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Abstract

This thesis investigates passive non-reciprocal components (mainly circulators) based

on ferrite Low Temperature Co-fired Ceramic (LTCC) substrate. The external mag-

nets used in conventional circulators must be strong to overcome the ferrite’s demag-

netization field. The novel circulator presented herein uses an embedded winding

within the ferrite substrate to magnetize the material from the inside, thereby signifi-

cantly reducing the demagnetization effects. Because of the controllability of the bias

field, the resulting device is also multifunctional: when the windings are energized by

a current, the device operates as a dynamic circulator in which the circulation direc-

tion can be changed by switching the direction of the current. Unlike other LTCC

circulators with external magnets, the proposed device can even operate as a power

splitter by removing the bias current. A circulator prototype has been characterized

in three states: unbiased, biased by winding and biased by winding and external

magnets. When no current is applied, the transmission of each port is about -5 dB

with a return loss better than 20 dB at 14.8 GHz. When a current of 300 mA is

injected into the winding, the measured insertion loss and isolation of the circulator

is approximately 3 dB and 8 dB, respectively, whereas the return loss is better than

20 dB at 14.2 GHz. When external magnets are added in addition to the current of

200 mA, the insertion loss and isolation is improved to 1.6 dB and 23 dB, respectively

at 14.2 GHz. The variation of the circulator’s working frequency is 0.6 GHz. This is
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achieved firstly by the change of the internal magnetization M when the dc current is

less than 120 mA, then the heat in the substrate due to the winding introduces more

frequency shifting. The total size (L*W*H) is 8mm*8mm*1.1mm.

The conventional Y-junction stripline circulator has one ferrite disk surrounded

by a dielectric material. The design of the circulator presented here uses only the

ferrite LTCC material. The material exposed under the magnetic bias shows the

ferrite properties and the remaining shows the dielectric properties. It has been

demonstrated that a passive ferrite component like circulator could be realized on

the ferrite LTCC substrate without adding other materials. Therefore, this circulator

could be easily integrated with other rf components such as antennas, amplifiers,

filters, etc in System-on-Package (SoP).

The conventional circulator with stripline structure is designed to operate at a

specific frequency. To expand the bandwidth, we usually work on the shape of the

circulator’s center conductor, or operate the circulator in the ”edge-guided” mode.

In order to increase the bandwidth, the 3D design ability of LTCC technology can

be used. In this thesis, we present a new wideband circulator operating at K-band.

The design is realized by stacking two circulators (gyrators) with different working

frequencies into the ferrite LTCC substrate to expand the overall bandwidth. The

obtained bandwidth by the simulator Ansys HFSS is 11 GHz (15.5 GHz to 26.5 GHz)

which covers the K-band. The reflection and isolation are over 20 dB and the insertion

loss is between 1.5 dB and 3 dB.

In this thesis, we investigate the original circulator design fully embedded in ferrite

LTCC, study the performance of a ferrite LTCC circulator with integrated winding

and present coplanar circulators and a wide-band circulator based on the ferrite LTCC

substrate. All designs are realized in Ansys HFSS, Ansys Maxwell 3D and CST Studio

at University of Saint Etienne, Laboratory Hubert Curien UMR CNRS 5516 and at
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Carleton University. The fabrication is operated by VTT Technical Research Centre

of Finland and the measurements are performed at Royal Military College of Canada.
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Chapter 1

Introduction

In recent years, multi-standard systems such as GSM, UMTS, LTE, 4G/5G have been

employed in cellular radio handsets. In addition, a carrier aggregation (CA) service

has been started and cognitive radio terminals with reconfigurable rf front-end circuit

are in the developmental stage for the next-generation of communication systems.

Since mobile handsets using the multi-standard systems are handling a large number

of frequency bands, the rf circuits of the handsets have been becoming more and more

complex with many signal paths corresponding to various frequency bands. On the

other hand, the mobile data transfer rates have been enhanced and the frequency

bands have been extending to higher frequencies. Therefore a miniaturized and tun-

able rf front-end architecture for frequency division duplexing (FDD) system is very

effective for simplifying the circuit configuration [19]. In wireless radar applications,

circulator seems to be the most suitable microwave device as a duplexer, because the

transmission and reception signals have the same frequency, hence they cannot be

separated by frequency filtering. Essentially, circulator allows duplex (bi-directional)

communication when a single path is used. It avoids interaction between the receiver

and the transmitter, permitting them to use a shared antenna.

In order to miniaturize rf circuits, we introduce the Low Temperature Co-fired

1
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Ceramics (LTCC) technology. Since LTCC has a 3D design ability, therefore the size

of the circuits could be greatly reduced. Furthermore, as the fired temperature is

below 1000oC, LTCC could apply low loss metals (Au, Ag, Pt etc) as conductors.

Consequently, compared with applications based on other materials like resin, LTCC

applications have relatively low losses and high microwave performance. In addition,

the thermal expansion coefficient of LTCC applications is competitive compared with

resin materials and other ceramic materials. More important, LTCC could be com-

bined with many other materials with different characteristics, therefore various types

of components could be integrated and built into LTCC substrates. For these reasons,

LTCC is regarded as one of the promising future technologies for the integration of

components and substrates for rf applications [16]. Application of LTCC technology is

now widely spread and is a good candidate for SoP (System-on-Package) system. Its

presence is well established in high frequency applications [20,21], sensor applications,

component packaging, chemical reactors and bio-medical applications [22].

Unfortunately, conventional LTCC technology does not work for ferrite devices

which require non-reciprocal materials. Some researchers have demonstrated a hybrid

approach to realize circulators by sintering traditional LTCC substrate and ferrimag-

netic materials together [23–25]. This hybrid method creates an internal cavity using

conventional LTCC technology where a piece of ferrimagnetic material is put in and

then sintered (cofired together). The disadvantages of this approach are: 1. the ferri-

magnetic material should be able to be co-fired (compatible) with the non-magnetic

ceramic LTCC substrate; 2. an external magnet is necessary to generate the static

magnetic bias; 3. the demagnetizing field cannot be avoided.

Meanwhile, a new technology, ferrite LTCC technology, which is originally used

to design inductors, now could be used to design high frequency tunable devices with

integrated winding, such as tunable antenna [26–28], tunable filter [29] and tunable
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phase-shifter [30]. Ferrite LTCC substrate is a ferrite material, therefore we can embed

a winding into the substrate, creating the dc magnetic bias from the inside. By using

this elegant solution, we can remove the external magnets (or electromagnets) and

avoid the demagnetization fields. In addition to eliminating the demagnetization

effect, the required bias field strength can be further reduced by operating the ferrite

in the partially magnetized state instead of saturation state [28].

Having this new technology, we present this thesis to firstly investigate original

circulator design fully embedded in ferrite LTCC substrates, then study the perfor-

mance of a ferrite LTCC circulator with integrated winding and finally investigate

coplanar circulators and a wide-band circulator. For the ferrite LTCC circulator with

integrated winding, the controllability of the cores bias field makes this prototype

device multifunctional: when no bias field is present, it behaves as a power splitter;

with bias, it behaves as a circulator and the direction of circulation can be switched

by reversing the direction of the DC current; finally, when used with small external

magnets, the DC current can be used to change the circulators working frequency.

The proposed device could be used in many applications. For instance, when used

between a transmitter and a pair of antennas, the circulator/splitter could be used

to control the radiation pattern: it could either feed the two antennas at the same

time, or power only one of them for a chosen direction or polarization. Based on

this principle, a more complex feed network could also be realized by applying more

than one circulator/splitter to achieve pattern and polarization diversity. Switch-

able circulators can also be used to control the direction of propagation through a

transmitarray.

Chapter 2 is about the current state of ferrite rf devices. Firstly, the basics of

circulators will be introduced, followed by the main characteristics of a circulator

such as the transmission, isolation, bandwidth, power capability, etc. Then, different
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types and conceptions of circulators are presented, including the phase-shift circula-

tor, Faraday rotation circulator, ring circulator, junction circulator, the circulators

realized by LTCC technology etc. The applications of circulators such as decoupling,

combining and isolating are also proposed. Since ferrite isolator is an important fer-

rite device, various conceptions of ferrite isolators are also presented. Phase shifter,

which is widely used in phased array antennas, is discussed in this chapter along

with several conceptions. Finally, other ferrite devices, like ferrite switch is briefly

described.

The objective of Chapter 3 is to present the magnetic materials. In general, there

are diamagnetic, paramagnetic, ferromagnetic, antiferromagnetic and ferrimagnetic

materials. Usually, ferrimagnetic materials, or ferrite is employed in microwave de-

vices because of their high resistivity (not conducting), low dielectric loss and reason-

able dielectric constant. We will present the characterization of ferrite materials by

explaining the dielectric loss, hysteresis loop, magnetization saturation, Curie temper-

ature, linewidth (including effective linewidth and spin wave linewidth) etc. Different

permeability tensor theories for saturated, partially magnetized and demagnetized

ferrite are presented. In particular, the ferrite LTCC tape ESL 40012, which is used

in this thesis, is described, along with the properties under different magnetized con-

ditions (saturated and partially magnetized). Since ferrite LTCC’s fabrication process

is not accessible to the authors, only the conventional LTCC process is demonstrated.

The modelization and realization of ferrite LTCC circulators is located in Chapter

4. This chapter starts by studying a CPW transmission line on the ferrite LTCC

substrate. This work allows to have a first manipulation of designing rf devices on

this substrate. Then we briefly introduce different structures of circulators including

the stripline, microstrip and coplanar structure. The stripline structure is chosen

in this thesis to realize circulators because the two metal grounds of the stripline
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provide a rf shielding while allowing the magnetostatic bias field into the ferrite core.

The theory of a stripline junction circulator is presented in detail with mathematical

calculations in Matlab. Then, two ferrite LTCC circulators are realized: the first is

a stripline circulator with external magnets. This work demonstrates, for the first

time, the feasibility of a circulator on this substrate. The second is a ferrite LTCC

circulator with integrated winding which magnetizes the ferrite from the inside. This

circulator is multifunctional. When the winding is energized by a current, the device

operates as a dynamic circulator in which the circulation direction can be changed by

switching the direction of the current. Besides, the proposed device can even operate

as a power splitter by removing the bias current. Then several coplanar circulators

are also realized to find the maximum frequency which the substrate could support.

Finally a wide band circulator by stacking two circulators with different operating

frequencies is proposed and simulated.



Chapter 2

Current state of rf ferrite devices

2.1 Introduction

Microwave passive non-reciprocal devices such as circulators, switches, isolators and

phase shifters use an important type of material: ferrite. Ferrites allow electromag-

netic waves to penetrate and then the waves interact with the internal magnetic

moments within the ferrite. Besides, ferrites are magnetic ceramic materials instead

of magnetic metals which are conductors, therefore ferrites are favorable as microwave

device substrates. The microwave propagation in ferrite devices is controlled by a dc

magnetic field which could be static or tunable. The ferrite devices can be linear

or nonlinear, and reciprocal or nonreciprocal. Nowadays, microwave systems widely

use ferrite components and various types of ferrite materials are employed accord-

ing to the design requirements. A number of devices have been developed across a

wide range of microwave spectrum for various power levels and are now commercially

available over the last 50 years. As an example, adjustable phase shifters are used in

the shipboard Aegis systems and ground-based Patriot where the agile beam phased

array radars and beam steering components are employed. By changing the applied

dc magnetic field (hence internal magnetization), a rf within the ferrite phase shifters

6
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could obtain different phase shifts. These devices are based on gyromagnetic effects

of ferrites leading to the properties of microwave phase shift. Circulators based on

ferrites are desired in radar systems to be duplexers which isolate transmitters from

receivers. In addition, selective filter banks also employ circulators as switches.

Studies of microwave ferrite devices suggest that one or more of the following

effects could be used to explain their behaviors [31]: ” Faraday rotation - the rotation

of the plane of polarization of a microwave as it propagates through a ferrite in

the direction of the magnetization. ferromagnetic resonance - the strong absorption

that can occur when an elliptically polarized rf magnetic field is perpendicular to

the direction of magnetization. field displacement - the displacement of the field

distribution transverse to the direction of propagation resulting in more or less field

in the ferrite region. nonlinear effects - at higher power levels amplification and

frequency doubling are possible and subsidiary losses can occur. spin waves - short-

wavelength waves of magnetization that can propagate at any angle with respect to

the direction of magnetization. If the wavelength of such a wave is comparable to the

dimensions of the ferrite sample, it is called a magnetostatic wave (MSW)” [31].

A strong understanding of the microwave circuit theory, electromagnetic theory

and magnetic materials is necessary in the development of ferrite devices [32]. Al-

though many research efforts have been taken in this area, the demands for miniatur-

ized size, broader fractional bandwidths, higher operating frequencies, and reduced

costs are still expected to meet [31] leading to many challenges to be addressed. Our

knowledge about the microwave circuit theory has been advanced by the study of

ferrite devices [31].



CHAPTER 2. CURRENT STATE OF RF FERRITE DEVICES 8

Figure 2.1: Circulator separates the transmission and reception signals

2.2 Circulators

2.2.1 Introduction

Currently most telecommunication systems operating at microwave frequencies are

based on the technology of rf circuits. Passive non-reciprocal components such as

phase shifters, isolators, circulators, tunable antennas are widely used in wireless

telecommunication systems like radar system, cellphone base station, satellite com-

munication system, etc. Essentially, circulators provide traffic between different signal

ports in one direction and not in the other. Therefore circulators are employed in mi-

crowave applications as duplexers to separate the transmission and reception signals

when only one shared antenna (and one carrier frequency) is used (see Figure 2.1).

A three-port circulator can also be used as an isolator by connecting one of the cir-

culator’s ports to a matched load which absorbs the reflected energy. This sort of

isolator serves to protect a source against any reflected energy, especially in microwave

applications with high power.

The brief history of circulators is [33]: In the early 1950’s, we saw the first com-

mercial microwave circulator. Faraday rotation circulator was one of the most famous
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circulators [34]. There were later resonance isolators [34] and differential phase shift

circulators [35], which were easy to be constructed and had high power-handling

capabilities. Then, field-displacement devices came into our sight [36], along with

junction circulators in the early 1960’s. An important moment in 1962, H. Bosma

developed a theory to explain the operation of a Y-junction circulator [5, 37]. The

theory employs the Green function approach to calculate the distribution of rf fields

in a stripline Y-junction circulator. Later, a theory explaining the rotation of the

rf standing-wave in a circulator’s ferrite disk was proposed by Fay and Comstock.

It describes two rotating waves under the biasing field [38]. The ”continuous fre-

quency tracking” conditions for a wide-band junction microstrip circulator were then

developed by Wu and Rosenbaum [39]. Afterwards, many researchers discussed how

to realize low loss and wide-band circulators [40–42]. Self-biased waveguide and mi-

crostrip circulators were then developed utilizing hexagonal ferrite by Weiss, Watson,

and Dionne [43]. Recently, in 2015, the modeling and characterization of a self-biased

circulator working at 41 GHz was demonstrated in [44]. In addition, circulator with

SIW (Substrate Integrated Waveguide) based on nano-composite ferrite was also pro-

posed [45]. Circulators, as passive non-reciprocal devices known for a long time are

still under research to improve the performance and achieve the miniaturization.

Circulator could have different structures, like stripline, microstrip, coplanar struc-

ture etc. Taking a stripline circulator as an example, it usually consists of three access

ports oriented at 120o (see Figure 2.2) [46] to each other around a center conductor.

Various shapes (see Figure 2.3) are possible to be the center conductor [47]. The ma-

terial that creates the non-reciprocity, often a ferrite disk, is separated by the center

conductor.

The performance of the circulator shown in Figure 2.2 could be expressed by the
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Figure 2.2: Circulator consists of three ports oriented by 120o

Figure 2.3: Different shapes of circulator’s center conductor

matrix of S-parameters (Equation (2.1)):

b = S × a⇒



b1

b2

b3


=



S11 S12 S13

S21 S22 S23

S31 S32 S33


×



a1

a2

a3


(2.1)
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The parameters S11, S22 and S33 are the reflection coefficients at port 1, 2 and

3, while the parameters S21, S32 and S13 are the transmission parameters between

the ports and correspond to the insertion loss of the device. Finally, the parameters

S12, S23 and S31 are the coefficients of inverse transmission and correspond to the

isolation between the ports (see Figure 2.2). The signal flows in an anti-clockwise

movement in this case and the signal sequence is as follows: 1 → 2 → 3 → 1. The

S-parameter matrix is given, in the ideal case (without losses), by Equation (2.2):

S =



0 0 1

1 0 0

0 1 0


(2.2)

2.2.2 Main characteristics of a circulator

A circulator’s performance is mainly characterized by the isolation, insertion loss,

bandwidth, power capability, temperature and in some cases, frequency tunability.

Isolation

Circulator, as an important component in microwave applications, is required that

the device has a high isolation level. Isolation measures the separation of signal

levels on adjacent ports of a device. High isolation (in dB) value leads to a low

interference of the signal between one port and the other. The value of isolation

relates to the Voltage Standing Wave Ratio (VSWR). Taking a circulator whose port

3 is connected to a matched load as an example: if a poor match (e.g. VSWR=2)

at port 3 is observed, the expected isolation is below 10 dB, but if a good match

load is used as the termination, the VSWR match could be improved to 1.1 which



CHAPTER 2. CURRENT STATE OF RF FERRITE DEVICES 12

corresponds to an isolation over 20 dB. However, if impedance match changes at all

the three ports, active intelligence (compensation of matching) could be employed.

This remains to be explored by future work.

Insertion loss

Insertion loss is another important parameter for circulators. Generally, the insertion

loss is significant at high frequencies. Accordingly, a low insertion loss is desired to

avoid wasting precious power. The typical value of the insertion loss for a circulator

working at X band is <0.5 dB.

Bandwidth

The bandwidth is the frequency range where it ensures a value of desired reflection,

isolation and insertion loss. The fractional bandwidth is commonly used which is the

bandwidth of a device divided by the center operating frequency. Commercialized

circulators usually have a fractional bandwidth over 3% of the working frequency.

Some circulators could even cover one or several bands such as the band X, Ku, K,

Ka, etc.

Power capability

The power capability is an issue of the linearity of circulators. Circulators are con-

sidered to be linear devices and usually work under P1 dB compression point or

IP3 point. High power is usually necessary for radar systems where high energy

radars/antennas are used. The power capability varies according to different manu-

factures and applications, typically 2 - 250 Watts. More power can be achieved at

the expense of device’s size and cooling systems. As an example, a single junction
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isolator (based on a circulator) with an internal 10 W load capability could be man-

ufactured by MECA Electronics [48]. However, for safe heat transfer and derating,

the recommended maximum power that the device could operate with is 2 W. Mean-

while, arming an external load would make heat transfer to an external heat sink,

consequently higher isolator power level could be achieved easily at the cost of the

size.

Temperature

The saturation magnetization Ms of ferrite material is a strong function of temper-

ature, decreasing as temperature increases. This effect can be understood by noting

that the vibrational energy of an atom increases with temperature, making it more

difficult to align all the magnetic dipoles [9]. At a high enough temperature (thresh-

old), the thermal energy is greater than the energy supplied by the internal magnetic

field, and a zero net magnetization results. This temperature is called the Curie tem-

perature, TC [9, 49]. The typical maximum operating temperature is 75oC according

to JQL Electronics Inc [1].

Frequency tunability

Circulator’s frequency tunability is usually achieved by changing the static external

magnetic bias field provided by a bulky electromagnet. Conventional circulators work

under saturated state, so the external magnet need to overcome the demagnetization

field. In order to increase the internal magnetic field by 0.1 T, extra 80 KA/m

magnetic H field is required, leading to the difficulty of designing a compact tunable

device. Recently, researchers have demonstrated that an integrated winding in ferrite

LTCC ESL 40012 could easily change the internal magnetic field from 0 to 0.4 T

using a H field less than 2.5 KA/m under partially magnetized state [15]. This idea
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could be used to design compact tunable devices [26–30]..

2.2.3 Different types of circulator

Commercialized circulators could be classified into different categories according to

their connections (see Figure 2.4 [1]):

• Coaxial circulator

• Drop-in circulator

• Surface-mount circulator

• Microstrip circulator

• Waveguide circulator

Figure 2.4: JQL Electronics: a. Coaxial circulator; b. Drop-in circulator; c. Surface
Mount circulator; d. Microstrip circulator; e. High Power Waveguide circulator
[1]

Typically these circulators have a broad selection of frequencies and bandwidths.

They are designed for military, spatial and commercial applications. The power
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capability generally ranges from several single watts to mega-watts with isolation

above 18 dB per junction and low insertion loss (below 0.5 dB). They often have

SMA or N connectors.

Table 2.1 shows the main performance of current commercialized circulators at

X band. High power circulators are usually realized with waveguides and they can

be easily found in military radar system who requires high radiation power. How-

ever, high power handling circulators come with large sizes. Compact circulators like

surface-mount circulators are miniaturized at the expense of power capability.
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2.2.4 Different conceptions of circulator

Circulators can be realized using different conceptions which are briefly described

below [2]:

• Phase shift circulator

• Circulator based on Faraday rotation

• Ring circulator

• Junction circulator

• Edge-guided mode circulator

• Lumped-element circulator

• Self-biased circulator

• Magnetic-free circulator

Phase shift circulator

Phase shift circulators are commonly applied in high power (up to Mega-Watt) radar

systems [35] [50]. As an example, the conventional 4-port differential phase shift

circulator is based on a rectangular waveguide, where thin ferrite slabs are loaded

and transversely-magnetized (see Figure 2.5) [2].

