly fitted shift of data on time and mean calculation was applied to the data, with 

those of the first and last tenth of each simple CW measurement not being considered. The resonance 

flux densities of the applied DC bias field and the FWHM for each constant frequency of the microwave 

field were determined by model fitting the obtained absorption spectra as Lorentzian curves. The further 

data analysis, that was applied to the fitting results is discussed in detail in the next chapter. 

 

 

 

       As expected, setting the constant microwave frequency at even higher values, the absorption signal 

is also observed at higher flux densities of the applied DC bias field. As applied to the measured data 

of the previous methodology, also in this case the calculated data were fitted as Lorentzian curves, with 

Figure 22: Absorption Spectrums obtained with the simple VNA FMR 

method in Magnetic Field Sweep Mode 



 

 

the distant purpose to determine the resonance magnetic fields and the FWHM of the absorption signal 

of each continuous microwave frequency and finally, to proceed with additional data analysis, that can 

be found in chapter 4. 

       Although increasing of signal-to-noise ratio and reduction of trace noise, especially those caused 

by low-frequency components, were accomplished, it is a time-consuming measurement, even if the 

applied magnetic field is swept in a limited range. The duration of measurement in the case of a 

broadband range sweep of the DC bias field would immense, and this is the main reason for choosing 

not to use the specific technique of the specific to derive the magnetic dynamic properties of materials. 

As it is shown in the next chapter, even though the selected sweep range was confined and cannot be 

characterized as a broadband measurement, the magnetic properties that are derived are comparable to 

the expected. 

       Consequently, the implementation of the experimental setup to a VNA FMR configuration with 

differential detection was the next purpose of the study. 

 

 

3.5.3.3    Differential Measurements in Field-Modulation Operation Mode 

 

       In the VNA FMR spectroscopy technique with a differential detection, a small sinusoidal 

modulation field is applied in addition to the DC magnetic field of the electromagnets, and the 

deferential scattering parameters of the sample were measured by the VNA, with the CW frequency of 

the microwave field being swept in the range of 4.0 to 6.0 GHz and the DC component of the applied 

magnetic field being swept in the range of 25.2 to 37.8mT for each CW frequency sweep. The AC 

component of the magnetic field was set to a sine wavefunction with a peak-to-peak amplitude of 

approximately 0.5mT and a frequency of 10Hz, by communicating with the waveform generator. The 

rest measuring settings were kept the same as those used in the simple VNA FMR operating in magnetic 

field sweep, except for the smoothing of data that was set to 1%. As required post-processing of data in 

this method, background subtraction of 5% smoothed data and Fast Fourier Transform were performed 

on the measured data between the first and last tenth of each differential CW measurement, to calculate 

the differential amplitude of the scattering parameters of the sample and obtain the absorption 

spectrums, that are shown displaced in figure 23.  

       As expected, setting the constant flux density of the DC component of the applied magnetic field 

at even higher values, a derivative absorption signal was observed at higher CW frequencies of the 

microwave field. Analogous to the simple VNA FMR measurement methodologies, the calculated data 

were fitted as curves of the first derivative of the Lorentzian function, to calculate the resonance 

frequencies, as well the FWHMs, of the curve for each flux density of the applied constant-per-sweep 

magnetic field. In the next chapter, an extended analysis of the variables, derived from the fitted 

absorption signals, can be found. 



 

 

       For the aspect to study the frequency and field sweep modes simultaneously, the measurement was 

not performed in the possible broadband range it could be performed. Also, the measurement settings, 

that were selected, caused a significant noise in the absorption signal, while the study of the field sweep 

mode was not feasible. However, it is obvious that any trace noise in the spectra is eliminated and 

therefore, the goal of a differential VNA FMR measurement with the highest signal-to-noise ratio was 

established. Although the measurement is not as quick as that of the simple VNA FMR method in 

frequency sweep mode, the advantage of this measurement technique far outweighs the disadvantage, 

which can be easily solved with further implementation of the measurement configuration. 

 

 

3.5.3.4    Overview of Measuring Techniques 

 

       The comparison between the simple and differential VNA FMR techniques of the FMR 

spectroscopy, which operate in either frequency or field sweep mode, is presented in figures 24 and 25. 

