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ABSTRACT 

This thesis is concerned with the advanced topics of thin film 

magnetoimpedance (MI) sensors. The author proposes and develops novel MI 

sensors that target on the challenges arising from emerging applications such 

as flexible electronics, passive wireless sensing, etc. In the study of flexible MI 

sensor, the investigated sensors of NiFe/Cu/NiFe tri-layers are fabricated on 

three flexible substrates having different surface roughness: Kapton, standard 

and premium photopaper. Sensitivity versus substrate roughness analysis is 

carried out for the selection of optimal substrate material. The high magnetic 

sensing performance is achieved by using Kapton substrate. Stress simulation, 

incorporated with the theory of magnetostriction effect, reveals the material 

composition of Ni/Fe being as a key factor of the stress dependent MI effect for 

the flexible MI sensors. In the development of MI-SAW device for passive 

wireless magnetic field sensing, NiFe/Cu/NiFe tri-layers and interdigital 

transducers (IDT) are designed and fabricated on a single piece of LiNbO3 

substrate, providing a high degree of integration and the advantage of 

standard microfabrication. The double-electrode IDT has been utilized and 

proven to have an optimal sensing performance in comparison to the 

bi-directional IDT design. The optimized high frequency performance of the 

thin film MI sensor results in a MI-SAW passive wireless magnetic sensor with 

high magnetic sensitivity comparing to the MI microwire approach. Benefiting 
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from the high degree of integration of the MI thin film element, in the following 

study, two additional sensing elements are integrated to the SAW device to 

have a multifunctional passive wireless sensor with extended temperature and 

humidity sensing capabilities. Analytical models have been developed to 

eliminate the crossovers of different sensing signals through additional 

reference IDTs, resulting in a multifunctional passive wireless sensor with the 

capability of detecting all three measurands individually and simultaneously.  
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Chapter 1 Introduction 

1.1 Motivation 

Magnetic sensors have a large number of applications including geographic 

navigation, metal detection, drug delivery, data storage, to name a few, and 

are employed in different fields like automotive, biomedical or consumer 

electronics. For decades, the study of magnetic sensors have been focusing 

on conventional aspects such as sensor size, sensitivity, magnetic field range, 

power consumption etc., ending up with general purpose sensors targeting 

different magnetic field sensing applications. Nowadays however, for many 

new applications, traditional magnetic sensors are not suitable due to the lack 

of adaptability to unconventional work conditions such as curved or flexible 

surfaces (e.g. human skin), harsh environments, wireless sensing, 

multifunctional sensing, etc. New magnetic sensors with advanced features 

like flexible substrate, passive powering, wireless communication, 

multifunctional and high integretability are needed in addition to their magnetic 

field sensing capabilities. The objective of this work is to explore the potentials 

of one of the major magnetic sensing effects (magnetoimpedance effect) to 

focus on the specific and advanced magnetic field applications. 

1.1.1 Flexible Magnetic Sensor 

Since 1960s, when the first flexible solar cell array was fabricated by 
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assembling a 100 um thick silicon wafer cell on a plastic substrate (Crabb and 

Treble 1967), advancements in the thin film technology and material science 

have been driving the flexible electronics development aiming to revolutionize 

the silicon based semiconductor technology. In the past few years, flexible 

electronic systems have received substantial attention due to the exciting 

research progress in organic electronic devices including light-emitting diodes 

(Wang, Helander et al. 2011), display panels (Sugimoto, Ochi et al. 2004), 

transistors (Briseno, Mannsfeld et al. 2006), integrated circuitry (Xu, Zhang et 

al. 2014), solar cells (Pagliaro, Ciriminna et al. 2008),  sensors (Ng, Wong et 

al. 2008), actuators (Zhang, Li et al. 2002).  As a part of the effort, flexible 

magnetic sensors are of great interest for future consumer electronics such as 

wearable devices that measure the Earth’s magnetic fields for navigation or 

collect body’s biomagnetic data for health care applications.  

In addition to consumer electronics and health care applications, flexible 

magnetic sensors can also be employed in many industrial applications in the 

sectors such as energy, automotive and defense. Flexible sensors offer distinct 

advantages over the traditional sensors such as flexible handling capability, 

reduced assembly cost, etc. The value that is brought by the flexibility of the 

sensor which no conventional sensors with rigid substrate can provide could 

be enormous. It greatly extends the scope of the implementation and may 

even add intelligence to industrial processes, packaging, etc., creating 

additional values by offering improved features that no conventional sensors 
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can (Pang, Lee et al. 2013).  

1.1.2 Passive Wireless Magnetic Sensor 

In recent years, wireless sensors have received a growing attention due to the 

large demand for small-sized, low-power-consumption, wireless sensors to 

collect various data from heart monitoring implants to wearable wristbands, 

from field operation devices that assist fire-fighters in search and rescue to 

smart road studs that monitor traffic and manage parking lots. These wireless 

applications are constantly driving the wireless sensor technology to access a 

wider scope of measurable parameters. This is specifically relevant for 

magnetic field sensors, since many measurands are indirectly detected via 

magnetic fields.  

Wireless sensors can be either active or passive, depending on whether the 

sensor is powered on-board or off-board. An active wireless sensor refers to a 

battery-operated sensor with a wireless communication module. Depending on 

the application, different wireless communication technologies are utilized 

such as IEEE 802.11, Zigbee, Bluetooth, etc. Recently, Bluetooth 4.0 

(Bluetooth Low Energy) has become popular due to the low energy 

consumption compared to Bluetooth 3.0. It boosts the battery life of an active 

wireless sensor node up to a year. A modularized solution makes the active 

wireless sensor compatible to any measurands. The downside, however, is the 

finite battery life and the required maintenance for battery replacement. 
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(Knaian 2000) 

Passive wireless sensors (PWS), on the other hand, do not have battery life 

issue; thus, are highly favorable for sensor network, harsh environment and 

long-term monitoring applications (Ruiz-Garcia, Lunadei et al. 2009, 

Sudevalayam and Kulkarni 2011).   PWS can be categorized in two major 

types. Chip-based PWS, namely sensors that are integrated with radio 

frequency (RF) energy harvesters and wireless transmission modules (Le, 

Mayaram et al. 2008, Nishimoto, Kawahara et al. 2010). In this case, electrical 

energy is converted and stored from RF or ambient energy to power the 

sensing and transmission electronics, which are usually based on functionality 

and read range technologies. This gives the chip based PWS the flexibility to 

integrate with literally any type of sensors and multi-sensor capabilities. The 

drawbacks, however, are the limitations for real-time interrogation in the 

far-field region, due to the considerable power consumption of the integrated 

circuit. The other type of PWS is chipless, where wireless signals are received 

and reflected by an antenna that modifies its reflectivity via direct coupling with 

the measurands. Chipless PWS, do not require a threshold energy to power 

the transistors for logic operations, making them simple and, in most cases, 

more energy efficient.  

Compared to traditional magnetic sensors, passive wireless magnetic sensors 

have great advantages such as extended accessibility of the measurement, 
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reduced cost and system complexity, no need for batteries and they are 

maintenance-free. These features make them perfect for large-scale sensor 

network applications  

Car detection by intelligent transportation systems has been one of the recent 

applications for wireless magnetic sensors. The car detection is enabled by the 

fact that any ferrous object causes a distortion of the Earth’s magnetic field 

(Fig. 1-1 (a)). Based on the detection of the magnetic field distortion caused by 

a car, magnetic sensors are explored for traffic monitoring, vehicle count and 

occupancy, speed monitoring as well as vehicle classification. Compared to 

traditional techniques such as ultrasonic, infrared and optical sensing, 

magnetic field solutions are less environmental dependent, showing their 

advantages in darkness, snow, rain or foggy weather conditions.  

Some early work has been done using an active wireless sensor node by 

integrating a wireless communication module with Anisotropic 

Magnetoresistive (AMR) sensors (Fig. 1-1 (b)) (Caruso and Withanawasam 

1999) or MI (Magnetoimpedance) sensors (Nishibe, Yamadera et al. 2000). A 

similar system has been commercialized by Streetline for collecting parking 

information. As the Earth magnetic field change caused by a passing vehicle is 

in the range of 0.1 – 0.2 Oe, the sensitivity requirement for the magnetic 

sensor in such case is less crucial than the energy consumption. Low-power 

components and optimized communication protocols have to be implemented 
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in order to extend the battery life. A passive wireless magnetic sensor, on the 

other hand, does not have such issues as it requires neither the on-site battery 

nor regular maintenance. In addition to that, a highly integrated PWS can 

simplify the sensing and communication components of a regular wireless 

sensor module into a single chip. This can greatly reduce the size, complexity 

and the cost of the sensor.  

  

Fig. 1-1 (a) Ferrous object disturbance in Earth‘s magnetic field (Caruso and 

Withanawasam 1999) (b) Picture of a regular wireless magnetic sensing module (Knaian 

2000) (c) Picture of (c1) transmission line grid nodes and (c2) current sensor(Phillips, 

Bose et al. 2010).  
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Current sensing in the context of smart grid technology is another promising 

application for wireless magnetic sensors. A smart gird is an electrical grid that 

utilizes the information and communication technology to monitor and optimize 

the efficiency, reliability and sustainability of the electricity production and 

distribution. Due to the enormous amounts of energy that can be saved even 

by slight improvements, smart grids have become an important topic in global 

energy development. In a smart grid system, real-time current and voltage 

monitoring at the grid nodes is essential as they provide key information for the 

real-time current organization and scheduling strategy. Magnetic sensors have 

been wildly used for current-sensing applications on transmission lines. Fig. 

1-1(c) shows transmission line sensor nodes and a typical current sensor, 

which includes a ferromagnetic semi-closed loop and a magnetic sensor 

placed inside the air gap. The magnetic field generated by the current of the 

transmission line is concentrated in the air gap and detected by the magnetic 

sensors such as Hall sensor, inductive coil (wind on the ferromagnetic loop) or 

GMR (Giant Magnetoresistance) sensor. Recently, MI sensors have also been 

proposed for this application (Uchiyama, Mohri et al. 2000), due to their high 

sensitivity and capability of detecting dc fields compared to inductive coils.  

Safety concerns are a critical issue for wired current sensors on high-voltage 

transmission lines. Wireless sensing solutions, on the other hand, avoid the 

wiring and have a great advantage in case of overhead transmission lines. So 

far, only active wireless solutions such as battery-based or solar 
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panel-equipped magnetic sensing modules can be found on the market, a 

passive wireless magnetic sensor could solve the same problem without 

worrying about power issues. It would be extremely small and simply 

structured and could withstand harsh environmental conditions such as 

extreme temperature and humidity. At one grid node, multiple sensors could be 

installed on different transmission lines and interrogated by one reader. 

In addition to the car detection and current line monitoring, passive wireless 

magnetic sensors could be of interest for nondestructive evaluation and 

monitoring of ferromagnetic constructions such as pipelines and 

reinforcements in buildings and bridges, etc. The change in the magnetization 

caused by stress or corrosion can be detected to avoid material failure. The 

passive and wireless features not only provide an extremely long lifetime for 

the sensor, but also extend the accessibility of measurands such as buried 

pipelines or rotating parts. 

By introducing a localized magnetic field through magnets or magnetic 

encoders, many more passive and wireless sensing applications could be 

explored such as displacement, strain, and angular sensors. Several ideas 

have already been proposed including security sensors on the sliding doors 

(Kadota, Ito et al. 2011), tire wear sensors (Steindi, Hausleitner et al. 2000) 

and batteryless mouse applications (Hausleitner, Steindl et al. 2001). 

1.2 Background 
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1.2.1 Magnetoimpedance Sensors 

The MI (Magnetoimpedance) effect, also called GMI (Giant 

magnetoimpedance) effect is the large impedance change of an ac-powered 

conductive magnetic material resulting from a change in the external magnetic 

field. It was firstly observed in Co-based amorphous wires by Panina and 

Mohri in 1994 (Panina, Mohri et al. 1994) and has since attracted strong 

interest due to its sensitivity enabling magnetic field measurements with up to 

pT resolution (Uchiyama, Mohri et al. 2012). 

The MI effect is mainly caused by the variation of the skin depth due to the 

strong changes in the permeability. The skin depth δ can be expressed as, 

𝛿 = √2𝜌𝜔𝜇 ,        (1.1) 

where ρ is the resistivity, ω is the angular frequency and μ is the permeability 

of the magnetic material.  

Considering an ac current applied on an amorphous magnetic wire with a 

circumferential anisotropy, as shown in Fig. 1-2, an external magnetic field Hext 

applied in the longitudinal direction changes its anisotropy through domain wall 

movement and magnetization rotation (with a rotated angle ø as shown in Fig. 

1-2). This results in a change in μ, which in turn causes a change in δ, yielding 

a change in the impedance of the wire. The skin effect only becomes effective 

when δ is close to the thickness of the conductor, which, in this case, is the 



Chapter 1 

28 

radius of the wire. 

   

Fig. 1-2 (a) A simplified domain model for an amorphous wire (b) Current distribution in the 

cross section of the amorphous wire with an indication of the skin depth δ.  

Early work on MI micro wires has focused on improving the material properties 

in order to obtain a large permeability and well defined circumferential 

anisotropy. Different amorphous and ferromagnetic materials were used to 

fabricate MI wires (Phan and Peng 2008), and various fabrication methods 

were developed such as melt spinning, in-rotating water spinning, 

glass-coated melt spinning etc. (Ohnaka, Fukusako et al. 1981, Squire, 

Atkinson et al. 1994, Vázquez and Adenot-Engelvin 2009). Glass-coated 

micro-wires present outstanding properties in terms of the magnetic anisotropy 

distribution, which is reinforced by the strong mechanical stress induced by the 

coating. (CoxFe1-x)72.5Si12.5B15 is one of the most widely used material. By 

adjusting x from 0 to 1, the magnetostriction of the material changes from 

positive at high Fe content to negative at high Co content. Negative 

magnetostrictive compositions in combination with the compressive, radial 

stress induced by quenching and the glass coating provide the best results, 

Magnetic anisotropy direction Hext 

ø 

δ 
AC current 

(a) 

(b) 
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since it supports a strong circumferential anisotropy. Wire-type MI sensors 

provide the best performance in terms of the MI ratio with values as high as 

615% achieved with optimized glass coated micro wires (Zhukova, Chizhik et 

al. 2002). 

A large MI effect is also found in multilayer magnetic thin films, which are 

attractive due to the advantages arising from the fabrication in terms of the 

flexibility in design and integration. It can be fabricated by depositing soft 

magnetic layers with tailored anisotropies by standard thin film fabrication 

techniques. In general, an MI sensor with high sensitivity consists of a stack of 

magnetic and conducting layers (Fig. 1-3). A 3-layer structure is a typical 

geometry, which is composed of one conducting layer sandwiched by two 

magnetic layers. The conducting layer ensures a high conductivity and, in 

combination with the highly permeable magnetic layers, a large skin effect is 

obtained. An alternating current IAC mainly flowing through the conductor 

generates a transverse flux Bt, which magnetizes the magnetic layers. Similar 

to MI wire sensors, upon the application of an external field Hext in longitudinal 

direction, the magnetic layer is magnetized in longitudinal direction, causing a 

change in the transversal permeability, which is reflected by an impedance 

change.  
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Fig. 1-3 (a) Magnetization curves obtained by vibrating sample magnetometry of a 

magnetic thin film (100 nm of Ni80Fe20) in transversal and longitudinal directions. (b) 

Domain pattern of the magnetic layer. (c) Schematic of a typical multi-layer MI structure. 

The arrows in the ferromagnetic material indicate the magnetization of individual domains 

(simplified). Upon application of an external magnetic field Hext, the magnetization rotates 

into the direction of Hext (dotted arrows). 

Magnetic layers with high magnetic permeability, well defined magnetic 

anisotropy and small coercivity are the prerequisite conditions for obtaining a 

strong MI effect (Phan and Peng 2008). In the past decade, materials such as 

permalloy (Ni80Fe20) (Fernandez, Kurlyandskaya et al. 2012, Svalov, 

Fernandez et al. 2012) or Co/Fe-based amorphous materials (CoSiB, 

FeCoSiB, FeCuNbSiB) (Amalou and Gijs 2002, Yabukami, Mawatari et al. 

2005) have been employed for thin film MI sensors (Tab. 1-1). Permalloy has a 

 Bt 
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low magnetostriction constant, which benefits the control of the magnetic 

anisotropy during the fabrication and increases the reliability under 

mechanically stressed conditions. The geometry of MI sensors also has a 

great impact on the performance. Previous studies show that a 3-layer 

structure with a highly conductive layer (e.g.: Cu, Ag) sandwiched by magnetic 

layers can significantly enhance the MI effect by concentrating the current 

inside of the conducting layer. Recently, multilayer (permalloy/spacer)n 

geometries have been studied for improving the performance of the magnetic 

layers and avoiding the formation of the transcritical state in permalloy layers 

thicker than 100 nm (Svalov, Fernandez et al. 2012). This is of particular 

interest for obtaining highly sensitive MI sensors that work at low frequencies, 

as the skin depth is inversely proportional to the operating frequency.  

Tab. 1-1 Recent results on thin film MI sensors 

Year Material Frequency 
MI Ratio 

(%) 
Sensitivity 

(%/Oe) 
Reference 

1999 
FeNiCrSiB/Cu/FeNi

CrSiB 
13 MHz 77 2.8 (Xiao, Liu et al. 1999) 

2000 
FeSiBCuNb/Cu/FeSi

BCuNb 
13 MHz 80 2.8 (Xiao, Liu et al. 2000) 

2004 Ni81Fe19/Au/Ni81Fe19 300 MHz 150 30 
(De Cos, Panina et al. 

2005) 

2004 (Ni81Fe19/Ag)n 1.8 GHz 250 9.3 
(De Andrade, Da Silva et 

al. 2004) 

2005 
FeCuNbSiB/SiO2/Cu

/SiO2/FeCuNbSiB 
5.45 MHz 33 1.5 (Li, Yuan et al. 2005) 

2011 NiFe/Ag/NiFe 1.8 GHz 55 1.2 (Corrêa, Bohn et al. 2011) 

2011 NiFe/Cu/NiFe 20 MHz 166 8.3 (Zhou, Zhou et al. 2011) 

2014 NiFe/Cu/NiFe 1.1 GHz 90 9.2 
(Li, Kavaldzhiev et al. 

2014) 
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So far, a lot of research has been put into optimizing MI sensors with respect to 

material combinations and geometry. In this work, new pathways for MI sensor 

applications are explored, exploiting the MI sensors’ high operating frequency 

and simple as well as robust structure to realize wireless sensors and devices 

for flexible applications. 

1.2.2 Flexible Magnetic Sensors 

Flexible electronics is recently drawing a lot of attention due to its potential 

impact in many applications like wearable devices. For the sake of reliability, 

components in a flexible electronic system need to withstand different 

deflection and stretching conditions yet maintain a consistent performance 

over a large number of deformation cycles. Organic materials such as Kapton 

or Polydimethylsiloxane (PDMS) have been exploited as substrates for flexible 

electronic devices before, showing good dielectric and elastic properties (Li, 

Sauser et al. 2005, Mannsfeld, Tee et al. 2010). 