Differential phase shift circulator is nonreciprocal and based on a differential phase

shift of 90o between a magic T (whose output signals have an equal phase) and a 3-

dB coupler (whose output signals have a 90o phase difference) in the device. A wave

goes into port 1, then the magic T splits the wave into two waves which have equal
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Figure 2.5: Principle construction of a phase shift circulator [2]

energy and phase. After that, the two waves enter the phase shifter which is non-

reciprocal. The first wave is shifted by ΦA, and the second wave by ΦB , where there

is a difference of 90o between ΦA and ΦB. In the 3 dB-hybrid, the two waves are split

a second time and each wave has two equal parts, but this time, the 3-dB hybrid leads

a 90o delay between two outputs. Therefore the waves cancel each other at port 4

while add each other at port 2. Similarly, a wave entering port 2 will be transmitted

into port 3 and port 1 is isolated.

The geometry, magnetic losses, bias field magnetization, low power losses and high

material temperature-stability (Curie temperature) performance should be considered

when we design a high power phase shift circulator. The parameters of ferrite slabs,

such as the thickness and length along with the permanent magnetic field are crucial

to have a 90o phase shift [50]. Phase shift circulators are bulky, especially those for

high continuous wave (CW) power applications.

Circulator based on Faraday rotation

The theory and design of a circulator employing a Faraday rotator is firstly discussed

in [34]. These circulators rely on the Faraday rotation effect which is considered to

be non-reciprocal [3, 51].

The diagram of a conventional four-port Faraday rotation circulator is shown
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Figure 2.6: Principle construction of a Faraday rotation circulator [3]

in Figure 2.6 [3]. There are two transitions between the rectangular and circular

waveguide at the two nodes of the circulator. A TE10 wave is injected into the left port

of the rectangular waveguide, then the first transition guides the wave into a round

waveguide, meanwhile the mode becomes a linearly polarized TE11 wave. A round

ferrite rod is placed at the center of the waveguide and magnetized in the direction of

the waveguide. Two circular rotating waves then obtained: one rotating clockwise, the

other anti-clockwise when we look in the direction of propagation. the electron spins

in the ferrite rod then interact with these two waves. One wave has the propagation

speed µ+ and the other has the µ−. If the two rotating waves are combined after they

have traveled some distance, a linear TE10-wave is formed a second time with some

rotating degrees. With careful calculation of the biased magnetic field and the length

of ferrite rod, a rotation of 45o could be expected. Finally, the round waveguide is

transformed into the rectangular waveguide via the second transition and forms the

final output of the circulator (see Figure 2.6). Therefore all the input energy passes

through exclusively from port 1 to port 2. In a like manner energy entering port 2

passes exclusively to port 3, energy entering port 3 passes exclusively to port 4, and
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energy entering port 4 passes exclusively to port 1.

Circulators based on Faraday rotation are usually built as isolators. There are

only two ports: one input and one output. Resistive sheets are employed at the other

ports in order to absorb the waves, hence avoiding reflected energy. Faraday rotation

isolators could works at high frequencies [52] and nowadays as optical isolators of

fibre cables [53].

Ring circulator

Ring circulator is barely used in practice and mainly studied in theory [2]. A rig-

orous theoretical analysis of the ring circulator concept based on a network model

is discussed in [54] by Weiss. A conventional three-port ring circulator is shown in

Figure 2.7 [4]. The design is symmetrical and it is composed of three reciprocal T

junctions and three nonreciprocal phase shifters. In theory, by choosing appropriate

phase shifts, such junctions could be assembled to be a perfect circulator. Accord-

ingly, only a small amount of nonreciprocal phase shift and internal wave amplitude

are required.

A wave goes into port 1 and then is split into two waves: one follows clockwise

and the other anticlockwise. The nonreciprocal phase shifters then delay the two

waves. The phase shifts are carefully chosen so that they cancel each other at port

3 and add up at port 2 forming a circulation. Ring circulators present competitive

mechanical characteristics (weight and size), insertion loss and bandwidth. They are

possibly employed in some unique applications with high-speed switching, special

power capability, etc [4, 55,56].
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Figure 2.7: Principle construction of a ring circulator: T is reciprocal T-junction
and PS is non-reciprocal phase shifter [4]

Junction circulator

The theoretical approach to the three-port symmetrical circulator is presented in

[57] for the most general waveguide case. The stripline Y-junction circulator has a

simple geometrical arrangement which makes it fairly easy to be studied. This is a

symmetrical structure, as shown in Figure 2.8 [5], where a ferrite disk is separated

by the center conductor and the three access lines are spaced by 120o. Two metal

ground planes then envelop the structure. The space between the two metal grounds

surrounding the ferrite disk is occupied by dielectric materials. The ferrite material is

magnetized perpendicularly to the plane of the disk by a static magnetic field created

by two magnets located on both sides of the structure.

The idea of a Y-junction circulator with three ports was envisaged by Carlin

(1954) [58] on the theoretical basis of the processing of the S-parameters matrix

of a junction with three ports. However, the current form of Y-junction circulator
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Figure 2.8: Principle construction of a stripline junction circulator [5]

and the analysis of three-port junction containing ferrites were performed by Bosma

(1962) [5,37] who gives general design equations for the approximate radius of ferrite,

width of stripline, operating frequency etc. Then Fay and Comstock [38] explained

the operation of the rf field pattern within a circular ferrite disk (see Figure 2.9) [2]:

When the biasing magnetic field is not applied, a wave goes into port 1 and then is split

into two waves: one follows clockwise and the other anticlockwise possessing the same

propagation speed. A standing wave pattern is hence formed in the device, leading to

the coupling to port 2 and port 3. The device is therefore a power divider where half

of the power goes into port 2, the other half port 3 (see Figure 2.9 a); When a biasing

magnetic field is applied perpendicularly to the ferrite material, the interaction with

the electron spin in the ferrite creates the propagation speed difference between the

two rotating waves. The clockwise rotating wave possesses the propagation velocity

γ+, while the anti-clockwise rotating wave γ−. Consequently, the rotation of the

standing wave pattern is observed. The angle of rotation could be adjusted by the

applied dc magnetic field. Specially, if the angle of anti-clock rotation is 30o, a

circulator is obtained (see Figure 2.9 b): port 3 is decoupled and the wave traverses

from port 1 to port 2. Besides, if a higher biasing magnetic field is used, there is also
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another circulator’s operation: the standing wave pattern is rotated towards clockwise

by 30o, leading to the decoupling of port 2 and all energy passes from port 1 to port

3 (see Figure 2.9 c).

The first mode is called low Hi (internal magnetic field) mode because the exter-

nal static dc magnetic field is lower than the ferrite’s resonance frequency. On the

contrary, the second mode is called high Hi for higher static magnetic field.

Triplate junction circulators could be designed as high Hi circulators for the fre-

quency range from 0.15 GHz to about 2 GHz to achieve potential low losses (small

µ′′) or as low Hi circulators for the frequency range from 1.5 GHz up to 40 GHz [2].

Figure 2.9: Standing wave pattern of a junction circulator: a. unmagnetized b.
magnetized below resonance c. magnetized above resonance [2]

Edge-guided mode circulator

A complete study on edge guided circulators (EGC) is presented by De Santis and

F. Pucci in 1975 [59]. The fundamental physical principles of edge guided wave

(EGW) which underlie the EGC’s operations are established in [59,60]. Edge-guided

circulators are exploited to construct broad-band circulators. In addition, broad-band

isolators (up to one octave) could also be realized using edge-guided effect [61].

This effect of edge guided wave is manifested by a suitably magnetized wide strip

of a microstrip or stripline gyromagnetic line. Conventionally, in triplate or microstrip

lines, the distribution of rf currents is on two edges of the center conductor. When a
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ferrite material is applied and biased perpendicularly to the line, the rf current leans

against one edge of the inner conductor only for one propagation direction and on

the other edge for the opposite direction. One of the most attractive characteristics

of EGW is that it is extremely broad band [62].

Figure 2.10: Principle construction of an edge guided circulator

Figure 2.10 shows an edge-guided mode circulator designed in this thesis. The

center conductor has three smooth curves and the ferrite substrate is strongly mag-

netized perpendicular to the plane of the circulator. The input fields then focus on

one edge of the center conductor and leave at the next port, making the third port

isolated.
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Lumped element circulator

The circulators described before give a bulky construction when the operating fre-

quency is low (MHz). This is the reason why lumped element circulators are intro-

duced [63]. The basic idea of a lumped-element circulator from the crossover ferrite

circulator for VHF (Very High Frequency) and UHF (Ultra High Frequency) appli-

cations was established by Konishi in 1965 [64]. A mesh mechanism instead of an

ordinary Y-stripline center conductor was proposed. The core of this circulator is

a non-reciprocal ferrite crossover network junction. Figure 2.11 shows the principle

design of such a junction: three conductors cross over each other and oriented by an

angle of 120o. They are all connected to the same outer conductors at the other end.

The inner conductors are isolated from each other. Two ferrite disks are deposited

between the inner and outer conductors and magnetized by an external dc magnetic

field [64,65].

Figure 2.11: Principle construction of a lumped element circulator [6]

Since lumped-element circulator works for low frequencies and external lumped



CHAPTER 2. CURRENT STATE OF RF FERRITE DEVICES 26

elements could be used for tuning, they could be used in tunable cellphone appli-

cations. Recently, a reconfigurable miniaturized circulator used in mobile handsets

was proposed [66]. The tunable band is from 1.71 GHz to 2.17 GHz, along with a

small size (L*W*H) 1.2mm x 1.0mm x 0.5mm. Their port impedances are arranged

by matching circuits using varactors. Besides, two supplementary varactors are also

used as compensation elements for the enlargement of the frequency bandwidth.

Self-biased circulator

Ferrite used for a millimeter-frequency circulator is required to have a large mag-

netization saturation and low dielectric and magnetic losses [67]. The circulators

presented before need huge external magnet to bias the ferrite for millimeter appli-

cations over 30 GHz [43]. However the large uniaxial anisotropy fields present in

hexaferrites could be used to provide ferrimagnetic self-resonant frequencies above

40 GHz in oriented materials when they are self-biased, i.e., behave as permanent

magnets. This material property could be used to get rid of the external magnets,

greatly reducing the overall circulator size [33,43,67, 68].

(a) (b)

Figure 2.12: Self-biased circulator atKu band: (a) Cross section view of the junction
resonator and quarter-wave microstrip line (b) Hysteresis loops of magnetically
oriented M-type strontium hexaferrite. Perp refers to the measurement per-
formed with the external field perpendicular to the sample surface, and par to
the measurement with the field applied within the sample surface [7]
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Self-biased circulator designs are mainly based on the self-biased magnetic mate-

rials. The conception of this circulator which uses the microstrip structure is shown

in Figure 2.12(a) and the hysteresis loops of magnetically oriented M-type strontium

hexaferrite are shown in 2.12(b). Self-biased circulators usually work at high frequen-

cies because of the high internal anisotropy field. The circulator presented in [44]

has demonstrated a circulation at 41.4 GHz. However, recently a self-biased circula-

tor working at Ku band is presented in [7] which demonstrates that the self-biased

circulator can also operate below 30 GHz.

Magnetic-free circulator

A different approach to realize nonreciprocal microwave components and materials,

based on biasing meta-molecules with the angular-momentum vector, has been pre-

sented in [8]. This method, theoretically introduced in [69], uses azimuthal spatiotem-

poral modulation to generate an effective biasing angular momentum vector, which

can break time-reversal symmetry in a way analogous to magnetic bias, and can sub-

sequently induce nonreciprocity, as envisioned in Figure 2.13. By using appropriate

spatiotemporal modulation of a magnetic-free distributed-element resonating ring, an

isolation over 47 dB is achieved while size is small [8]. However, the insertion loss is

about 22 dB which is not competitive for a circulator working at 170 MHz.

2.2.5 Circulators based on LTCC technology

As we said before, LTCC technology is now widely spread. However, conventional

LTCC tape is non-magnetic ceramic material, while non-reciprocal devices, like cir-

culators, require magnetic material such as ferrite. In order to realize circulators on

LTCC technology, researcher have developed a hybrid approach by cofiring ferrites
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(a) (b)

Figure 2.13: Non-reciprocal response based on (a) ferromagnetic media, and (b)
angular-momentum-biased metamaterials. In ferromagnetic media, an external
static magnetic bias (B) splits degenerate atomic states with opposite spin. Sim-
ilarly, an externally applied angular-momentum vector splits counter-rotating
degenerate modes of an azimuthally-symmetric ring, enabling nonreciprocity [8]

with non-magnetic ceramic LTCC tapes, as discussed in [23–25]. The main idea of

these designs is to integrate ferrites into the conventional LTCC fabrication process to

build circulators. The challenge in this development of LTCC circulators is the cofir-

ing of laminated tapes that have different material compositions and subsequently

different shrinkage rates, leading to defects, such as cracks and warpage in the fired

module if care is not taken. Table 2.2 shows the performance of different LTCC cir-

culators to date by cofiring ferrite and LTCC tape. However, the disadvantages of

this approach are: 1. the ferrimagnetic material should be able to be co-fired with

conventional LTCC substrate; 2. an external magnet is still necessary to generate the

static magnetic bias; 3. the demagnetizing field cannot be avoided. In this thesis,

we realize a circulator based on ferrite LTCC with integrated winding which magne-

tizes the ferrite from the inside. Therefore the external magnet is removed and we

avoid the demagnetizing field [27, 30]. Furthermore, the controllability of the bias
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Table 2.2: Performance of different LTCC circulators

F(GHz) ISO (dB) INS(dB) P(dBm) Type Size (mm) Reference

7.4 25 1.7 N/A Microstrip N/A T. Jensen [24]

15-17 20 0.8 N/A Microstrip 7.5*6 Jianhua Ji [23]

5.4 23 0.5 45 Microstrip N/A R. Van Dijk [25]

11.8-13.2 22 1.25 42.8 Microstrip N/A R. Van Dijk [25]

field makes the circulator multifunctional. We will present a study on this circulator

with integrated winding in Chapter 4.

2.2.6 Applications of circulators

Duplexer

The most common application of a circulator is to separate Tx and Rx signals as

shown in Figure 2.14. If one transmitter and one receiver are connected to a shared

antenna, two high-performance (sharp) and expensive filters are required to avoid

their interaction [2,70,71], however, by employing a circulator for branching (duplex-

ing), we only need an inexpensive filter at the receiver’s input [2].

Figure 2.14: Circulator used as duplexer
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(a) (b)

Figure 2.15: Combining networks for radio links: (a) solution based on filters; (b)
solution based on circulators [2]

Combiner

Circulator can also be used as a combiner for more than one transmitter, for example,

radio links. The combining of radio links turns to be challenging when the frequency

is higher than 2 GHz [2]. As an example, for a station with four transmitters and four

receivers (see Figure 2.15(a)), a matrix of sharp filters are used to form the combiner.

The loss of each filter leads to a relatively high total loss, especially for transmitter 1

and receiver 1. In addition, the filters are not independent from each other, so that

tuning one filter affects the others which makes it a difficult task. If some of the filters

are replaced by circulators (see Figure 2.15(b)), the losses could be reduced and we

can improve the independence between filters when tuning is performed [2]. However,

this solution of circulator combining have stringent requirements for intermodulation.
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2.3 Isolators

2.3.1 Introduction

Isolator is one of the important ferrite devices. A rf isolator can be considered as a

diode for rf energy, allowing signal to go through in one direction only. Isolator is a

two-port device and the S-parameters for an ideal isolator have the form shown by

Equation (2.3). When two ports are matched, the transmission is allowed only in

the direction from port 1 to port 2 and blocked in the reverse direction. The isolator

must be lossy because the matrix of S-parameters is not unitary. Besides, isolators

are nonreciprocal components, so that the [S] is not symmetrical [9].

[S] =

 0 0

1 0

 (2.3)

2.3.2 Different conceptions of ferrite isolators

Resonance isolators

A strong interaction with the ferrite material is expected when a circular polarized

plane wave rotates in the same direction as the precessing moment of magnetic dipoles

in a ferrite medium. However, a circularly polarized wave rotating in the opposite

direction will have a weak interaction. This effect could be used to design isolators

when the rf signal is near the gyromagnetic resonance of the ferrite.

In order to design a resonance isolator, Figures 2.16(a) and 2.16(b) show two

possible configurations (E-plane and H-plane) of ferrite slab in a waveguide [9]. E-

plane configuration is easy to be biased without the demagnetizing field. However

the magnetic fields don’t have a real circular polarization and the heat transfer from
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(a) (b)

Figure 2.16: Two possible configurations of resonance isolator: (a) E-plane ferrite
(b) H-plane ferrite [9]

the slab is poor. H-plane configuration allows a real circular polarization and better

thermal properties, but it requires more bias field to overcome the demagnetizing

field [9]. The main disadvantage of the resonance isolators is that the bandwidth is

narrow.

Field displacement isolator

To improve the bandwidth and reduce the bias field, field displacement isolator could

be used. There is quiet a difference of electric field distributions between the forward

and reverse waves in a ferrite slab-loaded waveguide. Figure 2.17 shows that it is

possible to make the electric field of the forward wave vanish, while the electric

field of the reverse wave is made to be maximum at this same point (point x=c+t).

The reverse wave will be attenuated by a thin resistive sheet which is placed in this

position. Meanwhile, the forward wave can go through without being affected (c+t

< x < a) [9]. The fractional bandwidth of field displacement isolators could be on

the order of 10%. In addition, a small bias field is needed because it works below the

resonance point.
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Figure 2.17: Geometry and electric fields of a field displacement isolator [9]

Using a circulator

As mentioned before, by adding a matched resistive load to one of a circulator’s ports,

a two-port isolator could be obtained (see Figure 2.18). If the circulator works under

the resonance point, small bias field is sufficient to make this device work. Moreover,

thermal transfer could also be improved because the power is absorbed externally [72].

Figure 2.18: Diagram of an isolator by adding a matched load to one of a circulator’s
ports
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2.3.3 Applications of isolator

Isolators are mainly used for decoupling. The problem that power reflecting back to

generators may lead to nonlinear effects such as the instability and frequency shifting

[73]. To avoid this, an isolator between the generator and the load could be applied

in order to attenuate only the reflected wave and hence protect the generator [2].

Besides, in applications where cascade amplifiers are used, the change of one

stage’s input impedance could affect others [73]. The stability is crucial for narrow

band devices because high precision of input impedance is required. The solution is

to use isolators between different amplifier stages, then they can be adjusted without

interacting with the others. If one stage is unbalanced, the others will also be pro-

tected and not be overloaded. Besides, we can extend greatly the interval of re-tuning

power transmitters by this way. As an example, tubes (IOT’s) as final amplifiers iso-

lators is commonly recommanded between the driver stages and inductive output for

decoupling purpose [2].

Fading due to obstacles, for example, snow accumulation on the reflector of an

antenna is a challenging problem in satellite communication in northern countries

such as Finland [74]. Hence the transmitter is affected by impedance variations of

the antenna. This can be avoided by employing an isolator between transmitter and

the antenna.

2.4 Ferrite switch

Essentially, ferrite switch is a derivation of a three-port ferrite circulator (see Fig-

ure 2.19). In theory, wires thread a toroidal ferrite resonator, therefore, the direction

of circulator’s circulation could be controlled by energizing the wires with current

pulses. The insertion loss is expected to be 0.15 dB per latching junction circulator,
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along with 20 dB return loss and isolation. The fractional bandwidth is usually over

5% to 10%. A holding current is not required, since the switch is a latched device [75].

Figure 2.19: Diagram of a ferrite switch based on circulator

2.5 Ferrite phase shifters

2.5.1 Introduction

Phase shifter is among the most important applications based on ferrite materials.

Basically, the ferrite phase shifter is a two-port device which provides different phase

shifts by adjusting the external dc bias field applied to the ferrite. Currently, various

types of phase shifters are available, either reciprocal (same phase shift in both direc-

tions) or nonreciprocal. They are in demand in phased array antenna systems where

the steering-beam antennas are employed [9].
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Figure 2.20: Nonreciprocal Faraday rotation phase shifter [9]

2.5.2 Different conceptions of ferrite phase shifters

Nonreciprocal/reciprocal Faraday rotation phase shifter

Circulators based on non-reciprocal Faraday rotation effect have already presented

before. In fact, Faraday rotation could also be applied to design phase shifters as

illustrated in Figure 2.20 [9]. A linearly polarized wave entering the input port is

converted to RHCP (right hand circular polarization) wave by the first λ/4 plate,

then in the ferrite region, the phase is delayed by β+z, which can be adjusted by the

bias field H0. Finally the second λ/4 plate converts RHCP wave back to a linear

polarization. Similarly, a wave entering at the right, expects now a phase delay

of β−z because of the non-reciprocity. The modes of wave propagation are: linear

TE10 → circular TE11 → linear TE10. However, if nonreciprocal quarter-wave plates

are used, this phase shifter could be made reciprocal, because the linearly polarized

wave is converted to the same sense of circular polarization for either propagation

direction [9].
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(a) (b)

Figure 2.21: Geometry of a latched phase shifter (a) using a ferrite toroid (b) using
2 ferrite slabs [10]

Nonreciprocal latching phase shifter

When a ferrite toroid or two ferrite slabs are used in the waveguide as shown in

Figure 2.21 [10], a latched phase shifter could also be realized. We magnetize the

ferrite by a bias wire passing through the center of the ferrite. The rf signal is

affected by the two sidewalls of toroid or the two ferrite slabs. The magnetic hysteresis

of the ferrite is employed to create a phase shift which can be switched between two

digital values. In practice, sections of ferrites have independent bias wires and lengths

(cascade) leading to binary differential phase shifts of 45o, 90o, 180o etc.

