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Abstract
The success of modelling partially magnetised linear 3-port junction circulator, which is non-uniformly biased, depends chiefly on the precise representation of the strength of the intrinsic magnetic field in the axial direction across the ferrite material placed at the centre of the junction. The inadequateness of using conventional Polder tensor, which is established with the assumption that the ferrite material is saturated by a constant uniform magnetic field, in modelling partially and non-uniformly magnetised 3-port ferrite junction circulators is presented. It is proposed that the combination of static and microwave finite element (FE) solver overcomes the limit of Polder tensor in modelling partially and non-uniformly magnetised ferrite junction circulator. The proposed combination method requires the generation of the steady magnetic field in a magnetostatic solver, where the magnetic state of the ferrite material is determined, and the information of the static magnetic field of ferrite junction is transferred to the microwave solver for use in the microwave permeability tensor of the partially magnetised ferrite junction. Using the coupling method, the reflection coefficient responses of the 3-port ferrite junction circulator are determined in the low field loss region which coincides with the partially magnetised region and accompanies a few undesirable problems in communication systems, such as the reduction of bandwidth, and intermodulation product interference. The determined reflection coefficient is used to obtain the split frequencies which are important in designing and analysing the performance of a 3-port ferrite circulator in partially magnetised region. The main modelling factors considered are the effects from the number of mesh, the type of the magnetic field, the biasing configurations and the value of the dielectric constant. In each case, various split frequencies are obtained and, by considering all factors step by step, optimal modelling conditions are decided. The modelling results are compared with the experiment and show good agreement.    
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1. Introduction
1.1 Introduction
The microwave 3-port junction circulator has been essential component in wireless communication systems in protecting and rooting original signals since its advent in 1950’s and its use has found many applications in commercial and military sides such as mobile phone systems and radar systems and so on. The overall performance of ferrite Y-junction circulator has been saturated due to the engineers’ effort over generations. The alternative to this device does not seem to be realised due to its superior function such as isolation and duplexing, but the continual quest for better efficiency of operating the devices does never seem to stop. However, the ferrite Y-junction circulator, unlike other microwave devices which can be designed and analysed within relatively short time from the benefit of modern electromagnetic computation tool, has been designed by conventional cut-and-try method. This conventional method is still time consuming and expensive, and difficult to conduct analysis.
The difficulty of modelling 3-port junction circulator lies on the fact that the microwave signal interacts with the magnetic field of ferrite material placed at the centre of the Y-junction circulator and importantly the magnetic state does not show regular pattern as it is used in various conditions in communication systems. The inconsistent magnetic field of ferrite material is ascribed to the partial magnetic field which is used to bias 3-port junction circulator for operation in situations such as isolating and duplexing signals, and intrinsic process of magnetisation of ferrite material caused by the magnetic bias field. The detailed treatment of the relation between magnetic field and the operation of Y-junction circulator will be dealt with in the chapters that follow. 
The unique magnetic field in ferrite material, not to mention the difficulty of modelling, also brings about the unfavourable effects to mobile communication systems such as the insertion loss and the nonlinear effects. The former attributes to the reduction of transmission bandwidth and as a result inhibits the realisation of wide band operation of 3-port junction circulator. It also damages the ferrite circulator when it is used in high power situation since the loss dissipates as a heat. The latter, which is common in high power microwave ferrite devices, was found to be the main cause of the instabilities of signal frequency such as intermodulation product interference. 
In analysing and designing 3-port junction circulator by considering such undesirable effects on the operation of that device, the main thing to be taken into account is the source of the problem, which is nonuniform magnetic field in ferrite material, and it is practically difficult to consider and analyse the effects of the nonuniform magnetic field on a 3-port junction circulator from experiment. The modelling, on the other hand, provides simple analysis of the effects originating from nonuniform magnetic field compared to the experiment, once it is successful. It is therefore great beneficial being able to model it using computational electromagnetic tools to the engineers, considering the time and cost. In this thesis, the 3-port junction circulator was modelled taking into account a particular biasing condition to which the source of many problems in mobile communication systems, the nonuniform magnetic field, is related. 
1.2 Formulation of the Problem