In terms of flexible magneto-electronic devices, stretchable GMR sensors 

fabricated on PDMS have recently been shown to have a stretchability of 4% 

and a GMR ratio of 50% (Melzer, Makarov et al. 2011) (Fig. 1-4). An improved 

strechability of 29% is achieved with spin valves fabricated on membranes with 

periodic fracture and random wrinkling. They exhibit a GMR ratio of 8% and a 

sensitivity of 0.8%/Oe (Melzer, Lin et al. 2012). In another approach, a MI ratio 

of 110% and a sensitivity of 22%/Oe are found for multilayer MI sensors 
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fabricated on a copolymer substrate and operated at 150 MHz (Fernandez, 

Kurlyandskaya et al. 2012). Due to their simple structure, MI sensors are very 

robust and versatile and the high magnetic sensitivity and adaptability to 

flexible substrates make them a good candidate for flexible magnetic sensing 

applications. As an additional feature, the MI sensor could be utilized in a 

wireless fashion, e.g. through integration with surface acoustic wave devices 

(Jin, Zhou et al. 2013) on flexible substrates to make passive and wireless 

magnetic sensors. For wireless applications, magnetic sensors working in the 

high frequency region (GHz) are favorable as the device and antenna size are 

inversely proportional to the operating frequency.  For flexible MI sensors, a 

reliable magnetic sensing performance under different deflection conditions is 

crucial. The output of flexible MI sensors depends on multiple parameters such 

as applied magnetic field, operating frequency, degree of flexibility, etc. The 

permeability of the sensor can be coupled with both magnetic field and stress 

through magnetization and magnetostriction. A systematic study needs to be 

conducted to understand the relationship between these parameters and 

constrains under different conditions, and it will be carried out in this work. 

 

Fig. 1-4. Stretchable GMR sensor  (Melzer, Makarov et al. 2011) 
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1.2.3 Passive Wireless Sensors 

PWS work without active powering and cable connection, which in many cases 

also means they are maintenance free. This concept is very attractive as it 

defines the highest level of self-sustained sensors, which benefits a large 

number of hash environment and sensor networks applications. For PWS, the 

RF signal used for interrogation is the only power source of the sensor. In 

order to couple the measurands with the RF signal, various approaches have 

been implemented. Yi et. al (Yi, Cho et al. 2012) developed a PWS, that can 

detect the resonant frequency change of a patch antenna, when experiencing 

mechanical strain. Thomson et al. (Thomson, Card et al. 2009) developed a 

PWS, which measures the temperature and strain based on resonant 

frequency changes of the loaded cavity. Although these sensors showed 

exceptionally long read ranges of up to 8 meters, due to the low loss of the 

antenna/resonator, the simple structure limits their application to only a few 

types of measurands without multi-sensor capability. In another approach, the 

permeability change in a bending sensitive material has been utilized to detect 

position, fluid flow or physiological parameters (Kosel, Mehnen et al. 2004, 

Kosel, Pfützner et al. 2005, Traxler, Kosel et al. 2008). These sensors were 

able to detect several parameters at a time but the detection range was limited 

to a few centimeters. 

SAW-Based Passive Wireless Sensors 
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PWS that utilize surface acoustic waves (SAW) (Pohl 2000, Reindl, Pohl et al. 

2001) provide a balance between sensors’ functionality and read range. 

Instead of coupling the RF signal directly with the measurands through the 

antenna and resonator, RF energy is first converted to surface acoustic waves, 

through the piezoelectric effect, and then coupled with the measurands. SAW 

devices have been extensively studied for sensors to measure a variety of 

physical or chemical parameters including temperature, stress, torque, 

pressure, humidity, magnetic field, chemical vapor, etc., (Tab. 1-2) showing 

the flexibility they provide in terms of measurement parameters. In addition, 

SAW sensors can be coded via the design of the interdigital transducers (IDT) 

enabling multi-sensor access within one interrogation area. As a chipless 

PWS, typical SAW sensors have an insertion loss of 20 dB (Pohl 2000), which 

is larger than the app. 10 dB of low loss antenna/resonator designs (Thomson, 

Card et al. 2009), due to the electro-mechanical conversion. This results in a 

shorter read range of around 5 m (Malocha, Gallagher et al. 2013), which is 

still significantly larger than near field inductively coupled chip-based PWS with 

real-time interrogation. These advantages make SAW-based PWS suitable for 

measurements at poorly accessible locations such as closed chambers, 

rotating motor shafts, etc. (Binder and Fachberger 2011, Lim, Wang et al. 

2011, Binder, Bruckner et al. 2013) 

A basic SAW device consists of an input IDT and an output (or reflector) IDT, 

which are fabricated on a piezoelectric substrate. The area between the input 



Chapter 1 

36 

IDT and output IDT is called the delay line. The IDT is made of two metallic, 

comb-like structures arranged in an interdigital fashion, in which the distance 

between two fingers of a comb defines the periodicity (p) (Fig. 1-5). Upon 

application of a voltage, charges accumulate at the fingers of the IDT 

depending on the capacitance of the structure. The resulting electric field 

generates stress in the substrate, due to the piezoelectric effect. If an ac input 

voltage is applied, the continuously changing polarity of the charges will excite 

an SAW (Rayleigh wave) traveling through the substrate. At the operating 

(resonant) frequency of the SAW device, the value of p equals the wavelength 

of the SAW, and the SAW amplitude shows a maximum value, due to 

constructive superposition (Weigel, Morgan et al. 2002). When the input IDT is 

connected to an antenna and fed with high frequency electrical signals, the 

SAW device works as a wireless transponder that can be further upgraded to a 

SAW-based PWS. 

 

Fig. 1-5. Schematic of a SAW transponder. 
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SAW-based PWS typically operate as resonators, delay lines or loaded 

transponders. In case of resonators, the reflection of the interrogation signal 

from the SAW device is a function of the SAW device’s resonant frequency, 

which depends on the measurand. In case of delay lines, the request signal is 

separated from the response signal by a time difference, whereby this time 

difference depends on the measurand. Similarly, the request signal and 

response signal are separated by a time difference in case of a loaded 

transponder. However, the time difference is constant and the measurand 

affects the signal amplitude. Intrinsic SAW sensors utilize change in the 

substrate’s intrinsic properties. For example, intrinsic temperature sensors 

were realized by detecting the resonant frequency or phase change of the 

SAW in materials with a large Temperature Coefficient of Delay (TCD) (Viens 

and Cheeke 1990). Intrinsic stress sensors utilize the length change of the 

delay line caused by mechanical strain applied to the substrate. The stress can 

be evaluated by measuring the SAW phase shift (Wang, Lee et al. 2007). 

Extrinsic SAW sensors can be realized by integrating a SAW device and an 

additional sensing element. A common extrinsic sensor concept utilizes 

selective thin films on top of the delay line leading to a change in mass by the 

measurand (Ganguly, Davis et al. 1975, Schimetta, Dollinger et al. 2001). This 

can be, for example, a thin film with high CO2 solubility and selectivity (Lim, 

Wang et al. 2011). As CO2 dissolves into the film, the additional mass load 

causes a detectable phase shift in the SAW. Another extrinsic concept utilizes 
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a sensitive IDT. For example, in case of a magnetostrictive IDT, a magnetic 

field applied to the sensor causes a change in the resonant frequency (Kadota, 

Ito et al. 2011). A loaded transponder is another extrinsic design, where the 

output IDT is connected to a sensor, which changes the IDT’s electrical 

characteristics as a function of the measurand. An example for a load sensor is 

a pair of conducting rods placed in the earth with a certain distance from each 

other. As the water level changes, the resistance between the rods changes, 

which can be detected as a magnitude and phase change of the signal 

reflected from the load IDT (Reindl, Ruppel et al. 2001). Another example for a 

load is a MI sensor (Hauser, Steindl et al. 2000). A change in the magnetic field 

yields a change in the sensor’s impedance. Consequently, the sensor changes 

the output IDT’s reflectivity. Some SAW sensors, their classification and 

method of detection are presented in Tab. 1-2.  
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Tab.1-2 SAW-based passive sensors. 

Torque 

Sound 

M
agnetic 

Bio/C
hem

 

Pressure 

Tem
perature 

Sensor Type 

Yes 

N
o 

N
o 

N
o/Y

es 

Yes 

Yes 

C
om

m
erci

alization 

1996 

2005 

2006/
2011 

2011 

1975 

2001 

2011 

2006 

2007 

2001 

2003 

1990 

Year 

Intrinsic 

Extrinsic 

Extrinsic 

Extrinsic 

Extrinsic 

Extrinsic 

Extrinsic 

Extrinsic 

Intrinsic 

Extrinsic 

Intrinsic 

Intrinsic 

Intrinsic/ 
Extrinsic 

D
elay line 

Loaded 
Transponder 

Loaded 
Transponder 

R
esonator 

D
elay line 

Loaded 
Transponder 

D
elay line 

R
esonator 

D
elay line 

Loaded 
Transponder 

D
elay line 

R
esonator 

D
esign 

Phase 

Phase 

Am
plitude 

Frequency 

Phase 

Am
plitude/P

hase 

Phase 

Frequency 

Phase 

Phase 

Phase  velocity 

Frequency 

D
etection M

ethod 

N
one 

C
apacitive 

pressure sensor 

M
I w

ire/ thin film
 

M
agnetostrictive 

ID
Ts 

Thin film
 

C
onducting rods 

Thin film
 

Thin film
 

N
one 

C
apacitive 

pressure sensor 

N
one 

N
one 

Access 

(W
olff, Schm

idt et al. 1996) 

(Sezen, Sivaram
akrishnan 

et al. 2005) 

(H
auser, Steindl et al. 

2000, Li, M
orsy et al. 2012) 

(Kadota, Ito et al. 2011) 

(G
anguly, D

avis et al. 
1975) 

(Knobel, Vázquez et al. 
2003) 

(Lim
, W

ang et al. 2011) 

(W
u 2006) 

(W
ang, Lee et al. 2007) 

(Schim
etta, D

ollinger et al. 
2001) 

(W
ang, H

arada et al. 2003) 

(Viens and C
heeke 1990) 

R
eference 

 

 



Chapter 1 

40 

SAW-Based Passive Wireless Magnetic Sensors 

For SAW-based magnetic sensors, early work has been focused on SAW delay 

line type magnetic sensors. Ganguly et al (Ganguly, Davis et al. 1975) 

proposed a magnetically tuned surface acoustic wave phase shifter. A thin film 

of magnetostrictive material was fabricated on the delay line of a SAW device. 

A phase shift was observed due to the dependence of the wave propagation 

velocity on the external magnetic field. Similar work has been carried out later 

by other research groups (Hanna 1987, Koeninger, Matsumura et al. 1994). 

Recently, a new design of a SAW resonator based magnetic sensor was 

published (Kadota, Ito et al. 2011). A magnetostrictive material was used to 

fabricate the IDT of the SAW device. The resonant frequency of the device 

changes with an external magnetic field.  

A SAW device in which the transponder was loaded with a magnetic sensor 

was put forth by Hauser’s group (Hauser, Steindl et al. 2000), combining a SAW 

transducer with an MI micro wire sensor. An MI sensor is powered by an ac 

current and the impedance changes upon changes of a magnetic field. This 

makes it a suitable load for a SAW transponder and its impedance change can 

be converted to the magnitude and phase change of the reflected acoustic 

waves. However, MI micro wire sensors are fabricated through melt spinning, 

which is difficult to integrate with SAW devices fabricated efficiently with thin 

film technology. Additional work was required to connect the SAW transponder 
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and MI load, which greatly undermines the integrity of the sensor. In addition, 

according to previously published papers, MI micro wires have an optimum 

working frequency of a few tens of MHz (Phan and Peng 2008). In combination 

with SAW transponders, this low frequency range greatly limits the 

practicability, since the antenna size (e.g. quarter wave length antenna) will be 

in the meter range.  

Multilayer thin film MI elements, on the other hand, operate up to some GHz. 

Moreover, exploiting standard thin film technology ensures low fabrication 

costs and simple integration with other devices.  

1.3 Research Contribution 

This work is a sensor research aiming to explore MI sensors with advanced 

functionalities such as flexibility, passive and wireless operation and integrated 

multi-sensing capability.  The contributions of the thesis include the following, 

x A systematic study is conducted on thin film flexible MI sensors 

including for the first time the characterization of different bending 

conditions. The sensor fabricated on Kapton substrate shows a 

competitive magnetic performance to previous result on flexible MI 

sensor.  

x A new type of passive wireless magnetic sensor is developed by 

integrating SAW and thin film MI sensor on the same piezoelectric 
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substrate. Different designs of IDTs are proposed and tested to optimize 

the performance of the sensor.  The results show a much higher 

magnetic sensitivity than other types of passive wireless magnetic 

sensor. 

x A new multifunctional passive wireless sensor with integrated magnetic 

field, temperature and humidity sensing components is development on 

a single substrate using SAW technology. Theoretical models are 

developed to reduce the influence of crosstalk between different 

sensing components as well as the influence of the read range. The 

sensor is fully characterized with complex conditions. A current line 

measurement is conducted showing the sensor’s capability of 

measuring the current level and temperature simultaneously in a 

wireless and passive fashion. 
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Chapter 2 Finite Element Study of MI Sensors 

2.1 Objective  

Analytical solutions for the impedance of thin film magnetoimpedance (MI) 

sensors can only be found for rather simple structures. In order to calculate the 

impedance of more complicated geometries, for example, a sandwich 

structure with isolation layers between the conductor and the magnetic layers 

(Corrêa, Bohn et al. 2011), a meander structure multilayer (Zhou, Zhou et al. 

2008) or to take into account edge effects, the finite element method (FEM) 

provides a viable solution (García-Arribas, Barandiarán et al. 2008). 

In this chapter, the FEM is applied in combination with previously developed 

permeability models (Dong and Chen 2002) for the MI effect in order to study 

the performance of MI thin film structures. Analytical and numerical solutions 

are compared on the samples with different geometries. 3-D models for 

single-layer, 3-layer and 5-layer structures are simulated and the 

dependencies of the MI effect and the sensitivity on the geometrical 

parameters as well as the frequency are calculated.  

2.2 Theoretical Background 

The MI effect can be explained by classical electromagnetism. The impedance 

Z of a uniform magnetic conductor with the length L and the cross section q 

(Fig. 2-3) is given by(Kraus 1999), 
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𝑍 = 𝑈𝐴𝐶
𝐼𝐴𝐶

= 𝐿𝐸𝑧(𝑠)
𝑎〈𝑗𝑧〉𝑎

= 𝑅𝑑𝑐
𝑗𝑧(𝑠)
〈𝑗𝑧〉𝑎

,      (2.1) 

where UAC is the amplitude of the applied AC voltage and IAC is the amplitude 

of the AC current that passes through the conductor. L is the length, s is the 

surface of the conductor, Ez(s) and jz(s) are the electric field and current 

density at the surface of the conductor, 〈 〉a refers to the average value over 

the cross section a. RDC is the DC resistance. 

 

Fig. 2-3 A uniform magnetic conductor and the relevant parameters to define the MI effect.  

The AC current through the MI sensor generates an AC magnetic field, which 

together with an applied external magnetic field (Hext), causes domain wall 

motion and magnetization rotation in the magnetic conductor. Hence, jz greatly 

depends on the magnetic properties of the material, which are defined by 

intrinsic parameters, the Hext and the operating frequency. For modeling 

purposes, these dependencies require calculating the permeability 

characteristic of the composing magnetic material.  
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2.2.1 Permeability Calculation  

A typical thin film MI sensor with transverse anisotropy experiences a large 

impedance change when a DC magnetic field is applied in the direction of the 

AC current Fig. 2-1 (a). The AC current produces an AC magnetic field 

perpendicular to the DC field (Fig. 2-1 (a)). Consequently, the impedance of 

the device is related to the transverse permeability.  

Fig. 2-1 (b) shows the magnetization of the magnetic layer, consisting of 

multiple magnetic domains. Hani is the anisotropy field representing the easy 

axis of the magnetic structure, θ0 is the postulated small angle existing 

between the direction of the ideal transverse anisotropy (x-axis) and the real 

easy axis. Under an Hext, the magnetization (M) rotates towards the Hext, 

resulting in an angle θ between the M and the easy axis. It should be noted 

that the magnetic interactions between the top and bottom magnetic layers are 

not considered in this model.  

Fig. 2-1 (a) Magnetic fields applied to an MI sensor (b) Magnetization of the ferromagnetic 

layer with transverse uniaxial anisotropy.  
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According to the Landau–Lifshitz equation, the M precesses around the 

effective magnetic field when a small AC field in the x direction is imposed on 

the DC magnetic field. The transverse permeability of the system can be 

derived as a function of the Hext and the precession frequency (𝜔𝑝) such as 

(Dong and Chen 2002), 

𝜇𝑡 =
𝛾∙𝑀0(𝛾∙𝐻𝑒𝑓𝑓+𝑖𝛼𝜔𝑝)𝑠𝑖𝑛2(𝜃+𝜃0)

(𝛾∙𝐻𝑒𝑓𝑓+𝑖𝛼𝜔𝑝)2−𝜔𝑝2
+ 1,    (2.2) 

where M0 is equal to Ms where Ms is the saturation magnetization for bulk 

magnetic material. γ is the gyromagnetic ratio and α is the damping parameter. 

Heff is the equivalent magnetic field in the magnetization direction, which can 

be expressed as, 

𝐻𝑒𝑓𝑓 = 𝐻𝑒𝑥𝑡 sin(𝜗 + 𝜗0) + 𝐻𝑎𝑛𝑖cos (𝜗) ,  (2.3) 

where  𝜗 can be derived from the condition of the minimum free energy (E) 

theory by solving 𝑑𝐸
𝑑𝜗
= 0, in which 

𝐸 = 𝐸𝑒𝑥𝑡 + 𝐸𝑎𝑛𝑖 = −𝜇0𝐻𝑒𝑥𝑡𝑀0 sin(𝜗 + 𝜗0) + 𝑘𝑢𝑠𝑖𝑛2𝜗  (2.4) 

with 

𝑘𝑢 =
𝐻𝑎𝑛𝑖𝜇0𝑀0

2
  ,      (2.5) 

where Eext and Eani are Zeeman energy and anisotropy energy, respectively. μ0 

is the vacuum permeability and ku is the anisotropy coefficient. Fig. 2-2 shows 

the calculated real and imaginary part of the transverse permeability of an MI 
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sensor using Eq. (2.2) by implementing the parameters in Tab. 2-1.  

Tab. 2-1. Parameters for the calculation of the transverse permeability (Dong, Chen et al. 

2003) 

ω=2πf Ms γ α Hani 

f = 10 – 90 MHz 5.6×102 emu∙cm-3 2.57×103 Oe∙Hz 0.1 8.1 Oe 

 

  

Fig. 2-2. Real and imaginary part of the transverse permeability μt of the magnetic layer at 

frequencies from (a) 5 to 25 MHz and (b) 30 to 90 MHz as a function of the external 

magnetic field Hext.  
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The calculated results show that when the frequency is below 20 MHz (Fig. 2-2 

(a)), the real part of µt dominating the MI effect as it is much larger than the 

imaginary part. The peaks of the curves are located at Hext ≈ Hani. Both real and 

imaginary parts have positive values throughout the whole magnetic field 

range. When the frequency is above 20 MHz, the imaginary part of the µt 

becomes more relevant for the MI effect and, the real part of the µt starts with 

negative values before becoming positive. Both the real and imaginary shift 

toward higher magnetic fields as the frequency increases (Fig. 2-2 (b)).  