Reggia-spencer reciprocal phase shifter

In order to get the beam position for both transmission and reception, as required

in scanning antenna phased arrays used in radar or communication systems, recip-

rocal phase shifters are desired. The commonly used reciprocal phase shifter is the

reggia-spencer phase shifter as shown in Figure 2.22 [10]. The phase shifter usually

uses rectangular or circulator waveguides. We place a ferrite rod in the waveguide

and magnetize it longitudinally. The electromagnetic fields are bound to the ferrite

forming a circular polarized wave under the condition that the diameter of the ferrite

rod exceed a threshold value. Only a relative short length is needed to obtain a large
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Figure 2.22: Reggia-Spencer phase shifter [10]

reciprocal phase shift. However, the phase shift is very sensitive to the operating

frequency. The phase delay through the waveguide is proportional to the dc current

through the coil, but independent of the direction of the propagation through the

guide [9].

2.6 Conclusion

In this chapter, brief theories of microwave ferrite devices such as circulators, isolators,

switches and phase shifters have been presented.

Circulators are mainly characterized by the insertion loss in the transmission di-

rection, and the isolation in the opposite direction (blocking). The insertion loss

should be as weak as possible (< 1 dB) to avoid wasting energy, while the isolation

is expected to be high (> 20 dB) to reduce the interface between adjacent ports.

Bandwidth of circulators could be chosen according to requirements. The typically

fractional bandwidth is 10%, or a specific range of frequency, like X band which is

required in radar systems. Power capability is another important character which

signifies the linearity of circulators. As is known, the temperature rise in the fer-

rite leads to the decreasing of the magnetization saturation Ms which degrades the
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performance. The power capability varies from several single watts to mega-watts.

Moreover, the circulator’s frequency could be tuned by changing external magneto-

static field. Comparison of different types of circulators between coaxial, drop-in,

surface mount, microstrip and waveguide are also presented. Compact structures like

surface mount, and microstrip circulators have miniaturized size, while waveguide

circulators typically support high power. This comparison shows a global image of

different circulators at X-band in terms of the insertion loss, isolation, power and size.

There are different conceptions to design circulators varying from phase shift cir-

culator to magnetic-free circulator as discussed previously. Each conception has its

own advantages. Specific requirements are desired to determine the suitable design

of the circulator. In order to support extreme high power, phase shift circulator is

preferred. Faraday rotation circulators are often used as isolators. Ring circulators

use couplers and phase shifters, however, ring circulators are barely used in practice.

Junction circulators are well studies by researchers like H. Bosma and widely used in

applications. In order to obtain a wide-band performance, we can use edge-guided

circulators. Lumped-element circulators are used at low frequencies with small size.

We employ self-biased circulators in applications operating at high frequencies (e.g.

> 30 GHz).

Particularly, circulators based on LTCC technology are discussed. LTCC is a

good candidate for SiP (system-in-package) system by integrating all active or passive

devices into one substrate. This leads to a high integration and miniaturizes the rf

front-end circuits. Conventional LTCC technology is not suitable to design ferrite

devices because the traditional tape is non-magnetic. However, ferrite devices like

circulators could be integrated into the LTCC substrate by co-firing ferrite tape and

hence work with other rf components such as power amplifier, filters, mixers, antennas

etc.
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There are various applications of circulators. The main role is to separate T/R

signals. Moreover, circulators could combine several transmitters with a shared an-

tenna. Besides, by connecting a matched load to one of the circulator’s ports, an

isolator could be obtained.

Isolator is another important ferrite device. Three different conceptions are pre-

sented: resonance isolator, field displacement isolator and circulator based isolator.

Resonance isolator is based on the gyromagnetic resonance of ferrite, while field dis-

placement isolator relies on the difference of electric field distributions between the

forward and reverse waves in a ferrite.

Finally, ferrite switches and phase shifter are discussed. Ferrite switches are mainly

realized by controlling the external dc magnetic field. We can switch the ferrite’s mag-

netization state by a current pulse through a wire in ferrite based on ferrite’s magnetic

hysteresis loop. In phased array antennas systems, we can steer the antenna’s beam

by electronically controlling the phase shifters. Phase shifter could be designed based

on Faraday rotation, which uses the non-reciprocity of ferrites. Moreover, the reggia-

spencer phase shifter is a reciprocal phase-shifter. Only a relatively short length is

needed to obtain a large reciprocal phase shift. However, the phase shift is very

sensitive to the operating frequency.



Chapter 3

Magnetic materials

3.1 Introduction

Magnetic materials are used in many different applications and include a variety of

categories. Power stations of electricity widely use magnetic materials [76]. Our stor-

age media like computer disks and audio/video tapes also use magnetic materials as

permanent magnets. In the field of medicine, we apply magnetic materials to body

scanners. In our daily entertainment, magnetic materials are crucial for CD players,

game consoles, loudspeakers etc. Fossil-fuel-free cars require high performance elec-

tric motors using advanced magnetic materials. Ferrimagnetic materials having high

insulation are commonly used in microwave components such as circulators, phase

shifters, isolators, tunable antennas, etc [32]. With the development of the telecom-

munications industry, high-speed data transmission and miniaturization of handsets

are in demand requiring further improvement of magnetic materials [11]. Our mod-

ern society cannot work properly without magnetic materials, hence the study of

magnetic materials is important to our world.

This chapter begins by outlining the various types of magnetic behaviors: diamag-

netism, paramagnetism, ferromagnetism, antiferromagnetism, and ferrimagnetism.

41
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Then different ferrimagnetic materials are presented. Moreover, the theories about

ferrimagnetic materials are introduced, including the models of the permeability ten-

sor for saturated ferrite and partially magnetized ferrite, demagnetization factor,

loss, hysteresis loop, saturation magnetization, linewidth, etc. The control of the

magnetic properties is one of the key aspects in designing magnets, recording media

and microwave devices. Finally, ferrite Low Temperature Co-fired Ceramic (LTCC)

materials are briefly discussed along with the conventional LTCC fabrication process.

3.2 Classes of magnetic materials

The ancient Egyptians, Greeks and Chinese firstly observed the magnetic phenomena

and discovered the magnetic stone. Since then, human has been interested in mag-

netism. Many observations about the magnetic material like Fe3O4 were recorded by

them [17].

According to the behavior of the orbital and spin motions under dc magnetic fields,

the magnetic materials could be classified into different categories. These behaviors

are quite different in various magnetic materials: in some materials, the interac-

tion between the internal magnetic moments and the applied magnetic field is barely

observed, while in some other materials, the interaction is firmly strong [32]. Con-

sequently, five major categories of magnetic materials could be drawn: diamagnetic,

paramagnetic, ferromagnetic, antiferromagnetic and ferrimagnetic. In other words,

based on the phenomena, we can say diamagnetism, paramagnetism, ferromagnetism,

antiferromagnetism, and ferrimagnetism [32].
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Figure 3.1: Atomic and magnetic behaviour of diamagnetism [11]

3.2.1 Diamagnetism

As in the case of covalent, the shells of the atoms in diamagnetism are closed solids.

Diamagnetic materials include, for example, the semiconductors like Ge, Si, and met-

als such as Au, Cu, Ag, etc. When the diamagnetic material is exposed under a dc

magnetic field, a negative internal magnetization appears to fight against the exter-

nal applied magnetic field [32]. The susceptibility, χ, then, is negative (and weak)

as shown in Figure 3.1 [11]. Diamagnetic substances contain the atoms without net

magnetic moments. This is a fundamental property of this material because all the

orbital shells are occupied leading to zero unpaired electrons. The M-H (M for mag-

netization and H for magnetic field) curve in Figure 3.1 shows that the magnetization

M is in direct proportion to the applied magnetic field H, but the slope is negative

(susceptibility is both negative and small).

In addition, the susceptibility χ is temperature independent which is another main

character [32]. Generally, diamgentic materials include all the non-magnetic materials

like the semiconductors. However, when the semiconductors are doped with some rare

earth elements such as Gd or transition metal elements such as Mn, they could be

turned to be magnetic [32].



CHAPTER 3. MAGNETIC MATERIALS 44

3.2.2 Paramagnetism

The diamagnetic materials, presented before, have the orbital shells which are filled

and no unpaired electrons exist. However, paramagnetic materials possess atoms,

molecules and lattice defects which lead to an unpaired number of electrons [32].

Hence, a non-zero total electron spin could appear.

There are some paramagnetic materials which could be attracted when an exter-

nal dc magnetic field is applied because the induced internal magnetic fields appear

and these fields have the same direction as the applied magnetic field [77]. Conse-

quently, paramagnetic materials have a positive and small (usually greater than or

equal to 1) susceptibility χ under the dc magnetic fields as shown in Figure 3.2 [11].

The magnetization M goes with the applied magnetic field H (see the M-H curve) in

paramagnetic materials. The slope of χ and the internal magnetization are both pos-

itive. When the external magnetic field is applied, paramagnetic materials could be

slightly attracted, however, when the external magnetic field is removed, the magnetic

properties disappear [32].

As explained, the presence of the unpaired electrons and the realignment of the

electrons are the main reasons for the paramagnetic material’s magnetic behavior [77].

According to the theory of the Langevin model about paramagnetism, the magnetic

moment of each atom is randomly oriented because of the thermal agitations. A slight

alignment of these moments is possible when a magnetic field is applied. Then a low

magnetization having the same direction as the applied field could be obtained. The

alignment of magnetization becomes more difficult when the temperature increases

and hence the susceptibility becomes weak, as described by the Curie Law [77].
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Figure 3.2: Atomic and magnetic behaviour of paramagnetism [11]

3.2.3 Ferromagnetism

Strictly, ferromagnetism is only possible when: 1. the magnetic moments of all the

atoms align parallel to each other; 2. atomic magnetic moments follow the applied

magnetic field’s direction; 3. all atoms are settled in a lattice as shown in Figure 3.3.

The fact that all moments of individual atoms are aligned results in a large and posi-

tive susceptibility χ and a residual magnetization even when we remove the external

magnetic field [32]. Ferromagnetism is basically used to form permanent magnets

which can be formed by applying a strong external magnetic field. If we remove the

external field, ferromagnetic materials still have the ability to keep the magnetiza-

tion. Ferromagnetism is widely used in industry and modern technology, especially in

a number of electrical and electromechanical devices such as generators, electric mo-

tors, electromagnets, transformers, magnetic storage like voice/video tape recorders,

and PC hard disks, etc [78].

Initially, a classical theory, postulated first by Weiss in 1907, describes ferromag-

netism. It is assumed that there is a molecular field in the ferromagnetic material [32].

Then, the Heisenberg model was proposed. It describes an exchange interaction of

the parallel alignment of the magnetic moments between neighboring moments [32].
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Figure 3.3: Atomic and magnetic behaviour of ferromagnetism [11]

When the temperature is lower than the Curie Temperature Tc, a hysteresis curve can

be obtained showing the relation between the magnetization M and the magnetic field

H. However, when the temperature goes beyond the Curie temperature, the thermal

agitation becomes strong enough so that the materials turn to be paramagnetic. The

Curie temperatures for some natural ferromagnetic elements are Tc(Fe) = 1043 K, Tc

(Co) = 1404 K and Tc (Ni) = 631 K [32].

3.2.4 Antiferromagnetism

Atoms in antiferromagnetic materials have both parallel and anti-parallel aligned

magnetic moments as shown in Figure 3.4. The magnetic moments’ directions alter-

nate from atom to atom with equal amplitude [79]. The net magnetization is not zero

so that there is still a small slope (small χ) in M-H curve. When the temperature

is below Néel temperature, antiferromagnetism exists, however, the material turns to

be paramagnetic when temperature is at or above the Néel temperature [80].
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Figure 3.4: Atomic and magnetic behaviour of antiferromagnetism [11]

3.2.5 Ferrimagnetism

Similar to ferromagnetism, ferrimagnetic materials have a positive and large suscep-

tibility which is a function of the applied field Ha. However, the atoms have unequal

(amplitude) anti-parallel aligned magnetic moments leading to a magnetization sat-

uration Ms [79]. Even at zero Kelvin, not all the moments in ferrimagnetic materials

align parallel [32].

The main advantage of ferrimagnetic materials is that they are non-conducting,

hence they are widely employed in radio frequency applications as substrates. Since

ferrimagnetic material is used in microwave devices as substrates, it is also called

microwave ferrite and the next section will introduce more about it.

3.3 Ferrite materials

3.3.1 Introduction

Ferrite materials are used at microwave frequencies, with a high resistivity (not con-

ductors), a low dielectric loss (tanδ ≈ 10−3 or 10−4) and a dielectric constant between
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Figure 3.5: Atomic and magnetic behaviour of ferrimagnetism [11]

11 and 17. They are divided into four main categories according to their crystallo-

graphic structures [32].

The first is that of spinel ferrites, crystallizing in a face-centered cubic lattice.

These are soft ferrites used in inductors, transformers, circulators etc.

The second family concerns the garnets. Their applications lie in the frequency

range 0.1 - 10 GHz. YIG (Yttrium-Iron Garnet) is a well known garnet ferrite pos-

sessing a magnetic saturation µ0Ms around 0.18 T. Other garnet ferrites, like Y-Al

(Yttrium Aluminum) ferrites which have a narrow linewidth (magnetic loss), are uti-

lized to design low-loss devices. Moreover, Dy-Doped (Dysprosium-doped) power

ferrite materials are employed for high peak power level applications because of the

good temperature stability.

The third family is the hexagonal ferrites, or called hexaferrites, such as barium

hexaferrite BaFe12O19. These ferrites are used in devices with high frequencies and

have a high internal magneto-crystalline anisotropy field.
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3.3.2 Different types of ferrite

Spinel

The spinel ferrite has a structure MeFe2O4, where Me represents the metal. Spinel

structure materials are closed packed cubic where Me2+ and Me3+ are at two different

crystallographic sites [79]. Ferrites with spinel crystal structure are mainly used in

the frequency range 3-30 GHz [46].

Spinels are among the most important mineral oxides and a source of metals in the

extractive industry. The lodestone or magnet, is the most abundant natural magnetic

spinel. Spinel ferrites can be considered as derivatives of magnetite by adding the

atoms of other elements like Ni, Mn, Zn, Mg, Li etc. The magnetic properties of

spinel ferrites such as permeability, are sensitive to the chemical composition.

There are two principle types of spinel ferrites [14]: 1. Mn-Mg (Manganese-

Magnesium) ferrites which are used in devices requiring low magnetic and dielectric

losses; 2. Li (or Titanium, Zinc) ferrites which are usually used in the production of

temperature-stable components operating at or above X-band.

Garnet

Ferrites with garnet structure are made up of rare-earth elements R3+, such as Gd3+

(Gadolinium), Tb3+ (Terbium), Y 3+ (Yttrium) etc and have the general formula

R3Fe5O12. The garnet structure is cubic and the most common form is the iron

garnet and yttrium Y3Fe5O12, known as YIG (Yttrium Iron Garnet). Garnets have

a low saturation magnetization Ms and low Curie temperature, limiting their use in

the frequency range 10 MHz to 10 GHz. They also exhibit low magnetic losses (∆H

and ∆Heff ). This type of ferrites is usually used in applications such as filters and

oscillators, as well as in microwave non-reciprocal devices like the YIG resonator and
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circulators.

Hexaferrite

The common known structure of hexaferrite is the M-type with the stoichiometric

chemical formula BaFe12O19. M-type structure has a feature which is ”hard”, mean-

ing a strong axial magnetic anisotropy up to 2800 kA/m, equivalent to 100 to 1000

times that of spinels or garnets. In practice, permanent magnets are commonly based

on the M-type hexagonal barium hexaferrite or BaM. Another main application of

this material is the high density magnetic recording medias [81]. Other structures

like Z-type, W-type or Y-type, have a planar anisotropy which is ”soft”, allowing a

high permeability in the range of microwave.

The high value of anisotropy in M-type hexaferrite allows the design of millimeter

devices in the frequency range from 30 GHz to about 100 GHz. This makes them at-

tractive for the realization of miniaturized devices which do not require huge external

polarizations (operated as self-biased). These materials have a saturation magnetiza-

tion around 400 kA/m (µ0Ms = 0.5T ), a linewidth greater than 4 kA/m and a Curie

temperature about 450 ◦C [46].

3.4 Basic properties of ferrite materials

3.4.1 Models of permeability tensor

As is known, magnetic materials may be anisotropic, in which case a permeability

tensor instead of a constant should be used. This section presents different theories

to model permeability tensors for saturated ferrites and partially magnetized ferrites.
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Polder (Saturated model)

The existence of magnetic dipole moments leads to the magnetic properties of the

ferrite. The magnetic dipole moments come primarily from the electron spin. The

Landé g factor is a constant to measure the relative contributions of the orbital

moment and the spin moment to the total magnetic moment. In practice, g=2 is

a good approximation for most microwave ferrite materials which signifies that the

moment is mostly due to the electron spin. The magnetic dipole moment of an

electron due to its spin is given by Equation (3.1) [9].

m =
qh̄

2me

= 9.27× 10−24A ·m2 (3.1)

where h̄ is Planck’s constant divided by 2π, q is the electron charge, and me is the

mass of the electron [9]. Moreover, the spin angular momentum of an electron is given

by Equation (3.2).

s =
h̄

2
(3.2)

Another important constant is gyromagnetic ratio γ which is the ratio of the spin

magnetic moment to the spin angular momentum as expressed by Equation (3.3). In

addition, these two vectors are oppositely directed as shown in Figure 3.6.

γ =
m

s
= 1.759× 1011C/Kg = 2.8MHz/Oe (3.3)

If the ferrite medium is infinite and a magnetic bias field ~H0 = ~zH0 is present, the

motion of the magnetic dipole moment could be derived (see Equation (3.4)) [9].

d~m

dt
= −µ0γ ~m× ~H0 (3.4)
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Figure 3.6: A spining electron: Spin magnetic dipole moment (~m) and angular
momentum vectors (~s ) [9]

Moreover, if an applied AC field ~H is present and the magnetization M reaches the

saturation Ms, then the equations of motion for the forced precession of the magnetic

dipoles, assuming small-signal conditions, could be expressed by Equation (3.5), where

ω0 = µ0γH0 and ωm = µ0γMs.

d2Mx

dt2
+ ω2

0Mx = ωm
dHy

dt
+ ω0ωmHx (3.5a)

d2My

dt2
+ ω2

0My = ωm
dHx

dt
+ ω0ωmHy (3.5b)

Besides, when the AC ~H field has an ejωt time-harmonic dependence, these equa-

tions could be re-written with a tensor susceptibility, [χ] to relate ~H and ~M as shown

in Equation (3.6).
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~M = [χ] ~H =



χxx χxy 0

χyx χyy 0

0 0 0


~H (3.6)

The elements of χ are given by Equation (3.7):

χxx = χyy =
ω0ωm
ω2

0 − ω2
(3.7a)

χxy = −χyx =
jωωm
ω2

0 − ω2
(3.7b)

Hence Equation (3.8) relates ~B and ~H by the permeability tensor when the mag-

netic bias is in the ~z direction, where µ+ and µ− is the effective permeability for

RHCP (Right Hand Circular Polarization) wave and LHCP (Light Hand Circular

Polarization) wave, respectively.

~B = µ0( ~M + ~H) = [µ] ~H (3.8a)

[µ] = µ0([U ] + [χ]) =



µ jκ 0

−jκ µ 0

0 0 µ0


⇐ (~z − bias) (3.8b)

µ = µ0(1 +
ω0ωm
ω2

0 − ω2
) (3.8c)

κ = µ0
ωωm

ω2
0 − ω2

(3.8d)

µ+ = µ+ κ (3.8e)
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µ− = µ− κ (3.8f)

If the ferrite is biased in other directions, the permeability tensor could be trans-

formed according to the change in coordinates as demonstrated by Equation (3.9a)

[82] where α, β and γ is the angle against the axis x, y and z respectively. When H0 is

parallel to the axis x, it is easy to find cosα = 1 and cosβ = cosγ = 0 leading to Equa-

tion (3.9b). When H0 is parallel to the axis y, then cosβ = 1 and cosα = cosγ = 0

resulting in Equation (3.9c).

[µ] =



µ(µ0 when ~x biased) jκcosγ −jκcosβ

−jκcosγ µ(µ0 when ~y biased) −jκcosα

jκcosβ jκcosα µ(µ0 when ~z biased)


(3.9a)

[µ] =



µ0 0 0

0 µ −jκ

0 −jκ µ


⇐ (~x− bias) (3.9b)

[µ] =



µ 0 −jκ

0 µ0 0

jκ 0 µ


⇐ (~y − bias) (3.9c)

Figure 3.7 [82] shows the geometrical relations between µ+, µ−, µ, κ, µeff and
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Figure 3.7: Geometric relation of different elements of permeability tensor

µ+µ− = µ2 − κ2 according to Equations (3.8e) and (3.8f). The non-reciprocity in-

creases with the increase of sinα = κ
µ
. Noting that when κ = 0 then sinα = κ

µ
= 0

leading to the disappearance of non-reciprocity.

The above is the well-known Polder model. Since ferrites are commonly used under

saturated state, this model is predefined in many EM simulators to perform ferrite-

based simulations. However, partially magnetized ferrites are also used, because a

small internal magnetic H field could easily vary the internal magnetization M which

is useful for miniaturized tunable devices [27]. Next parts will present the theories

about demagnetized ferrites and partially magnetized ferrites.

Schlömann (Demagnetized Model)

Enlightened by a study of coaxial configuration where parallel and antiparallel do-

mains are alternatively magnetized, Schlömann [83] developed his theory based on
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a magnetostatic approximation. This theory takes into consideration the interac-

tions between domains of opposite magnetization [84]. When the ferrite is completely

demagnetized, the diagonal values of the permeability tensor have an accurate approx-

imation for the isotropic permeability [84]. Schlömann shows that the permeability

µr takes the following form as shown by Equation (3.10a), where µeff is defied in

Equation (3.10b) and the Ha is the anisotropy field [83].