The operation mode of the experimental configuration is selected by defining the appropriated values 

in the measurement code program, that was created for its control through the communication with the 

component devices. 

       Simple VNA FMR measurement in frequency sweep mode is broadband with the minimal 

measurement duration, while simple VNA FMR measurement in field sweep mode is time-consuming 

in a limited sweep range and therefore, not as broadband technique as desired. VNA FMR with 

differential detection, operating in either frequency or field sweep modes, can also be described as a 

time-consuming spectroscopy technique, with the difference in measurement duration between the 

Figure 23: Derivative Absorption Spectrums obtained with the Differential VNA FMR Method in the 

Field-Modulation Operation Mode 



 

 

sweep modes occurring in this case as well. Likewise, the differential VNA FMR measurement in 

frequency sweep mode is broadband in relatively short measurement time, compared to both simple and 

differential measurements in field sweep mode. 

 

 

        Simple VNA FMR in frequency sweep mode may be the fastest method, but it has the lowest 

signal-to-noise ratio and significant noise, mainly caused by low-frequency components, which are 

Figure 24: 3-D Graphs of Complete Simple and Differential VNA FMR Measurements 



 

 

absent in the spectrums of the other spectroscopy techniques. Simple VNA FMR in field sweep mode 

has improved signal-to-noise ratio but is not as improved like that of differential VNA FMR in either 

frequency or field sweep mode, as is noticeable in figures 24 and 25. 

 

 
 

       Therefore, VNA FMR with differential detection in frequency sweep mode is the measurement 

method with the highest signal-to-noise ratio and the ability to be broadband in a sufficiently short 

measurement time. Moreover, if a simple VNA FMR measurement in frequency sweep mode is 

performed first, and the sweep range is individually limited per each sweep by slightly modifying the 

measurement code program, that was particularly created as part of this study, before measuring any 

other technique, then the duration of measurement will highly be improved, while the broadband issue, 

especially remarked for the measurements in field sweep mode, will be eliminated. 

       Unfortunately, the appropriate measurement settings of the devices were not satisfactory 

researched, while a complete differential VNA FMR measurement in field sweep mode was not 

performed as craved for the purposes of this dissertation. However, figures 24 and 25 also present 

graphs of the complete differential measurement in frequency sweep modes regarding the field sweep 

mode. Due to few data points, no further data analysis functioned for this technique. 

Figure 25: 2-D Colourmaps of Complete Simple and Differential VNA FMR Measurements 



 

 

Chapter 4 

Magnetic Characterization of Permalloy Sample 
 

 

       This chapter focuses on the analysis procedures of the absorption signals obtained from the post-

processing data of measurements for each different operation of the experimental setup, to derive the 

resonance parameters and their Full Width Half Maximum (FWHM), after being fitted as the suitable 

curves and finally the magnetic characterization of the permalloy sample. 

 

 

4.1 Ferromagnetic Resonance Graphs 

 

As presented in the study of bone quality and composition of subsection 3.5.3, which focuses on 

the different VNA FMR measurement methodologies, the absorption signals obtained are observed to 

be highly shifted with the increasement of the constant independent variable. The calculated data were 

fitted as curves of the Lorentzian function for simple operation modes and as a function of its first 

derivative for the magnetic-field-modulation operation mode. The values of the resonance variable 

obtained from the fitted results of both S12 and S21 measured parameters, as well as their weighted 

mean, for each operation and sweep mode of the experimental setup, are scattered versus the ones of 

the independent variable set and kept constant for each sweep of the total measurement. The resonance 

graphs are shown in figure 26, which can be found at the end of the chapter. 

For all possible operation and sweep modes of the in-plane VNA FMR configuration, the 

dependence between the resonance variable gained from the fitted absorption signals and the 

independent variable that was set and kept constant for each sweep of the total measurement is decently 

described by the fitting curve of formula based on the model fit of Kittel’s Equation: 

 

f0
 =

|γ|

2π 
√(Β0 + μ0Hk)(Β0 + μ0Hk + μ0Μs)            (12)[18][19][24][26] 

 

in which, f0
  is the frequency of the microwave field, Β0 is the flux density of the applied magnetic field, 

μ0Hk is the anisotropy field, μ0Μs is the magnetization field and |γ| is the gyromagnetic ratio. 