2.2.2 Impedance Calculation 

Theoretically, for MI systems, the current density jz in Eq. (2.1) is defined by 

Maxwell’s equations in conjunction with the Landau-Lifshitz equation.  

In the conducting material, by ignoring the displacement current (�̇� = 0), the 

reduced Maxwell’s equation can be written as (Kraus 2003), 

𝛻2𝐻 − 𝜇0
𝜌𝑓
�̇� = 𝜇0

𝜌𝑓
�̇� − 𝛻(𝛻 · 𝑀),     (2.6) 

where H is the internal magnetic field that includes the applied field and 

demagnetizing field, ρf is the free charge density. 

The Landau-Lifshitz equation is expressed as, 

�̇� = 𝛾𝑀 × 𝐻𝑒𝑓𝑓 −
𝛼
𝑀𝑠
𝑀 × �̇�,      (2.7) 

where Heff is the effective magnetic field defined in Eq. (2.3). 
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However, Eq. (2.6) and Eq. (2.7) are nonlinear partial differential equations, 

which cannot be solved analytically. In early works, a simple linear 

approximation of 𝐵 =  𝜇𝐻 was applied to derive jz (j= 𝛻 × 𝐻). By substituting jz 

into Eq. (2.5), impedance models for simple MI systems, such as cylindrical 

conductors and infinite planar films, have been developed (Panina, Mohri et al. 

1994, Hika, Panina et al. 1996, Machado and Rezende 1996).  

By using the FEM on the other hand, Eq. (2.6) and (2.7) can be solved 

numerically without the limitations of a linear approximation and geometrical 

simplification. Especially the flexibility with respect to the geometries is an 

advantage of the numerical approach. Complex 3-dimensional structures such 

as ferromagnetic/isolation/conducting multilayers, meander structured MI thin 

films, etc. can be built and analyzed in a case-by-case fashion. 

The analytical equations for the impedance (Z) of 3-layer thin film MI sensors 

including two ferromagnetic layers and one conducting layer, as shown in Fig. 

2-4, have been previously derived by Panina and Makhnovskiy (Panina, 

Makhnovskiy et al. 2001). Z can be written as, 

𝑍 = 𝑅𝑑𝑐(𝜉𝑥1 + 𝑥2) [
coth(𝑥1) coth(𝑥2)+𝜉
coth(𝑥1)+𝜉 coth(𝑥2)

]     (2.8) 

In Eq. 2.8 

𝑅𝑑𝑐 =  
𝑙

𝑡1𝑤𝜅1+2𝑡2𝑤𝜅2
  ,       (2.9) 
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𝜉 = √
𝜅1µ𝑡
𝜅2

 ,        (2.10) 

𝑥1 =
(𝑖−1)𝑡1
𝛿1

, 𝑥2 =
(𝑖−1)𝑡2
𝛿2

       (2.11) 

and 

𝛿1 = √
2

𝜅1𝜔µ0
, 𝛿2 = √

2
𝜅2𝜔µ0µ𝑡

  ,     (2.12) 

where RDC is the DC resistance, κ1, κ2 and t1, t2 are the conductivity and 

thickness for the metallic and magnetic layers respectively, w is the width and l 

is the length of the sensor. In the above derivation, l is assumed to be large, t « 

w and linear magnetization approximation are assumed as well for the 

simplification. 

 

Fig. 2-4. Schematic of the 3-layer MI model  

Fig. 2-5 shows the permeability and impedance characteristics of a 3-layer MI 

sensor using the analytical model introduced above. The parameters of the 
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sensor used in the calculation are provided in Table 2-2. The peak positions of 

the impedance curves shift toward higher magnetic field as the frequency 

increases. The result also shows that with the given geometry and material 

property, the sensor’s impedance is determined by the imaginary part of the µt. 

A greater MI effect is observed at higher frequencies, this is attributed to the 

enhanced skin effect at higher frequencies when the skin depth reduces and 

becomes relevant to the thickness of the conducting layer. Fig. 2-6 shows an 

example of the calculated skin depth versus the operating frequency, the 

permeability is assumed to be a constant value of 1000 throughout different 

frequencies. It is observed that for the MI sensor with 100 nm conducting layer, 

the optimum frequency considering the skin effect is above 400 MHz.  
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Fig. 2-5 (a) Permeability calculated from Eq. (2.2) based on the material properties listed 

in Tab. 2-1 at frequencies from 10 to 30 MHz. (b) Impedance calculated from Eq. (2.8) 

based on (a) and device parameters described in Tab. 2-2.  
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Tab. 2-2. Parameters of the 3-layer MI sensor for impedance calculation 

Thickness of the conducting layer (t1) 100 nm 
Thickness of the magnetic layer (t2) 100 nm 
Conductivity of the conducting layer (κ1) 6e7 S/m 
Conductivity of the magnetic layer (κ2) 1.5e7 S/m 
Length of the sensor (l) 1 cm 
Width of the sensor (w) 100 um 

 

 

Fig. 2-6 Skin depth as a function of the operating frequency calculated from Eq. (2.12). 

In FEM simulations, 2D or 3D models of the sensor are built and tested under 

predefined conditions, without the need of compromises or simplifications of 

the geometry. In these simulations, the magnetic field outside of the sample 

must also be taken into account, and adequate boundary conditions have to be 

imposed. Therefore, a magnetically isolated air cube is created around the 

sensor as shown in Fig. 2-7 for the calculation of the magnetic flux being 
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generated. A constant voltage U is defined as a boundary condition applied at 

the end of the conducting layer. The transverse permeability 𝜇𝑡(𝐻𝑒𝑥𝑡, 𝜔) of the 

ferromagnetic layer is calculated from Eq. 2.1. The rest of the parameters used 

in the simulation are included in Tab. 2-3. 

 

Fig. 2-7. Meshed (a): 2D and (b): 3D MI 3-layer model built in COMSOL .  

Tab. 2-3 Parameters used in the numerical simulation 

Parameters in COMSOL model Value 
Voltage (U) 1 
External current density (J e) 0 
Magnetic potential (A) 0 

 

For 2D FEM analysis, only simple MI structures with cross sections that do not 

change along one direction such as multilayer strip MI sensors or MI wires can 

be simulated. 3D analysis, on the other hand, can be used to simulate more 

complex systems such as meander structured MI sensors. The down side of 

3D methods, however, is the large computational requirements.  

(a) (b) 

U 

Isolated 
air cube 



Chapter 2 

55 

Under the assumption of a magnetic anisotropy in transverse direction, in a 2D 

model, the permeability of the magnetic layers in x direction is assigned the 

values of μt calculated from Eq. (2.1). In case of a 3D model, a 3-rd order 

permeability tensor is used in the simulation:  

.
       (2.13) 

jz(x,y) can be calculated using Eq. (2.6) (2.7) on the cross section of the 3D 

model as shown in Fig. 2-4. Finally, the impedance is obtained from 

𝑍 = 𝑈

∫ ∫ 𝑗𝑧(𝑥,𝑦)𝑑𝑥𝑑𝑦
𝑡𝑑
0

𝑤
0

       (2.14) 

where w, td are the width and thickness of the device.  

In order to quantify the MI effect, the MI ratio is defined as the change in the 

impedance versus the impedance of the device in saturation state (Z(Hsat)), 

which are expressed as, 

MI Ratio (%) = 100% × 𝑍(𝐻)−𝑍(𝐻𝑠𝑎𝑡)
𝑍(𝐻𝑠𝑎𝑡)

       (2.15) 

The sensitivity is defined by, 

,     (2.16) 

where H1 and H2 represent two different values of the external magnetic field. 

2.3 Result and Discussion 
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In order to study our numerical model, a comparison with the analytical 

approach is conducted for a 3-layer MI system. The conductivities of magnetic 

layer and conducting layer are chosen to be κ1 = 6e7 and κ2 = 1.5e7. The layer 

thickness follows t1 = t2 = 100nm as shown in Fig. 2.4. Sensors with different 

aspect ratio of magnetic films are simulated including AR = w/t = 10, 50, 200, 

1000. The length of the sensor is defined as twice of the width (l = 2w). 

Detailed parameters of simulation samples are included in Tab. 2-4. The 

permeability is calculated using the method in 2.2.1 with parameters in Tab. 

2-1. The frequency is selected to be 80 MHz. The permeability calculated 

using Eq. 2.2 is shown in Fig. 2-8. 

 

Fig. 2-8. Real and imaginary part of the relative permeability of the magnetic layer at 80 

MHz calculated using Eq. (2.1) and the parameters form Tab. 2-1. 

Hext (Oe) 

µ t
 

Real  
Imaginary  

80MHz  
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Both the 2D and 3D FEM models are used to calculate the impedance of a 

3-layer MI system. Terminal and ground boundary conditions are defined on 

each end of the 3-layer conductor. A parametric sweep is carried out for Hext 

from 0 to 60 Oe with a step of 0.3 Oe and 0.6 Oe in in the 2D and 3D model, 

respectively. A series of samples with different aspect ratios (RA = w/t) from 10 

to 1000 are calculated using the analytical model and the FEM model. Due to 

the excessively long computational time, samples with RA higher than 50 are 

only simulated in 2D model.   

Tab. 2-4 Parameters used for the analytical and numerical simulation 

Sample No. 1 2 3 4 
κ1 6e7 
κ2 1.5e7 

RA (w/t) R10 R50 R200 R1000 
w 1um 5um 20um 100um 
t 0.1um 0.1um 0.1um 0.1um 
l 2um 10um 40um 200um 

Analytical √ √ √ √ 
2D FEM √ √ √ √ 
3D FEM √ √ × × 

 

The calculated impedance characteristics of the samples are shown in Fig. 2-7. 

The result confirms that for the samples with the same geometry, the 

impedance characteristics obtained from 2D and 3D simulations are identical. 

Therefore, 3D FEM simulation should only be considered when the device has 

complex structures that cannot be described by a 2D cross section view.  
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In terms of samples with different aspect ratio, since l /w = constant, which 

results in the same RDC in case of the analytical solution (see Eq. (2.9)). 

Therefore, the impedance characteristic (Fig. 2-9) is independent of the aspect 

ratio of the samples. The numerical solutions, however, are dependent on the 

aspect ratio. The simulation results show that the impedance maxima and 

peak position move to higher values for samples with larger aspect ratios. The 

differences of the impedance curves from the numerical and analytical 

solutions are due to the level of approximation in each method. In analytical 

solutions, the MI multilayers are considered as planar inductors and the 

fringing magnetic flux at the edges is neglected. While in the numerical 

solutions, edge effects are taken into consideration. Sample R10, which has a 

small aspect ratio, is more like a cuboid conductor rather than a planar 

conductor, thus it has the strongest edge effect and the largest discrepancy 

between the numerical and analytical solutions are found. Above and below 

the conductor, the direction of HAC is along the x-axis, and the magnetization 

depends on µt. At the edges, the direction of HAC changes and the influence of 

µt reduces. This is the reason for the drop of the MI effect in case of samples 

with small aspect ratios. The deviation of the peak positions is also believed to 

be the result of the edge effect. With the increase of the aspect ratio, the peak 

position of the numerical solution approaches the one of the analytical solution.  
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Fig. 2-9. Impedance characteristics of 3-layer MI sensor calculated from analytical model 

and 2D/3D model simulated in COMSOL. Inset: Edge effect of the samples with different 

aspect ratio.  

2.3.1 Single-layer, 3-layer and 5-layer Thin Film MI Structure 

Three different thin film structures - single layer, 3-and 5-layer (Fig. 2-10)– 

were investigated using the FEM method. The sensor’s dimensions are listed 

in Tab. 2-5. The influence of different values of t1 was also investigated. The 

material of the isolation layer for 5-layer MI sensor was defined as SiO2. The 

magnetic properties of the ferromagnetic layers are listed in Tab. 2-1.  
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Fig. 2-10 Schematic of (a) signle layer, (b) 3-layer and (c) 5-layer MI thin film sensor  

Tab. 2-5 Device dimensions for comparison of single-layer, 3-layer and 5-layer MI sensors 

Thickness of the conducting layer (t1) 4 um 
Thickness of the magnetic layer (t2) 1 um 
Conductivity of the conducting layer (κ1) 4.56e7 S/m 
Conductivity of the magnetic layer (κ2) 7.69e5 S/m 
Length of the sensor (l) 200 um 
Width of the sensor (w) 50 um 

 

The simulations were carried out for values of Hext from 0 to 60 Oe and, if not 

stated otherwise, with a driving frequency of 80 MHz. Fig. 2-11 shows the 

current density distribution along the cross sections of the 3-layer and 5-layer 

structures. As can be seen, the insulation layer in the 5-layer structure 

prevents the current from leaking into the magnetic layer. This current leakage 

causes an increase of the impedance of the 3-layer structure compared to the 

5-layer structure. The skin effect in the ferromagnetic layer as well as the metal 
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layer can be observed in both cases. 

 

Fig. 2-11 Current density distribution along the cross section under an external field of 

2200 A/m in a (a) 3-layer and (b) 5-layer MI structure (Li and Kosel 2011). 

The impedance, MI ratio and sensitivity as functions of Hext are presented in 

Fig. 2-12. The MI ratio was defined using the Eq. (2.15). The results show that 

the single layer MI sensor has the highest absolute impedance but lowest MI 

ratio and sensitivity. The MI ratio of the single layer structure is in good 

agreement with the results found previously (Dong, Chen et al. 2003), which is 

less than 10% at 80 MHz for this specific material. The 5-layer structure is 

superior to the other two structures and results in the highest MI ratio of up to 

625% and sensitivity of 19%/Oe. This result is close to the 5-layer MI sensor 

developed by Morikawa using CoSiB/SiO2/Cu/SiO2/CoSiB structure (Morikawa, 

Nishibe et al. 1996), where a MI ratio of 700% was obtained for the sensor with 

width of 0.5 mm and 520% was obtained for the senor with width of 0.2 mm. 

y 
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Fig. 2-12 Impedance, MI ratio and sensitivity as functions of the external magnetic field 

Hext for 1-layer, 3-layer and 5-layer thin film structures. 

Fig. 2-13 (a) shows the influence of tmag on the MI ratio of a 5-layer structure. 

An increased thickness yields an increase of the MI ratio, and the maximum MI 

ratio found was 1321% at Hext = 28 Oe. As for the sensitivity (Fig. 2-13 (b)), an 

increased thickness also resulted in an increased value. The sensitivity 
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reaches 45%/Oe at the thickness of 13 µm.  

   

Fig. 2-13(a) MI ratio of the 5-layer structure with different values of the thickness of the 

magnetic layer as a function of the external field. (b) Sensitivity of the 5-layer MI structure 

with different values of the thickness of the magnetic layer and as a function of the 

external field (Li and Kosel 2011). 

Interestingly, the maximum sensitivity is obtained at lower values of the field as 

the thickness increases. It is also observed that the sensitivity shows negative 

(a) 

(b) 
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values at weak magnetic fields. This behavior is a result of the permeability 

model, in which the real part of the permeability shows a decrease for small 

values of the magnetic field. Fig. 2-14 shows the maximum values of the MI 

ratio and the sensitivity as a function of tmag. It is evident that the increase of 

both the MI ratio and the sensitivity with tmag approach saturation. This is an 

important finding considering the challenges associated with the fabrication of 

thin films with a thickness of several µm. From this result a thickness of tmag = 3 

µm seems to be most effective, since a further increase in thickness causes 

only a small increase of the MI ratio. The sensitivity shows a slower approach 

towards saturation; however, beyond tmag = 6 µm only small enhancements 

can be obtained.  

 

Fig. 2-14 Maximum MI ratio and sensitivity of the 5-layer MI structure as a function of the 

thickness of the magnetic layer (Li and Kosel 2011). 
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2.4 Conclusion 

MI effect is simulated using the finite element method incorporated with an 

analytical permeability model. This enables obtaining numerical solutions for 

the impedance of complex geometrical structures. A comparison study is 

conducted between the analytical and numerical methods for the impedance 

calculations of the MI system. In addition to the capability of calculating 

complex MI systems, the numerical method takes into account of the edge 

effect and has a better accuracy than the analytical method.  

Single-layer, 3-layer and 5-layer MI systems are calculated using the 

numerical method. The current density distribution and the skin effect are 

observed and discussed. The results confirm that the 5-layer structure has 

superior performance, which is in accordance with experimental results. A 

study on the influence of the thickness of the magnetic layer on the MI ratio as 

well as the sensitivity is carried out. Both are found to first increase with 

increasing thickness and then approach saturation. This finding provides 

valuable information for efficient fabrication of MI sensor 
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Chapter 3 Flexible MI Sensor 

3.1 Objective 

Unlike quantum mechanical magnetoresistance sensors which are composed 

of multiple functional layers of different materials and with stringent 

requirements for their thicknesses, Magnetoimpedance (MI) sensors are much 

simpler in terms of the structure and fabrication requirements. The tri-layer MI 

structure having one central conducting layer and two ferromagnetic layers 

has been widely recognized as an optimized thin film MI sensor 

structure(Corrêa, Bohn et al. 2011), by taking into account both magnetic 

sensing performance and fabrication complexity. For thin film MI sensors, rigid 

substrates with low conductivities are commonly used such as glass and 

Si/SiO2 (Phan and Peng 2008). The objective of this chapter is to study MI 

sensors made of the popular NiFe/Cu/NiFe tri-layer structure on flexible 

substrates. The work is focused on the complete characterization of the 

flexible MI sensors especially the study of the sensors’ performance with 

different flexible substrates under the combined influences of external 

magnetic field, operating frequency and deflection. 

3.2 Sample Preparation 

Ni80Fe20/Cu/Ni80Fe20 tri-layers with thicknesses of 100 nm/ 200 nm/100 nm 

(Fig. 3-1 (a)), respectively, are prepared through electro-beam evaporation on 
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three different types of substrates (Kodak standard photo paper, Kodak 

premium photo paper, Kapton) with an area of 30 mm × 15 mm (Fig. 3-1 (b)). 

The deposition is carried out at room temperature with a background pressure 

of 9×10-6 Torr and deposition rates of 2 Å/s and 4 Å/s for Ni80Fe20 and Cu, 

respectively. During the deposition, the substrates are mounted on a flat holder 

with a constant magnetic field of Ha = 200 Oe applied in parallel to the surface 

and along the direction of the short axis of the substrate to induce a transverse 

anisotropy in the magnetic layers.  

 

 

Fig. 3-1. (a) The layer stack of a sensor on a flexible substrate. (b1) A layer stack 

deposited on a flexible substrate. (b2) A MI sensor strip of 22 mm × 1.5 mm after 

patterning. 

3.3 Analysis on the Surface Roughness of the Substrate 

Well defined uniaxial magnetic anisotropy is a prerequisite for obtaining high 

MI effect (García-Arribas, Fernández et al. 2013). For thin film magnetic 

devices, the magnetic property of the magnetic layer depends on many factors 

Flexible substrate 
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such as surface condition, deposition method, device geometry, etc. 

(Chaturvedi, Stojak et al. 2012, García-Arribas, Fernández et al. 2013). To 

elucidate the influence of the substrate material on flexible MI sensors, 

sensors fabricated on three different flexible substrates are compared. The 

surface conditions and magnetization of samples on different substrates are 

characterized using an atomic force microscopy (AFM) and a vibrating sample 

magnetometer (VSM). The magnetoimpedance is measured using an 

impedance analyzer at frequencies up to 500 MHz under the application of a 

magnetic field up to 100 Oe.  