[µr] =



µeff 0 0

0 µeff 0

0 0 µeff


(3.10a)

µeff =
1

3
+

2

3

[
(Ha + 4πM0)2 − (ω/γ)2

H2
a − (ω/γ)2

]0.5

(3.10b)

Based on the assumptions of E. Schlömann, the internal field is identified with

the anisotropy field of the material as the applied field is completely offset by the

static demagnetizing fields. This model is only valid when a ferrimagnetic material

is totally demagnetized.

Rado (Partially Magnetized Model)

Another theory, proposed by Rado [85], saying that we perform a spatial average of

the responses produced by all domains in the ferrite. When the frequencies exceed the

gyroresonance frequency, Rado’s theory offers an accurate value for the extra-diagonal

term κ, but the diagonal ones (µ = µz = 1) are not accurate [84]. Unfortunately,

this theory does not take into consideration the interactions between adjacent areas.

The results obtained by Rado are expressed by Equations (3.11a) and (3.11b), where

ωm = µ0γMs. It is assumed that the working frequency is much higher than the
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resonant frequencies ω � ω0 [46].

µ = µz = 1 (3.11a)

κ = −ωm
ω

M

Ms

(3.11b)

Igarashi and Näıto (Partially Magnetized Model)

Igarashi and Naito [86] presented a formula for the transverse diagonal term in a

partially magnetized state ferrite. This model is a further improvement of the tensor

model of Schlömann. In the publication [87], the expressions of the tensor terms

are given by Equations (3.12a) to (3.12d), where α is a phenomenological loss term,

ωM = −γMs/ω0, γ is the gyromagnetic ratio, µ0 is the intrinsic permeability of free

space, and ωe is a parameter concerned with the effective dc field. However, we need

to perform some preliminary measurements to determine the ωe, especially when the

magnetic field H is relatively high.

µz = 1 + (µ− 1)[1− (
M

Ms

)2] (3.12a)

µ = 1 +
ωm(ωe + jαω)

(ωe + jαω)2 − ω2
(3.12b)

κ = − ωmω

(ωe + jαω)2 − ω2
(3.12c)

ωe = γHa (3.12d)
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Gelin GPT (Generalized Permeability Model)

Previous theories use actually the average responses of each domain. For example

Schlömann developed a model ”magnetostatic” by taking into account the interaction

domains with antiparallel magnetization. In the case where the ferrite is demagne-

tized, the model is in good agreement with the experiment. However, Schlömann

cannot process the case of partially magnetized ferrites.

To describe the permeability of the ferrites (saturated, partially magnetized or de-

magnetized) correctly, a theoretical approach was developed [84,88–90]. Mathemati-

cally, this approach means solving two coupled evolution following Equations (3.13a)

and (3.13b), where n is a demagnetizing factor which depends on the shape of the

ferrite, h are the microwave magnetic field, H1 and H2, M1 and M2, m1 and m2 is the

static magnetic field, macroscopic magnetization, and the magnetization dynamics

induced by ~h in the domain 1 and domain 2, respectively.

d ~M1

dt
= γ ~M1 × ( ~H1 + ~h− n(~m1 − ~m2)) +

α

Ms

~M1 ×
d ~M1

dt
(3.13a)

d ~M2

dt
= γ ~M2 × ( ~H2 + ~h− n(~m2 − ~m1)) +

α

Ms

~M2 ×
d ~M2

dt
(3.13b)

The permeability tensor based on the Equations (3.13a) and (3.13b) allows a

more rigorous description of the interaction between the rf signal and the magnetic

moments in ferrites. This model also considers the dynamic interactions between

adjacent magnetic fields via the Polder-Smit effect when these domains appear in the

material. The interactions between the grains and the hysteresis phenomenon are

also considered. By altering the dynamic demagnetizing effects between neighboring

domains of the ferrite, and therefore by changing the distribution of the values of
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the frequencies of gyromagnetic resonance, the Polder-Smit effect induces the spread-

ing of magnetic losses in relation to the frequency. This has in fact been observed

experimentally in unsaturated materials [46].

This model is valid for saturated, partially magnetized and demagnetized ferrites.

It is accurate, however, it is difficult to be implemented into EM simulator because

of the integral equations.

Green and Sandy (Partially Magnetized Model)

In this thesis, we use Green and Sandy’s model. Based on the measurements of the

experimental characterization cells, Green and Sandy [91] have obtained all the tensor

values when ferrite is totally demagnetized. They developed the diagonal terms (µ

and µz) which are compatible with Schlömanns formula for a totally demagnetized

ferrite [84].

The equations for the tensor elements of a partially magnetized ferrite material

when using Z-bias are given by Equations (3.14a) to (3.14f), where µ′0 is the initial

relative permeability of the substrate in the demagnetized state, ω is the device’s

operating frequency, the relative µ and κ values replace the standard elements of the

Polder permeability tensor, M and Ms are the partial and saturation magnetization,

respectively and n is the coefficient expressing the deviation of κ from Rado’s mode.

Permeability = µ0



µ −jκ 0

jκ µ 0

0 0 µz


(3.14a)

µ′0 =
2

3

[
1−

(
γ4πMs

w

)2
]0.5

+
1

3
(3.14b)
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µ = µ′0 + (1− µ′0)

(
M

Ms

)1.5

(3.14c)

κ = n
γ4πM

w
(3.14d)

µz = µ′0

1−

M
Ms

2.5
(3.14e)

µeff =
µ2 − κ2

µ
(3.14f)

The model is valid when the operating frequency is higher than the resonance,

and it has been used to analyze an antenna based on a partially magnetized ferrite

LTCC substrate ESL 40012 and has proven to be a good approximate model [28].

Therefore, we use Green and Sandy’s model in this thesis because it is valid for

our design and relatively easy to be used in our simulators. Moreover, it has been

employed on ferrite LTCC ESL 40012 substrate which is also used in this thesis.

3.4.2 Demagnetization factors

When the ferrite is not infinite, the internal bias field H0 is generally different from the

externally applied field Ha. According to the boundary conditions at the surface of

the ferrite, the magnetic flux ~B is continuous when the applied field is perpendicular

to the ferrite plate. However, the magnetic field H is not continuous. Equation (3.15)

demonstrates that the internal magnetic bias field is H0 = Ha−Ms. Of course, when

applied field is parallel to the ferrite plate, then the magnetic field ~H is continuous

leading to H0 = Ha.

B = µ0Ha = µ0(Ms +H0) (3.15)
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Figure 3.8: Demagnetization factors of some simple shapes [12]

Generally, the demagnetization factor (N) is used to measure the deduction of

the applied field as is shown by Equation (3.16), where N=Nx, Ny or Nz. The

demagnetization factors are defined such that Nx + Ny + Nz = 1. A few simple

shapes’ demagnetization factors are listed in Figure 3.8 [12].

~Hi = ~Ha −N ~M (3.16)

The demagnetization factor is also related to the internal and external rf fields

near the boundary of a ferrite sample. This leads to the Kittel’s equation which is

used to calculate the resonance frequency ωr as shown by Equation (3.17), where Ha

is the applied magnetic field [92].

ωr = µ0γ
√

[Ha + (Nx −Nz)Ms][Ha + (Ny −Nz)Ms] (3.17)

3.4.3 Effect of loss

If the damping factor α is also considered, the Polder tensor elements are given by

Equations (3.18) and (3.19a) to (3.19d) [9]:
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χxx = χ′xx − jχ′′xx

χxy = χ′′xy + jχ′xy

(3.18)

χ′xx =
ω0ωm(ω2

0 − ω2(1− α2))

(ω2
0 − ω2(1 + α2))2 + 4α2ω2ω2

0

(3.19a)

χ′′xx =
αωωm(ω2

0 + ω2(1 + α2))

(ω2
0 − ω2(1 + α2))2 + 4α2ω2ω2

0

(3.19b)

χ′xy =
ωωm(ω2

0 − ω2(1 + α2))

(ω2
0 − ω2(1 + α2))2 + 4α2ω2ω2

0

(3.19c)

χ′′xy =
2αω2ω0ωm

(ω2
0 − ω2(1 + α2))2 + 4α2ω2ω2

0

(3.19d)

Then the lossy tensor [µ] can be calculated using Equation (3.8b). The damping

factor α has a relation with the linewidth of ferrite materials which is shown by

Equation (3.20) [9]. Ferrite materials with higher linewidth ∆H have more magnetic

losses. Noting that this loss is separate from the dielectric loss that a ferrimagnetic

material may have at the same time.

∆H =
2αω

µ0γ
(3.20)

3.4.4 Hysteresis loop

Figure 3.9 [13] shows an example of a magnetic hysteresis loop regarding the induced

magnetic flux density (B) in terms of the magnetic field (H). The hysteresis loop of a

ferromagnetic material could be obtained by tracing the function of internal magnetic
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Figure 3.9: An example of magnetic hysteresis loop [13]

flux B as the applied magnetic field H. It’s important to note that when the ferromag-

netic material is the first time to be magnetized or it has been totally demagnetized,

magnetic flux density B will follow the dashed line, also called the initial line, as

shown in Figure 3.9. Magnetic field flux B is proportional to H, however, when all

the magnetic moments in the ferromagnetic material are aligned, the increase of H

will hardly contribute to the increase of B, hence the material reaches the saturation

point (point a). Now, if we remove the applied H, the magnetic flux will drop to

point b, meaning that there are still some aligned magnetic moments. This refers

to the retentivity of the ferromagnetic material. The presence of retentivity is a key

property for ferromagnetic, and is widely used to produce permanent magnets. It is

worthwhile to note that when the magnetic field H is reversed, B will move to point c,

also called the point of coercivity, which suggests that the magnetic flux is reset-off to

zero (demagnetized). The magnetic field H required to release the residual magnetism

of the ferromagnetic material is called coercivity [13].
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Similarly, the ferromagnetic material could have the magnetic saturation when H

is increased in the opposite direction. This time the saturation is the point d as shown

in the figure. The release of H will move the curve to point e. The residual magnetism

is the same as obtained in the opposite direction. In this case, a positive H should

be used to bring B back to zero. It is noteworthy that the curve will follow the line

from point f to point a instead of the initial dash line if H continues increasing [13].

Some important magnetic properties could be obtained based on the hysteresis

loop:

Retentivity : The remaining internal magnetization (the point b in the hysteresis

curve) of a magnetic material when the external dc magnetic field H is removed.

Residual Magnetism or Residual Flux : The residual magnetism equals to re-

tentivity when the material reaches the magnetic saturation and then the applied

magnetic field H is released. However, if the material does not reach the saturation,

the residual magnetism is smaller than the retentivity.

Coercive Force: The magnetic field needed to bring the magnetic flux density B

back to zero (the value of H at point c)

Maximum Energy Product (BHmax): It measures the maximum energy product

of a magnetic material, which uses the unit Mega Gauss Oersteds (MGOe)

Squareness : It is the result of the saturation remanence (residual magnetization)

divided by the saturation magnetization.

Material Grade: The manufactured neodymium (NdFeB) magnets are classified

into different grades. Generally, the stronger magnet has higher grade. The typical

range of grades is N35 to N52 for neodymium magnets. The limit for neodymium

magnets is the grade N64 in theory, meaning that it isn’t currently possible to realize

the magnets such strong. The grade of commercialized magnets is usually N42 because

N42 provides the optimal trade-off between strength and cost.
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3.4.5 Magnetization Ms

As explained before, with the increase of the applied field, more magnetic dipoles are

aligned, until all are aligned. In this case, ~M reaches its upper limit called magnetic

saturation Ms. Since the ferrite material is a soft magnetic material, a small field

(close to coercive force Hc) of about 1 to few Oe is enough to get the magnetization

value M close to its saturated maximum Ms (values of µ0Ms are in the range 29 mT

to 500 mT).

3.4.6 Curie Temperature Tc

By increasing the temperature of the ferrite, the aligning of the spins parallel to the

H field is more and more difficult due to the thermal agitation. The magnetization

becomes null at the Curie Temperature Tc, which is in the range of 120oC to 650oC

[14].

3.4.7 Linewidth ∆H

Figure 3.10 [9] shows the definition of the linewidth: the width of the curve of χ′′

(see Equation (3.19b)) versus H0 (internal magnetic field) where χ′′ has decreased to

half of its peak value. The damping factor, α, is related to the linewidth, ∆H, as

explained by Equation (3.20).

3.4.8 Effective linewidth ∆Heff

The insertion loss of the ferrite device is related to the magnetic loss in ferrites. The

imaginary part of the permeability of the positive polarization χ′′ (or µ′′) indicates

this loss. Generally, effective linewidth ∆Heff increases when the gyromagnetic line
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Figure 3.10: Definition of the linewidth ∆H [9]

width ∆H increases.

We commonly use a Lorentz curve to model µ′′ far away from the resonance as

shown in Figure 3.11 [14]. Accordingly, the effective line width ∆Heff is smaller than

∆H. The reason why the line width is broadened when near the resonance is that the

porosity and magneto crystalline anisotropy in ferrites increase the losses. Since the

∆Heff is more accurate when the ferrite is far from resonance, there is much practical

interest [14].

3.4.9 Spin wave linewidth ∆Hk

Nonlinear phenomena could be observed when the microwave power exceeds a thresh-

old. Non-linearity brings additional magnetic loss and generates other frequencies

which are not desired in our devices. The effect of non-linearity is related to the

magnetic microwave field hc which depends on the external dc magnetic field. The

presence of the spin waves is usually considered as the reason of nonlinear effects,

which is described by ∆Hk as shown in Figure 3.12. For a certain static magnetic

field H denoted Hsub, there is a minimum of the microwave magnetic field hc related
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Figure 3.11: Definition of the effective linewidth ∆Heff [14]

to ∆Hk as explained by Equation (3.21) [14]. The high power capability could be

achieved by increasing the value of ∆Hk. The typical value of ∆Hk is from 1 to more

than 20. The relation between the line widths mentioned till now is ∆Hk < ∆Heff

< ∆H.

hcmin =
2f∆Hk

γMs

(3.21)

3.4.10 Permittivity and loss tangent

Besides the magnetic properties, the ferrite’s dielectric properties are also impor-

tant for microwave applications. The relative real permittivity ε′ determines the real

wave-length and wave impedance in ferrites. The typical value is about 12 to 16.

Meanwhile, the relative imaginary part of the permittivity ε′′ or the dielectric loss

tangent determines the dielectric loss. We usually measure the dielectric loss tangent
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Figure 3.12: Definition of the spin wave linewidth ∆Hk [14]

tanδ at 10 GHz. Generally, tanδ is small and ranges between 10−4 and 10−3 for most

ferrimagnetic materials at 10 GHz. Therefore, the insertion loss of the device is more

affected by the magnetic losses in this range [14].

3.5 Ferrite LTCC

3.5.1 Introduction

There are currently few commercially available ferrite LTCC materials, none special

for microwave. The tape used in this thesis is ESL 40012 from ESL ElectroScience

(USA) which could be a magnetic tape for high frequency applications with multi-

layers. These applications usually require a permeability, higher than 400. The tape

is a flexible cast film as shown in Figure 3.13 where magnetic powder is dispersed

in an organic matrix. In order to get a dense body, we need a fired-temperature

of 885oC. We can print metallized circuits on each sheet of the tape, then a pres-

sure/temperature combination of 14 MPa and 70oC is used to laminate several sheets.
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Figure 3.13: Photo of ESL 40012 ferrite tape (’green’ tape)

A silicone-coated polyester film is also employed to protect the tape from being con-

taminated by the environment. The polyester film also improves the mechanical

strength, and convenience of handling [93].

3.5.2 Characterization of ESL 40012

Hysteresis curve

The ferrite LTCC material ESL 40012 ferrite has been already characterized by pre-

vious works [15]. Magnetostatic characterization is performed by the measurements

of hysteresis. Important ferrite characteristics such as the saturation magnetization,

relative permeability, squareness and coercivity could be obtained. Two different

types of transformers have been designed: 1. a straight solenoid transformer com-

pletely embedded within the ferrite LTCC material (Figure 3.14(a) [15]); 2. a toroid

transformer designed in which unit cells are closely spaced and the fields are more

tightly contained within the windings (Figure 3.14(b) [15]) .

When we inject a peak current of 650 mA into the winding, the measured hysteresis

curves from the embedded transformers could be shown in Figure 3.15 [15]. The

magnetic saturation Bs is measured to be 0.33 T when a magnetic field of 2.1 KA/m



CHAPTER 3. MAGNETIC MATERIALS 70

is applied in the solenoid winding. The remanent flux density Br is 0.18 T, the

squareness (saturation remanence divided by saturation magnetization) is 0.55, and

the coercive magnetic field Hc is 520 A/m. Similarly, we measured these parameters

when toroid winding is used. However the turn density of the toroid is lower than

that of the solenoid because of the different curvature of the toroid. The B-H curve

for the toroid is shown in Figure 3.15 by a solid line.

(a) (b)

Figure 3.14: LTCC (a) solenoid transformer unit cell cross section and (b) toroid
transformer tilted front view [15]

Figure 3.15: Measured hysteresis curves from the LTCC transformers [15]
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Magnetic Saturation Ms

Figure 3.16 [15] shows the curve B-H which could be used to model the non-linearity

in Maxwell 3D. Although saturation could not quite be achieved only with the toroid,

the trend clearly indicates that the magnetization saturation µ0Ms approaches 400

mT instead of the 330 mT obtained using the solenoid. A small internal H-field higher

than 2500 A/m is needed to saturate it. For the toroid, Br = 250 mT, the squareness

is approximately 0.63, and Hc = 330 A/m [15].

Figure 3.16: B-H curve (first magnetization) used in EM simulator

Losses

This material is very lossy below 10 GHz due to the low-field losses, especially when it

is completely demagnetized as shown in Figure 3.17 [15]. The magnetization frequency

is defined as fm = γµ0Ms (11.2 GHz). So, according to the previous remarks, an

operating frequency higher than 14 GHz for our circulators is chosen far from the

lossy frequency area to avoid low-field losses. Moreover, this material has a relative

permittivity εr=14.6 and a dielectric loss tangent 4.24×10−3.
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The damping factor α is found to be around 0.35 by measuring a CPW transmis-

sion line on ESL 40012 [94]. Hence the line width ∆H equals 250 Oe according to

Equation (3.20) [9].

Figure 3.17: Attenuation constant in terms of frequency

Curie Temperature Tc

Ring samples using ESL 40012 LTCC tape with 64 layers were realized [95]. Then the

B-H curve measurements were performed in dependence on environment temperature

as shown in Figure 3.18.

From the dependence of the maximum polarization with temperature, we can

estimate the value of the Curie temperature to be higher than 100oC. Saturation

polarization, coercivity, as well as remanence vanish at temperatures above Tc. Due

to the finite resolution of the measurement system the observation of the maximum

polarization with temperature seems to give the most reliable estimate for Tc. The



CHAPTER 3. MAGNETIC MATERIALS 73

Figure 3.18: Major magnetization curves of the ESL 40012 sample at different
sample temperatures, magnetic polarization B(T)versus magnetic field H(A/m).
The maximum magnetic field was 5 kA/m for all curves.

maximum magnetic magnetization µ0Ms is 0.3 T which is in agreement with the

measured µ0Ms in Figure 3.15 when solenoid transformer was used. However, a

measurement of VSM (Vibrating Sample Magnetometer) was also performed in our

laboratory LT2C showing that the magnetization saturate µ0Ms loses 50% at 100oC.

Other properties and summary

The principle parameters are presented before such as the hysteresis curve, magneti-

zation saturation Ms, losses and Curie temperature Tc. The list below concludes the

characterization of ferrite LTCC ESL 40012 including some other physic fired tape

properties [93].

• Relative permittivity: εr = 14.6

• Loss tangent: tanσ=4.24×10−3

• Magnetization saturation: µ0Ms = 0.4 T
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Figure 3.19: The VSM (Vibrating Sample Magnetometer) measurement performed
by laboratory LT2C shows that the magnetization saturation µ0Ms loses 50%
at 100oC

• Internal magnetic field to saturate the ferrite: Hi > 2500A/m

• Linewidth: ∆H = 250 Oe

• B-H curve: Figure 3.16

• Remanence: Br=250 mT

• Coercivity: Hc = 330 A/m

• Curie Temperature: Tc ≥ 100oC

• Layer thickness: t=110µm

• Insulation resistance: ≥ 108 Ω

• Thermal Coefficient of Expansion: 9.4ppm/oC

• Breakdown voltage: 1000V/25µm

• Fired shrinkage (x and y): 17%
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• Fired shrinkage (z): 16.5%

• Fired density: 5.35 g/cm3

3.5.3 Rf behavior of saturated ferrite

Circulator’s functionality lies on the ferrite material, so it is necessary to study the

properties of ferrites to find the operating point of our circulators. As said before, the

working frequency of our circulators is assumed to be higher than 14 GHz. In order to

explain the ferrite’s rf behavior with different DC magnetic fields and magnetization

saturations, the elements κ and µ in Polder tensor are normalized by the operating

frequency leading to the property of the ferrite itself (independent of frequency). Two

variables are then defined:

• σ = γµ0Hi/ω which shows the normalized strength of the internal magnetic

field Hi

• p= γµ0Ms/ω which shows the normalized magnetization saturation of the ferrite

Ms

Then the elements κ and µ of the permeability tensor can be reformed by Equa-

tions (3.22a) and (3.22b) where α is the damping factor. The µeff and
κ

µ
can also be

expressed in terms of p and σ as shown by Equations (3.22c) and (3.22d).