The effort to maximise the transmission bandwidth which has always been limited in allocated frequency range has been made in most microwave devices, particularly those operating in relatively lower frequency band due to the many demands from commercial side. The 3-port circulator has not been an exception. However it has been recognised from the early use of the 3-port circulator that there is always the intrinsic limit of frequency in operating the device. This limit originates from the intrinsic properties of ferrite material placed in the centre of 3-port circulator. The resonance curve for the ferrite material shows that apart from the main loss there is another loss in the low applied magnetic field region which limits the available frequency range [1, 2]. The Figure 1-1 shows the magnetic resonant losses as a function of the magnetic bias field. The engineers have tried to overcome this intrinsic limit in the available frequency range. Broadly, it is possible to minimise the losses by avoiding the two loss regions, ferromagnetic resonance loss and low field loss, respectively in the Figure 1-1. One method is to select the ferrite material that gives better magnetic resonance curve, narrow resonance curve precisely speaking, and second method is to choose a region which does not cross with the loss regions in the Figure 1-1. The regions which are safe to operate the microwave ferrite devices are called below resonance and above resonance, respectively. The choice of the operation region is dependent on various conditions such as saturation value of the ferrite circulator, the nature of the application of the devices and so on. 
The decision of the operating frequency for the devices operating in the above resonance region is relatively straightforward. The operating frequency can be chosen by applying strong enough magnetic field to avoid the main magnetic resonance region. However when it need to consider the microwave devices designed to operate in the region below resonance the operation is always restricted by the relatively narrower region. This is particularly problematic when the ferrite material shows broader magnetic resonance curve where the below resonance becomes dramatically narrower. Thus the engineers considers the selection of ferrite material first and the choose the operating frequency later by carefully adjusting the strength of biasing magnetic field when they need to operate ferrite 3-port circulator in the below resonance.
However, in some other cases, the 3-port ferrite circulators need to run in the partially magnetised region, which means that it has to operate in the low field loss region, which can be confirmed in the Figure 1-1. This situation implies that the operation always accompanies the inevitable loss and as a result brings in the reduction of transmission bandwidth. It was shown by Schloemann and Blight [3] that the seemingly inevitable reduction of transmission bandwidth can be reduced by defining the source of the low field loss. They showed that the nonuniform internal magnetic field brings in resonance absorption near the edge of the ferrite disk and this unexpected resonance absorption results in the low field loss in the end. Schloemann [4] presented quite similar work in. How et al. [5] showed that the unexpected higher intermodulation coupling is attributable to the nonuniform internal magnetic field. In doing so, they found out that the intermodulation coupling generates the clicking noise phenomena in mobile communication systems. The intermodulation coupling also restricts the transmission bandwidth as the available bandwidth is limited all the time due to the many microwave device. It is significant for them to determine the cause of nonuniform magnetic field. The nonuniform internal magnetic field is brought in because of the static demagnetising field which presides in the surface of the ferrite material and shows different demagnetising value as the shape of the ferrite changes. They expected that the quality of telephone conversation and transmission bandwidth will be improved with the solution of intermodulation coupling interference which grows as the power grows. Schloemann [6] extended his previous works by clearly defining the cause of low field magnetic resonance. He showed that the low field loss increases as the intrinsic linewidth broadens. The linewidth of magnetic resonance happens because of the intrinsic relaxation processes which is natural phenomenon in the course of the interaction of spinning electrons in the ferrite material when microwave signals propagate through the magnetised ferrite material. How et al. [7] showed the effects from the nonuniform magnetic field on the operation of ferrite junction circulator. They showed  that the nonuniform magnetic field increases the singularities of the signals and because of that the transmission bandwidth reduces. They also found out that the inhomogeneity of magnetic field bring in adverse effect to the operating frequency if it exists around the centre of the ferrite junction. Pardavi-Horvath et al. [8] went further with the nonuniform magnetic field. They showed that the nonuniform magnetic field attributes to the early onset of instabilities of signals at the increased power. In doing so, they found that the phenomenon of linewidth broadening in resonant magnetic curve is caused by the excitation of large number of magnetostic waves which is again attributable to the nonuniform internal magnetic field. Dillon and Gibson [9] showed that the nonuniform internal magnetic field brings in the intermodulation product, nonlinear effects, and reduction of transmission bandwidth in the operation of 3-port ferrite circulator. 