3.3.1 Result and Discussion 

Fig. 3-2 shows AFM measurements of sufaces of three substrates before the 

deposition. Ra is the arithmetic average surface roughtness defined as, 

𝑅𝑎 =
1
𝑛
∑ |𝑦𝑖|𝑛
𝑖=1 ,        (3.1) 

where n is the number of sample points and yi is the difference between the 

topography value at point i and the mean line. 5 measurements at different 

locations are taken for each sample. The averaged results show that the 

Kapton has the best surface quality with the smallest Ra of 0.44 nm. Kodak 

standard and premium photo paper have a much larger Ra values of 14.61 nm 

and 3.79 nm, respectively.  
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Fig. 3-2 AFM images of (a) Kodak standard photo paper (b) Kodak premium photo paper 

and (c) Kapton.  

The difference of the surface roughness of the substrates transfers into 

different magnetic characteristics of the 100 nm Ni80Fe20 layer deposited on 

them. Fig. 3-3 (a) shows the magnetization curves of the deposited sample 

measured by VSM in the transverse and longitudinal directions. The result 

shows that the sample fabricated on rougher substrates have a higher 

coercivity. In the longitudinal direction, the samples on Kapton substrate have 

a coercivity of 3 Oe, while for the samples on premium and standard 

photopaper, the values are 16 Oe and 45 Oe, respectively. The reason for this 

is that in case of a substrate with a higher Ra, the deposited magnetic film will 

be rougher, which causes domain-wall pinning (Li, Zhao et al. 1998) and 

results in an increased coercivity. During the deposition, the magnetic field Ha 

is applied in order to induce an easy axis in the transverse direction. By 

comparing the magnetization curves in Fig. 3-3(a), the largest induced 

anisotropy and smallest coercivity is found in sample A, which exhibits the 

smallest Ra. This becomes more evident from Fig. 3-4 (b), where the coercivity 

of the two directions as well as the ratio between the transverse and 

(a) (c)  (b) 
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longitudinal remanence are plotted as a function of the Ra. An increased 

roughness of the surface results in a reduced magnetic softness and a weaker 

magnetic anisotropy.  

 

 

Fig. 3-3 (a) Magnetization curves of 100 nm Ni80Fe20 measured in transverse and 

longitudinal directions with a magnetic field of 200 Oe applied in the transverse direction 

during the deposition. (b) Magnetic coercivity and ratio of remanence as a function of the 

Ra. BR(T/L), HC(T/L): remanence and coercivity in the transverse/longitudinal directions.  
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Fig. 3-4 (a) The MI ratios at 500 MHz for MI sensors made of Ni80Fe20/Cu 3-layer 

fabricated on different substrates. Frequency dependence of the maximum value of the (b) 

MI ratio and (c) sensitivity of the different samples. 

The MI measurements shown in Fig. 3-4 (a), reveal a positive correlation 

between the substrates’ surface quality, hence magnetic softness and 

anisotropy of the MI sensors’ magnetic layers, and the sensing performance. 

At 500 MHz, an MI ratio as high as 47% is obtained for the sensor on Kapton 

substrate, which is 5 times higher than the value obtained for the sensor 

fabricated on premium photopaper with the same tri-layer structure. (Mao, 

Zhou et al. 2003). This is in accordance with results from a previous study, 

where a strong MI effect has been found in samples with good magnetic 

softness and well-defined transverse anisotropy the (Phan and Peng 2008).  

 By characterizing the sensor at different frequencies up to 500 MHz, 

enhanced MI ratios and sensitivities are observed for all three samples as the 

frequency increases, as shown in Fig. 3-4 (b) and (c). A maximum MI ratio of 

(a) (b) (c) 
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47 % and a maximum sensitivity of 3.6%/Oe are obtained at 500 MHz. From 

the above result, MI sensors fabricated on Kapton substrate show a superior 

MI performance and are therefore selected for further experiments. 

3.4 MI Characterization and Flexibility Measurement 

In order to fully characterize the flexible MI sensor, especially its properties 

under different deflections, a custom-designed microstrip transmission line is 

designed to bend the sensor with different curvatures and take the impedance 

measurement. The impedance of the sensor is obtained through the 

measurement of the complex reflection coefficient (S11) using a network 

analyzer (Agilent E5061B). Fig. 3-5 shows the picture of the fixture and the 

schematic of the electrical model. The fixture is composed of two 50 Ω 

microstrip lines, a sensor, and a 50 Ω termination. ΓMP and ΓSP represent the 

S11 at the measurement plane and sample plane, respectively. The network 

analyzer is calibrated at the end of the SMA (SubMiniature version A) cable by 

performing open, short and load (50 Ω) measurements using a standard 

calibration kit. The S11 measured at the measurement plane constitutes all the 

components on the fixture. By considering the phase shift and the losses of the 

reflected waves on the microstrip line, ΓMP can be correlated with ΓSP through 

(de Cos, Garcıá-Arribas et al. 2004) 

 𝛤𝑀𝑃 =  𝛤𝑆𝑃 𝑒𝑥𝑝(−2𝛾𝑝𝑙𝑡) ,     (3.2) 

where γp = α + jβ is the propagation constant, which can be determined by 
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measuring the fixture in open configuration, and lt is the length of the microstrip 

line. 

Therefore,  𝛤𝑆𝑃  can be obtained from the measurement of 𝛤𝑀𝑃 , and the 

impedance (Z)  can be determined through 

𝑍 = 𝑍0
1+ 𝛤𝑆𝑃
1− 𝛤𝑆𝑃

− 𝑍𝐿 ,      (3.3) 

where Z0 and ZL are the characteristic impedance and the loaded termination.  

Fig. 3-5 (a) Electrical model of the measurement fixture (b) Picture of the flexible MI 

sensor mounted on the sample holder. (c) Schematic of the high-frequency 

microstrip-based deflection measurement setup for the flexible magnetic sensor.  

(c) 

(b) 
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Samples are patterned into strips of 22 mm × 1.5 mm and mounted onto the 

microstrip transmission line as shown in Fig. 3-5 (b).The microstrip 

transmission line is fabricated using a Roger 4533 double-sided copper clad 

laminate sheet with a thickness of 0.762 mm and permittivity of 3.3. This 

material has a broad operating frequency range and good mechanical flexibility. 

The 60 mm × 10 mm transmission line board consists of two sections of 20 

mm long microstrip with 50 Ω characteristic impedance which are separated by 

a 20 mm gap. The board is terminated at one end by a 50 Ω resistor and 

connected with an SMA port at the other end for the measurement. The flexible 

MI sensor is mounted upside down at the center of the board. Silver paste is 

applied for the electrical contacts. After curing for 24 hours, hot melt glue is 

used to seal the electrical contacts as well as reinforcing. The network 

analyzer is set to have an output power of 0 dBm and a frequency sweep from 

0.1 MHz to 3 GHz. The Smith charts in Fig. 3-6 (a) (b) show the measured 𝛤𝑀𝑃 

with and without the sample. The measurement is carried out with neither 

magnetic field nor deflection applied. Fig. 3-6 (c) shows the 𝛤𝑆𝑃, calculated 

with Eq. (3.2), which is used to calculate Z through Eq. (3.3). The resistive and 

reactive parts of the Z are presented in Fig. (d1) (d2). Therefore, when 

changing the Hext, by measuring and combining the frequency spectrum of the 

Z in each magnetic field state, a complete MI characterization can be obtained.  
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Fig. 3-6. Smith chart of the reflection coefficient obtained at the measurement plane for (a) 

the fixture with the MI sample loaded, (b) the fixture in open configuration, (c) Smith chart 

of the reflection coefficient of the MI sample at the sample plane calculated using Eq. (3.2). 

(d) resistive and (e) reactive component of the Z extracted from (c). (The measurements 

are carried out without the application of Hext and deflection.) 

 

The flexibility measurement is carried out using the sample holder show in Fig. 

3-5 (b) together with a pair of fixed fulcrums holding the center of the sensor 

while two pairs of synchronized adjustable fulcrums are assembled with a 

separation of 45 mm to apply the deflection (Δd) on both ends of the board (Fig. 

3-5 (c)). The deflection range is Δd = ± 12n (n = 0.3 mm), which corresponds to 
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a radius of curvature (R) from ± 6.2 cm to ∞. A positive Δd, corresponding to a 

positive value of R (Fig. 3-5 (c)), is obtained when the adjustable fulcrums 

move upwards. This produces a compressive stress in the magnetic sensor 

along the longitudinal direction (the device is mounted upside down). Vice 

versa for negative Δd and R. The magnetic field is applied through a Helmholtz 

coil parallel to the longitudinal direction of the magnetic sensor. Fixed fulcrums 

are used at the center of the board in order to keep the magnetic sensor at a 

fixed position in the magnetic field under different deflection levels.  

3.5 Simulation 

A deflection of the MI sensor will result in mechanical stress 𝜎 inside the 

magnetic layers. Even though Ni80Fe20 has a very low magnetostriction 

constant, the effect might not be negligible. The overall stress 𝜎 can be 

expressed as, 

𝜎 = 𝜎𝑏𝑖 + 𝜎(∆𝑑)        (3.4) 

where 𝜎𝑏𝑖 is the built-in stress, which is the stress of the sensor at ∆𝑑 = 0 

after fabrication, and 𝜎(∆𝑑) is the stress introduced by the deflection. 

3.5.1 Strain Calculation 

The built-in stress of both the film and substrate is caused by the built-in strain 

𝜀𝑏𝑖, which arises from atoms deposited in out-of-equilibrium positions. When 

the Kapton substrate is released from the holder after the deposition, 𝜀𝑏𝑖 



Chapter 3 

78 

forces the substrate shaping into a curved shape. The radius of curvature can 

be described by (Wong and Salleo 2009), 

𝑅 = 𝑑𝑠

6
𝑌𝑓
∗ 𝑑𝑓
𝑌𝑠
∗𝑑𝑠

𝜀𝑏𝑖
·
(1−
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∗𝑑𝑓
2
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2
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𝑑𝑓
𝑑𝑠

     (3.5) 

𝑌𝑓∗ =  
𝑌𝑓
1−𝑣𝑓

 , 𝑌𝑠∗ =  
𝑌𝑠
1−𝑣𝑠

       (3.6) 

where 𝑑𝑓, 𝑑𝑠,  𝑌𝑓, 𝑌𝑠  and 𝑣𝑓, 𝑣𝑠  are the thickness, Young’s modulus and 

Poisson ratio for the film and substrate, respectively, as shown in Fig. 3-6. 

 

Fig. 3-7 Schematic of released sample with parameters for the strain calculation.  

 

 In our case, the built-in strain 𝜀𝑏𝑖  is equivalent to the mismatch strain 

between the film and the substrate such that, 

𝜀𝑏𝑖 =  𝜀𝑓𝑏𝑖 − 𝜀𝑠𝑏𝑖        (3.7) 

where 𝜀𝑓𝑏𝑖 and 𝜀𝑠𝑏𝑖 also satisfy, 
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𝑌𝑓∗𝜀𝑓𝑏𝑖𝑑𝑓 + 𝑌𝑠∗𝜀𝑠𝑏𝑖𝑑𝑠 = 0         (3.8) 

Due to the similar mechanical properties of NiFe and Cu (Li, Ding et al. 2007), 

the NiFe/Cu/NiFe trilayer is simplified as a single layer film with  𝑑𝑓 = 400 nm, 

𝑌𝑓 = 115 GPa and 𝑣𝑓 = 0.33. For the Kapton substrate,  𝑑𝑠 = 125 um, 𝑌𝑠 = 

2.5 GPa and 𝑣𝑠 = 0.34 are used for the calculation. The radius of curvature of 

the fabricated sample is measured to be 13.6 cm with the film on the concave 

side of the film-on-foil structure, which results in R = -13.6 cm. By solving Eq. 

(3.5)-(3.8), the 𝜀𝑓𝑏𝑖 and 𝜀𝑠𝑏𝑖 are found to be -1487.5 ppm and 212.5 ppm. 

3.5.2 Stress Simulation 

For an elastic material in a stationary mode, the stress tensor (𝝈) can be 

correlated with the force and volume through the simplified Cauchy momentum 

equation, 

−∇ ∙ 𝝈 = 𝑭   ,      (3.9) 

where F is the body force per unit volume. The vector force applied on an 

infinitesimal volume of material is equal to the gradient of the stress tensor 

within that small volume. Using finite element simulation the internal stress of 

the MI sensor is calculated. 𝜎𝑏𝑖 (Eq. (3.4)) is taken into consideration in the 

simulation by pre-defining strain values in the film and substrate using the 

values of 𝜀𝑓𝑏𝑖 = -1487.5 ppm and 𝜀𝑠𝑏𝑖 = 212.5 ppm calculated in section 3.5.1 

as initial conditions. Fig. 3-8 (a) shows the longitudinal stress distribution in the 
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sample at deflection ∆d =  12n (R = 7.2 cm). The MI film has a large 

compressive stress while the Kapton substrate experiences a fairly small 

stress. The stress in the X-direction and the deflection in the Z-direction under 

the same deflection condition are presented in Fig. 3-8 (b) and (c). The 

average stress of the film in x-direction is plotted in Fig. 3-9. At 0 deflection, the 

built-in stress of the MI film and the Kapton substrate are 190 MPa and -0.6 

MPa, respectively. The stress-free condition of the MI film is obtained at ∆d = 

5n (R = 17 cm). The large variation of the stress in two materials results from 

the difference in the mechanical properties and thicknesses of the materials. 
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Fig. 3-8 (a) Simulated longitudinal stress in the central region of a flexible MI sensor 

mounted on a PCB holder. (b) Magnitude of the stress of the MI film along the X-axis (top 

view). (c) Deflection distribution of the MI film along the Z-axis (top view). Deflection level: 

∆𝑑 = 12𝑛 (n =  0.3 mm), R = 7.2 cm. Simulation parameters: Young’s modulus and 

Possion ratio of Kapton substrate: 𝑌𝑠 = 2.5 GPa, 𝑣𝑠 = 0.34; MI film: 𝑌𝑓 = 115 GPa, 𝑣𝑓 = 

0.33; and PCB: 𝑌𝑝 = 20 GPa, 𝑣𝑝 = 0.14. 
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Fig. 3-9 Simulated longitudinal stress at the central region of the sample as a 

function of the curvature. 

3.6 Result and Discussion 

3.6.1 Magnetoimpedance Spectra under Deflections 

Fig. 3-10 shows the impedance Z (Fig. 3-10 (a)) and MI ratio (Fig. 3-10 (b)) as 

functions of Hext and f for Δd = -12n, 0, 12n. The frequency range of f = 0.1 

MHz to 3 GHz covers both the quasi-static regime at low frequencies and the 

Ferromagnetic Resonance (FMR) regime at high frequencies. In the 

quasi-static regime, the skin effect dominates the impedance change and the 

impedance maxima is obtained at an external field close to the anisotropy field 

(Phan and Peng 2008). In the FMR regime, the magnetization of the magnetic 

films no longer follows the alternating field produced by the AC current. As a 

result, the impedance change is dominated by the FMR effect and the 

magnetization can be described by the FMR associated dynamical equations 
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(Barandiarán, García-Arribas et al. 2006).   

 

Fig. 3-10 The magnitude of the impedance Z at deflections of (a) R = -7.2 cm, Δd = -12n, 

(c) R =∞, Δd = 0, (e) R = 7.2 cm, Δd = 12n, and the MI ratio as a function of the magnetic 

field Hext and frequency f  measured with deflections (b) R = -7.2 cm, Δd = -12n, (d) R =

∞, Δd = 0, (f) R = 7.2 cm, Δd = 12n. n = 0.3 mm. 
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In Fig. 3-10 (a), (c) and (e), the more pronounced shifts of the Z maxima 

toward higher magnetic fields as the frequency increases, especially above 1 

GHz, is an indication of the FMR contribution. From Fig. 3-10 (b), (d) and (f) it 

can be seen that the MI ratio increases with increasing frequency up to 85% at 

about 1 GHz before it drops at higher frequencies. The measurement results 

also show a clear influence of the deflection on the MI characteristics. 

Comparing (a), (c), (e) and (b), (d), (f) shows that with increasing deflection 

from negative to positive curvature, the impedance and MI peaks move further 

apart with no major change in the magnitude. 

3.6.2 Quasistatic and Ferromagnetic Resonance Analysis 

Fig. 3-11 (a) shows the square of the resonant frequency 𝑓𝑟𝑒𝑠2  as a function of 

Hres, where  

𝐻𝑟𝑒𝑠 = 𝐻𝑒𝑥𝑡(𝑓𝑟𝑒𝑠),      (3.10) 

which is the external magnetic field at the resonance point, or the point at 

which the real part of Z is maximized and the imaginary part of Z is zero. As the 

impedance change in the MI sensor at high frequencies is dominated by the 

FMR effect, the high frequency MI characteristic can be describe by FMR 

theories, in which the resonant frequency of a thin film system is correlated 

with Hres through the Kittel formula (Kittel 2005) 

𝑓𝑟𝑒𝑠2 = ( 𝛾
2𝜋
)
2
(𝐻𝑟𝑒𝑠 − 𝐻𝑎𝑛𝑖)(𝐻𝑟𝑒𝑠 + 4𝜋𝑀𝑠),    (3.11) 
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where γ = 2π(3.03) rad MHz/Oe (García, Florez et al. 2010) is the 

gyromagnetic ratio, Hani is the magnetic anisotropy field and Ms is the 

saturation magnetization. The latter two can be obtained by fitting Eq. (3.11) to 

the measurement results, which we did through the reduced Chi-Square 

method.  

 

Fig. 3-11 Square of the resonant frequency (fres2 ) as a function of the magnetic field at the 

resonance (Hres) and for different deflection curvatures. The data points are fitted (solid 

lines) using Eq. (3.11) and fitting parameters in Tab. 3-1. γ  = 2π(3.03) rad MHz/Oe 

(García, Florez et al. 2010).  

Fig. 3-11 (b) shows the resonant frequency for different deflections calculated 

using Eq. (3.11) with the parameters listed in Tab. 3-1. The calculated values fit 

the experimental data very well at fres2 > 0.3 GHz2, which confirms the 

involvement of the FMR effect in the MI spectra at higher frequencies. The 

deviation of the fitting curves below 0.55 GHz is an indication of the device 

(a) (b) 
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operating in the quasi-static regime. From Tab. 3-1, it can be seen that the 

deflection has a significant influence on Hani. The anisotropy field increases 

with compressive stress and decreases with tensile stress as shown in Fig. 

3-12 (a). From linear curve fitting the dependence of Hani on σavg can be found 

as the slope of the curve, which is b = -0.01897 (Oe/Mpa). 

Table. 3-1. Fitting parameters Hani and Ms for different deflection levels. n = 0.3 mm. 