µ = 1 +
p(σ + jα)

(σ + jα)2 − 1
(3.22a)

σ =
p

(σ + jα)2 − 1
(3.22b)

µeff =
µ2 − κ2

µ
= 1 +

pσ

σ2 − 1
− p2

(σ2 + pσ − 1)(σ2)− 1
(3.22c)
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κ

µ
=

p

σ2 + pσ − 1
(3.22d)

Figure 3.20 shows that when σ =1, the material is very lossy due to the resonance

(ω = ω0) [9]. Isolators can be designed based on this resonance. The zone beyond σ

=1 is called the high Hi zone and the zone below σ =1 is called the low Hi zone.

Either high or low Hi zone could be used to operate a circulator [82]. High Hi means

more powerful external magnet should be applied leading to a bigger size and more

weight of the device.

Figure 3.20: µ′ and κ′ in terms of σ

The second part (losses) of µ and κ along with the σ is shown in Figure 3.21. It

demonstrates that the loss increases with the increase of the p. This is the reason
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why a low Ms ferrite should be used to design a low frequency circulator in order to

avoid unnecessary losses. In the vicinity of the resonance, the attenuation is indeed

strong. Moreover, in high Hi zone, the µ′′ and κ′′ could be smaller than those in low

Hi zone, which could be used to design low-loss devices.

Figure 3.21: µ′′ and κ′′ in terms of σ

In practice, the µeff and κeff are more important, because they take into account

the interaction between the ferrite and the rf signals. Figure 3.22 shows that the

real resonance frequency shifts towards the left, which makes the low Hi zone smaller

compared with that in Figure 3.20. In addition, the low Hi zone further shrinks

with the increase of the p, which explains why high Ms ferrite is not suitable for

low frequency circulator when using a low Hi injection. Besides, the µ′eff becomes
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negative when p>1 in low Hi zone, which means the cut-off mode. So a ferrite with

too high Ms doesn’t work in low Hi zone. However, in high Hi zone, µeff is always

positive which allows to design a circulator even a high Ms ferrite is used.

Figure 3.22: µeff in terms of σ

Figure 3.23 shows the
κ

µ
which indicates the capability of the non-reciprocity.

As expected, higher p introduces more non-reciprocity which could be used to design

high frequency circulators, but it introduces more losses. That is why it is a challenge

to design high frequency circulators with low losses.

In conclusion, ESL 40012 ferrite tape has a µ0Ms=0.4 T, therefore, p=0.74667

which is the green line when frequency f=15 GHz (or p=0.8 when f=14 GHz). The
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Figure 3.23: κ on µ in terms of σ

low Hi zone is then chosen to use a small internal magnetic field and have a relatively

low loss.

3.5.4 Rf behavior of partially magnetized ferrite

Typically, external magnetic field intensity H is in order of 80 kA/m to saturate the

ferrites and required magnets having large sizes make the system extremely bulky and

unsuitable for compact SiP applications. An elegant solution to this problem of bulky

electromagnets is to embed the bias windings into the ferrite substrate itself leading

to the ferrite partially magnetized. Therefore, in this section, we will study the rf

behavior of partially magnetized ferrites. The ferrite ESL 40012 has a µ0Ms=400



CHAPTER 3. MAGNETIC MATERIALS 80

mT and the partially magnetized ferrite model ’Green and Sandy’ (Equations (3.14a)

to (3.14f)) is used to estimate the elements of the permeability tensor.

Figure 3.24 shows that the κ and µ increase with the increase of the internal

magnetization M when µ0Ms=400 mT. As discussed before,
κ

µ
signifies the non-

reciprocity, so higher magnetization introduces more non-reciprocity as demonstrated

in Figure 3.25. The fact that µeff is a function of magnetization could be used to

analyze the frequency variation of our ferrite LTCC circulator with integrated winding

later.

Figure 3.24: κ and µ in terms of internal magnetization M
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Figure 3.25:
κ

µ
and µeff in terms of internal magnetization M

3.5.5 Conventional LTCC fabrication process

Although the fabrication of ferrite LTCC devices may be different from that of the

conventional LTCC devices, the principle procedures of fabrication are almost the

same [96]. The basic manufacturing process for multilayer LTCC substrates is shown

in Figure 3.26 [16]. A milky slurry is made by mixing the ceramic/magnetic powder

and organic binder. The green sheet of the LTCC is then obtained by casting the

slurry into the tape and cut by a doctor blade. This raw sheet is a paper-like flexible

film. We can now print the desired circuits on the sheet and realize the vias. After

aligning all the sheets of LTCC, a combination of temperature and pressure is used

to laminate them. Finally the device is fired, according to the material’s profile and
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Figure 3.26: Typical multilayer ceramic substrate manufacturing process [16]

get the final structure. The challenge is the different shrinkage rates of materials such

as metal and ceramic. The variation of temperature, pressure, lamination quality etc

will directly affect the final device [16].

3.5.6 Recent ferrite LTCC research works

Ferrite Low Temperature Co-fired Ceramic (LTCC), which is originally used to design

inductors, now could be used in high frequency applications. This section will present

some recent ferrite LTCC work.

The ferrite LTCC tape from Ferro Corporation was firstly characterized using cir-

cuits that are fabricated by Dr Joey R. Bray, Dr. Kari T. Kautio and Dr. Langis

Roy [96] in 2004. This work has demonstrated that high quality ferrite LTCC cir-

cuitry can be fabricated using standard processing techniques, which is an essential

requirement for low cost high volume production.

In 2007, another commercial ferrite LTCC tape ESL 40012 (ESL ElectroScience)

was characterized in [15]. The measured relative permittivity εr is 13.6 at 9.86 GHz.

The tanδ values is 0.004 and 0.001 at 9.86 GHz and 27.2 GHz respectively. When
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toroid winding is integrated in the ferrite LTCC, the measurement extracts a magnetic

saturation µ0Ms of 400 mT, with a remanence of 250 mT, and a coercivity of 330

A/m. The approximate linear relative permeability is 370.

Tunable antennas for SoP (system on package) application were then developed

[27]. The winding embedded in the ferrite could produce a controllable magnetostatic

field which could make the antenna’s frequency tunable. Due to the lack of the

demagnetization factor, the embedded winding greatly reduces the required bias field

for a frequency tuning by over 95%. This property makes ferrite LTCC an ideal

substrate for tunable system-on-package applications because we don’t need bulky

electromagnets.

Then a theoretical model was described to explain the partially magnetized ferrite

antenna’s frequency tuning [28]. The authors use the theoretical model of Green and

Sandy to calculate the terms of the permeability tensor when the ferrite is partially

magnetized. Then these values are used to predict the antenna’s frequency shifting.

Measurement shows the agreement between the calculation and simulation.

Moreover, a helical antenna has been developed using ten layers of ferrite LTCC.

The helical winding is designed to act as antenna and bias coil at the same time

[97]. This idea firstly reduces the size of the antenna because external bias could be

removed. Besides, the integrated winding could avoid demagnetization factor, hence

reduce the required tuning dc magnetic field. The measurement shows a tuning range

of 10% of the operating frequency (13 GHz). The design is compact, light-weight,

low cost and highly suitable for tunable microwave systems .

Besides, a half mode substrate-integrated waveguide (SIW) phase shifter based on

ferrite LTCC was presented in [98]. Similar to the tunable antenna’s design, the bias-

ing is realized by integrating a winding in the ferrite LTCC substrate. This removes

the external electromagnets and avoids wasting energy caused by demagnetization
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field. The ferrite is partially magnetized by the winding, hence the required bias

fields have been greatly reduced. The measurement demonstrates that a phase shift

of 83.2o and a figure of merit of 83.2o/dB could be achieved at the operating frequency

of 13.1 GHz.

Finally, the heat effects created by embedded windings were studied [99]. By a

number of simulations and measurements, the authors get a model which has a good

agreement with the measurement. The study shows that the center frequency of the

filter could be shifted by about 1 GHz when we heat the device externally from 0 oC

to 190 oC. Besides, when the integrated winding is energized by 260 mA, the internal

temperature is about 250 oC leading to a frequency shifting more than 2%.

Circulators, as one of the important ferrite devices, have never been designed on

the ferrite LTCC substrate. This is the principal purpose of this thesis. A wind-

ing could be integrated into the circulator’s structure to achieve multi-functionality.

Chapter 4 will present our work on the circulator design, winding design and the

measurements.

3.6 Conclusion

This chapter has highlighted the different types of magnetic materials, including dia-

magnetic, paramagnetic, ferromagnetic, antiferromagnetic and ferrimagnetic materi-

als. Diamagnetic materials have a negative magnetization against the applied mag-

netic field leading to a small and weak susceptibility. However, paramagnetic materi-

als could be attracted by an externally applied magnetic field because of a small and

positive susceptibility. Ferromagnetism is basically used to form permanent magnets

because all moments of individual atoms could be aligned resulting in a large suscep-

tibility. Antiferromagnetic materials have mixed (unpaired) parallel and antiparallel
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aligned magnetic moments with equal amplitude, while the total net magnetization

is still small. Ferrimagnetic materials have unequal antiparallel aligned magnetic mo-

ments leading to a large susceptibility and a saturation magnetization. Ferrimagnetic

materials are non-conducting, so they are used in microwave devices.

Since ferrimagnetic materials are widely used in microwave devices, we introduce

more about the ferrite. Spinel ferrites are among the most important mineral oxides

and a source of metals in the extractive industry. The lodestone or magnet, is the

most abundant natural magnetic spinel. The garnet structure is cubic and the most

common form is the iron garnet and yttrium Y3Fe5O12, known as YIG (Yttrium Iron

Garnet). Permanent magnets and high density magnetic recording medias are two

main applications based on the M-type hexagonal barium hexaferrite or BaM.

After talking about the different types of ferrite, we focus on the basic properties

of ferrite materials. As a non-reciprocal magnetic material, a permeability tensor is

used instead of a constant. Polder model is the most common known model which

explains the behavior of ferrite under saturated condition. Schlömann developed a

model for demagnetized ferrites. Then Rado developed a theory which provides a good

approximation for the extra-diagonal term κ, but inaccurate values for the diagonal

ones (µ = µz = 1). By using experimental characterization cells, Green and Sandy

have measured all the tensor components as a function of the ferrite magnetization

state. Igarashi and Naito presented a formula for the transverse diagonal term in a

partially demagnetized state ferrite. This model is a further improvement of the tensor

Schlömann. To describe the permeability tensor of the ferrites (saturated, partially

magnetized or demagnetized) correctly, a generalized approach was developed by

Gelin, Quéffélec and other researchers. We also present the demagnetization factor,

because the internal bias field H0 is generally different from the externally applied field

Ha. When the damping factor is considered, the loss of ferrites could be calculated,
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leading to the definition of linewidth including the linewidth ∆H, effective linewidth

∆Heff and spin wave linewidth ∆Hk. Hysteresis loop is then described resulting in

the definition of magnetization Ms, retentivity, residual magnetism, coercive Force,

maximum energy product (BHmax) and squareness.

Ferrite LTCC is next presented. In particular, the characterization of ESL 40012

ferrite tape is introduced. We show the principle parameters including the hysteresis

curve, magnetization saturation Ms, losses and Curie temperature Tc along with

other physic fired tape properties. The rf behaviors of both saturated and partially

magnetized ferrite are predicted by our Matlab program. Finally the recent ferrite

LTCC research works are presented varying from the characterization of the substrate

to tunable antennas and phase shifters designs.

In the next Chapter, we will demonstrate how to design ferrite LTCC circulators

based on this ESL 40012 substrate.



Chapter 4

Modeling and realizations of circulators

4.1 Introduction

The design of a stripline Y-junction circulator is generally based on the work of H.

Bosma [5]. Usually, a stripline Y-junction circulator is made of two metal plane

grounds, a center conductor with three ports and a ferrite disk surrounded by di-

electric materials. For this conception, ferrite materials at microwave frequencies are

usually operated under the saturation state and Polder equations are employed to

calculate the permeability tensor by taking into account the applied static magnetic

filed H0, the magnetization Ms, the operating frequency and the damping factor α

(or ∆H), etc [37]. However, partially magnetized ferrite has advantages in frequency

tunability by varying internal magnetization M easily.

In this chapter, a CPW transmission line on ferrite LTCC is firstly realized to have

an intimate knowledge of ferrite LTCC design, then different structures of circulators

such as stripline, microstrip and coplanar structures are described, followed by the

theory and mathematical calculations of a stripline junction circulator. Three ferrite

LTCC circulators are finally presented: one is with external magnets and Polder

equations are applied, one is with an integrated winding employing Green and Sandy’s

87
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partially magnetized model and the last one is a wide-band circulator by stacking two

circulators with different operating frequencies.

4.2 CPW on ferrite LTCC

4.2.1 Introduction

Since the ferrite LTCC technology is totally new to us, we start by design a simple

CPW transmission line on it. The design of the CPW line is shown in Figure 4.1 and

the fabricated one in Figure 4.2. Five layers are used and the total size (L*W*H)

is 15mm*4.79mm*0.55mm. Simulations under different dc bias fields are performed

to demonstrate the resonance frequencies in terms of the applied field. The mea-

surements are performed with an external electromagnet. The CPW transmission

line follows the axis ~x. The two ends of the CPW are connected to the probe sta-

tion, while the electromagnet is placed in ~y direction, therefore the device is biased

transversely as shown in Figure 4.3.

Figure 4.1: Design of a CPW on ferrite LTCC
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Figure 4.2: Photo of a fabricated CPW on ferrite LTCC

Figure 4.3: Measurement configuration of the CPW with an external electromagnet

4.2.2 Demagnetized ferrite Hi = 0

When the ferrite LTCC is totally demagnetized, there is a low field loss below 10 GHz

according to the characterization in [15]. The measurement performed by Dr. Didier

Vincent confirms this loss as shown in Figure 4.4.

However, the simulator HFSS cannot predict it. Figure 4.5 shows a perfect trans-

mission in HFSS because it considers the demagnetized ferrite as a dielectric material

(Ms = 0, M=0 and Hi = 0).

4.2.3 Ferrite biased transversely

When the ferrite is biased in ~y direction, the non-reciprocity could be observed.

Figures 4.6a and 4.6b show the comparison of simulated and measured S-parameters
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Figure 4.4: Measured S-parameters when ferrite is totally demagnetized

Figure 4.5: Simulated S-parameters when ferrite is totally demagnetized

when the ferrite is biased transversely with an internal magnetic field Hi = 52KA/m

(660 Oe). A magnetometer is used to measure the dc bias field near the CPW

transmission line. Since a tangential bias is applied, the demagnetization factor is

weak and negligible. In general, the simulated S-parameters meet the measured ones,

except that the measured resonance frequency is 1.5 GHz lower than the simulated

one. This is probably due to the non-uniform magnetic bias fields hence the inaccurate
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Figure 4.6a: Comparison of S21 and S12 between simulation and measurement
when ferrite is biased transversely with internal magnetic field Hi=660 Oe

measurements by the magnetometer.

Figure 4.6b: Comparison of S11 and S22 between simulation and measurement
when ferrite is biased transversely with internal magnetic field Hi=660 Oe

4.2.4 Prototype of a tunable attenuator

Since the demagnetization factors could be ignored when the device is transversely

biased, so, according to Kittel’s equation, the resonance frequency could be found by
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Equation (4.1), where Ha is the applied dc field.

fr =
µ0γ

2π

√
Ha (Ha +Ms) (4.1)

Figure 4.7 shows that the measured resonance frequency depends on the applied

field. We then compare the measured resonance frequencies with the calculated ones,

as shown in Figure 4.8. Although there is a difference of 1.5 GHz as we explained

before, generally they are in agreement.

Figure 4.7: Measured resonance frequencies under different bias fields

Based on the theory and the measurements, a prototype of a tunable attenuator

could be achieved by varying the transversal bias field. Considering that the ferrite

LTCC technology allows 3D design, several windings in series (see Figure 4.9) could

be integrated into the CPW structure to provide the internal bias field (without

demagnetization field). This design could achieve a multi-functional attenuator: 1.

the attenuation frequency could be tuned by changing the dc current which varies

the internal magnetization M; 2. the attenuation level could also be controlled by

choosing the number of energized windings.
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Figure 4.8: Comparison of measured and calculated resonance frequencies under
different bias fields

Figure 4.9: Prototype of a tunable attenuator with windings in series

This design is not in the scope of the thesis. However, the simulations and mea-

surements of the ferrite LTCC CPW transmission line allow us to have a first expe-

rience in designing ferrite LTCC device.

4.3 Different structures of circulators

After having designed and measured the CPW based on ferrite LTCC, we will present

some structures of circulators in theories, especially the stripline structure which is

used in our final designs.
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4.3.1 Stripline circulator

The conventional stripline circulator is shown in Figure 4.10 [5]. It consists of two

metal grounds, a center conductor and two ferrite disks. This is a symmetrical struc-

ture. Two ferrite discs are separated by the center conductor and three access trans-

mission lines are spaced 120o from each other. Two ground planes then envelop the

structure. The space surrounding the ferrite discs is occupied by dielectric materials.

The ferrite material is magnetized perpendicularly to the plane of the disk by an

external static magnetic field created by two magnets located on either side of the

structure.

Figure 4.10: Principle construction of a stripline junction circulator: (1) two metal
grounds; (2,3) center conductor; (4) ferrite disk; (5) V is the coupling angle; (6)
u is the height of the ferrite disk; (7)Hi is the bias field; (8) d is the thickness
of conductors; (9) R radius of the center conductor [5]

The possibility of a three-port circulator was firstly postulated by Carlin [100] in

1954 based on the scattering-matrix analysis of the three-port microwave junction.

The performance of an early experimental circulator (using waveguide) was described

by Chait and Curry [101] in 1959. Since then, various types of circulators: stripline

circulators [102–105] , three-port ring circulators [106] and other types [107] have
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been developed. The operating bands extend from the microwave to the millimeter

range [108].

A stripline structure was chosen in this thesis because the two broad metal ground

planes allow the bias windings to be placed immediately above and below the circu-

lator core without coupling to the microwave fields. Hence the ground planes provide

rf shielding while simultaneously allowing the magnetostatic bias field into the core.

4.3.2 Microstrip circulator

Microstrip line was firstly developed in ITT laboratories [109] and was a competitor

of stripline. Now the microstrip line is one of the most popular types of planar trans-

mission lines, primarily because it can be fabricated by photo-lithographic process

and easily integrated with other passive and active microwave devices. These make

microstrip circulators preferable in some circuit designs because it would provide an

ideal compact circuit, compared to (stripline) triplate circulators or waveguide cir-

culators. Conventionally, a Y-junction microstrip circulator consists of a dielectric

substrate and a ferrite material which is put on it. A metal ground is located below

the dielectric material. Finally, the center conductor of the circulator is designed on

the top of the structure (see Figure 4.11 [17]). In some cases, the ferrite disk could

also be placed above the center conductor.

The first reported microstrip circulator operating at 8.3 GHz was realized by Her-

shenov, B. in 1966 [110]. Then another 3-port microstrip circulator was built in 1971

which operates near 30 GHz with an isolation greater than 20 dB and a fractional

bandwidth about 6% [111]. Recently, researchers are able to design microstrip circu-

lators using LTCC technology [24]. Besides, thin ferrite film is also used to design a

microstrip circulator [112]. Moreover, by depositing barium ferrite films on sapphire
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Figure 4.11: Principle construction of a microstrip junction circulator [17]

substrate, a self-biased microstrip junction circulator at 26 GHz was realized [113] in

2011 which allows the integration of ferrite passive nonreciprocal components with

monolithic microwave integrated-circuit (MMIC) devices.

4.3.3 Coplanar circulator

A circulator with coplanar waveguide (CPW) structure is also a good candidate for

microwave integrated circuits because the transmission line (signal) and the metal

grounds (GND) are located in the same plane (usually on the top). Thus, coplanar

circulators can be easily fabricated at a low cost by using lithography process. Fig-

ure 4.12 [18] shows a typical coplanar structure of a hexagonal circulator with CPW

structure.

Wen and Bayard have firstly reported coplanar circulators operating at 7 GHz

which need an internal magnetic field greater than 170 kA/m [114, 115]. Then Oga-

sawara reported that Y-junction circulators with a CPW could successfully operate

at different frequencies according to different external dc magnetic fields applied per-

pendicularly to the ferrite surface [116]. Recently a CPW circulator including BaM
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Figure 4.12: Top view of the signal line and the ground plane of a hexagonal
circulator with CPW structure [18]

(Barium ferrite) thin films and dielectric layer with a low dielectric constant is also

proposed and simulated in [117]. In 2011, a ferrite was formed by embedding magnetic

particles into a host dielectric matrix in laboratory LT2C and a coplanar circulator

was fabricated based on it [118].