All problems mentioned till now happen due to the unexpected resonance absorption in the low field magnetic resonance region which represents the loss in partially magnetised region and occurs owing to the inhomogeneous internal magnetic field in the ferrite material placed at the centre of 3-port circulator. Despite the significance of it, the modelling of 3-port circulator in partially magnetised region has not been successful. It is urgently required to be able to model 3-port circulator in this particular condition. All phenomena which are involved in the stage between nonuniform magnetic field and any deleterious problems mentioned, which has been defined by various scholars, are recapitulated in the Figure 1-2.
The modelling of ferrite devices in partially magnetised region is complicated task because of the irregular pattern of elements in ferrite material in the microwave device. The ferrite is normally magnetised by a d. c. magnetic field generated by permanent magnets or electromagnet and majority of spinning electrons in ferrite material erects with the applied magnetic field provided the applied magnetic field is strong enough to saturate the material. However, the direction of the magnetic moment in the ferrite material is not uniform in the ferrite material when it is unsaturated. In partially magnetised situation, all spinning electrons do not align with the applied magnetic field. Instead, the directions of the spinning electrons become irregular [10], which implies that the precise analytical modelling of propagation of microwaves in 3-port ferrite circulator is nearly impossible since there are innumerable number of spinning electrons in a certain size of ferrite material which interact each other. The situation of magnetic state of ferrite material becomes even more complicated by the type of biasing magnetic field. In most practical applications, the size of magnetic pole pieces which are used to generate the bias field are smaller than the ferrite material in 3-port circulator, thus the biasing magnetic field from magnets becomes nonuniform.  
In this project, it was attempted using commercial finite element electromagnetic tool  to model the 3-port junction circulator by considering the static magnetic field and microwave separately. It was conceived that the biasing magnetic field is generated first in static solver and the information of magnetic field is transferred to the microwave environment to be used as a biasing field. This situation implies that it is necessary to consider two solvers. The magnetostatic and microwave solver for generation of biasing magnetic field and evaluation of microwave frequency in 3-port junction circulator, respectively. This coupling method was first presented by Newman and Krowne [11] using 2-dimensional FE method. They first determined the distribution of the internal magnetic field of the ferrite of circulator in a static solver and then used it to solve the microwave fields and scattering parameters in a microwave solver. Dillon and Gibson [12] used the combined magnetostatic and microwave FE solver to determine the phase constants and microwave fields of differential phase shifters (DPSs). In doing so, they determined the internal magnetic field and magnetisation of ferrite material employed in DPS. 
The FE combination approaches between static and microwave solver defined above are valuable in designing and simulating 3-port junction circulator. However the modelling of 3-port junction circulator cannot be realised when the device is partially magnetised. The modelling of partially magnetised 3-port junction circulator only completes when it is equipped with an equation which enables the representation of microwave magnetic state of partially magnetised ferrite material. The standard way to represent the magnetic state of material is using the constitutive equation between flux density and magnetic field strength of the material considered. The mathematical expression for this situation is 
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. The permeability needs to be expressed in tensor form when the microwave magnetic state of ferrite material is considered. This is due to the characteristic of the dipole magnetic moments of the ferrite which manifest different strength of magnetic moment in each direction of spinning electron. Polder [13] derived the microwave permeability tensor of ferrite material by assuming that the biasing magnetic field is uniform and the all the spinning electron in the ferrite align with the applied magnetic field. The assumption made by Polder tells that the ferrite material is saturated to allow that all dipole magnetic moment are in an axial direction along with the applied magnetic field. This condition does not comply with the magnetic state of ferrite material  when it is partially magnetised since the direction of dipole magnetic moment in that condition are random. Having recognised the weakness in the Polder tensor, few scholars attempted to establish an equation which can represent the state of partially magnetised ferrite material but none of them managed to make an equation which can be approachable to the engineers. Most of them are based on pure mathematics and cannot be used directly in modern electromagnetic modelling tool. In 1974, Green and Sandy [14] succeeded in making a microwave permeability tensor for the partially magnetised ferrite material by combining works from Rado [15, 16] and Schloemann [17], and LeCraw and Spencer [18]. The microwave permeability tensor of ferrite material defined by them shows all equations for the components of the tensor without omitting any information which is necessary to be applied in the modelling tool. In this project, Green and Sandy’s microwave permeability tensor is adopted in analysing the performance of 3-port junction circulator in various biasing conditions.         