       The obtained and calculated magnetic dynamic properties of the permalloy sample for each possible 

operation and sweep mode of the in-plane VNA FMR configuration can be found in table 2. For samples 

of a pure permalloy layer of thickness at 10nm, gyromagnetic ratio is expected at 1.76E+11 s-1 T-1 [19][21], 

g-factor at 2[22][24], and magnetization field in the range of 800 to 1100mT [18][21][24][26]. Therefore, the 

results of each method are as expected. 

 



 

 

Method 
Measured 

S-Parameter 

Gyromagnetic Ratio 

γ (s-1 T-1) 

g-factor 

g 

Magnetization Field 

μ0Μs (mT) 

Anisotropy Field 

μ0Hk (mT) 

Simple 

in Frequency 

Sweep Mode 

LogMagS12 1.742E+11 1.980 1029 0.000 

LogMagS21 1.713E+11 1.946 1065 0.000 

Weighted Mean 1.745E+11 1.983 1025 0.000 

Simple 

in Field 

Sweep Mode 

LogMagS12 1.754E+11 1.993 1101 -1.550 

LogMagS21 1.754E+11 1.993 1101 -1.550 

Weighted Mean 1.761E+11 2.001 1095 -1.582 

Differential 

in Frequency 

Sweep Mode 

LogMagS12 1.757E+11 1.996 1012 -0.003 

LogMagS21 1.712E+11 1.946 1037 0.735 

Weighted Mean 1.765E+11 2.006 1005 -0.078 

 

Table 2: Calculated Magnetic Dynamic Properties from Fitted Ferromagnetic Resonance Graphs 

 

 

4.2 Linewidth Graphs 

 

The linewidth, or else Full Width Half Maximum (FWHM), of the absorption signal can be obtained 

from the fitting results of the appropriate curve, as was previously discussed. The equations that describe 

the dependence of the linewidth trough on the frequency of the microwave field for the in-plane 

configuration, are the following: 

 

ΔΒ 
 =

4πα

|γ|
f0 + μ0ΔH0        (13)[18][19][20][27] 

 

Δf 
 = (

4πα

|γ|
f0 + μ0ΔH0)

df0

dB
 = (

4πα

|γ|
f0 + μ0ΔH0)

γ

2π
 √1 + (

|γ|μ0Ms

4πf0
)

2

         (14)[19][20] 

 

in which, ΔΒ and Δf are the FWHM obtained from field-swept and frequency-swept measurements 

respectively, f0
  is accordingly the constant-per-sweep and resonance microwave frequency of field-

swept and frequency-swept measurements, μ0ΔH0 is the variation of the anisotropy field, μ0Μs is the 

magnetization field, |γ| is the gyromagnetic ratio, and α is the Gilbert damping constant.  

       For measurements in frequency sweep mode, the overparametrized adjustment function for the 

model fit of equation 14 leads to a less accurate calculation of the damping factor. Hence, it is more 

convenient to fit the effective field-swept linewidth, which is expected to be a linear function of the 

resonance microwave frequency and is calculated by the following conventional relation:  



 

 

ΔBeff =
Δf

 
df0
dB

 
 

 

=
Δf

γ
2π √1 + (

|γ|μ0Ms
4πf0

)
2

 

 

=
4πα

|γ|
f0 + μ0ΔH0         (15)[19][20] 

 

       The obtained and calculated magnetic dynamic properties of the permalloy sample for each possible 

operation and sweep mode of the in-plane VNA FMR configuration can be found in table 3. For a pure 

permalloy layer of thickness at 10nm, the damping constant is expected between 0.006 and 

0.008[22][23][25]. Although the simple VNA FMR measurement in field sweep mode was not performed 

in a broadband range as that in frequency sweep mode, the damping factor and variation of anisotropy 

field are calculated approximately at the same value, with that of damping factor being slightly higher 

than the expected. Contrastingly, the estimation of damping constant by the differential VNA FMR 

measurement in frequency sweep mode is precise, even though it was not carried out in a wider range 

and measurement settings of the devices need further study.  