4.4 Theory of stripline junction circulators

As presented before, the design of a stripline Y-junction circulator (see Figure 4.13)

is generally based on the work of Bosma [5] who solves the simplified boundary-value

problem of the circulator ferrite disk by using a Green function approach. Then

Fay and Comstock [38] describe the operation of a circulator in terms of counter-

rotating propagation modes in the ferrite disk. Wu and Rosenbaum [39] predict

octave bandwidth microstrip circulator operation theoretically using Bosma’s Green

function analysis. The Green function relates Ez and HΦ for lossless circulators

when the effective permeability µeff > 0. Assuming ejwt harmonic time dependence,
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Figure 4.13: Circulator coordinate reference

Bosma’s Green function has the following form (see Equation (4.2)):

G(r, φ;R, φ′) =− jZeffJ0(kr)

2πJ ′0(x)
+

Zeff
π

∞∑
n=1

k

µ

nJn (x)

x
sinn (φ− φ′)− jJ ′n (x) cosn (φ− φ′)

{J ′n (x)}2 −
{
k

µ

nJn (x)

x

}2 × Jn(kr)

(4.2)

where:

• κ and µ: Polder tensor elements

• Jn(x): Bessel function of the first kind with order n

• x: x=kR

• k: the propagation constant k = ω
√
ε0µ0εfµeff

• R: ferrite disk radius
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• ω: circulator’s operating frequency

• ε0: permittivity of free-space ε0 = 8.854× 10−12

• εf : relative permittivity of ferrite

• εd: relative permittivity of dielectric around ferrite

• µeff : effective permeability of ferrite µeff =
µ2 − κ2

µ

• J ′n(x): derivative of Bessel function Jn(x) with respect to its argument

• Zd: impedance of the dielectric material

• Zeff : intrinsic wave impedance of ferrite Zeff =

√
µ0µeff
ε0εf

The roots of J ′n(x) = 0 are shown in Equation (4.3), where xnm means that the

mth order root of J ′n(x) = 0.



x11 = 1.841

x21 = 3.054

x31 = 4.201

x12 = 5.331

(4.3)

However, not all terms are important in practical applications and most circulators

operate close to the n=1 resonance, so many people consider only the n=1 term

leading to the formula of the radius R of the ferrite disk (Equation (4.4a)) and the

coupling angle Φ (Equation (4.4b)), where Zd is the wave impedance of the dielectric

around the ferrite disk (Zd =
120π
√
εd

).

kR = x11 = 1.841 (4.4a)
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Φ =
π√

3 (1.84)

Zd
Zeff

∣∣∣∣κµ
∣∣∣∣ (4.4b)

Since there are no radial currents at the edge of the ferrite disks except at the

three access ports (neglecting fringing), Bosma, Davies and Cohen [119], and others

suggest the following boundary condition for the three-port Y-junction circulator

(Equation (4.5)):

Hφ(R,Φ) =



H1, −π
3
−Ψ < φ < −π

3
+ Ψ

H2,
π

3
−Ψ < φ <

π

3
+ Ψ

H3, π −Ψ < φ < π + Ψ

0, elsewhere

(4.5)

Equation (4.6) is also employed according to the cyclic symmetry:

G(φ+
2π

3
;φ′ +

2π

3
) = G(φ;φ′) (4.6)

Since the circulator is symmetrical, the impedance matrix is therefore defined by

Equation (4.7).

[η] =



η11 η31 η21

η21 η11 η31

η31 η21 η11


(4.7)

The electric field on any port at the observation point due to a distribution of

unit point source is given by the superposition integral (Equation (4.8)) [63]:

Ez(R, φ) =

∫
c

G (φ|φ′)Hφ (R, φ′) dφ′ (4.8)
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Then the impedance at each port could be derived (Equation (4.9)) because the

magnetic field HΦ is constant at each port according to the boundary condition:

η =
Ez
Hφ

=

∫
c

G (φ|φ0) dφ (4.9)

The observation point is assumed to be φ0 = −π/3 in this calculation, then the

wave impedance at port 1 is (Equations (4.10a) and (4.10b)):

η11 =

∫
G
(
φ| − π

3

)
dφ − π

3
−Ψ < φ < −π

3
+ Ψ (4.10a)

η11 =−
∫ −π

3
+Ψ

−
π

3
−Ψ

jZeffJ0(kr)

2πJ ′0(x)
dφ+

∫ −π
3

+Ψ

−
π

3
−Ψ

Zeff
π

∞∑
n=1

k

µ

nJn (x)

x
sinn

(
φ+

π

3

)
− jJ ′n (x) cosn

(
φ+

π

3

)
{J ′n (x)}2 −

{
k

µ

nJn (x)

x

}2 × Jn(kr)dφ

=− jZeffJ0(kr)

2πJ ′0(x)
× (2Ψ)+

Zeff
π

∞∑
n=1

−j2J ′n (x) Ψsinc(nΦ)

{J ′n (x)}2 −
{
k

µ

nJn (x)

x

}2 × Jn(kr)

(4.10b)

where sinc(nΨ) =
sin(nΨ)

nΨ

Similarly, the impedance at port 2 and port 3 can be derived in Equation (4.11b)

and Equation (4.12b), respectively.

η21 =

∫
G
(
φ| − π

3

)
dφ

π

3
−Ψ < φ <

π

3
+ Ψ (4.11a)
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η21 =−
∫ π

3
+Ψ

π

3
−Ψ

jZeffJ0(kr)

2πJ ′0(x)
dφ+

∫ π

3
+Ψ

π

3
−Ψ

Zeff
π

∞∑
n=1

k

µ

nJn (x)

x
sinn

(
φ+

π

3

)
− jJ ′n (x) cosn

(
φ+

π

3

)
{J ′n (x)}2 −

{
k

µ

nJn (x)

x

}2 × Jn(kr)dφ

=− jZeffJ0(kr)

2πJ ′0(x)
× (2Ψ)+

Zeff
π

∞∑
n=1

2Ψsinc(nΦ)

[
κ

µ

nJn(x)

x
sin

2nπ

3
− iJ ′n(x)cos

2nπ

3

]
{J ′n (x)}2 −

{
k

µ

nJn (x)

x

}2 × Jn(kr)

(4.11b)

η31 =

∫
G
(
φ| − π

3

)
dφ π −Ψ < φ < π + Ψ (4.12a)

η31 =−
∫ π+Ψ

π−Ψ

jZeffJ0(kr)

2πJ ′0(x)
dφ+

∫ π+Ψ

π−Ψ

Zeff
π

∞∑
n=1

k

µ

nJn (x)

x
sinn

(
φ+

π

3

)
− jJ ′n (x) cosn

(
φ+

π

3

)
{J ′n (x)}2 −

{
k

µ

nJn (x)

x

}2 × Jn(kr)dφ

=− jZeffJ0(kr)

2πJ ′0(x)
× (2Ψ)+

Zeff
π

∞∑
n=1

2Ψsinc(nΦ)

[
κ

µ

nJn(x)

x
sin

4nπ

3
− iJ ′n(x)cos

4nπ

3

]
{J ′n (x)}2 −

{
k

µ

nJn (x)

x

}2 × Jn(kr)

(4.12b)

Now, we have all elements of the impedance matrix (Equation (4.7)). We then

normalize the impedance [η] by the dielectric impedance Zd leading to [Z]=[η]/Zd. The

next step is to transform the matrix [Z] to matrix [S], by [S] = [Z+I]−1[Z+I], where

[I] is identity matrix. Then the elements of [S] could be obtained by Equations (4.13a)
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to (4.13c).

S11 = 1 +
−2Zd[(Z

2
11 + 1)− Z21Z31]

(Z11 + 1)3 + Z3
21 + Z3

31 − 3Z21Z31(Z11 + 1)
(4.13a)

S21 =
−2Zd[Z

2
31 − Z21(Z11 + 1)]

(Z11 + 1)3 + Z3
21 + Z3

31 − 3Z21Z31(Z11 + 1)
(4.13b)

S31 =
−2Zd[Z

2
21 − Z31(Z11 + 1)]

(Z11 + 1)3 + Z3
21 + Z3

31 − 3Z21Z31(Z11 + 1)
(4.13c)

To simplify the expression of these S-parameters, three variables are defined by

the Equations (4.14a) to (4.14c):

C1 = jπ
Z11 + 1

2Zeff
(4.14a)

C2 = jπ
Z31

2Zeff
(4.14b)

C2 = jπ
Z21

2Zeff
(4.14c)

Hence the elements of [S] (Equations (4.13a) to (4.13c)) can be rewritten in Equa-

tions (4.15a), (4.15c) and (4.15c)

S11 = 1 +
πZd
jZeff

C2
1 − C2C3

C3
1 + C3

2 + C3
3 − 3C1C2C3

(4.15a)

S21 =
πZd
jZeff

C2
2 − C1C3

C3
1 + C3

2 + C3
3 − 3C1C2C3

(4.15b)

S31 =
πZd
jZeff

C2
3 − C1C2

C3
1 + C3

2 + C3
3 − 3C1C2C3

(4.15c)

Finally we can get the matrix [S] (see Equation (4.16)) which is in agreement

with that in article [120]. For more details of these calculations, please refer to the

Appendix A.
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[S] =



S11 S31 S21

S21 S11 S31

S31 S21 S11


(4.16)

A Matlab program is realized based on the above calculations which allows to

simulate a circulator mathematically. This is very useful in designing circulators,

because this program could give us approximate values of some important parameters

such as the radius of ferrite disk, operating frequency, coupling angle, bias field etc,

which could be used in the optimization by the EM simulator.

4.5 Ferrite LTCC circulator with external magnet

In order to verify the feasibility of a circulator based on ferrite LTCC technology, a

stripline circulator with external magnets is firstly designed, fabricated and measured.

4.5.1 Theory and design

Since the entire volume in this design is ferrite LTCC material, the magnetic wall

in Bosma’s theory cannot be well defined, so the edge-guided mode structure is cho-

sen. As said before, the edge-guided mode circulator has a potential broadband

performance [59] [60]. The edge-guided mode is based on Hine’s studies of the edge-

guided-wave (EGW) propagation in microwave integrated circuits. The effect of field

displacement concentrates the electromagnetic (EM) field on one edge of the stripline

for one propagation direction and on the other for the reverse direction.

Although the circulator designed here is an edge-guided mode circulator, the the-

ory of Bosma based on the volume resonance is still useful to predict approximately
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the circulator’s performance. The analytical Matlab program mentioned in the previ-

ous section is employed for this purpose. This program contains two parts: one part

to calculate the Polder tensor (µ, κ and µz); the other part to calculate Z-parameters

and then convert them to S-parameters. As explained, the theory of this calculation

has been already presented in the following references [39] [120]. The inputs of this

Matlab program are the basic parameters concerning the materials and circulator,

such as: relative permittivity of the dielectric εd, relative permittivity of the ferrite

εf , magnetic saturation of the ferrite Ms, internal H field Hi, damping factor α, circu-

lator’s operating frequency fc, number of modes to be taken into account N, frequency

range and step, etc

Figure 4.14: Stripline circulator configuration

With these parameters, the Matlab program is able to calculate the circulator’s

width W and the radius Rcir (see Figure 4.14) and then S-parameters could be shown

with three curves in dB: transmission S31, isolation S21 and reflection S11. Fig-

ure 4.15 indicates a possible circulation in Matlab at 15 GHz with Rcir=3 mm and

W=0.4 mm. If the approximation based on the Bosma’s theory (Equations (4.4a)

and (4.4b) [39]) is not good, the width W and Rcir could also be entered manually,
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which allows us to apply an improved approximation.

The problem of this mathematical approximation is that the height of the model

cannot be considered, so an EM simulator is still necessary to finalize the design by

optimizing the previous parameters found by the analytical program.

Figure 4.15: Calculated S-parameters in Matlab

An edge-guided circulator is then designed in Ansys HFSS. The theories about

edge-guided circulators with three ports are presented in [59,60]. The key parameters

are the radius R which gives the curvature (see Figure 4.16) and the width W which

is the open width of the center conductor. These parameters must be determined

according to the operating frequency and the material’s properties. Furthermore,

the two metal grounds are placed on the layer above the center conductor and the

layer below. By optimizing the W, R and Rcir, the operating frequency is fixed to

15 GHz to avoid low-field losses. The next difficulty consists in the transition from

CPW (on the top layer) to stripline (circulator). Three CPW transmission lines are

designed on the top layer and the lower ground plane of the circulator is designed

to have three hands to connect the vias from the top layer (see Figure 4.17). Then,
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each ground of one CPW transmission line is connected to both ground planes of the

circulator by two vias: one goes down to the upper ground, the other goes to the

lower one, finally the CPW line’s signal conductor is connected to the circulator’s

center conductor. The reason why all the metal grounds are connected is to avoid

exciting a parallel-plate mode.

Figure 4.16: Parameters of an edge-guided circulator

The optimization is performed using Ansoft HFSS software and leads to the final

dimensions Rcir=2.8 mm, W=0.38 mm (see Figure 4.17), the magnetic-biased area

has a diameter of 1 mm and the internal H-field is close to 120 kA/m which is

much smaller than the one given in reference [24]. The simulation result, shown

in Figure 4.18, meets that of Matlab: transmission -0.84 dB, isolation -29 dB and

the refection approximately -19 dB. The operating frequency is 14 GHz from HFSS

instead of 15 GHz predicted by the analytical program. This is probably due to: 1.

the Matlab program performs only a 2D mathematical analysis; 2. The 3D model in
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HFSS is an edge-guide mode circulator. One CPW transmission line is also fabricated

to serve the network analyzer calibration.

Figure 4.17: Edge-guided circulator’s 3D design

Figure 4.18: Simulated S-parameters in HFSS when port 3 is matched: a circulator
working at 15 GHz
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4.5.2 Measurement

The LTCC edge-guided circulator is then fabricated. For the probe station, the angle

between two adjacent ports is 90◦, so two of the CPW feed lines contain small bends

to accommodate the probe station and care is taken to ensure that these bends do

not cause reflections at 15 GHz. The measurement of the CPW line is shown in

Figure 4.19, which shows that the performance of the unbiased LTCC material is

good between 10 GHz and 17 GHz. As predicted [121], the attenuation is indeed

strong below 10 GHz due to the low-field losses as explained in the previous chapter.

Figure 4.19: The measurement of the CPW verifies the calibration and demonstrates
that the loss below 10 GHz is strong

We connect the port 3 of the circulator to a matched load and then the circulator is

measured. The internal magnetic field bias is obtained by applying a carefully chosen

external magnet with a surface field 5233 Gauss on the top layer of the substrate. The

bias magnetized area diameter is 1.59 mm which is larger than the diameter (1 mm)

predicted by HFSS. The measurement of the circulators is performed with a two-port

network analyzer, with the third port (North) being matched (50Ω). The measured

transmission and isolation is approximately -1.8 dB and -20 dB respectively as shown

in Figure 4.20. The measurement also shows that the operating frequency is about
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15 GHz and at this center frequency, the return loss is better than 20 dB. An internal

resonance is also observed from the transmission parameter (S21) at approximately

15.5 GHz. This is perhaps due to the placement of the metallized magnet on the top

layer coupling with the rf field. Since the whole volume is ferrite material, the magnets

could probably only saturate the center leading to other parts partially magnetized,

which is likely the cause of the higher than expected insertion loss. Although a small

magnet is desired in this work, the insertion loss could be improved by using a larger

and more powerful magnet.

Figure 4.20: The measurement of the circulator shows the working frequency is 15
GHz

4.6 Ferrite LTCC circulator with integrated wind-

ing

The above design demonstrates that circulators could be designed on the ferrite LTCC

substrate. In order to remove the bulky external magnet and avoid the demagneti-

zation factor, in this section, a circulator with an integrated winding using the same
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ferrite LTCC tape will be presented.

4.6.1 Bias winding design

It would be best if the winding could provide a uniform and perpendicular (z-

direction) magnetostatic bias field in the circulator core, generating a wide range

of magnetization value in the ferrite LTCC. The hexagonal planar coil is chosen for

this purpose, because it approaches a circular coil which has the maximum area for

a given radius.

Figure 4.21a: The dc winding consists of 4 coils below the circulator and 2 coils
above it

As shown in Figure 4.21a, the space priority is given to the winding. Stripline

circulator only occupies three layers (5-7) and the top layer is reserved for connections,

therefore, all the other layers are used to design the winding. The winding consists of

four coils below the circulator on layer 1-4 and two coils above the circulator on layer

8 and 9. The 2D coil design is shown in Figure 4.21b. Each coil consists of 5 turns

of a 0.1-mm wide conductor with a 0.1-mm spacing: both are the minimum values

allowed in the fabrication process. The inner coil turn has a side-to-side width of 0.4
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mm whereas the outer turn has a side-to-side width of 2.2 mm. The reason why we

don’t use the conception which has three coils below the circulator and three coils

above the circulator is that the circulator’s metal ground will block the interconnection

via between the upper coils and lower coils. Therefore the number of the coils should

be even in our case.

Figure 4.21b: Hexagonal coil dimensions

Current in the winding is supplied by two top-layer dc pads and 150-µm diameter

vias are used to connect the coils as shown in Figure 4.21a. The current returns to

the top layer from the bottom layer through a stacked via that is placed beside the

hexagonal ground planes of the circulator. Figure 4.21c demonstrates the desired 2-D

conceptual sketch of the biasing magnetic flux.

Magnetostatic simulation by Ansys Maxwell 3D

The magnetostatic simulation is performed with Ansys Maxwell 3D by putting the

winding into a block of ferrite LTCC that has the same dimensions as the anticipated

diced prototypes. The B-H curve of the ESL 40012 material is used for this simulation
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Figure 4.21c: 2D conceptual sketch of the biasing magnetic flux

[27]. Figure 4.22a shows the strength of the internal magnetic field Bi along the z-axis

in the middle of the winding (the dash cut line).

Figure 4.22a: Magneto-static simulation of winding in ferrite LTCC with a B-H
curve: Bi along Z axis

The simulated dc magnetic field mainly follows the direction of z-axis which meets

our expectation. Although high at the centre of the upper and lower coils, the Z
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component of the internal field is only approximately 200 mT on the layer of the

circulator when the applied current is 300 mA. Figure 4.22b shows the magnetic field

strength on the layer of the circulator’s center conductor. This plot indicates that

the field follows z-axis for a radius ≤0.6 mm, and beyond that the field turns to the

plane x-y.

Figure 4.22b: Magneto-static simulation of winding in ferrite LTCC with a B-H
curve: Bi along X axis on layer 6 (circulator inner conductor)

The reason for the lower than expected z-polarized magnetostatic field in the

core of the circulator has to do with the flux return paths inside the ferrite medium.

The ferrite-air boundary represents a high reluctance path, whereas the lateral (xy)

paths inside the ferrite present a much lower reluctance to the flux. As such, the

magnetostatic field tends to create a closed dipole field around the upper and lower

coils separately instead of producing a mutual z-directed flux path between the coils,

where the circulator is located. Furthermore, the xy flux paths are quite thin and

tend to saturate first, which further limits the magnetostatic flux in the core.

Figure 4.22c shows the strength of the internal magnetic field along the x-axis on

layer 9. On this layer, most of the magnetic fields are in the xy-plane as we expect,

and the strength is higher than 350 mT. In addition, the fields are strong near the
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winding conductors and they are less uniform than that in the middle of the winding.

This illustrates the challenges when windings are designed in a homogeneous ferrite

medium. Although more outer turns could be added to the coils, they would not

add significantly more bias field to the core because the z-component is inversely

proportional to the square of the distance. Higher flux densities could be obtained

by adding more LTCC layers, but this adversely impacts the fabrication cost. Higher

flux densities could also be obtained by using more turns per unit area, but this would

require thinner lines that would pose a risk of melting when biased by the current.

Using thinner layers (58 µm) is another solution to get a higher flux densities [28], but

the special fabrication process should be used. Hence the five turns coil represents a

trade-off between the strength of the field created and the size of the coils.

Figure 4.22c: Magneto-static simulation of winding in ferrite LTCC with a B-H
curve: Bi along X axis on layer 9

The magnetization values obtained from the magnetostatic simulations could be

used to calculate the elements of the permeability tensor.
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4.6.2 Y-junction edge-guided circulator design

The structure of the proposed circulator is shown in Figure 4.23. A stripline design

is chosen specifically because the two broad metal ground planes allow the bias wind-

ings to be placed immediately above and below the circulator core without coupling

to the microwave fields [5, 37]. Hence the ground planes provide rf shielding while

simultaneously allowing the magnetostatic bias field into the core. The proposed

circulator uses the edge-guided mode of operation because of its known broadband

performance [59, 60, 122]. The design of the circulator uses 10 layers of ESL 40012

ferrite LTCC, in which each layer has a fired thickness of 110 µm. The magneto-

static and microwave (X-band) properties of this ferrite have already presented: a

saturation magnetization µ0Ms=400 mT, a relative permittivity of εr = 14.6, a loss

tangent 4.24×10−3. The damping factor α is found to be around 0.35 by measuring

a CPW transmission line on ESL 40012 [94]. Hence the line width ∆H equals 250Oe

according to Equation (4.17) [9]. This material is lossy below 10 GHz due to the

low-field losses, especially if it is totally demagnetized. The magnetization frequency

is defined as fm = γµ0Ms (11.2 GHz), so an operating frequency of 14 GHz is chosen

to avoid the low-field losses.

∆H =
2αω

µ0γ
(4.17)

According to the characterization of this ferrite LTCC [15], integrated windings

could generate a field which is less than the Ms of the ferrite, leaving the material only

partially magnetized. The theories of partially magnetized ferrites are given in [85,86,

89,91]. As we presented in the previous chapter, the model of Rado performs a spatial

average of the domains in the ferrite [85]. For frequencies above the resonance, a good

approximation for the extra-diagonal term κ is obtained but not for the diagonal
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Figure 4.23: Edge-guided hexagonal circulator 3-D design for LTCC implementation

ones µ and µz. An improved tensor model is proposed by Igarashi and Näıto [86],

however, preliminary measurement should be performed to determine some variables,

especially when the applied field is relatively high. A generalized permeability tensor

(GPT) model which works for both saturated and partially magnetized ferrite is

described [89]. The GPT model takes into account the demagnetizing field, the

anisotropic field, the interactions between the adjacent domains, etc leading to a

more rigorous tensor model. Due to a complex calculation, this model is difficult to

be implemented into EM simulators. Therefore, we employ the Green and Sandy’s

tensor model in this design. The model is obtained based on the measurement of

the experimental characterization cells. It is valid when the operating frequency is

higher than the resonance which meets our requirements. Moreover, this model is

easier to be implemented than the model of GPT. Finally, a tunable antenna on a

partially magnetized ferrite LTCC substrate [28] used this permeability tensor model

in [91] and obtained good theory-measurement agreement. In our design, the same

ferrite LTCC substrate is used. The Green and Sandy’s equations which explain the
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behavior of a partially magnetized ferrite material when using Z-bias (magnetic bias

perpendicular to the circulators plane) are given by Equations (4.18) to (4.23), where

µ′0 is the initial relative permeability of the substrate in the demagnetized state, the

relative µ and κ values replace the standard elements of the Polder permeability

tensor, M and Ms are the partial and saturation magnetization, f is the circulator’s

working frequency and n is the coefficient expressing the deviation of κ from Rado’s

model, which is assumed for this work to be 0.5 since the same ferrite LTCC material

ESL 40012 is used [28].