1.3 Modelling Approaches
Using the microwave permeability tensor for the partially magnetised ferrite material defined by Green and Sandy and combination method between the magnetostatic and microwave solver, the modelling of 3-port junction circulator was conducted. The information obtained using combination method in the project is the split frequencies. Split frequencies represent the two resonant frequencies in the ferrite material. When the microwave propagates through the ferrite material under certain amount of steady magnetic field, there will be two solutions of propagation constants [2]. One shows clockwise rotation and the other counter clockwise rotation. These two counter rotating modes directly contribute to the two resonant frequencies of ferrite material, normally written 
[image: image7.wmf]w

-

 and 
[image: image8.wmf]w

+

. The operation frequency is normally between these two resonant frequencies [19]. The split frequencies represent the two frequencies which is obtained by measuring the points at which -9.5 dB of return loss line crosses the reflection coefficients’ response at a particular biasing magnetic field, which can be understood in connection with the Fig. 1-3. The two split frequencies, 
[image: image9.wmf]w

-

 and 
[image: image10.wmf]w

+

, are always different as the strength of biasing magnetic field changes. The two resonant frequencies normally keep wider until certain point, as the width of the reflection coefficient changes continuously due to the increase of the biasing magnetic field. The split frequencies are valuable asset in designing and analysing 3-port circulator, particularly useful in evaluating the operation of 3-port circulator in the partially magnetised region since it importantly relates the operation of 3-port circulator to the network quantity, bandwidth quantity, and material quantity [20-24]. The relation of split frequencies to those quantities referred to above will be treated in detail in the Chapter 5.     

Equipped with split frequencies to evaluate the performance of partially magnetised 3-port junction circulator, the project was conducted in the following order.
· Determination of split frequencies from microwave solver and confirmation of the suitability of using Green and Sandy’s permeability tensor, in which step the FE microwave solver recognises the magnetic biasing field as uniform, and the representation of nonuniform biasing magnetic field is impossible. For comparison, the experimental set up was made where the uniform biasing magnetic field was ensured by introducing electromagnet which employs much wider metal pole pieces than ferrite disk. The result from experiment was compared with the modelling result. 
· Having confirmed the validity of Green and Sandy’s permeability tensor, it was decided to model the uniformly biased 3-port junction circulator using combination approach between magnetostatic and microwave solver. The result from combination approach was compared with that from microwave solver only modelling. 
· Upon completion of uniform modelling using combination method, it was considered to model the nonuniform biasing magnetic field, which is common in microwave ferrite applications, by reducing the size of metal pole pieces which is connected to the magnet. The split frequencies from nonuniform biasing magnetic field using combination approach were compared with that from experimental.

1.4 Rationale
The reduction of the transmission bandwidth, intermodulation product interference, and early onset of high power effects to the microwave ferrite devices are ascribed to the intrinsic magnetic loss in low magnetic resonance region. It has originally been thought that those problems mentioned above cannot be avoided due to its intrinsic nature. But it was found that it is possible to minimise those deleterious effects to the mobile communication system by creating uniform internal magnetic field in ferrite material. By providing uniform internal magnetic field it is possible to broaden the transmission bandwidth in 3-port circulator as done empirically by Schloemann [3]. However, the nonlinear related problems of microwave ferrite material has not been presented clearly in any other places as far as the author knows. The nonlinear problems are only solvable by the consideration of the magnetic field effects from the microwave frequencies into the permeability tensor which represents the magnetic state of magnetised ferrite material. This is because the magnetic fields from the microwave frequencies cannot be discarded as the power levels increase, unlike the low power situations where the microwave magnetic fields are not considered in establishing permeability tensor. 
The high power related problems starts in low field loss region, in other words, partially magnetised region, and the only available means to analyse and design 3-port circulator in partially magnetised region is split frequencies. This is because the split frequencies are the representation of magnetic resonance in partially magnetised ferrite material embodied in 3-port circulator. It is urgent to be able to model low power partially magnetised 3-port circulator before embarking on the project in the high power related problems. The completion of the modelling in this project is expected to be the basis of analysing and designing microwave ferrite devices in high power environment, as well as in linear microwave ferrite devices. 
1.5 Scope of the Thesis