 
 

Method 
Measured 

S-Parameter 

Damping Constant 

α 

Variation of Anisotropy Field 

μ0ΔH0 (mT) 

Simple 

in Frequency 

Sweep Mode 

LogMagS12 0.00991 -0.48 

LogMagS21 0.00919 -0.29 

Weighted Mean 0.00979 -0.45 

Simple 

in Field 

Sweep Mode 

LogMagS12 0.00991 -0.39 

LogMagS21 0.01033 -0.50 

Weighted Mean 0.00996 -0.40 

Differential 

in Frequency 

Sweep Mode 

LogMagS12 0.00590 0.87 

LogMagS21 0.00560 0.94 

Weighted Mean 0.00613 0.77 
 

Table 3: Calculated Magnetic Dynamic Properties from Linewidth Graphs 

 



 

 

   

Figure 26: Ferromagnetic Resonance Graphs 

Differential VNA FMR Measurement 
In Frequency Sweep Mode 



 

 

  

Figure 27: Linewidth Graphs 

Differential VNA FMR Measurement 
In Frequency Sweep Mode 



 

 

Chapter 5 

Conclusions – Further Steps 

 

 

       Simple VNA FMR in Frequency Sweep Mode was configured to measure the FMR absorption 

signals as expected with the benefit to be broadband in minimal measurement time but had a low signal-

to-noise ratio with significant trace-noise caused by low-frequency components. Hence, Simple VNA 

FMR in Field Sweep Mode was then configured to measure the FMR absorption signals as expected 

with an improved signal-to-noise ratio and elimination of trace noise caused by low-frequency 

components but turned out to be a time-consuming method, resulting in the selection of a narrow sweep 

range and losing the possibility of becoming a broadband measurement technique. In consequence, 

VNA FMR with Differential Detection in both Frequency and Field Sweep Mode is configured to 

measure the expected derivative FMR absorption signals with the highest signal-to-noise ratio, and 

therefore, being able to perform a wide-range measurement with a satisfactory measurement duration. 

       Before using the device, it is recommended to slightly modify the measurement code program, so 

that to adjust the range-per-sweep measurement setting, after the performance of a simple VNA FMR 

measurement in frequency sweep mode, resulting in improved measurement duration on any other 

operation and sweep mode of the experimental configuration, and the performance of wider-range 

measurements. It is also important to include a programmable data logger that will be connected to the 

magnetometer and the laptop, to measure the flux density of the applied magnetic field of the 

electromagnets, acquiring the complete automation of the experimental configuration after the suitable 

code lines will be adjoined with the measurement code program. Additionally, it is suggested to perform 

measurements to determine the relaxation time of the sample and investigate for proper measurement 

settings of devices for measurements with differential detection. 

       The magnetic dynamic properties of the permalloy sample thickness of 10nm are calculated, with 

the results of each method being as expected, despite the limitations previously remarked. It is 

preferable to compare the calculated magnetic characteristics of the sample with those that can be 

obtained by performing Magneto-Optical Kerr Effect (MOKE) measurements on the same sample, to 

get a fuller picture of the effectiveness of each technique. A further step of the research is the fabrication 

and the magnetic characterization of multilayer samples.  

       Some further improvements in the experimental configuration are its development, to obtain the 

ability to perform spin pumping measurements under resonance conditions, and the addition of a 

cryostat, to study the temperature dependence of the magnetic dynamic properties of a sample or the 

performance of the spin pumping procedure, or even a laser, for further electron-spin and spin-wave 

propagation. 
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Appendix 

Photo Collection 

 

 

❖ Permalloy Sample 

 

 

 

 

❖ GCPW – Fixed Connectors – Soldering Procedure 

 

 



 

 

❖ GCPW – Removable Connectors – Not Mounted 

 

 

 

❖ GCPW – Removable Connectors – Mounted 

 



 

 

 

❖ Experimental Setup – How It Started – First Measurement 

 

 

 

 

 

❖ Experimental Setup – How It Evolved to Simple VNA FMR 

 

 

 



 

 

 

❖ Experimental Setup – How It Finally Developed to a VNA FMR with Differential Detection 

 

 



 

 

  



 

 

 