Permeability = µ0



µ −jκ 0

jκ µ 0

0 0 µz


(4.18)

µ′0 =
2

3

[
1−

(
γ4πMs

ω

)2
]0.5

+
1

3
(4.19)

µ = µ′0 + (1− µ′0)

(
M

Ms

)1.5

(4.20)

κ = n
γ4πM

ω
(4.21)

µz = µ′0

(
1−

(
M

Ms

)2.5
)

(4.22)

µeff =
µ2 − κ2

µ
(4.23)

The circulator’s working frequency could be calculated by Equation (4.24) for a
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given value of the circulator’s radius Rcir (Figure 4.23), where the µ0 is the perme-

ability of free space, εf is the permittivity of the ferrite, ε0 is the permittivity of the

space and µeff is the effective permeability of the ferrite [37].

f =
1.84

2πRcir
√
ε0µ0εfµeff

(4.24)

The value of Rcir assumed for this work is 1.79 mm which is chosen for a circulator

working at 14 GHz as shown in Figure 4.24. It is obtained by Matlab using Green

and Sandy’s partially magnetized ferrite tensor when magnetization µM=200 mT.

This magnetization value is the maximum value created by the winding as discussed

in the winding’s design section. The reason why we use the approximate dimensions

of a Bosma theory is that it gives us the smallest radius of the circulator (principal

mode of the circulation). As is known, a small bias area requires reduced bias energy.

Figure 4.24: The simulated S-parameters in Matlab by employing Green and
Sandy’s partially magnetized tensor model when µM=200 mT and R=1.79 mm

When we vary the internal magnetization µM, the circulation under different µM

could be shown in Figure 4.25. When µM=0, there is a superposition of S21 and S12

curve meaning that the circulator works as a power divider. When we increase the
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internal µM gradually, we create the circulation (separate S12 and S21) along with a

frequency variation.

Figure 4.25: The simulated S-parameters in Matlab with Green and Sandy’s par-
tially magnetized tensor model under different internal magnetization µM

Figure 4.26 demonstrates that in a partially magnetized ferrite, the circulator’s

working frequency is in inverse proportion to µM when n=0.5. The frequency de-

creases from 14.6 GHz to 14.2 GHz when µM changes from 0 to 0.2 T leading to a

variation of 0.4 GHz.

EM simulation by Ansys HFSS 15 (Ansys Electromagnetics Suite)

Figure 4.21a shows the stack-up of the 10 LTCC layers. As we said before, space

priority is given to the dc windings, so the circulator is designed using a minimum

number of layers: the stripline ground planes are on layers 5 and 7, whereas the

circulator’s inner conductor is on layer 6. Referring to Figure 4.23, key parameters

of an edge-guided circulator are the radius of curvature R and the width W of the

center conductor at the circulator’s edge. The next difficulty consists in feeding the

embedded circulator because it can only be probed on the top layer (layer 10). To
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Figure 4.26: The circulator’s working frequency in terms of the internal magneti-
zation µM

solve this problem, three CPW transmission feed lines are designed on the top layer.

The transition from the CPW feed lines to the embedded stripline circulator is shown

in Figure 4.27, where five stacked vias are used to connect the signal lines and the

ground planes. Both of the stripline ground planes are bonded by the vias to avoid

exciting parasitic parallel plate modes.

Figure 4.27: Transition from CPW transmission line to stripline
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The simulator Ansys HFSS has predefined Polder equations for the ferrite’s per-

meability tensor, and this is the only model allowed in HFSS. However, Polder model

only works for saturated ferrites [9]. At that moment, we had only this simulator,

so we performed the simulation anyway. In order to complete an approximate simu-

lation for partially magnetized ferrites in HFSS, the magnetization M could be used

instead of saturation magnetization Ms along with the corresponding internal Hi bias

which can be found in [15]. For example, the circulator simulated above in Matlab

has a partial magnetization µM=0.2 T, so the µ0Ms=400 mT is replaced by µM=0.2

T and the Hi is set to be 500 A/m. This method allows to give an approximate

simulation.

Figure 4.28a: Magnetic bias model in HFSS

In order to take the non-uniform magnetic field into account, a set of biased ferrites

is manually created. Figure 4.22b shows that the ~Bi vector has a dominant z-direction

when x ranges from 0 to 0.6 mm. Then ~Bi vector turns towards to the x-direction
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(in xy plane) gradually for x from 0.6 mm to 1.3 mm. According to these features,

the magnetic bias is designed to have 7 parts in HFSS as shown in Figure 4.28a.

Part 7 is the center bias following the z-axis with an average value of 199 mT. Parts

1- 6 have the fields who have radial directions from the center (red arrows) with an

average value of 132 mT. As known, HFSS allows non-uniform magnetic bias by using

a co-simulation with Maxwell 3D. However, HFSS employs only Polder’s equations to

calculate the permeability tensor, therefore, we have to define the Ms of the ferrites

in HFSS. Obviously, a µ0Ms=0.4 T is not accurate to model a partially magnetized

ferrite. That’s the reason why we use the model of 7 parts of ferrites whose Ms are

replaced by M. The circulator is then optimized using Ansys HFSS which led to the

final dimensions of the circulator: R = 2.8 mm and W = 0.38 mm, so Rcir equals

1.73 mm which is in agreement with the Matlab analysis (Rcir=1.79mm).

The simulated transmission coefficients by HFSS and Matlab are shown in Fig-

ure 4.28b. The simulation in Matlab uses Green and Sandy’s model, and HFSS uses

Polder’s equations with 7 parts of ferrites whose Ms are replaced by M. Although

the comparison seems to be unnecessary because they use totally two different ferrite

models, however, this tells that the approximate model in HFSS still works to some

extent. They both give a circulation at 14 GHz while Matlab has a better insertion

loss.

According to the contact with Ansys, HFSS will probably allow user-defined tensor

model such as ferrite permeability tensor in the version of 2016.

4.6.3 Measurements

The fabrication is performed by VTT Technical Research Centre of Finland with

the help of Dr Atif Shamim at King Abdullah University of Science and Technology
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Figure 4.28b: Simulated S-parameters in HFSS and Matlab

in Saudi Arabia. A photograph of the three fabricated ferrite LTCC edge-guided

circulators and one CPW thru line of 2.7 mm are shown in Figure 4.29. Note how

the three ports of the circulator have been arranged in a T shape to accommodate

the probing station’s perpendicular probe arms. A bend in two of the CPW lines

is therefore required and care is taken to ensure that these bends would not cause

reflections near 14 GHz (see Figure 4.30). Two GSG rf probes (500 µm) are used to

connect the port 1 and 2. An external dc source is connected to the dc pads by two

dc-needles. An ampere meter is used to show the current strength in the winding.

The network analyzer is the Agilent (Keysight) N5244A, 4-port (dual source) to 43.5

GHz. The measurement of a CPW thru is shown in Figure 4.31, which shows that the

performance of the unbiased LTCC material is good between 10 GHz and 17 GHz. As

expected in [121], the attenuation is indeed strong below 10 GHz due to the low-field

losses.
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Figure 4.29: Prototypes of the ferrite LTCC circulator

Figure 4.30: S-parameters measurement configuration

Measurement with bias current only

The measurement of the circulators is performed with a two-port network analyzer,

with the third port (North) being matched (50Ω). When the windings are not ener-

gized, a matching point is found at 14.8 GHz as shown in Figure 4.32. The trans-

mission and the isolation are identical with a value of -5 dB. This indicates that the
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Figure 4.31: CPW transmission line measurement: S-parameters

circulator operates as a power divider (with losses) when it is not biased. There is a

loss of 2 dB because the material has a loss of 1.5 dB/cm at 14 GHz for a transmission

line [15]. The input-to-output length of our circulator is about 8.6mm, so the loss is

approximately 1.5*0.86=1.3 dB which is in agreement with the measurement.

Figure 4.32: Measured S-parameters: Circulator without current

When a current of 100 mA is injected into the winding, circulation becomes appar-

ent (see Figure 4.33). The transmission is pushed up to -4 dB and the isolation goes

down to -7 dB at 14.67 GHz, whereas the reflections remain below -20 dB. When the

current is increased to 300 mA, the performance of the circulator is further improved

(see Figure 4.33). The transmission is about -3 dB and the isolation about -8 dB
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at 14.2 GHz. A stronger current may be applied, but this could melt the winding.

Moreover, the operating frequency is shifted as well from 14.8 GHz to 14.2 GHz in the

measurement. We believed at that moment that the frequency variation was caused

by the change of the internal magnetization M as expected in Matlab, however, this

is finally proven that it is mainly caused by the temperature rise in the substrate and

we will explain it later.

Figure 4.33: Measured S-parameters with current: S21 and S12 in terms of current

Figure 4.34a shows the comparison of simulated S21 and S12 between HFSS and

the measurement, when a 300 mA current is injected into the winding. HFSS gives

better insertion loss and isolation than the measurement. This is probably due to the

additional losses of a partially magnetized ferrite and the inaccurate ferrite model in

HFSS.

However, the simulation has a good agreement with the measurement in terms

of reflections S11 and S22, as shown in Figure 4.34b. The circulator’s operating

frequency is also well predicted by the simulation.
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Figure 4.34a: Comparison of measurement and HFSS: S21 and S12

Figure 4.34b: Comparison of measurement and HFSS: S11 and S22

In addition, Figure 4.34c shows the S-parameters when the current is switched.

As expected, the circulators’ circulation is switched to the opposite direction.

Measurement with magnets

The measurement with the current confirms that the circulator is not well saturated

using only the windings, so measurements with external magnets are performed as
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Figure 4.34c: Circulator with an opposite direction of 300 mA dc current: S-
parameters

well. An external magnet with a surface field of 5200 Gauss plus a second one with

5903 Gauss surface field are applied on the top layer of the substrate and the bias

diameter is 1/16 inch (1.5875 mm), as shown in Figure 4.35.

Figure 4.35: Measurement probe station photo

Figures 4.36a and 4.36b shows that the internal magnetic field ~Bi is higher than

400 mT in the core of the circulator for a radius from 0 to 0.5 mm, therefore, the

magnets could saturate the ferrite.
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Figure 4.36a: Magneto-static simulation of the magnets in ferrite LTCC with a B-H
curve: Bi along Z axis

Figure 4.36b: Magneto-static simulation of the magnets in ferrite LTCC with a
B-H curve: Bi along X axis

Then we performed the measurements with the external magnets. The magnets

greatly improve the performance of the circulator. The measured transmission and

isolation is approximately -1.8 dB and -18 dB, respectively, when current I=0 mA

is injected, as shown in Figure 4.37a, while the return loss is better than 20 dB



CHAPTER 4. MODELING AND REALIZATIONS OF CIRCULATORS 131

(Figure 4.37b).

Figure 4.37a: S-parameters with magnets: S21 and S12 in terms of current

Figure 4.37b: S-parameters with magnets: S11 and S22 in terms of current

With the magnets, the internal magnetization can be adjusted by changing the

current in the windings. When a current of 100 mA is applied to the windings (the H

field created by the winding has the same direction of magnet’s field), the circulator

performance is shown in Figure 4.37a and Figure 4.37b. The isolation goes down to
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-22 dB instead of -18 dB. When the current is increased to be 200 mA, the result is

further improved. The transmission is about -1.6 dB, isolation is -23 dB and return

loss is better than -20 dB. However, in this measurement, a frequency shift is also

observed: from 14.8 GHz to 14.2 GHz.

This is interesting: we said before that the frequency variation was caused by

the change of the internal magnetization M. However, in this measurement, the field

created by the magnets is so strong that the field created by the winding could be

negligible. Why do we still observe a frequency variation of 0.6 GHz? The hypoth-

esis is that the temperature also affects the frequency variation. To prove that, we

performed another measurement.

This time, the field created by the winding is opposite to the field of the mag-

nets. We find that the frequency goes up a little when 120 mA current is injected,

then the frequency goes down again if we continue increasing the current, as shown

in Figure 4.37c. This measurement indicates that the variation of the circulator’s

frequency is not only caused by the change of the internal magnetization. The ex-

planation of the frequency variation is that there are two elements that changes the

circulator’s operating frequency: the first is the change of magnetization M (hence

µeff ) by the winding, the second is the temperature rise in the substrate which affects

µ and Ms leading to the variation of µeff . The temperature increases the ferrites µ

as explained in [91] leading to the increase of µeff . Moreover, the temperature de-

creases the magnetization saturation Ms which increases the µeff as well when the

ferrite is partially magnetized (Figure 4.37d). In conclusion, the frequency variation

is achieved initially by the change of internal magnetization M, then the temperature

plays a more important role in changing the µeff , as this ferrite LTCC substrate ESL

40012 is sensitive to the temperature.
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Figure 4.37c: Isolation and transmission curves when windings with the current is
biased that opposes the magnetic fields of the magnet

Figure 4.37d: µeff in terms of magnetization saturation µ0Ms with µM = 0.2T
when the ferrite is partially magnetized using the model of Green and Sandy

4.6.4 Retro Analysis

EM simulation by CST Studio

As discussed before, the simulator Ansys HFSS uses the Polder equations [123] to

simulate saturated ferrites. This year, we finally have the access to CST Studio which
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allows one to apply user-defined tensors manually [124], therefore we performed retro

analysis with Green and Sandy’s partially magnetized ferrite model in CST Studio,

as shown in Figure 4.38a. The side-to-side length of the winding is 2.2 mm, so the

radius of the bias area is set to be 1.27 mm. The remaining ferrite is assumed to be

totally demagnetized with M = 0 and Ms = 0.

Figure 4.38a: Magnetic bias model in CST

Then the simulation is performed and we compare the simulated S-parameters

with the measured ones when the internal magnetization µM is 200 mT, as shown

in Figures 4.38b and 4.38c. CST gives a more close result for the transmission and

isolation, however, the reflection is not accurate which is probably because we used

a simplified and uniform bias field. However, the working frequency is also well

predicted. At 14 GHz, the transmission and isolation is -3 dB and -9 dB respectively.

More important, since Green and Sandy’s partially magnetized ferrite model is used,

we can perform the simulations with different internal magnetization µM. A frequency

variation of 0.2 GHz is then observed when µM goes from 0 to 200mT, as shown
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Figure 4.38b: Comparison of measured and simulated S21 and S12 by CST when
internal magnetization µM is 200 mT

in Figure 4.38d. However, in the measurement, the variation is 0.6 GHz and the

difference is due to the temperature rise in the substrate.

Figure 4.38c: Comparison of measured and simulated S11 and S22 by CST when
internal magnetization µM is 200 mT

The final dimensions of the circulator: R = 2.8 mm and W = 0.38 mm, so Rcir

equals 1.73 mm which is in agreement with the Matlab analysis (Rcir=1.79 mm).
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Figure 4.38d: Simulated circulator’s frequency variation (S11 in dB) in terms of
magnetization µM

4.6.5 Power Capability IP3

Given that ferrite devices are perceived as being nonlinear, so it is necessary to mea-

sure the third-order intercept point of a circulator made of ESL 40012 ferrite LTCC.

A two tone test is applied to the circulator in an attempt to measure its third-

order intercept point. The 10-layer ESL 40012 ferrite LTCC with integrated winding

circulator was used as the device under test. Two stacked magnets DH11 on top

of DH101 (K&J magnetics) are employed to provide the external magnetic fields.

Three 500 mm pitch GSG with 2.92 mm coaxial inputs and two DC probes are

used. Two active RF ports are connected to the probes (port 3 of the circulator

is terminated in a matched load). The analyzer is Agilent N5244A PNA-X with

Option 87 (IMD). The calibration is realized as per instructions for Option 87 IMD

measurements (ECal and power meter). Then we performed the swept-power IMD

measurement (intermodulation measurement only). Figure 4.39 lists the details of

the measurement.

Although oftentimes ignored, IM3 can actually vary as a function of: the input
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power, the centre frequency, and the spacing of the two tones. Option 87 of the PNA-

X allows IM3 measurements to be performed while sweeping any of these parameters.

For simplicity, only the input power will be swept in this measurement, the rationale

being that the best circulator performance was achieved around a centre frequency

of 14.5 GHz, and using different ∆f values won’t offer any additional insight into the

behaviour of the circulator. Only third order intermodulation measurement at 14.5

GHz are performed with an average of 64 sweeps. The variation of the frequency is

10 MHz. Input test tone power swept from -20 dBm to +5 dBm, levelled at port 1

and spectrum was measured at port 2 (output). Figure 4.39 lists the details of the

measurements.

Figure 4.39: IP3 measurement details

Figure 4.40: Swept-Power IMD Test when current I=0 mA
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Figure 4.41 shows that the IM3 is lost in the noise for Input Tone Powers below

approximately +1 dBm. As such, the data should only be trusted above this value.

The IIP3 varies from approximately +35 to +28 dBm for input tone powers between

+2 and +5 dBm. There is a clear downward trend, indicating more nonlinearity

(decrease of IP3) as the input power is increased. It appears that the value is levelling-

off at +5 dBm, but we would need more input power to verify if this is true or not.

However, input power +5 dBm is the maximum power available of the equipment.

The OIP3 is higher than the IIP3 because the output power is lower than the input

lower due to the losses in the device.

Figure 4.41: Swept-Power IMD Test when current I=350 mA

The results in Figures 4.41 and 4.42 are similar when a dc bias of 350 mA or 430

mA is applied, respectively: the IIP3 varies from approximately +35 to +28 dBm for

input tone powers between +2 and +5 dBm. Therefore, the IP3 is about +30 dBm

overall and the P1dB compression point is about 20 dBm.
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Figure 4.42: Swept-Power IMD Test when current I=430 mA

4.6.6 Comparison and conclusion

The table below shows the main performance of different circulators realized by ferrite

LTCC and conventional LTCC technology.

Figure 4.43: Comparison of circulators realized by ferrite LTCC and conventional
LTCC technology

When only current is used in our circulator, the device has an insertion loss 3 dB

but the isolation is only 8 dB, so it is hard to call it a circulator. When external

magnets are applied, the circulator has a better performance leading to an insertion

loss about 1.6 dB and an isolation better than 20 dB. When it is compared with other

circulators, especially the circulator at 15 GHz by Jianhua JI, the insertion loss is

less competitive. However, our circulators are approaching the performance of the
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circulators realized by co-firing ferrite and conventional LTCC tapes. There are a

number of ferrites which are compatible (shrink rate) with the conventional LTCC

ceramic substrate. Designers have the freedom in ferrite selection and have taken the

losses, working frequency, power requirement etc into account at that stage. However,

there are few ferrite LTCC substrate suppliers in the market now and the ESL 40012

is sensitive to the temperature which limits our circulator’s power capability. In

the future, improved ferrite LTCC materials will lead to a competitive circulator’s

performance. Moreover, the main advantage of the ferrite LTCC technology over

LTCC technology is that it allows to make stacking structures. In the later section,

we will present a wide-band stacking circulator.

4.7 Coplanar ferrite LTCC circulators

4.7.1 Introduction

Previous section has already presented coplanar circulators, which can be easily fabri-

cated at a low cost by using a lithography process. In our laboratory, several coplanar

circulators with different operating frequencies are designed, fabricated and measured.

This work demonstrates the feasibility of coplanar circulators based on ferrite LTCC

and the maximum working frequency at which circulators can operate.

4.7.2 Design of coplanar circulators

The same ferrite LTCC tape ESL 40012 is used to design the coplanar circulators,

but only 5 layers of tapes are employed. A coplanar circulator consists of a center

conductor and metal grounds at the same level, connected to three CPW transmission

line. Figure 4.44 [17] shows the top view of a conventional coplanar circulator design.
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Figure 4.44: Design of a coplanar circulator (top view) [17]

The edge of the center conductor is an arc of a circle having a radius R. The

circulator is fed by a CPW transmission line where the width is assumed to be W

and the gap is G. The magnetic bias is provided externally by the magnet D101-N52

(K&J magnetics). Circulations at different frequencies could be found, by optimizing

the metal ground size l, W, G and R.

Figure 4.45 shows different fabricated coplanar circulators operating at 18 GHz,

20 GHz, 22 GHz, 25 GHz, 27 GHz and 29 GHz, respectively. The simulated results

have insertion loss better than 1 dB, isolation and return loss higher than 20 dB.

Each circulator has two samples. CPW thru is also fabricated for the purpose of

calibration.

4.7.3 Measurements

Due to a careless manipulation in the fabrication, the circulators have some defects

leading to more losses and mismatch. Only the measurements of the circulators at

18 GHz, 22 GHz and 25 GHz are presented here.
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Figure 4.45: Fabricated CPW and coplanar circulators operating at different fre-
quencies

Figure 4.46 shows a circulation around 18 GHz. The insertion loss is 4 dB which

is a high loss, however the isolation is 23 dB. The matching is not good due to the

defects during the fabrication.