 

The change in the anisotropy field upon the application of stress is attributed to 

the magnetostrictive property of the NiFe film. The magnetostriction constant 

λs can be derived from (Cullity and Graham 2011), 

λ𝑠 = −
𝜇0𝑀𝑠
3
· 𝑑𝐻𝑎𝑛𝑖
𝑑𝜎𝑎𝑣𝑔

       (3.12) 

where 𝑑𝐻𝑎𝑛𝑖
𝑑𝜎𝑎𝑣𝑔

 = b and Hani represents the anisotropy field of the magnetic 

anisotropy perpendicular to the direction of the stress. Ms is the saturation 

magnetization extracted from the fitting curve (Tab. 3-1). By substituting b and 

𝑀𝑠 into Eq. (3.12), λ𝑠  = 6.22×10-8 is obtained. Fig. 3-12 (b) shows the 

Δd (n) R (cm) σavg (MPa) Hani (Oe) Ms (emu cm-3) 

-12 -7.2 676 0.37 406.39 

-6 -14.2 432 2.96 417.38 

0 ∞ 189 9.23 430.68 

6 14.2 -55 11.48 425.85 

12 7.2 -299 17.48 428.04 



Chapter 3 

87 

magnetostriction coefficients versus the percentage of Ni and Fe in a NiFe 

alloy that have been published previously (Bonin, Schneider et al. 2005), from 

which it can be seen that  λ𝑠 = 6.22×10-8 is a reasonable value. This confirms 

that the deflection-correlated changes of the flexible MI sensor are a result of 

the magnetostriction in the NiFe layers, which could be minimized by 

optimization of the material composition. 

 

Fig. 3-12 (a) Anisotropy field Hani as a function of the averaged stress σavg in the MI film in 

the longitudinal direction of the sample. (b) The magnetostriction coefficients versus the 

Ni-Fe ratio in a NiFe alloy. The blue dashed lines show the error range (Bonin, Schneider 

et al. 2005). 

3.6.3 MI Ratio and Sensitivity Analysis 
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Fig. 3-13 (a) shows the maximum sensitivity as a function of the frequency. 

The sensitivity has two peak values: one at 0.5 GHz in the quasi-static regime 

and the other one at 1.1 GHz in the FMR regime. The corresponding magnetic 

sensitivities are 4.9 %/Oe and 6.0 %/Oe. The magnetic field at which the 

maximum sensitivity is obtained has a small and constant value of Hext = 2 Oe 

in the quasi-static regime. Above 0.6 GHz it starts to increase up to Hext = 105 

Oe at 3 GHz. At frequencies higher than 1.1 GHz the sensitivity decreases, the 

resonance point shifts and the impedance curve flattens, which is due to 

damping of the magnetization, resulting in a decrease of the impedance’s 

reactive part. Fig. 3-13 (b) shows the MI ratio at selected frequencies including 

those of the two peaks in the sensitivity plot. The peaks move to higher field 

values as the frequency increases and the MI ratio increases below 1.1 GHz 

and then decreases at higher frequencies. This is similar to the results 

previously obtained for Ni80Fe20/spacer multilayers fabricated on a flexible 

substrate (Agra, Mori et al. 2014), but we obtained the maximum MI ratio at a 

higher frequency, which is attributed to the thinner magnetic layers of our 

device, shifting the skin effect to higher frequencies.  

The stress dependence of the MI effect has been explored before in 

multilayered FeSiB/Cu/FeSiB MI films on a glass substrate (Mao, Zhou et al. 

2003). The sensors were used for stress sensing through the MI effect. The 

maximum MI ratio was 23%, and up to 20% impedance change were obtained 

at selected frequencies from 1 to 40 MHz under different stress conditions. 
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FeSiB has beneficial properties for stress sensing, since it is soft magnetic and 

exhibits a high magnetostriction constant. NiFe used in this thesis, on the other 

hand, shows a rather small magnetostriction (zero at a certain composition) 

constant, making it more suitable for magnetic sensing applications. For 

example, at zero magnetic field, 20 % impedance change were obtained with 

the FeSiB/Cu/FeSiB sample (Mao, Zhou et al. 2003) at a radius of curvature of 

49 cm. In order to obtain the same impedance change with our sensor, a much 

larger deflection is required. In case of 0.5 GHz 20 % impedance change at 

zero field is achieved with a radius of curvature of 7.2 cm (Fig. 3-14(a)), while 

in case of 1.1 GHz (Fig. 3-14(b)) such high impedance changes cannot not 

even be obtained. This shows our device is less stress sensitive, making it 

more suitable for magnetic field sensing. This thesis also explores a much 

wider frequency range from MHz to GHz, providing insights into the high 

frequency performance of the flexible MI sensor.  
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Fig. 3-13 (a) The maximum sensitivity and the magnetic field at which it is obtained as 

functions of the frequency f. (b) The MI ratio versus the applied field Hext at different 

frequencies.  

The results of the deflection measurements carried out at 0.5 GHz and 1.1 

GHz are shown in Fig. 3-14 (a) and Fig. 3-14 (b), respectively. The change in 

the MI curves with respect to the deflection is similar at both frequencies: the 

peak value of the MI ratio shifts towards higher magnetic fields, and the MI 

ratio increases with positive curvature (compressive stress) and decreases 

with negative curvature (tensile stress). Since the magnetic field of the 

impedance maxima closely correlates to the anisotropy field of the magnetic 

material(Agra, Mori et al. 2014), compressive stress in the longitudinal 

direction yields an increased magnetic anisotropy in the transverse direction. 

This suggests a positive magnetostrictive constant, which is in agreement with 

the calculation. Consequently, a negative deflection reduces the transverse 

anisotropy, moving the peak of the MI curve to the left. This is expected, since 



Chapter 3 

91 

the peak of the MI curve is at Hext = 0 in case of a magnetic easy axis in the 

longitudinal direction(Makhnovskiy, Panina et al. 2004). The maximum MI ratio 

of 90% is obtained at 1.1 GHz with Hext = 40 Oe and R = 7.2 cm. The effect of 

the deflection on the sensitivity is shown in Fig. 3-15 (a) for 0.5 GHz and in Fig. 

3-15 (b) for 1.1 GHz. At 0.5 GHz, the sensitivity is greatly affected by negative 

deflection (tensile stress), where a change of 2 %/Oe is observed, whereas it is 

less affected in the compressive stress region with a change of only 0.2 %/Oe 

being observed. The corresponding field is 3 Oe for deflections of R = 17 cm. 

For larger deflections, the field starts to increase. This response is a result of 

the effect of magnetostriction on the anisotropy field. Under tensile stress, the 

impedance at Hext = 0 increases, due to an increase of the transverse 

permeability, while the maximum impedance stays about the same. Therefore, 

the sensitivity goes down. On the other hand side, compressive stress does 

not have a strong effect on the transverse permeability. At 1.1 GHz, the 

sensitivity changes with 0.8 %/Oe for negative R and with 3 %/Oe for positive 

R. The corresponding magnetic field monotonically increases from 18 Oe to 35 

Oe with increasing curvature. 
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Fig. 3-14 MI ratio of the sample under different deflection levels at (a) 0.5 GHz and (b) 1.1 

GHz.  

 

Fig. 3-15 Maximum sensitivity and the external field at which it is obtained Hext as 

functions of the deflection curvatures at (a) 0.5 GHz and (b) 1.1 GHz.  



Chapter 3 

93 

In order to demonstrate the applicability of this sensor, the effect of the Earth’s 

magnetic field on the sensor’s orientation was measured. This is, for instance, 

relevant for motion or orientation sensing in flexible, wearable devices. The 

experiment was conducted by gradually changing the sensor’s orientation in 

the horizontal plane. Fig. 3-16 shows the sensor impedance when rotated 

through 360° and operated at 500 MHz with a bias field of 5 Oe applied in the 

longitudinal direction of the sensor using a permanent magnet. The impedance 

sinusoidally changes from 6.05 Ω to 6.13 Ω, where the peak values 

correspond to the sensor alignment being parallel or antiparallel with the 

Earth’s magnetic field. The inset shows the magnetic field characteristic of the 

sensor at 500 MHz and under a 5 Oe bias field, which is characterized by a 

linear response in a field range from – 5 Oe to +5 Oe. 
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Fig. 3-16 Impedance of a flexible magnetic sensor as a function of the orientation, when 

rotated by 360°. The sensors is operated at 500 MHz and 5 Oe bias field. Inset: 

Impedance characterization of the sensor at 500 MHz and 5 Oe bias field.  

3.7 Conclusion 

In this work, a systematic study is conducted on flexible magnetoimpedance 

sensors. The tri-layer MI sensors made of two Ni80Fe20 layers and one Cu 

layer fabricated on three different substrates are analyzed. The result shows 

the sensor with Kapton substrate has a superior performance in terms of MI 

ratio and magnetic sensitivity. Further study is conducted on Kapton based 

flexible MI sensor. A specially designed flexible transmission line is used 

together with a network analyzer for the impedance measurements. The stress 

inside the sensor caused by bending is simulated by means of finite element 

Z 
(Ω

) 
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analysis. The sensor is characterized in a wide range of frequencies under 

different deflection conditions. The highest MI ratio is 90% at 1.1 GHz when 

the sensor is bent with R = 7.2 cm resulting in 299 MPa of compressive stress 

along the sensor. Two peak values 5.2 %/Oe and 9.2 %/Oe are found for the 

sensitivity at 0.5 GHz and 1.1 GHz, respectively. The obtained MI ratio and 

sensitivity show the advantage of the MI sensor in terms of the magnetic 

sensing performance over the previously published flexible GMR sensors, 

which have an MR ratio of 50% and a sensitivity of 0.8%/Oe. When deflected, 

the MI ratio and sensitivity increase with decreasing compressive stress or 

increasing tensile stress. From the resonant frequency analysis of the 

impedance, one can conclude that the sensor is operating in the quasistatic 

regime below 0.55 GHz, and the MI effect is attributed to the FMR effect above 

0.55 GHz. Based on the MI measurement and simulated film stress, a 

magnetostriction coefficient of λ𝑠 = 6.22×10-8 is obtained for the MI film, which 

is in accordance with previously published data. This implies that the deflection 

dependent MI changes are caused by the magnetostriction of the NiFe layers. 

If required, adjusting the material composition of the magnetic layers can 

potentially improve the output stability of the sensor under deflection. The high 

magnetic sensitivity compared to other flexible magnetic sensors make the MI 

sensor an interesting candidate for flexible magneto-electronic devices. As an 

example, we showed the possibility to detect the sensor’s orientation when 

rotated in a plane, due to the changes of the Earth’s magnetic field component 
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acting along the wire. This is an important capability that could be exploited for 

the detection of motion or position in wearable or robotics applications etc. It is 

also worth to note that the operating frequency of the MI sensor allows for 

wireless operation up to the GHz range, opening doors for more flexible 

substrate based, advanced sensing applications.



Chapter 4 

97 

Chapter 4 Integration of MI Sensor and SAW 
Transponder 

4.1 Objective 

Surface acoustic wave (SAW) transponders have been widely recognized as a 

promising solution for passive wireless sensing (Pohl 2000). Compared to 

silicon IC-based wireless sensor solutions, SAW sensors do not require 

rectifying AC wireless signals to DC currents, but can rather be powered 

directly by the interrogating signal. This reduces the system’s complexity, 

making the sensors reliable and easy to produce. 

So far, research on passive wireless magnetic sensors utilizing SAW 

transponders did not receive much attention, and only proof-of-concept work 

has been done on the integration of a SAW device with magnetoimpedance 

(MI) microwires (Hauser, Steindl et al. 2000). The results of this work were 

promising, but neither the fabrication of such microwires nor their integration 

with a SAW device can be accomplished with standard microfabrication 

methods. The objective of this chapter is to study a new thin film-based 

SAW-MI sensor as a solution for passive wireless magnetic sensing, which can 

be efficiently fabricated on a single substrate. One of the unique advantages of 

thin film MI sensors is their high operating frequency. Among all different MI 

sensor geometries including wires, ribbons and thin films, thin film MI sensors 

have the highest operating frequency ranging from around hundred MHz to a 
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few GHz. This is because the skin depth is only tens to hundreds of 

nanometers in this frequency range, which is too small for wires and ribbons 

but can be efficiently utilized with thin film magnetic layers.  

The operating frequency of thin film MI sensors include the frequency of the 

industrial, scientific and medical bands (ISM bands) at, for instance, 433 MHz, 

915MHz or 2.41 GHz for commercial wireless communications, which opens 

possibilities for commercialized passive wireless magnetic sensors. 

In this chapter, an MI-based, passive wireless magnetic sensor is introduced 

operated at 430 MHz. The sensor is realized by integrating a thin film MI 

sensor with a SAW transponder on the same substrate. The SAW transponder 

modulates the incoming wireless signals through specifically designed 

interdigital transducers (IDT) and an acoustic delay line.  

4.2 System Overview 

SAW sensors can be operated both in pulsed (radar) mode using a wireless 

interrogator or in sinusoidal steady-state (SSS) mode using a network analyzer 

(wired) (Chin, Zheng et al. 2010). In terms of a wireless approach, an 

interrogator generates a modulated wireless signal through the antenna (Fig. 

4-1(a)). The signal is received by the SAW sensors within the range of the 

interrogator and gets reflected by the sensors with encoded sensing 

information. The signal is then demodulated and post-processed to obtain the 

measured sensing information. Within the read range of the interrogator, 
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multiple sensors can be accessed simultaneously. The read range of the 

wireless SAW sensors depends on many factors such as the output power of 

the interrogator, antenna gain, type of antenna, attenuation of the sensor, 

condition of the radio channel, etc. With a interrogator of less than 0.5 mW 

power connected to a 15 dB antenna, a read range of 18 meters has been 

achieved in previous work (Hartmann and Claiborne 2007).   

Fig. 4-1 (b) shows the schematic of an integrated SAW-MI thin film sensor. It is 

composed of a SAW transponder with three IDTs, a thin film MI sensor and a 

matching circuit. When the RF signal from the interrogator is received by the 

antenna, a surface acoustic wave is generated at IDT1 and propagates along 

the substrate passing IDT2 and IDT3, where it gets reflected and transmitted. 

IDT2 is an optional reference reflector while IDT3 is loaded with a tri-layer thin 

film MI sensor via a matching circuit. The reflected acoustic wave containing 

the impedance information of the MI sensor is, then, detected at IDT1 and 

transmitted back to the interrogator.  
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Fig. 4-1. (a) SAW sensing system interrogating 3 SAW sensors (sensor 1-3). (b) 

Schematic of the SAW-MI sensor. Add SAW sensor 1, SAW sensor 2  to the other 

two sensors shown in the figure. 

4.3 Design Considerations 

In integrated SAW-MI sensors, the SAW component serves as a transponder 

connecing the antenna and the MI component through surface acoustic waves. 

The resonant frequency of the IDT matches the resonant frequency of the 

antenna as well as the frequency of the driving current of the MI component. 

Interrogator 

 

(a) 

(b) 

Sensor 1 

Sensor 2 

Sensor 3 
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Therefore, the MI sensor needs to be optimized for the operating frequency of 

the SAW transponder. Impedance matching between different components is 

essential for minimizing insertion losses as well as extending the read range. 

In addition to the impedance matching, from the prospective of maximizing the 

magnetic sensitivity, matching between the SAW transponder and MI sensor 

improves the sensor’s performance. Other design considerations such as IDT 

geometry, substrate material, etc. will also be discussed below. 

4.3.1 SAW Transponder 

One of the most representative models for characterizing SAW transducers is 

the P-Matrix model introduced by Tobolka (Tobolka 1979). As shown in Fig. 4-2, 

P11 is the acoustic wave reflection at the output IDT. Specifically, the 

dependence of P11 on the load impedance Z = Z(Hext) + Zm, where Z(Hext) is the 

impedance of the MI element and Zm is the matching impedance, is expressed 

as 

𝑃11(𝑍) =  𝑃11,𝑠𝑐 + 
2∙𝑃132

𝑃33+
1
𝑍
,       (4.1) 

where P11,sc is the short circuit reflection coefficient, P13 is the electro-acoustic 

transfer coefficient, P33 is the input admittance of the transducer and Z is the 

load impedance. From Eq. (4.1), a SAW transducer with a smaller P11,sc and 

larger P13 will provide a larger response in terms of the reflectivity change upon 

a change in the MI sensor’s impedance. The piezoelectric substrate chosen for 

this work is LiNbO3 as it provides a superior electromechanical coupling 
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coefficient (k2, Tab. 4-1), which corresponds to a high P13. The designed 

working frequency of the device is correlated with the periodicity p through  

p = ν/f          (4.2) 

where ν and f denote the wave velocity and frequency, respectively. The 

periodicity p, which is equal to the wavelength of the acoustic wave, 

determines the IDT’s finger width and pitch. In order to separate the reflection 

signals in the time domain, the distance between the input and output IDTs 

(IDT1 and IDT3 in Fig. 4-2) is designed to be a few times greater than the 

length of the IDT.  

Tab. 4-1. Major SAW substrate materials (Morgan 2010) 

Material v (m/s) k2 (%) 
LiNbO3 128˚ Y-X 3979 5.5 
Quartz, SiO2 3159 1 
LiTaO3, X-112 ˚ Y 3300 0.75 

 

 

Fig. 4-2. Electric and acoustic ports of the SAW device 

4.3.2 Single and Double-electrode IDTs 
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IDTs are the building blocks of the SAW devices. They are used for excitation 

and detection of SAWs on the piezoelectric substrate. An IDT is composed of 

two comb-like structures made of conducting materials, each of the comb-like 

structure has one bus bar and it is connected with multiple strips in a periodic 

way. There are different types of IDTs like the single-electrode configuration 

shown in Fig. 4-3 (a) or the double-electrode configuration shown in Fig. 4-3 

(b).  

 

Fig. 4-3 (a) Single-electrode IDT and (b) double-electrode IDT configurations and their 

wave reflection patterns. 
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The single-electrode IDT is the most basic IDT configuration. It consists of 

interdigital strips with period p, which equals to the wavelength λ of the SAW. 

The neighboring strips have different polarity, which means they are holding 

opposite charges while exciting or receiving SAWs. The single-electrode IDT is 

widely used, due to its relative wide strip (λ/4) with respect to the SAW’s 

wavelength. With the same finger width, single-electrode IDTs carry SAWs with 

higher frequency compared to IDTs with more electrodes in one period. This is 

particularly useful for high frequency SAW devices up to 3 GHz, as the 

minimum line width is defined by the photolithography technology. The 

downside of the single-electrode IDT is the interaction of mechanical waves 

between the strips. Since the mechanical periodicity of the single-electrode 

IDT is equivalent to pm = p/2, the reflected waves satisfies the condition of 

Bragg reflection (λ = p), creating complex internal reflections between the 

fingers (Fig. 4-3 (a)).  

The double-electrode IDT, on the other hand, is able to eliminate internal 

reflections by having a periodicity of λ /4 with narrower strips. As a result, the 

reflected waves of neighboring strips cancel each other out, as shown in Fig. 

4-3 (b). Due to the cancelation of the internal mechanical reflections, the 

double-electrode IDT has a very low reflectivity, when short-circuited, which 

makes P11,sc negligible in Eq. (4.1). 

4.3.3 MI Sensor 
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The origin of the MI effect in thin film sensors is the change in the transverse 

permeability upon the application of a longitudinal magnetic field in conjunction 

with the skin effect. Hence, many parameters play an important role in the 

performance of the device including a pronounced transverse anisotropy and a 

high permeability. In addition, the thickness of the thin film as well as the 

conductivity needs to be considered. For this application, we chose a tri-layer 

strip design for the MI sensor, since it offers a good compromise between 

sensitivity (Chapter 2, section 2.3.1) and fabrication complexity. The tri-layer 

comprises a conducting layer of copper sandwiched by two Ni80Fe20 layers and 

is fabricated by e-beam evaporation. 