The general study of microwave ferrite devices covers wide range of disciplines. Firstly in order to understand the structure of the ferrite material, it is necessary to be equipped with the basic knowledge of chemistry, secondly it is necessary to understand the theory of magnetism in ferromagnetic materials since the operation of microwave ferrite devices is determined mainly by the strength of magnetic field in the ferrite material, thirdly, in order to understand the nonreciprocal characteristic of ferrite junction at microwave frequencies, it is necessary to understand gyromagnetic effect which involves the physics and advanced mathematics. Finally, it is frequently required to understand microwave engineering in order to analyse and design the 3-port circulator in various applications [25, 26]. 
This project, modelling of partially magnetised 3-port junction circulator, also involves several scientific and engineering fields mentioned in the previous paragraph. In addition, it is also necessary to have some basic understanding of FE modelling. It goes however without saying that the detailed treatment of all of the aforementioned in the project is not practical. Instead, the project focused on the gyromagnetic effect and magnetic phenomena related to the ferrite material since both of them directly affects the propagation of microwaves in ferrite material.
The modelling was conducted using built-in functions in Comsol Multiphysics [27] and, in dong so, the information of electromagnetics theory with regard to the materials used in 3-port junction circulator was picked up when necessary. This project however does not contain detailed treatment of electromagnetic theory with regard to the 3-port junction circulator. The in-depth treatment of electromagnetic waves in ferrite material along with boundary conditions can be found in excellent article presented by Van Trier [28]. 

The microwave ferrite devices are significantly susceptible to the temperature change. It was found by Melchor and Vartanian [29] that the increase of temperature in ferrite material in a device reduces the saturation magnetisation of the material, and as a result of that, the ferromagnetic resonant frequency and operating frequency of the device shifts up. They also found out that the operation of the microwave wave ferrite device can be affected by ambient temperature or power absorption within the ferrite. It was importantly shown that the temperature effects in microwave ferrite devices can be minimised by selecting proper shape of ferrite material. In this project, it was assumed that the 3-port junction circulator operates in a moderate temperature environment. 
The other discipline involved in the project is the measurement techniques which initially requires precise calibration which again can be done in various ways. In this project, the calibration was done using built-in function in network analyser. The detailed treatment of calibration techniques for the vector network analyser is available in literature [30]. 
In mobile communication systems, it is frequently required to install Y-junction circulator in high power situations such as base stations. This situation with the use of high source power directly attributes to the intermodulation coupling which has been becoming serious problem in wireless communication systems [5]. The high power effects on ferrite material are ascribed to many factors such as shape of the ferrite and static demagnetising factor [5, 29, 31], the value of dielectric constant [31], spin waves or, in other term, thermal agitation and magnetostatic mode [2, 32, 33]. In this project, the study of nonlinear situation was not considered. Instead, it was only focused on the linear microwave 3-port circulator, which will be useful means to modelling high power effects on the device in the future.  
1.6 Contents to Follow
Chapter 2 introduces the operation of the 3-port circulator, and various ways of constructing devices such as waveguide, stripline, and latching. It is also shown some common applications of 3-port circulator.  
Chapter 3 shows the literature review in particularly two areas, nonuniform magnetic field in ferrite and partially magnetised ferrite junction.   