The measured S-parameters of the coplanar circulator working at 22 GHz are

shown in Figure 4.47. The matching is better than that of 18 GHz circulator leading

to an insertion loss about 3 dB and the isolation remains higher than 20 dB.

As for the circulator at 27 GHz, the transmission and isolation start approaching

to each other (toward -5 dB) as shown in Figure 4.48. This measurement demonstrates

the difficulty of designing a high frequency circulator.

According to the above measurements, ferrite LTCC ESL40012 could be used to

design circulators working from X band to K band. Higher frequencies could probably

be realized when more powerful magnets are applied, but the characterization of this

material over 30 GHz remains to be performed.
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Figure 4.46: Measured S-parameters: coplanar circulator operating at 18 GHz

Figure 4.47: Measured S-parameters: coplanar circulator operating at 22 GHz
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Figure 4.48: Measured S-parameters: coplanar circulator operating at 27 GHz

4.8 Wideband circulator by stacking two circula-

tors

4.8.1 Introduction

The conventional circulator with stripline structure is designed to operate at a specific

frequency. To expand the bandwidth, we usually work on the shape of the center

conductor, or use a mode of ”edge-guided” [59, 60, 122]. However, the 3D design

capacity of the ferrite LTCC technology can be used to increase the bandwidth. This

work presents a new wideband circulator operating at K-band. The design is realized

by stacking two circulators (gyrators) with different working frequencies into the

ferrite LTCC substrate to expand the overall bandwidth. The obtained bandwidth

by simulator Ansys HFSS is 11 GHz (15.5 GHz to 26.5 GHz) which covers the K-band.

The reflections and isolation are below -20 dB while the insertion loss is between 1.5

dB and 3 dB.
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4.8.2 Theory and design

A stripline circulator is chosen because of the two metal ground planes that avoid the

external environment [5,37]. The circulator design uses ten layers of ESL 40012 ferrite

LTCC, where each layer has a thickness of 110 µm. The electromagnetic properties

of this ferrite have already been presented in previous sections.

Figure 4.49a: Design of a wideband circulator by stacking two circulators

The design of this two stacking circulator is shown in Figure 4.49a. It is realized

using a minimum number of layers: the two metal grounds are located above and

below the center conductors of two circulators. Figure 4.49b shows the ten layers

of LTCC ferrite. The additional layers where there are no conductors (layer 1-3

and 8-10) allow a better bias polarization in the ferrite. These layers help make

the magnetic field perpendicular to the circulator plane (Hi follows the direction Z in

Figure 4.49a). The CPW accesses are located on the top layer (layer 10) and allow the

connection to the probe station. The external magnet is put below the device. The
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two center conductors have a triangular shape which provides a wide bandwidth [46].

The dimensions of the two center conductors of the circulators are slightly different

to further extend the bandwidth. The design also includes the impedance matching

(see Figure 4.49a). One of the design challenges is to feed the two stripline circulators

at the same time, because they can only be connected on the top layer (layer 10).

The transition from CPW lines to stripline is represented in Figure 4.49b, where two

vias of type 1 connect the two grounds of CPW to the upper ground of the stripline;

similarly for the vias of type 2, which connect the two grounds of CPW to the lower

ground of the stripline; and finally, a via of type 3 connects the signal conductor of

CPW to the two circulators’ center conductors. The fact that all ground planes are

connected by vias prevents the excitation of parasitic modes. As there is no metal

ground between the two center conductors, the two circulators are coupled. The

equivalent circulator has a total dimension (L * W * H) 8mm * 8mm * 1.1mm.

Figure 4.49b: Ferrite LTCC layers configuration

The external magnet ( D42B-N52 from K&J magnetics), produces a surface field

about 5233 Gauss and has a residual flux density Brmax = 14800 Gauss. Its diameter

is 6.35 mm (1/4 inch) and the height is 3.175 mm (1/8 inchs). The magnet is placed

below the substrate. A simulation in Ansys Maxwell 3D is performed to find the
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distribution of the internal field in the circulator structure (see Figure 4.50a).

Figure 4.50a: Distribution of magnetic field Hi in ferrite LTCC

Figure 4.50b shows the internal field Bi along the axis ~z. According to this plot,

the magnetic field mainly follows the z-direction as we expected. The magnetic field

strength between the layer 4 and 7 (where there are two cores of the circulators) is

greater than Ms which means that the magnets could saturate the ferrite material [15].

4.8.3 Simulation

Firstly, an approximate simulation (the program in Matlab described before) is per-

formed using the mathematical calculations proposed by Bosma [122]. Although this

design is not a traditional stripline circulator, the program still gives an approximate

dimension of the center conductor which favors the optimization in Ansys HFSS.

Matlab shows a possible circulation at K-band with a radius Rcir = 1.385 mm (which

is the R in Figure 4.49a).

Although the bias field is nearly uniform, any form of ferrite material has a nonuni-

form demagnetizing field, resulting in a non-uniform internal field in the ferrite (see

Figure 4.50a). In practice, a uniform bias field is difficult to achieve. To model a
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Figure 4.50b: Internal bias field Bi in terms of Z

ferrite polarized by a static magnetic field, we need to know the value and the direc-

tion of the bias field at any point in the structure. In this design, in order to account

for this non-uniform dc bias field, we use the ”non-uniform magnetic bias” in Ansys

HFSS software which calls Maxwell 3D to generate a solution of the non-uniform

magnetostatic magnetic fields. Once the dc simulation is performed, the distribution

of the internal magnetic field can be imported into ANSYS HFSS automatically and

then be used to perform a rigorous simulation.

We optimize the dimension of each circulator to obtain a wide bandwidth at K-

band. The final simulations lead to R1 = 1.5 mm and R2 = 1.6 mm for circulator 1

and 2, respectively, which is in agreement with the analytical simulation.

Figure 4.51 shows that the circulator has an optimized bandwidth of 11 GHz

(15.5-26.5 GHz) which covers the K band. The reflections and isolation are higher
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Figure 4.51: S-parameters by co-simulation in HFSS and Maxwell 3D

Table 4.1: Compare of circulators realized with LTCC technology

F(GHz) Bandwidth(GHz) IL(dB) ISO Reference

7.4 0.1 1.7 30 [24]

15-17 2 <1 25 [23]

11.5-13.5 2 <1 >22 [23]

15.5-26.5 11 1.5-3 >20 this design

than 20 dB and the insertion loss is between 1.5 dB and 3 dB. Table 4.1 shows the

performance of different circulators realized with LTCC technology. Our circulator

has an impressing wide-band performance compared with the other three cited cir-

culators, but the insertion loss is higher due to the magnetic material losses (∆H =

250 Oe).

4.9 Conclusion

In this chapter, a CPW transmission line is measured to have a first impression of the

ferrite LTCC device. Then an edge-guided circulator with external magnets is realized
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with a full ferrite LTCC tape without any other ferrites or dielectric materials. At

the operating frequency of 15 GHz, the transmission is approximately -1.8 dB, the

isolation is -20 dB and the reflection is better than -20 dB. This work demonstrates

that circulators and isolators can be integrated into the ferrite LTCC substrate and

has shown the potentiality as a candidate for System-in-Package(SiP).

Then a study of a novel circulator with integrated winding is presented, for the

first time. The device exhibits a multifunctional device controlled by the winding.

When the windings are not energized by the current, the material is not magnetized,

so this device operates as a power divider. Each port has a power of -5 dB with a

return loss better than 20 dB at 14.8 GHz. When the windings are energized by a

current, this device operates as a circulator. In addition, the circulator’s circulation

direction can be changed by switching the feeding current’s direction. With a current

of 300 mA, the circulator shows a transmission of -3 dB, an isolation of -8 dB and the

return loss better than -20 dB at 14.2 GHz. With an external magnet, the material

gets a stronger internal field which improves greatly the performance: transmission

-1.8 dB, isolation -18 dB and return loss better than -20 dB at 14.8 GHz. When

external magnets and current are both applied, adjustment of the internal H field

by changing the current is possible to get a better result: transmission -1.6 dB with

isolation and return loss both better than 20 dB at 14.2 GHz. The circulator’s

working frequency variation is 0.6 GHz. This is caused firstly by the change of

internal magnetization M when current is less than 120 mA, then the heat due to

the winding increases the ferrite’s µeff leading to more frequency shifting. This novel

circulator’s performance is limited by the ferrite LTCC material. There are currently

few commercially available ferrite LTCC materials, none specifically for microwave.

A fully magnet-free, frequency tunable, and multifunctional circulator controlled by

the winding is expected, as better materials with temperature stability, low-loss and
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more layer-capacity become available.

Finally a design of a wideband circulator by stacking two circulators in ferrite

LTCC is described. It is possible to integrate circulators with different operating

frequencies into ferrite LTCC to create dual-band or tri-band circulators or combine

their effects to achieve a broadband circulator. Although losses are still too high,

simulated performance is significant for a very wide fractional bandwidth (50 %).



Chapter 5

Conclusion and perspectives

5.1 Conclusion

The thesis studies rf non-reciprocal components (circulators) based on ferrite LTCC.

We investigate original circulator design fully embedded in ferrite LTCC, study the

performance of a ferrite LTCC circulator with integrated winding and investigate a

wide-band circulator based on the ferrite LTCC substrate. The works are realized

at University of Saint Etienne France, Laboratory Hubert Curien UMR CNRS 5516,

Carleton University Canada and Royal Military College Canada.

The thesis follows the scenario of designing a ferrite LTCC circulator with in-

tegrated winding as follows: Conception of the circulator ⇒ Magnetic material ⇒

Operating point ⇒ DC simulation of the winding ⇒ Matlab simulation ⇒ EM sim-

ulation ⇒ Fabrication and measurements ⇒ Retro-analysis.

The conception of the circulator is located in Chapter 2. In our design, the junc-

tion circulator is employed because it is well studied by the researchers and widely

employed in microwave applications, such as radars. In the circulator, we also have

different structures, such as stripline structure, microstrip structure and coplanar

structure. Since we will integrate a winding into the circulator, we must protect

152
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it from the interface of the winding. Therefore, the stripline line structure is cho-

sen because the two metal grounds provide rf shielding against the winding while

simultaneously allowing the magneto-static bias field into the ferrite core.

The magnetic material and the choosing of the operating point are in Chapter 3.

The main difference between ferrite materials and dielectric materials is the perme-

ability. For ferrites, as an example, the permeability is a tensor instead of a constant.

Circulators commonly work on saturated ferrites and Polder’s equations are used to

calculate the tensor elements. If the ferrite is partially magnetized, there are a number

of theories to model the permeability tensor. In this thesis, we use Green and Sandy

model, which is obtained based on the measurements of the experimental character-

ization cells. It is valid when the operating frequency is higher than the resonance.

This model is easier to be implemented than the GPT model. Moreover, this model

has been implemented to analyze a patch antenna based on the partially magnetized

ferrite LTCC ESL 40012 substrate and proven to be a good approximate model. The

magnetization frequency is 11.2 GHz when µ0Ms=0.4 T, so an operating frequency

higher than 14 GHz is chosen to avoid low-field losses. We operate our circulators

in low Hi zone which requires a weak H field. If the ferrite is partially magnetized,

the tensor element µ or κ is a function of the internal magnetization M and they are

in proportional. The µeff is also a function of the internal magnetization M, which

could be used to analyze the circulator’s operating frequency variation.

In Chapter 4, we present the design, simulation and measurement of the winding

and the circulator with integrated winding. 10 ferrite LTCC layers were used and the

space priority is given to the DC winding. The stripline circulator only occupies three

layers (5-7) and the top layer is reserved for the connections, so all the other layers

are used to design the winding. Therefore, we have four coils below the circulator on

layers 1-4 and two coils above the circulator on layers 8 and 9. On each layer of the
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winding, hexagonal planar coil is chosen because it approaches to a circulator one.

Each coil consists of 5 turns of a 0.1-mm wide conductor with a 0.1-mm spacing, both

are the minimum values allowed in the fabrication process. The inner coil turn has a

side-to-side width of 0.4 mm whereas the outer turn has a side-to-side width of 2.2 mm.

150-µm diameter vias are used to connect the coils and DC current in the winding

is supplied by two dc pads on the top layer. Then we performed the dc simulation

in Maxwell 3D. The internal magnetic field is approximately 200 mT in the core of

the circulator when the applied current is 300 mA. The magneto-static field tends to

create a closed dipole field around the upper and lower coils because the ferrite-air

boundary limits the field in the ferrite material and the xy flux paths are thin and

tend to saturate first. On the layer 9, the dc magnetic field is in the plane xy as we

expected and on the layer of the center conductor of the circulator, the dc magnetic

field mainly follows the z-direction for a radius of 0.6 mm and then it turns to the plane

xy. Based on the theory of Bosma, we performed the S-parameters simulations when

the internal magnetization µM is 200 mT. A circulation at 14 GHz is found and the

radius of the circulator is found to be about 1.79mm. Matlab uses Green and Sandys

model, so the circulator’s operating frequency f is a function of µeff . However, µeff

depends on then internal magnetization M, so f is a function of M as well. Therefore,

we performed several S-parameters simulations with different internal magnetization

M. When M=0, we see the superposition of the curve S12 and S21 which means that

the circulator operates as a power divider. When we increase the M, we separate

these two curves, creating the circulator along with a frequency variation. According

to these simulations, the circulator’s operating frequency is inversely proportional to

the M. We then designed the circulator in HFSS. HFSS uses Polder’s equations for

saturated ferrites. In order to perform an approximate simulation in HFSS, seven

parts of ferrites are defined in HFSS whose Ms are replaced by the M because the
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ferrite is not fully saturate. The part 7 follows the z-direction with an average value

about 199 mT and the parts 1-6 have radial directions with an average value about 132

mT. Then we performed the simulation in HFSS and compare the result with Matlab.

Both give a circulation at about 14 GHz. The optimized radius of the circulator in

HFSS is 1.73mm which is in agreement with the Matlab simulation 1.79 mm. Matlab

has a better insertion loss. This comparison tells that our approximate model works

to some extent. Then we fabricated them with a price of 30,000 euros for a panel of

5cm*5cm. We then performed the S-parameters measurements when a current 300

mA is injected and compared the result with HFSS. HFSS gives a good result for

reflections, but not accurate for the insertion loss and isolation due to the inaccurate

ferrite model in HFSS. However, the operating frequency 14 GHz is well predicted.

Since the ferrite is not saturated, we performed S-parameters simulation with external

magnets. The presence of the magnets greatly improved the performance, leading to

an insertion loss 1.6 dB and an isolation over 20 dB. However, we observed a frequency

variation about 0.6 GHz. The variation of the circulator’s working frequency is 0.6

GHz. This is achieved firstly by the change of internal magnetization M when current

is less than 120 mA, then the heat in the substrate due to the winding introduces

more frequency shifting. Later, we performed the retro-analysis using CST studio

where Green and Sandy’s model is entered. The simulation in CST gives a close

result for the insertion loss and isolation but the refection result is not accurate,

which is probably because we used a simplified and uniform bias field in CST. A

frequency variation about 0.2 GHz is observed when µM goes from 0 to 0.2 T. Then

we measured the IP3 about 30 dBm leading to a P1dB about 20dBm. Then we

compared our ferrite LTCC circulator with other LTCC circulators. The comparison

shows that our circulators are approaching the performance of the circulators realized

by co-firing ferrite and LTCC tapes. Since there are a number of ferrite materials
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which could be co-fired with LTCC substrate, designers have the freedom to choose

the right ferrite (losses, power, Ms etc) for their devices. However, there are few

commercial ferrite LTCC substrates and ESL 40012 is sensitive to the temperature

which limits the power capability. Later we tested several coplanar circulators to find

the maximum operating frequency that the material can support. Finally a design of

a wideband circulator by stacking two circulators in ferrite LTCC was described. It is

possible to integrate circulators with different operating frequencies into ferrite LTCC

to create dual-band, tri-band circulators or combine their bandwidths to achieve a

broadband circulator. Although the insertion loss is about 1.5 dB, the bandwidth is

really impressing, about 11 GHz.

In summary, a study of a circulator with integrated winding based on ferrite LTCC

is performed. The circulator needs to maintain the dc current which is less reliable

than the external magnets. The performance is less competitive than the circulators

based on conventional LTCC due to the limit of the ferrite LTCC substrate. However,

a fully magnet-free, frequency tunable and multifunctional circulator controlled by the

winding is expected, as better materials with temperature stability, low-loss and more

layer-capacity become available. Besides, the thesis demonstrates that the ferrite

stacking feature allows to design a wide-band circulator by stacking two circulators

with different operating frequencies.

5.2 Perspectives

Improved performance of the circulator with integrated winding is expected when

improved commercial ferrite LTCC materials become available, especially the ones

with high temperature capability and low losses. Besides, advanced fabrication pro-

cess with more layers capability could also contribute to the winding design leading
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to more dc magnetic field in the circulator. We could also use the GPT permeability

tensor model to improve the circulator design and optimization.

In the future, circulators could be integrated with other rf components such as

oscillators, power amplifiers, filters, antennas etc using ferrite LTCC technology to

achieve final products. LTCC technology could also offer multi-material modules,

where materials with different electrical properties could be combined within the

substrate.

In order to increase the internal magnetic field, small magnets could be integrated

into the ferrite LTCC substrate creating the bias field from the inside. This will

greatly improve the strength of the internal magnetic field, since there is no demag-

netization fields.

We could also expect a ”hard” ferrite LTCC substrate which allows to embed a

winding. By energizing the winding with a pulse of current, a latching switch could

be realized based on a circulator.

Dual-band or multi-band circulator by stacking several circulators with different

bands are possible.

Integrated active elements or varactors could be used to perform matching com-

pensation for the impedance variation of the circulator.
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RESUME 
Composants passifs non réciproques hyperfréquences sur substrat ferrite LTCC 

Cette thèse concerne de l’étude de composants passifs non-réciproque (circulateurs) fabriqué sur 
substrat LTCC ferrite. Les aimants externes utilisés dans les circulateurs classiques doivent créer un 
champ magnétique intense pour compenser le champs de démagnétisant dans le ferrite. Le nouveau 
circulateur présenté ici utilise une bobine intégrée dans le LTCC ferrite pour magnétiser le matériau 
de l'intérieur, pour réduire considérablement les effets des champs démagnétisants. Il est possible 
de contrôler le champ de polarisation rendant le dispositif multifonctionnel: lorsque la bobine est 
excitée par un courant, le dispositif fonctionne comme un circulateur dynamique dans lequel la 
direction de circulation peut être basculée en changeant la direction du courant. Si un aimant externe 
est placé sur le circulateur, sa fréquence de fonctionnement peut être accordée en ajustant le courant 
de polarisation. Contrairement à d'autres circulateurs LTCC avec aimants externes, le dispositif 
proposé peut même fonctionner comme un diviseur de puissance sans courant de polarisation. Un 
prototype de circulateur a été réalisé et caractérisé dans trois états: 1. démagnétisé,  2. magnétisé 
par la bobine, 3. magnétisé par la bobine et des aimants externes. En l'absence de courant appliqué, 
la transmission de chaque port est d'environ -5 dB avec un coefficient de réflexion inférieur à -20 dB 
à 14,8 GHz. Quand un courant de 300 mA est injecté dans la bobine, les pertes d'insertion et l'isolation 
mesurées sont d'environ 3 dB et 8 dB, respectivement. Le coefficient de réflexion est inférieur à -20 
dB à 14,2 GHz. Lorsque les aimants externes sont ajoutés avec un courant de 200 mA, les pertes 
d'insertion et l'isolation a été améliorée à 1,6 dB et 23 dB, respectivement à 14,2 GHz. La variation de 
la fréquence de travail du circulateur est de 0,6 GHz. Elle est due par la variation de l'aimantation M 
interne lorsque le courant est inférieur à 120 mA, puis par l’augmentation de la température créée 
par le courant dans la bobine. La taille (L * W * H) totale du circulateur réalisé est de 8mm * 8mm 
*1.1mm. Ce travail monte qu’il est possible d’intégrer (MMIC) sur un substrat LTCC ferrite des circuits 
passifs non-réciproques. 

ABSTRACT 
Non reciprocal passive components on LTCC ferrite substrate 

This thesis investigates passive non-reciprocal components (mainly circulators) based on ferrite Low 
Temperature Co-fired Ceramic (LTCC) substrate.  The external magnets used in conventional 
circulators must be strong to overcome the ferrite's demagnetization field.  The novel circulator 
presented herein uses an embedded winding within the ferrite substrate to magnetize the material 
from the inside, thereby significantly reducing the demagnetization effects. Because of the 
controllability of the bias field, the resulting device is also multifunctional: when the windings are 
energized by a current, the device operates as a dynamic circulator in which the circulation direction 
can be changed by switching the direction of the current. Unlike other LTCC circulators with external 
magnets, the proposed device can even operate as a power splitter by removing the bias current. A 
circulator prototype has been characterized in three states: unbiased, biased by winding and biased 
by winding and external magnets. When no current is applied, the transmission of each port is about 
-5 dB with return loss better than 20 dB at 14.8 GHz. When a current of 300 mA is injected into the 
winding, the measured insertion loss and isolation of the circulator is approximately 3 dB and 8 dB, 
respectively, whereas the return loss is better than 20 dB at 14.2 GHz.  When external magnets are 
added in addition to the current of 200 mA, the insertion loss and isolation is improved to 1.6 dB and 
23 dB, respectively at 14.2 GHz. The variation of the circulator's working frequency is 0.6 GHz. This is 
achieved firstly by the change of internal magnetization M when current is less than 120 mA, then 
the heat in the substrate due to the winding introduces more frequency shifting. The total size 
(L*W*H) is 8mm*8mm*1.1mm. 
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