In deposition experiments we found that Ni80Fe20 exhibits the anticipated 

in-plane anisotropy for thin layers up to about 100 nm. For thicker films, an 

out-of-plane anisotropy is observed, which is attributed to a combination of 

negative magnetostriction and planar tensile stresses(Svalov, Aseguinolaza et 

al. 2010). To maximize the impedance of the sensor while maintaining the 

required anisotropy, the magnetic layers are designed with a thickness of 100 

nm.  

Typically, in tri-layer MI sensors, the thickness of the conductor layer is double 

the thickness of the magnetic layer(Panina 2011). Therefore, for the MI sensor 

with 100 nm Ni80Fe20 layer, the thickness of the copper layer is 200 nm. 

All three layers of the MI sensor are deposited by e-beam evaporation at room 
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temperature. A constant magnetic field of 200 Oe is applied in the transverse 

direction of the MI sensor during the evaporation of NiFe films to induce a 

transverse anisotropy. In order to obtain a defined edge after the lift-off, a stack 

of 700 nm LOR 5B and 3 μm ECI 3027 photoresist are spin coated and baked 

acting as the mask layer. 

4.3.4 Matching of MI Sensor and SAW Transponder 

In order to optimize the sensor response, a simulation based on b (4.1) is 

carried out. In the case of the double-electrode structure, term P11,sc is 

neglected. The electro-acoustic transfer coefficient P13 and input admittance 

P33 can be obtained by, 

𝑃13 =
1

2√2𝑍𝑎
𝑟𝑚(1 − 𝑒−𝑗𝜑𝑚),         (4.3) 

𝑃33 = 𝑗𝜔𝐶IDT +
𝑟𝑚2

𝑍𝑎
(1 − 𝑒−𝑗𝜑𝑚),     (4.4) 

where rm is the electrical and acoustical transfer ratio, CIDT is the capacitance 

of the IDT, Za is the acoustic impedance and 𝜑𝑚 is the transit angle (Tobolka 

1979). 

Since the MI sensor is an inductive element, matching is accomplished by a 

series capacitance resulting in a load impedance  

Z = 1/jωCm + R +jωL(Hext),      (4.5) 

where Cm is the matching capacitance, R is the average resistance (over the 
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considered magnetic field range) of the MI sensor and L(Hext) the averaged 

inductance of the MI sensor. 

Fig. 4-4 shows the simulation result of the IDT’s reflectivity as a function of the 

load. The slope of this plot corresponds to the magnetic field sensitivity. 

Therefore, the optimum matching capacitance can be determined. Fig. 4-4 

presents the rate of change in P11 for 1 nH inductance changes (corresponding 

to a field change of approximately 0.6 Oe). The result shows that with the 

optimum matching capacitance a maximum reflectivity change rate of 0.3 

dB/nH can be achieved. As the fabricated MI sensor has an inductance 

change from 5 nH to 15 nH, an acoustic reflectivity change of 3 dB can be 

expected using a 150 pF capacitor as a matching component in series with the 

MI sensor. 

 

 

Fig. 4-4. (a) Magnitude of the P11 parameter as a function of the load capacitance and 

inductance. (b) Rate of change (absolute value) of the P11 parameter for 1 nH load 

inductance change. 

(a) (b) 

dP11/dL (dB/nH) P11 
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4.4 Thin Film SAW-MI Sensor  

4.4.1 Design and Fabrication 

Fig. 4-5 shows a schematic of the SAW-MI sensor. It consists of a 

single-electrode source IDT, a double-electrode load IDT and an MI tri-layer 

thin film element. A delay line separates the source and load IDTs. The 

double-electrode design is employed for the load IDT, as it has a minimum 

short circuit reflectivity, due to the internal wave cancelation, as has been 

shown in section 4.3.2.  

 

Fig. 4-5. Schematic of the 430 MHz thin film SAW-MI sensor 

As before, a 128° Y-X cut LiNbO3 is chosen as the substrate material. It has v = 

3979 m/s (Morgan 2010), which together with the desired operating frequency 

of 430 MHz requires a p of 9.2 μm. The delay line length LD = 5991 μm, 

corresponding to 1.5 μs, therefore, the delay time of the SAW reflected from the 

load IDT is 3 μs. Both IDTs consist of 20 fingers. In order to avoid the energy 
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loss caused by diffraction, the apertures size has to be greater than 2√𝐿𝐷𝜆 

(Campbell 1998). In this design, the aperture is 75λ. Detailed design 

parameters for both SAW transponder and MI element are shown in Tab. 4-2. 

Tab. 4-2. Design parameters of the SAW-MI sensor. 

 

The fabrication of the sensor is entirely carried out by standard thin film 

technology. 20 nm of Ti, acting as adhesion layer, and 150 nm of Au are 

sputtered on the LiNbO3 substrate followed by a photolithographic pattern 

transfer and dry etching. After cleaning with acetone and rinsing in de-ionized 

water, the wafer is further cleaned by oxygen plasma to get rid of the residual, 

burned photoresist. Next, another patterned layer of photoresist is fabricated on 

the substrate for the MI element. Layers of Ni80Fe20, Cu and Ni80Fe20 with 

thicknesses of 100 nm, 200 nm and 100 nm are deposited by e-beam 

evaporation with a uniaxial magnetic field of 200 Oe applied along the Y axis, 

which is the transverse direction of the MI element. Fig. 4-6 shows the 

fabricated SAW-MI sensor, the inset shows the zoomed in picture of the load 

IDT.  

SAW design parameter 

Substrate material 
LiNbO3 

(128° Y-X 
cut) 

 
Center 
frequency 

430 MHz 

IDT material Au  Aperture 75λ 
p 9.2 μm  LD 5991 μm 

MI design parameter 
tNi80Fe20 100 nm  tCu 200 nm 
w 40 μm  l 12 mm 
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Fig. 4-6 Fabricated 430 MHz SAW-MI sensor. Inset: load IDT with double-electrode 

design. 

4.4.2 Experiments and Results 

The experiment involves the characterization of the MI element as well as the 

integrated SAW-MI sensor. The response of the MI element upon a magnetic 

field is measured using an E4991A impedance analyzer, connected directly to 

the MI element, at frequencies ranging from 10 MHz to 500 MHz. The amplitude 

of the applied AC current is kept constant at 20 mA throughout the 

measurement. The impedance analyzer is pre-calibrated using a standard 

short-open-load calibration kit on the test head E4991A. After the installation of 

the measurement fixture (16092A), another short-open calibration is performed 

before the measurement, the short calibration kit consists of the sample 

package shorted with a bonding wire to minimize the influence of fixture, 

package and bonding wires. The integrated SAW-MI sensor is characterized 
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through the S-parameter measured, at the source IDT, using an E8363C 

network analyzer in a frequency range from 360 MHz to 480 MHz. A 

homogenous magnetic field with up to 50 Oe is applied with a Helmholtz coil 

along the X axis, which is the longitudinal direction of the MI element. 

The dependencies of the resistance and reactance of the MI element on an 

external magnetic field Hext and on the operating frequency f are shown in Fig. 

4-7. As f increases, the values of the resistance and reactance also increase. In 

addition, the point of maximum reactance shifts from 8.8 Oe at 10 MHz to 1.62 

mT at 500 MHz and the maximum resistance point shifts from 7.8 Oe to 10 Oe. 

This is in good agreement with previously published results of a multilayer MI 

sensor in the quasistatic operating regime, where the permeability change is 

attributed to domain wall movement and magnetization rotation (Barandiaran, 

García-Arribas et al. 2006, de Cos, Lepalovskij et al. 2008). A distortion of the 

reactance curve between 5 Oe and 15 Oe is observed at frequencies above 

200 MHz.  
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Fig. 4-7 Resistance (a) and Reactance (b) of the MI element as a function of the magnetic 

field applied in the longitudinal direction of the sample for frequencies from 10 MHz to 500 

MHz. 

Fig. 4-8(a) shows the frequency spectrum of the S11 magnitude without a 

magnetic field. The measured operating frequency is 430 MHz, which deviates 

from the designed 430 MHz. This deviation is attributed to a difference 

between the estimated and practical value of v. The corrected value of v is 

3910 m/s, resulting in a corrected delay time of 3.06 μs. The unmatched 

source IDT has a return loss of 3.5 dB, corresponding to a mismatch loss of 

2.4 dB. The time domain data, obtained through an inverse fast Fourier 

transform, is shown in Fig. 4-8(b). The reflection pulse of the load IDT has a 

value of -37 dB and is observed at 3.06 μs. The noise level is around -80 dB, 

some minor reflections are observed, which are produced by the edges of the 

LiNbO3 substrate. 
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Fig. 4-8: (a) Frequency domain and (b) time domain response of the S11 parameter. 

Phase and amplitude measurements of the reflection pulse as a function of Hext 

are shown in Fig. 4-9. The maximum values of the amplitude change and the 

phase shift are 2.7 dB and 20 degree, respectively. By comparing the S11 phase 

and amplitude curves of the SAW-MI sensor (Fig. 4-9) with the resistance and 

reactance curves of the MI element (Fig. 4-7), a close correlation between the 

S11 amplitude and the MI reactance as well as between the S11 phase and the 

MI resistance are observed. This is in agreement with the P-matrix load 

impedance model(Tobolka 1979) of the acoustic reflectivity, when the 

operating point of the load is near the resonant point in the inductive region. As 

the phase change of the reflection signal depends not only on the load 

impedance but also on factors like temperature or stress, the amplitude signal 

is considered a more reliable sensing parameter in this application.  

Fig. 4-10 (a) shows the linear magnetic sensing range extracted from the 

amplitude curve of Fig. 4-9. The linear range extends over 2.5 Oe from 1.5 Oe 

(a) (b) 
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to 4 Oe. The magnetic sensitivity in the linear region is 0.387 dB/Oe. A step 

response is also presented in Fig. 4-10 (b). A magnetic field resolution of 0.012 

Oe is observed. Such high resolution could be used, for example, to monitor 

traffic. As shown in Fig. 4-15(c), the distortion of the earth magnetic field 

created by a passing car is about 0.2 Oe. Hence, such a sensor could be 

embedded into the road bed and detect passing or parked cars without the 

need for wired connection or battery replacement. A schematic of the 

proposed traffic monitoring application is shown in Fig. 4-10 (d).  

 

Fig. 4-9: Phase and amplitude of the reflected signal as functions of Hext. 
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Fig. 4-10 (a) Linear region of the measured S11 amplitude over the magnetic field Hext. (b) 

A step response of the sensor compared with (c) the magnetic field signal level of a car 

and earth. (d) Application example of the SAW-MI wireless sensor in traffic monitoring. 

In order to optimize the sensor’s performance, discrete matching components 

are connected in series between the MI element and load IDT. The result is 

shown in Fig. 4-11, where both the magnitude and phase of S11 highly depend 

on the matching components. A maximum magnitude change of 7.8 dB and 

phase shift of 27 deg are obtained, which correspond to a maximum magnetic 

(a) (b) (c) 

(d) 

SAW-MI Sensor 
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field sensitivity of 1.6 dB/Oe and 5 deg/Oe in the linear region. This sensitivity 

is much higher than the previously reported one for a SAW-MI microwire 

sensor which achieved a total amplitude change of 6 dB with 3000 Oe field 

change In the region of highest sensitivity(Hauser, Steindl et al. 2000). 

 

 

Fig. 4-11 S11sens measurement with different matching components. 

4.5 Conclusion 

In this chapter, for the first time, thin film SAW-MI sensors are developed, 

where both the SAW transponder and the MI sensor are fabricated on the same 

(LiNbO3) substrate. A SAW-MI sensor with the  operating frequencies of 430 

MHz is designed, fabricated and characterized. Single-electrode and 

double-electrode IDTs are employed, and the results show the latter design 

provides a superior performance in terms of sensitivity, as expected from 

theory. Simulations based on the P-matrix model are carried out to optimize the 
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matching between the transponder and sensor with respect to the magnetic 

field sensitivity. The 430 MHz sensor provides a magnetic response with a 2.7 

dB change in the S11 amplitude and a 20 degree shift of the S11 phase. Small 

sensor size and compatibility with the ISM band are other advantages of the 

430 MHz SAW-MI. Through impedance matching, a maximum amplitude 

change of 7.8 dB is obtained, corresponding to a high magnetic sensitivity of 

1.6 dB/Oe in a small linear region of 2.5 Oe. This sensitivity is much greater 

than the previously obtained 0.008 dB/Oe from the SAW-MI microwire 

design(Hauser, Steindl et al. 2000). Generally, the sensitive region of the MI 

element could be enlarged, for example, by using a magnetic material with a 

higher anisotropy field, but this, in turn, would be compromising the sensitivity. 

The sensitivity of the current device interrogated through wired connection is 

sufficient for the detection of the earth magnetic field distortion signal created 

by a passing car. 
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Chapter 5 Multifunctional Wireless Sensor 

5.1 Objective 

In many sensor applications, monitoring of different parameters is necessary, 

which typically requires employment of different sensors at the same time. This 

not only increases the complexity of the task but also increases the number of 

wires for communication. For example, in high voltage transmission line 

monitoring, in addition to current sensing, wire temperature and environmental 

humidity sensing are also important parameters, as they provide critical 

information for maintaining high safety standards. PWS provide ideal solutions 

for such applications, as they significantly reduce the safety risk caused by 

wiring and maintenance. An approach employing chip-based PWS has been 

reported previously (de Nazaré and Werneck 2012). In this work, a thin film 

magnetoimpedance (MI) sensor is for the first time, integrated with two other 

sensing elements to achieve a passive wireless multifunctional sensor that 

measures the magnetic field (or current that generates the magnetic field), 

temperature and humidity simultaneously, making it suitable for, e.g., passive 

wireless multifunctional transmission line monitoring.  

5.2 Design and Working Principle 

In general, a SAW-based passive wireless sensing system consists of three 

major components: 1) a wireless transmitter, which sends out a burst of high 
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frequency signals; 2) a SAW sensor, which receives and reflects modified 

signals based on the physical quantity being measured; 3) a receiver, which 

captures the modified signals. The transmitter and receiver are usually 

combined to a transceiver or interrogator.  

Fig. 5-1 shows the schematic of the system. An interrogator communicates with 

the sensor via a pair of antennas. On the sensor substrate, two single-electrode 

interdigital transducers (IDT), s1 and s2 (Fig. 5-2), are connected in parallel to 

create two SAW propagation paths, P1 and P2. Four double-electrode IDTs 

(Fig. 5-2) are designed to serve as reflectors.  Reflector r1 is fabricated on P1, 

with a hydrogel layer coated on the substrate between r1 and s1 for humidity 

measurements. The other three reflectors, r2, r3 and r4 are fabricated on P2, 

where r4 is connected to a MI element for magnetic field measurements, r2 and 

r3 work as a temperature sensor, and at the same time, provide reference 

information for other reflectors. A Polydimethylsiloxane (PDMS) cavity is 

mounted on top of P2 to protect it from being influenced by the humidity. The 

dual SAW propagation paths are designed such that the PDMS cavity isolates 

r2, r3 and r4 from the environment without blocking the SAW path for r1.  

The resonant frequency f is determined by the acoustic velocity v of the 

substrate and the SAW wavelength λ or electrode period p of the IDTs through 

f = v/λ = v/p. When the excitation frequency of the incoming RF signal matches 

f, SAWs are generated at s1 and s2 through piezoelectric coupling. The SAWs 
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propagate along P1 and P2 and get reflected by ri (i = 1-4) with a corresponding 

delay time τi. After another conversion at s1 and s2, RF signals are transmitted 

back to the interrogator through the RF channel.  

 

Fig. 5-1 Schematic of the integrated sensor(Li, Yassine et al.). 

For each of the reflectors ri a reflection coefficient can be expressed as 

𝑆𝐼𝑖 = (
𝑈1−

𝑈1
+)
𝑖
= 𝑆21_𝑅𝐹 · 𝑆𝑆𝑖 · 𝑆12_𝑅𝐹 ,     (5.1) 

with 

𝑆𝑆𝑖 = (
𝑈2−

𝑈2
+)
𝑖
= 𝑘21_𝑠 · 𝑃21_𝑆𝐴𝑊𝑖 · 𝑃11_𝑟𝑖 · 𝑃12_𝑆𝐴𝑊𝑖 · 𝑘12_𝑠 ,   (5.2) 
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where 𝑆𝐼𝑖 and 𝑆𝑆𝑖 refer to the reflection coefficient at the interrogator and 

sensor plane. 𝑆21_𝑅𝐹 and 𝑆12_𝑅𝐹 are the transmission coefficients of the RF 

channel, 𝑘21_𝑠 and  𝑘12_𝑠  are the equivalent electro-acoustic transmission 

coefficient at the source IDTs, 𝑃21_𝑆𝐴𝑊𝑖 , 𝑃12_𝑆𝐴𝑊𝑖  and 𝑃11_𝑟𝑖 are the acoustic 

transmission and reflection coefficients of SAWi and ri .This is also shown in 

the block diagram in Fig. 5-2, where 𝑈1+  𝑈1−and 𝑈2+ , 𝑈2−  represent the 

transmitted and received electrical signal at the interrogator and sensor. s and 

r represents the source and reflector IDT, SAWi is the SAW channel between s 

and ri. To simplify the problem, damping and phase shift of the acoustic waves, 

when passing through an IDT, was neglected. Notice, when calculating the 

reflection coefficient in the time domain at a specific time point, the backward 

signals, such as 𝑈1−, only take into account the damped backward signal from 

the last section (𝑈2− · 𝑆12_𝑅𝐹) without considering the reflected forward signals 

such as (𝑈1+ · 𝑆11_𝑅𝐹), due to the fact that 𝑈1− and 𝑈1+ do not occur at the 

same time.  

The magnitude (in dB) and phase of 𝑆𝐼𝑖 and 𝑆𝑆𝑖 satisfy 

𝑀𝑎𝑔(𝑆𝐼𝑖) =  2𝐼𝐿𝑅𝐹(𝐷) + 𝑀𝑎𝑔(𝑆𝑆𝑖) = 

2𝐼𝐿𝑅𝐹 + 2𝐼𝐿𝑠 + 2𝐼𝐿𝑆𝐴𝑊𝑖 + 𝑅𝐿𝑟𝑖    (5.3) 

and 

𝑃ℎ𝑎𝑠𝑒(𝑆𝐼𝑖) = 4𝜋𝑓𝜏𝑅𝐹(𝐷) + 𝑃ℎ𝑎𝑠𝑒(𝑆𝑆𝑖) = 2𝜋𝑓(2𝜏𝑅𝐹 + 2𝜏𝑠 + 2𝜏𝑆𝐴𝑊𝑖 + 𝜏𝑟𝑖) ,    (5.4) 
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where 𝐼𝐿𝑅𝐹(𝐷)/𝜏𝑅𝐹(𝐷), 𝐼𝐿𝑠 /𝜏𝑠  and 𝐼𝐿𝑆𝐴𝑊𝑖 /𝜏𝑆𝐴𝑊𝑖 represent the corresponding 

insertion loss/phase delay. 𝐼𝐿𝑅𝐹(𝐷)/𝜏𝑅𝐹(𝐷) are functions of the interrogation 

distance D. RLri and 𝜏𝑟𝑖 are the acoustic return loss and phase delay of the 

reflector ri. 