Chapter 4 intends to derive the permeability tensor by considering a special case of precessional behaviour of spinning electron in ferrite material. 
Chapter 5 presents the permeability tensor for the partially magnetised ferrite junction and split frequencies.
Chapter 6 attempts to determine the split frequencies using the permeability tensor defined in the chapter 5 in microwave solver, which were compared with experimental results.
Chapter 7 introduces the combination modelling between magnetostatic and microwave solver. Using this coupling approach, the Y-junction circulator was modelled considering uniformly biased condition. The results were compared with experiment and that from microwave solver only modelling.
Chapter 8 extends the combination method to the nonuniformly biased Y-junction circulator. The results from different nonuniform biasing condition were compared with experiment.
Chapter 9 concludes the project and suggests the future work.
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Fig. 1‑1 Magnetic resonance curve with respect to the applied magnetic field
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Fig. 1‑2 Problems associated with nonuniform magnetic field in low-field loss region
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Fig. 1‑3 Determination of split frequencies from reflection coefficient at a particular strength of biasing magnetic field 
2. Microwave 3-port Circulators
2.1 Introduction
In this chapter, a general overview of 3-port circulator is presented. The possible construction, the conditions necessary to operate 3-port circulator, and its various applications in wireless communication systems are shown along with historical review of early development of 3-port circulator. The principle of operating 3-port junction circulator defined in early days remains valid till now. 
2.2 General of 3-port Circulators

A circulator is a microwave device which uses non-reciprocal characteristics of ferrite material. It is widely used, at the frequency range from UHF to 150 GHz, to send, receive, and protect signals [34]. The circulator, theoretically, can have multiple ports, but most commonly used type is 3-port. This 3-port circulator is also called Y-circulator. The Y-circulator can be made using waveguide or stripline, or as a lumped-element device. The stripline circulators which are normally aimed to operate in low microwave frequency region are compact, simple to design, and having light weight. The lumped element junction circulators are used at VHF and UHF frequencies [35, 36]. The further information of stripline circulator, especially theoretical design method, can be found in [37-41] but, in this project, the junction circulator will be solely dealt with. The paper [37, 39] also serve well for the theory of junction circulator. The further information of lumped element junction circulator can be found in [42].
The Y-junction circulators have planar junction with three waveguide arms which are placed 
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 apart each. The junction, to be used as a microwave circulator, must have a ferrite material at the centre of it and magnetised longitudinally by a steady magnetic field or very slow moving magnetic field.  The Y-junction circulator with ferrite post at the centre of it is illustrated in the Figure 2-1 [37]. The junction can be E-plane or H-plane. The Y-junction circulator in the Figure 2-1 is H-plane junction. Both types have advantage and disadvantage depending on the application. The H-plane junction circulator is standard type and most widely used. But in a particular applications where it is necessary to avoid high peak power problems, the E-plane Y-junction circulator is particularly good. This is owing to the general structure of the E-plane Y-junction circulator where ferrite material is placed at the top and bottom of waveguide. By doing so, it is possible to minimise the high power effects since the electric field in waveguide flows most at the centre of it and apparently less at the top and bottom of it. Nevertheless, the downside of using E-plane Y-junction circulator is that the air gap between ferrites, which is initially designed to avoid high power effects, is so big that  it requires to have more d. c. magnetic field applied than H-plane Y-junction circulator does [2]. In this project only H-plane symmetrical Y-junction circulator is considered. The further information of the E-plane junction circulator can be found in [2, 43-45]. 
The Figure 2-2 shows circuit symbol of Y-junction circulator which is assumed to operate ideally. A signal entering into port 1 will circulate to the port 2 without loss and none will come out from port 3. Equally signals introduced at port 2 and 3 circulate to the next ports without reflection. This unique cyclic and nonreciprocal functioning of the device is possible because of the ferrite material which is placed symmetrically at the centre of the circulator. And the symmetrically distributed ferrite material at the centre of the device may be called as gyrator since the signal does not go back to the input port and, instead, gyrates to the next adjacent port. The information of gyrator can be found in [46-49]. However the ferrite alone cannot perform that cyclic behaviour. The circulator needs to have a certain strength of magnetic biasing field and be placed in a plane which is perpendicular to a steady magnetic field, to show gyratory behaviour. The amount of steady magnetic field necessary to operate Y-junction circulator properly vary depending on the shape of the ferrite material, intrinsic properties of ferrite, operating temperature and most importantly the required operating frequency. This situation, although the proper operation of Y-junction circulator requires a few factors, implies that the Y-junction circulator can be controlled by the constant magnetic field and the dependency of the operating frequency on the steady magnetic field possibly be defined mathematically [13]. How the electromagnetic waves travel from one port, via gyratorory ferrite junction, to the next port, can be explained from the classical phenomenological theory which will be dealt with in detail in Chapter.4. 