 

Fig. 5-2 Block diagram of the sensor system(Li, Yassine et al.). 

The electrical and mechanical interaction of the acoustic wave with the surface 

layer results in a perturbation 𝛥𝛾 of the complex wave propagation factor 𝛾𝑤, 

expressed as (Martin, Frye et al. 1994) 

𝛥𝛾𝑤
𝑘0
= 𝛥𝛼

𝑘0
− 𝑗 𝛥𝑣

𝑣
 ,       (5.5) 

where 𝛥𝛼/𝑘0 is the change in acoustic attenuation per wavenumber 𝛥𝑣/𝑣 is 

the fractional change in propagation velocity. 
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For sensing applications, 𝛥𝛼  and 𝛥𝑣  are determined from measuring the 

changes in the insertion loss 𝐼𝐿𝑆𝐴𝑊 and phase delay 𝜏𝑆𝐴𝑊 , which are 

expressed by(Ballantine Jr, White et al. 1996) 

𝐼𝐿𝑆𝐴𝑊 =
𝐿𝑆𝐴𝑊
𝜆
· 20log(e𝛼𝜆),     (5.5) 

and 

𝜏𝑆𝐴𝑊 =
𝐿𝑆𝐴𝑊
𝑣
,       (5.7) 

where 𝐿𝑆𝐴𝑊 is the length of the SAW channel.  

SAW temperature sensors mainly utilize the change in 𝜏𝑆𝐴𝑊  due to the 

temperature dependence of 𝐿𝑆𝐴𝑊 and 𝑣. In addition to the phase delay, a 

temperature change also causes changes of 𝐼𝐿𝑆𝐴𝑊, due to the fact that 𝛼 has 

a temperature dependent component (Slobodnik Jr 1978) and decreases 

when the temperature is reduced.   

In case of humidity sensing, 𝑣 and 𝛼 are affected by humidity changes due to 

a combination of acoustoelectric and viscoelastic effects. These depend on 

multiple parameters of the surface layer such as conductivity, permittivity, 

viscosity and loaded mass. Thus, both 𝜏𝑆𝐴𝑊 and 𝐼𝐿𝑆𝐴𝑊 are correlated with the 

humidity level. Water absorbent materials such as TiO2, polyphenylacetylene, 

hematoporphyrin, polyaniline etc. (Caliendo, Verona et al. 1997, Rimeika, 

Čiplys et al. 2009, Wang, Xie et al. 2013) can be used to enhance humidity 

sensing. In this work, PNIPAM (Poly(N-isopropylacrylamide)) is coated on P1 
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for this purpose. PNIPAM is a hydrogel polymer that can swell by taking up 

water below a certain temperature, which is in our case 38°C and can be 

modified by adding co-monomers (Liu, Fraylich et al. 2009, Nagase, 

Kobayashi et al. 2009).  

In addition to the SAW channel, reflectors can also introduce phase and 

amplitude change to the acoustic waves via a variable impedance load, and the 

same approach as in chapter 4 is implemented to facilitate magnetic field 

sensing: an MI sensor serves as an impedance load, causing a change in RLr 

and 𝜏𝑟𝑖  when a magnetic field is applied. For the multifunctional device, a 

meander structured tri-layer MI sensor is used, in order to reduce the size of the 

integrated sensor. In terms of the fabrication, the 3-layer structure with a Cu 

conducting layer, sandwiched by two Ni80Fe20 magnetic layers is used. This 

geometry  proved to have a large MI effect and involves a fairly simple 

fabrication process (Giouroudi, Hauser et al. 2006, Chen, Zhou et al. 2010). 

5.2.1 Phase delay of the SAW channel 

According to Eq. (5.7), for the acoustic wave reflected by ri, the temperature 

dependent phase delay can be described by the temperature coefficient of 

delay (TCD)  

𝑇𝐶𝐷𝑖 =
1

𝜏𝑆𝐴𝑊𝑖

𝜕𝜏𝑆𝐴𝑊𝑖
𝜕𝑇

= 1
𝐿𝑖

𝜕𝐿𝑖
𝜕𝑇
− 1
𝑣𝑖

𝜕𝑣𝑖
𝜕𝑇
 ,     (5.8) 

where 1
𝐿𝑖

𝑑𝐿𝑖
𝑑𝑇

 is the thermal expansion coefficient of the substrate and 1
𝑣𝑖

𝑑𝑣𝑖
𝑑𝑇

 is 
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the temperature coefficient of the velocity. TCD is a constant value based on 

the type of substrate.  

Similarly, the humidity dependent phase delay can be described by the 

humidity response of delay (HRD) at a certain value of T, 

𝐻𝑅𝐷𝑖(𝑅𝐻) =
1

𝜏𝑆𝐴𝑊𝑖

𝜕𝜏𝑆𝐴𝑊𝑖
𝜕𝑅𝐻

= − 1
𝑣𝑖

𝜕𝑣𝑖
𝜕𝑅𝐻
 .     (5.9) 

Therefore, the temperature and humidity dependence of 𝜏𝑆𝐴𝑊𝑖 is  

𝜏𝑆𝐴𝑊𝑖(𝛥𝑇, 𝛥𝑅𝐻)    = 𝜏𝑆𝐴𝑊𝑖0(1 + 𝑇𝐶𝐷𝑖 · 𝛥𝑇 + 𝐻𝑅𝐷𝑖 · 𝛥𝑅𝐻) , (5.10) 

where 𝜏𝑆𝐴𝑊𝑖0 =  
𝐿𝑖
𝑣𝑖

 is the initial phase delay at the reference temperature T0 

and relative humidity RH0 , 𝛥𝑇 and 𝛥𝑅𝐻  are the temperature and relative 

humidity change, respectively. Thus, 𝜏𝑆𝐴𝑊𝑖 can be written in a simpler form as, 

𝜏𝑆𝐴𝑊𝑖(𝑇, 𝑅𝐻) =  𝐿𝑖𝛿𝑖(𝑇, 𝑅𝐻),      (5.11) 

where 𝛿𝑖(T,RH) is a function of the temperature and relative humidity and it 

contains material dependent parameters such as 𝑣𝑖, 𝑇𝐶𝐷𝑖 and 𝐻𝑅𝐷𝑖. In case 

of the reflectors r2, r3 and r4, which share the same acoustic path, are protected 

by a PDMS cavity and do not have a humidity sensitive layer, 𝛿 is dominated 

by the temperature. As a results 𝛿𝑖=2−4(𝑇, 𝑅𝐻) = 𝛿2(𝑇, 𝑅𝐻) ≈ 𝛿2(𝑇). 

5.2.2 Insertion Loss of the SAW Channel 

According to Eq. (5.6), the temperature dependent insertion loss can be 

expressed as a temperature response of the insertion loss (TRI), 
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𝑇𝑅𝐼𝑖 =
1

𝐼𝐿𝑆𝐴𝑊𝑖

𝜕𝐼𝐿𝑆𝐴𝑊𝑖
𝜕𝑇

= 1
𝐿𝑖

𝜕𝐿𝑖
𝜕𝑇
+ 1
𝛼𝑖

𝜕𝛼𝑖
𝜕𝑇
 .     (5.12) 

Similarly, the humidity response of the insertion loss (HRI) can be written as 

𝐻𝑅𝐼𝑖 =
1

𝐼𝐿𝑆𝐴𝑊𝑖

𝜕𝐼𝐿𝑆𝐴𝑊𝑖
𝜕𝑅𝐻

= 1
𝛼𝑖

𝜕𝛼𝑖
𝜕𝑅𝐻
 .     (5.13) 

Therefore, the temperature and humidity dependence of   is  

𝐼𝐿𝑆𝐴𝑊𝑖(𝛥𝑇, 𝛥𝑅𝐻) = 𝐼𝐿𝑆𝐴𝑊𝑖0(1 + 𝑇𝑅𝐼𝑖 · 𝛥𝑇 + 𝐻𝑅𝐼𝑖 · 𝛥𝑅𝐻),  (5.14) 

where 𝐼𝐿𝑆𝐴𝑊𝑖0 =
𝐿𝑖
𝜆𝑖
· 20log(e𝛼𝜆𝑖)  is the initial insertion loss at the reference 

temperature T0 and relative humidity RH0. 𝐼𝐿𝑆𝐴𝑊𝑖 can be written in a simplified 

form as 

                            𝐼𝐿𝑆𝐴𝑊𝑖(𝑇, 𝑅𝐻) =  𝐿𝑖𝛽𝑖(𝑇, 𝑅𝐻),     (5.15) 

where 𝛽𝑖(T,RH) is a function of the temperature and relative humidity. Similar 

to 𝛿𝑖(𝑇, 𝑅𝐻) , in the given sensor, 𝛽𝑖(𝑇, 𝑅𝐻)  satisfies 𝛽𝑖=2−4(𝑇, 𝑅𝐻) =

𝛽2(𝑇, 𝑅𝐻) ≈ 𝛽2(𝑇). Due to the hydrogel coating, the attenuation on SAW path 

P1 is dominated by the humidity; hence, 𝛽1(𝑇, 𝑅𝐻) = 𝛽1(𝑅𝐻), which will also 

be shown in the experimental section. 

5.2.3 Return Loss and Phase Delay of the Reflector 

In addition to 𝑆𝐴𝑊 channels, reflectors also introduce attenuation and phase 

delay, which can be expressed using the P-matrix (Reindl and Ruile 1993) as 

𝑅𝐿𝑟𝑖(𝑍𝑖) = 𝑀𝑎𝑔 (𝑃11𝑟𝑖(𝑍𝑖)),     (5.16) 
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𝜏𝑟𝑖(𝑍𝑖) =
1
2𝜋𝑓
𝑃ℎ𝑎𝑠𝑒 (𝑃11𝑟𝑖(𝑍𝑖))    (5.17) 

and 

𝑃11_𝑟𝑖(𝑍𝑖) = 𝑃11,𝑠𝑐 +
2·𝑃132

𝑃33+
1
𝑍𝑖

,     (5.18) 

where 𝑃11,𝑠𝑐 is the acoustic reflection coefficient of the shorted ri,  𝑃13 is the 

electromechanical coupling coefficient,  𝑃33 is the input admittance of ri and 𝑍𝑖 

is the complex load impedance. For the open-circuited reflectors r1, r2 and r3, 

𝑍𝑖 = ∞ , P11_r1-3 = 𝑃11,𝑠𝑐 +
2·𝑃132

𝑃33
, resulting in constant return loss 𝑅𝐿𝑜𝑝  and 

phase delay 𝜏𝑜𝑝. Reflector r4 is loaded with a MI sensor, which provides a 

variable impedance Z4(H), when applying a magnetic field H. Therefore, P11_r4 

(Z4(H)) = PMI(H), resulting in a return loss 𝑅𝐿(𝐻) and phase delay 𝜏(𝐻) as 

functions of H. 

In general, the impedance value of a MI sensor is governed by the applied 

magnetic field and operating frequency, which can be expressed as Z = Z(H, f). 

MI sensor used in this work has a quasilinear response in the low magnetic 

field region. In the case of a SAW-based device, the operation frequency of the 

MI sensor is the center frequency of the IDT. 

5.2.4 Temperature, Humidity and Magnetic Field Signals 

By substituting Eq. (5.11) (5.15) into (5.3) and (5.4), the magnitude and phase 

of S11 at the interrogator can be expressed for each reflected signal as 
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𝑀𝑎𝑔(

𝑆𝐼1
𝑆𝐼2
𝑆𝐼3
𝑆𝐼4

) = 2𝐼𝐿𝑅𝐹(𝐷) + 2𝐼𝐿𝑠 + 2

(

 

𝐿1𝛽1(𝑅𝐻)
𝐿2𝛽2(𝑇)
𝐿3𝛽2(𝑇)
𝐿4𝛽2(𝑇) )

 +

(

 

𝑅𝐿𝑜𝑝 
𝑅𝐿𝑜𝑝 
𝑅𝐿𝑜𝑝 
𝑅𝐿(𝐻))

 ,    (5.19) 

𝑃ℎ𝑎𝑠𝑒 (

𝑆𝐼1
𝑆𝐼2
𝑆𝐼3
𝑆𝐼4

) = 4𝜋𝑓𝜏𝑅𝐹(𝐷) + 4𝜋𝑓𝜏𝑠 + 4𝜋𝑓

(

 

𝐿1𝛿1(𝑇, 𝑅𝐻)
𝐿2𝛿2(𝑇)
𝐿3𝛿2(𝑇)
𝐿4𝛿2(𝑇) )

 + 2𝜋𝑓 (

𝜏𝑜𝑝
𝜏𝑜𝑝
𝜏𝑜𝑝
𝜏(𝐻)

)  (5.20) 

Therefore, the sensor output signals𝑆𝑇, 𝑆𝑅𝐻 and 𝑆𝐻 for temperature, humidity 

and magnetic field, respectively, can be extracted from Eq. (5.19) and (5.20). 

In order to get repeatable readings over different interrogation distances, 

𝐼𝐿𝑅𝐹(𝐷) and 𝜏𝑅𝐹(𝐷) are substituted by measurable and known parameters, 

resulting in the following expressions: 

𝑆𝑇 = 4𝜋𝑓(𝐿3 − 𝐿2)𝛿2(𝑇) = 𝑃ℎ𝑎𝑠𝑒(𝑆𝐼3) − 𝑃ℎ𝑎𝑠𝑒(𝑆𝐼2) ,  (5.21) 

               𝑆𝑅𝐻 = −𝐿1𝛽1(𝑅𝐻) 

= 𝑀𝑎𝑔(𝑆𝐼2) − 𝑀𝑎𝑔(𝑆𝐼1) +
𝐿2

𝐿3−𝐿2
(𝑀𝑎𝑔(𝑆𝐼2) − 𝑀𝑎𝑔(𝑆𝐼3))  (5.22) 

and 

                 𝑆𝐻 = 𝑅𝐿(𝐻) − 𝑅𝐿𝑜𝑝 

= 𝑀𝑎𝑔(𝑆𝐼4) − 𝑀𝑎𝑔(𝑆𝐼2) −
𝐿4−𝐿2
𝐿3−𝐿2

(𝑀𝑎𝑔(𝑆𝐼3) − 𝑀𝑎𝑔(𝑆𝐼2))   (5.23) 

where ST , SRH and SH are correlated with temperature, humidity and magnetic 

field through 𝛿2(𝑇) , 𝛽1(𝑅𝐻)  and 𝑅𝐿(𝐻) . Due to the constant TCD and 

quasilinear response of Z(H) in the low field range,  𝛿𝑃2(𝑇) and 𝑅𝐿(𝐻) are 

considered as linear output. SRH, on the other hand, can be nonlinearly 
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correlated with the humidity depending on the type of the coating layer. In case 

of a non-linear response, 𝑆𝑅𝐻 has to be calibrated through fitting function in 

order to give a linear output. 

5.3 Fabrication and Experiment 

The sensor is fabricated on a 4”, 500 μm thick, 128° Y-X cut LiNbO3 wafer, 

which has a large TCD of 75 ppm/°C and a high electromechanical coupling 

coefficient of 5.5%. The fabrication flow chart is given in Fig. 5-3. First, the 

metallization of the IDTs is made by depositing, (a), a 10 nm thick Ti adhesion 

layer and a 150 nm thick Au layer on the LiNbO3 substrate using a dc 

magnetron sputter deposition followed by, (b), patterning the SAW structures 

and connecting electrodes using photolithography and dry etching. To this end, 

3 μm of 3027 photoresist is spun on the substrate as a mask layer for the dry 

etching step. Dry etching is performed with the conditions listed in Tab. 5-1. 

Due to the build-up of static charge on the LiNbO3 substrate, the bonding 

between the substrate and the sample tray may cause failure in the etching 

process. In order to avoid this, a few pieces of kapton film are placed between 

the sample tray and the LiNbO3 substrate. After the dry etch, acetone and 

oxygen plasma are applied to remove the residual photoresist from the sample. 

The MI sensor is fabricated by e-beam evaporation (base pressure of 8×10-7 

Torr, deposition rate of 2 Å/s) of 100 nm Ni80Fe20, 200 nm Cu and 100 nm 

Ni80Fe20 (Fig. 5-3(c)) with a constant magnetic field of 200 Oe applied in-plane 
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and perpendicular to the designed current flow direction of the MI sensor. The 

fabrication of the magnetic and temperature sensing components is completed 

with a final lift-off process step as shown in Fig. 5-3 (d).  

Tab. 5-1. Etching parameters for IDT. 

 Au etch Ti etch 
Pressure (mT) 10 10 

Table Power (W) 125 125 
ICP power (W) 1000 1200 
Argon (sccm) 30 10 
SF6 (sccm) - 10 
CF4 (sccm) - 20 

 

For the fabrication of the humidity sensing component, a PNIPAM hydrogel is 

synthisized using two solutions. The first solution is obtained by mixing 0.18 

wt% of N-Isopropylacrylamide (NIPAAM) and 0.03 wt % of 

N,N,N,N-dimethylene bis(acrylamide) (BIS) as crosslinker. The second 

solution is 0.05 wt % of potassium persulfate (KPS), as initiator. 2 μl of each 

solution are applied to the chip surface in the area between s1 and r1 and 

mixed for 10 second. The sample is subsequently baked in a furnance at 60 °C 

for 20 min to dehydrate the coating (Fig. 5-3 (e)). In the last step, a 5×10×1.3 

mm PDMS cavity is fabricated through soft lithography and mounted on the 

sensor to protect P2 from being influenced by humidity changes (Fig. 5-3 (f)).  

Fig. 5-4 shows the fabricated sensor. The number of electrode pairs is 10 for 

both source and reflector IDTs. The sensor is designed at 433 MHz, which 

corresponds to an electrode period of p = 9 µm. The electrode width is 1.13 µm 
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for r1, r2, r3, r4 and 2.25 µm for s1 and s2. The aperture of the IDT electrode is 

690 µm. The MI element has a meander structure with l = 2000 µm and w = 40 

µm. The size of the fabricated sensor is 10×10×2 mm. After the fabrication, the 

sensor is wire bonded to a PCB with an SMA port for the measurement 

connection.  

 

Fig. 5-3 Fabrication flow chart of the device(Li, Yassine et al.). 

Y X 
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c  

Fig. 5-4 The fabricated device(Li, Yassine et al.). 

An experimental set-up is built to provide a controllable humidity, temperature 

and magnetic field environment. Fig. 5-5 shows the schematic of the test 

set-up. The sensor under test is placed in a test chamber in which the humidity 

is controlled through a humid air flow. The humid air is produced by pumping 

dry air into a water bath at room temperature and mixing it with another dry 

airflow. A gas regulator is used to control the pressure of two airflows to realize 

an adjustable humidity level. The sensor is mounted on a piece of aluminum 

for thermal conduction inside the test chamber, and the temperature is 

controlled using an 8 W Peltier element. The test chamber is placed at the 

center of a Helmholtz coil, where a uniform magnetic field is applied in the y 

direction on the sensor. Two calibrated commercial sensors: one humidity 
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sensor (Honeywell HIH-4000) and one temperature sensor (Omega K-type) 

are installed to provide reference values for the sensor characterization. In the 

first experiment, a network analyzer (Agilent E8363C) is connected with the 

sensor via an RF cable to perform the S-parameter measurements with 0 dBm 

output power.  

 

Fig. 5-5 Experimental set-up for the wired sensor characterization(Li, Yassine et al.). 

A wireless current line measurement is conducted using a pair of 433 MHz, 0 
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dBi, off-the-shelf helical antennas connecting the sensor and the network 

analyzer with an output power of 0 dBm through near field inductive coupling 

as shown in Fig. 5-6. The sensor is mounted on a cooper wire of 2 mm in 

diameter with its x axis aligned parallel to the wire. Starting from 0 A, a 

constant current is applied to the wire, using a power supply (Agilent N5769A), 

for a period of 5 minutes after which it is increased by 5 A, until a maximum 

value of 15 A is reached. Both the temperature and circumferential magnetic 

field generated by the current in the wire are measured by the sensor. 

The distance between the two antennas is 3 cm. One should note that even by 

increasing the output power of the network analyzer and using optimized 

inductively coupled antennas, the read range, e.g. 20 cm (Lee, Wang et al. 

2006), achieved by the near field inductively coupled SSS mode is nowhere 

near the read range of the far field pulsed mode operation by wireless 

interrogators. The measurement conducted in these experiments using a 

network analyzer and inductively coupled antennas should only be considered 

as a demonstration of the sensor’s wireless application. 
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Fig. 5-6 Experimental set-up for the wireless current line measurement(Li, Yassine et al.). 

5.4 Result and Discussion 

Fig. 5-7 shows the S11 measurement of the sensor in ambient environment 

without the application of a magnetic field  Fig. 5-7 (a) shows the relevant part 

of the frequency domain. Fig. 5-7 (b) shows the corresponding time domain 

signal calculated from the frequency spectrum by applying the inverse fast 

Fourier transform using a window with a center frequency of 420 MHz and a 

bandwidth of 40 MHz. Four reflecton signals SAW2, SAW1, SAW3 and SAW4 

are observed at 1.5 µs, 2 µs, 2.25 µs and 2.5 µs, from which the magnitude 

and phase data can be extracted to calculate ST, SRH and SH through Eq. 

(5.21), (5.22) and (5.23). 
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Fig. 5-7 The magnitude of SS in (a) frequency and (b) time domain(Li, Yassine et al.). 

5.4.1 Humidity Crosstalk Correction 

In general, the accumulation of water molecules on top of the delay line 

changes the permittivity and viscosity of the surface. While this effect is 

amplified to sense the humidity with the hydrogel coated onto the surface, it 

can have an unwanted effect on the delay lines of other sensing components 

especially the magnetic signal. Therefore, the sensor design includes a PDMS 

cavity to isolate the delay line for temperature and magnetic field sensing from 

the environmental humidity. Fig. 5-8 (a) shows the impact of humidity changes 

on the magnitude of SAW3, which is used as a reference for magnetic field 

sensing, with and without the cavity. The signal fluctuations caused by 

switching the humidity between 10% and 95% R.H. are reduced from 3.6 dB to 
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0.1 dB, when using the cavity. We assume that the remaining influence is 

mainly a result from the humidity influence on the back side of the substrate.  

In addition to the PDMS cavity, which reduces the influence of the humidity on 

the non-coated delay line to a large degree, the linear relationship between the 

humidity effect on the SAWs and the delay time is exploited to further reduce 

the humidity crosstalk. As shown in Fig. 5-8 (b) the magnitude of the signals 

reflected from r2, r3 and r4 without the PDMS cavity is increasingly damped with 

increasing humidity. Thereby, the damping is proportional to the delay line 

length L (inset of Fig. 5-8 (b)). This relationship is considered in Eq. (5.23) for 

the calculation of SH, to remove the humidity crosstalk.  

5.4.2 Nonlinear Humidity Response and Temperature Dependence 

Fig. 5-8 (c) shows the humidity response of the hydrogel for different 

temperatures. The magnitude of SS1 has a nonlinear relationship with respect 

to the relative humidity level and shows a larger sensitivity at higher humidity 

values. A change of 40 dB is obtained with the humidity changing from 20 to 

100% R.H.  A small influence of the temperature is observed from 10 to 

40 °C.  
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Fig. 5-8 (a) Return loss of r3 for different humidity values with and without the PDMS cavity. 

(b) Change in return loss for r2, r3 and r4 as a function of the humidity. Inset: relationship of 

the return loss change on different reflectors. (c) Humidity response of the hydrogel 

coating based on the magnitude change of the reflection signal of SAW1 at different 

temperatures(Li, Yassine et al.). 

5.4.3 Multi-channel Measurements 
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A multi-channel measurement is conducted using the set-up shown in Fig. 5-5. 

During the experiment, 𝐼𝐿𝑅𝐹 = 𝑐𝑜𝑛𝑠𝑡. and 𝜏𝑅𝐹 = 𝑐𝑜𝑛𝑠𝑡. , yielding 𝑀𝑎𝑔(𝑆𝑆𝑎) −

𝑀𝑎𝑔(𝑆𝑆𝑏) =  𝑀𝑎𝑔(𝑆𝐼𝑎) − 𝑀𝑎𝑔(𝑆𝐼𝑏)  and 

𝑃ℎ𝑎𝑠𝑒(𝑆𝑆𝑎) − 𝑃ℎ𝑎𝑠𝑒(𝑆𝑆𝑏) =  𝑃ℎ𝑎𝑠𝑒(𝑆𝐼𝑎) − 𝑃ℎ𝑎𝑠𝑒(𝑆𝐼𝑏). Therefore, SIi is equivalent to SSi 

in Eq. (5.21-23). Based on the measured value of SSi, the sensor is 

characterized in different environmental conditions that can be divided into 4 

sections (Fig. 5-9): in the first three sections, only one parameter: humidity 

(section I), magnetic field (section II) or temperature (section III) is changed at 

a time. In section IV, all three conditions are changed simultaneously. The 

calibration data collected from the reference sensors and the Helmholtz coil is 

plotted as black lines. In the first three sections the sensor output  is found to 

be in good agreement with the reference curves, and the crosstalks are 

effectively elimilated. Only a small interference is observed from the 

temperature change on SH. The sensor shows a magnetic sensitivity of 0.18 

dB/Oe and temperature sensitivity of 75 ppm/°C.  

In section IV, SH and ST  closely follow the reference curves, while SRH shows 

some deviation, due to the nonlinear response, which has been fitted with a 

calibration function. The humidity output is in good agreement with the 

reference above 20 %R.H. Below 20% R.H., the measurement is not reliable, 

due to the poor sensitivity of the hydrogel film at this low humidity range. The 

sensor is found to have a humidity sensivity of 0.13dB/% R.H. at 50 % R.H. 

that increases to 2 dB/% R.H. at 98 % R.H. 
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Fig. 5-9 Multi-channel measurement of humidity, temperature and magnetic field(Li, 

Yassine et al.). 

5.4.4 Current Line Measurement 

Fig. 5-10 displays the results of the wireless current and temperature 

measurements of the current line. The measured magnetic field signal 

represents the applied current very well. Due to the nonlinearity of the MI effect, 
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the measured field signal does not have a linear relationship with the current 

change. This can be resloved by calibrating the sensor signal, using the 

response of the MI sensor to magnetic fields, with a nonlinear function Z(H). 

The MI sensor designed in this work has a range from B = 0 to 10 G. Based on 

Ampere’s law, if the sensor is at a distance Rd away from the current line, the 

maximum measurable current is given by 𝐼𝑚𝑎𝑥 =
2𝜋𝑅𝐵
𝜇0𝑐𝑜𝑠𝜃

≈ 5 × 103 (𝐴
𝑚
) ∙ 𝑅𝑑(𝑚) ∙

𝑠𝑒𝑐𝜃, where  𝜃 is the angle between the sensor’s y-axis and the tangential 

direction of the wire. Since the sensor is attached to the current line with Rd = 

4mm and 𝜃 = 0, Imax=20 A, providing a sufficient sensing range for the applied 

15 A current. 

The temperature signal is increasing, when a current is applied. Due to the 

Joule heat (Ej) generated by the current, the temperature can be expressed as 

𝑇 ∝ 𝐸𝑗 = 𝐼2𝑅𝑡. This is supported by the measurement result, where at higher 

current levels, larger slopes are observed. When the current is turned off, the 

magnetic field drops to the original value and the temperature starts to 

decrease. 
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Fig. 5-10 Wireless magnetic field and temperature measurement on a current line 

(average factor: 50) (Li, Yassine et al.). 

5.4.5 Noise Measurement 

Fig. 5-11 shows the noise measurements of the sensor for wired and wireless 

connections with 0 dBm output power of the network anlyzer. In the wired 

measurement, the noise amplitudes  of SRH, SH and ST are 0.006 dB, 0.02 dB 

and 0.04 deg respectively. From these values, sensing resolutions of 0.04 % 

R.H. at 50 % R.H., 0.1 Oe and 0.0024 °C are obtained. In the wireless case, 

due to the attenuation from the wireless channel, the noise increases 

considerably, reducing the resolutions to 0.4 % R.H. at 50 % R.H., 1 Oe and 

0.1 °C.  

The resolution can be improved by averaging. For example, using a running 

average with 50 data points, as used in Fig. 5-9, yields resolutions to 0.08 % 
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R.H. at 50 % R.H., 0.2 Oe and 0.02 °C for SRH, SH and ST, respectively. 

 

Fig. 5-11 Noise measurements through wired and wireless connections(Li, Yassine et al.). 

5.5 Conclusion 

A SAW-based passive wireless sensor is developed on a single chip for 

measuring magnetic field, temperature and humidity simultaneously. Both 

amplitude and phase changes of the surface acoustic waves are utilized in 

conjunction with Ni80Fe20/Cu tri-layer, LiNbO3 substrate and PNIPAM film to 

achieve a multi-sensing capability. Theoretical models are developed to reduce 

the influence of crosstalk between different sensing components as well as the 

influence of the read range. The sensor is characterized using a network 

analyzer in SSS mode, the sensor’s nonlinear humidity response is 

characterized and fitted with an exponential function. In the current design, a 

bandwidth of 40 MHz is used. This could be adjusted to meet the requirements 
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of the ISM standard by design changes such as increasing the number of 

electrodes or reducing the electrode period for a higher operating frequency. 

The sensor has a magnetic sensing range of 0-10 Oe with a sensitivity of 0.18 

dB/Oe. This is a smaller sensing range but considerably higher magnetic 

sensitivity than the previously obtained 0.008 dB/Oe from a SAW-MI microwire 

design (Hauser, Steindl et al. 2000). This is attributed to the higher sensitivity of 

the thin film MI sensor comparing to the MI microwire at the operating frequency 

of the SAW. The obtained temperature sensitivity of 75 ppm/°C is in 

accordance with the reported temperature coefficient of 128° Y-X cut LiNbO3 

(Wong 2002). A full-range insertion loss change of 40 dB is obtained with a 

maximum humidity sensitivity of 2 dB/% R.H. at 98 %/R.H.. The humidity 

sensing performance of the device is competitive to the previously published 

results from the sensors using different coating materials, which show 

full-range insertion loss change ranging from 2 to 50 dB (Nomura, Oobuchi et 

al. 1993, Rimeika, Čiplys et al. 2009, Buvailo, Xing et al. 2011).  

The corresponding wireless sensing resolutions obtained with near field 

inductively coupled coils over a distance of 3 cm are 1 Oe, 0.1 °C and 0.4 % 

R.H. at 50 % R.H.. A current line measurement is carried out to demonstrate a 

wireless current and temperature measurement. The multi-sensing capabilities 

and passive wireless features of the sensor are attractive for harsh 

environmental applications such as high voltage transmission line monitoring.  
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Chapter 6 Conclusions 

This PhD research commenced with the aim of exploring sensors with 

advanced functionalities based on the magnetoimpedance (MI) effect. The 

research scope included various topics regarding the thin film MI sensors such 

as numerical simulations on multilayer structures, study of MI sensors on 

flexible substrates and extended applications in higher level integration of 

hybrid sensing devices. Throughout the research, the thin film MI sensor with 

its high magnetic performance and high driven frequency was proven to be a 

great candidate for the development of sensors for unique applications 

especially for the passive wireless sensing. The thesis highlighted a number of 

advantages of incorporating the surface acoustic wave (SAW) devices with 

thin film MI elements, which may lay the foundations for the next generation of 

SAW based passive wireless magnetic sensors. 

6.1 Summary 

6.1.1 Finite Element Analysis of MI Sensors 

The numerical simulation was investigated to analyze the multilayer MI 

sensors. By implementing permeability function, the impedance of a multilayer 

MI system was solved using the finite element method (FEM), allowing a more 

detailed and accurate analysis on the geometrical aspect of the sensor design. 

During the course of this research, 2D and 3D FEM models were implemented 
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to analyze the impedance response to magnetic field in a tri-layer MI thin film 

sensor. In addition, 3D FEM analysis was carried out for the calculation and 

comparison of single layer, tri-layer and 5-layer thin film MI systems. To the 

best of the author’s knowledge, this is the first time the 3D FEM modeling has 

been proposed and presented for MI sensor analysis, and it is the first time the 

permeability function is considered in the simulation of MI sensors using the 

FEM method. 

6.1.2 Flexible MI sensors 

Flexible thin film MI sensors were explored in this thesis as a part of the effort 

of developing MI sensors with advanced features for unconventional 

applications. Thin film MI sensors fabricated on different flexible substrates are 

characterized. Measurement on the surface roughness of the substrates has 

been carried out and compared with the magnetization response and MI 

characterization of the sensors. For the first time, the deflection measurement 

of a MI sensor was carried out on a custom-designed fixture of flexible 

transmission line, on which the frequency and magnetic response are also 

characterized. The flexible MI thin film sensor showed a robust and high 

magnetic sensitivity with the capability of deformation. The shape dependent 

impedance response was discussed within the scope of magnetostriction 

effect based on the calculated stress of the sensor under the deflection. 

6.1.3 SAW-MI Sensors 
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In addition to the high magnetic sensing performance, thin film MI sensor is 

unique for its impedance output and high operating frequency. These make the 

thin film MI sensor an ideal candidate for the loaded impedance type SAW 

wireless magnetic sensor. This thesis presents the first thin film MI sensor 

integrated with SAW transponder on a single piezoelectric substrate. Design, 

fabrication and characterization of the device were introduced. Furthermore, 

device optimization was carried out on the IDT design and impedance 

matching, resulting in a SAW-MI sensor with the highest sensitivity that has 

ever been reported. Based on the successful integrated thin film SAW-MI 

sensor, additional sensing mechanisms including temperature and humidity 

sensing were also introduced in making a highly integrated, multifunctional 

passive wireless sensor. Reference reflectors were utilized to reduce the 

crosslink between different sensing signals. A comprehensive 3 channel 

measurement was carried out that validated the sensor’s capability of 

detecting 3 measurands simultaneously. Furthermore, a current line 

measurement was performed with the sensor and a pair of helical antennas to 

demonstrate the wireless sensing and get an insight of the value that this 

device brought into the real world applications. 

6.2 Conclusions 

Based on the research work summarized in the sections above, major findings 

and outcomes of this PhD research can be concluded as follows: 
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¾ Compared to the analytical model, 3D FEM analysis delivers solutions 

for any MI systems including those with complex structures such as 

meander-shaped MI thin film sensors, 5-layer MI sensor, etc. The 

downside is the enormous computational load for the 3D device models 

with large aspect ratios and layers with considerable differences in 

thickness. In this case, 2D FEM simulations are much more practical for 

MI structures in which the cross section does not change.  

The FEM simulations of single-layer, 3-layer and 5-layer MI systems 

showed a superior MI performance of the 5-layer (magnetic /isolation 

/conductor /isolation /magnetic) structure, while the single-layer MI 

sensor showed the weakest performance. This is in agreement with 

previously reported experimental results of 5-layer MI sensors. From 

the FEM results, the superior performance of the 5-layer structure can 

be attributed to the current, which was found to be more concentrated in 

the central conductor. This confirmed the effectiveness of the isolation 

layers in the 5-layer system. The studies showed an increase of the MI 

performance with the increasing thickness of the magnetic layer before 

reaching saturation, which provided valuable information for efficient 

fabrication of MI sensors.  

¾ Flexible magnetic sensors with Ni80Fe20/Cu/Ni80Fe20 tri-layer 

structure were developed on flexible kapton substrate. A 
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custom-designed flexible transmission line fixture was employed for the 

impedance measurement, which allowed the MI sensor to deflect in a 

certain range (radius of curvature(R) from – 7.2 cm to 7.2 cm). The 

highest obtained MI ratio was 90%, which was greater than the 

previously published flexible magnetic sensors based on the GMR 

effect. For a flexible magnetic sensor, the stress response of the device 

needs to be minimized, which requires the magnetostriction constant to 

be minimized. Ideally, NiFe alloys are not magnetostrictive around 80/20 

composition ratio. Nevertheless, the measurements showed that up to 

20% impedance change were caused by deflection. Based on the MI 

measurements and calculated film stress, a magnetostriction coefficient 

of λ𝑠 = 6.22×10-8 was obtained for the MI film, which was in agreement 

with previously published data. It can be concluded that the deflection 

dependent MI changes were caused by the magnetostriction of the 

NiFe layers. Therefore, adjusting the material composition of the 

magnetic layers can potentially reduce the sensitivity of the sensor to 

mechanical stress. 

The flexible MI sensor’s sensitivity was high enough to detect changes 

of the Earth’s magnetic field component when rotating in a plane. This is 

an important capability that could be exploited for the detection of 

motion or position in wearable or robotics applications etc.  
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¾ In this thesis an integrated sensor was developed using thin film 

multilayer MI sensors. The device was fabricated on a single LiNbO3 

substrate, using standard microfabrication processes, and it featured a 

high magnetic field sensitivity of 1.6 dB/Oe at an operating frequency of 

430 MHz.   

Both, a single-electrode and double-electrode configuration were 

implemented for the load IDT. The latter benefits from reduced internal 

acoustic reflections but comes at the cost of a higher resolution of the 

fabrication process. Using the double-electrode IDT, the sensing 

response of the device improved considerably, i.e., the magnitude 

change in the reflection coefficient increased from 1 dB to 2.4 dB. 

Impedance matching was found to be essential in the device 

optimization. A maximum amplitude change of 7.8 dB was obtained by 

proper selection of the matching components, resulting in a magnetic 

sensitivity that is 140 times greater than the previously reported 

SAW-MI microwire device. 

Both amplitude and phase change of the SAW-MI sensor were obtained. 

Compared to the amplitude change of 7.8 dB, the maximum phase shift 

of 30 degree was not an attractive output because of the temperature 

dependent acoustic velocity, which produces thermal noise in the phase 

signal. Despite the high magnetic sensitivity of integrated SAW-MI 
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sensors, the small linear range and symmetric magnetic characteristic 

are the major constrains. Therefore, this device is suitable for small field 

applications with additional bias magnetic field applied. 

Building on the developed SAW-MI sensor, a multi-sensing passive wireless 

SAW sensor for magnetic field, temperature and humidity was successfully 

developed. A thin film MI sensor and a hydrogel coating were integrated 

with IDTs on two acoustic tracks and fabricated on one LiNbO3 

substrate. Amplitude changes were utilized for magnetic field and 

humidity sensing while the phase change was used for temperature 

sensing. The device exhibited good sensing response with minimal 

cross-sensitivities that could be removed by compensation mechanisms. 

A wireless measurement was performed on a current line, which 

demonstrated the sensor’s capability of monitoring both the current 

level as well as the temperature in a passive and wireless fashion.
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