In addition to the few factors mentioned above, the proper operation of Y-junction circulator requires the impedance matching at the output port. Humphreys and Davies used the reactive element in series in each arm of junction circulator. Their method is external matching techniques and suggested the possibility of eliminating the complex mode matching of ferrite junction with rectangular waveguides [50]. Aitken and McLean [51] showed that the ideal circulation could be achieved at any particular frequency by matching the impedance of the ferrite junction. Anderson [52] showed the use of external tuning element to adjust the bandwidth of Y-junction circulator. This paper is useful in understanding the ferrite junction circulator from network point of view. Schwartz [53] presented techniques for broadband circulators by constricting matching problem into matching the resonant circuits. The matching the junction for quarter-wave coupled circulator with Chebyshev characteristics was done by Helszajn [21]. The comprehensive study of the impedance matching of the ferrite junction with external matching networks and other means can be found in [2]. 

One method used to design Y-junction circulator, along with the impedance matching techniques, is scattering matrix concept. The scattering matrix represents the amplitude and the phase of the incident and reflected wave in each reference plane [54] and can be used to represent 3-port junction circulator. Auld [55]showed the synthesis of symmetrical waveguide circulators containing ferrite material using eigenvalues and eigenvectors as adjustable parameters. By repeating Auld's original theory, Helszajn [56] showed the adjustment of the 5-port junction circulator. Aitken and McLean [51] presented a technique of improving bandwidth of Y-junction circulator from experiment, combined with scattering matrix theory.  In Davies paper [57], the 
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- port symmetrical H-plane waveguide junction with full height ferrite post was considered to analyse and design. The junction was assumed to be lossless. He tried to match the ferrite junction with the rectangular arms. The solution corresponds to eigenvector and eventually scattering matrix. Penfield [58] presented comprehensive study of scattering matrix for a linear lossless three port network. The usefulness of scattering matrix and its application in designing three port junction circulator can be found in there. The introductory concept of scattering  matrix and its applcation in linear network problems are well presented in [49, 59]. Hagelin [60] considered the scattering matrix in a lossy symmetrical 3-port network. The person who utilised the scattering and eigenvalue concept in synthesizing 3-port junction circulator well is Helszajn [61]. His method of synthesizing 3-port junction circulator using scattering matrix theory can be found in his most publications, which were collected in. The analysis of 3-port junction circulator with scattering matrix concept was completed by Owen [62]. He clearly showed the mode of operation of Y-junction circulator by means of scattering matrix concept. 
The first model of Y-junction circulator was proposed by Schaug-Patterson [63]. He made a 3-port symmetric ferrite waveguide circulator by making use of fundamental theory of scattering matrix [54]. In the same year, by utilising the nonreciprocal characteristics of ferrite material, Chait and Curry [64] succeed in constructing a 3-port junction devices which direct the input signal to the next port. But it was Hogan [48, 65] who first showed the possibilities of constructing useful microwave devices using nonreciprocal characteristics of ferrite material. Sakiotis and Chait [66], also recognising the importance of nonreciprocal behaviour of ferrite material in the presence of a constant magnetic field, experimented with the propagation characteristics of the ferrite material in waveguides. Lax [1] discussed the possibility of extending the use of the gyratory characteristics of ferrite material in various frequencies by considering loss properties. Fox et al. [67] and Owens [68] also presented the possibilities of using nonreciprocal circuit element of ferrite material in microwave devices with detailed treatment of ferrite behaviour in microwave frequencies. The history of the development of ferrite junction circulator in early stages till 1969 can be found in [69].

2.3 Applications

The Y-junction circulators in which the input signal is circulated to the next adjacent port have, with its nonreciprocal characteristics, many applications in microwave communication systems. Typical examples of usage in communication systems are isolators and duplexers, which are used to protect, and transmit and receive signals, respectively. How those components are adopted in microwave communication systems is explained in the remainder of this section.
Isolators are most commonly used in all ferrite devices. Its particular important lies on the realisation of 2-port transmission line [65], which can be understood in connection with the A of the Figure 2-3. In this configuration, the port 3 is terminated with the matched impedance. This configuration allows the input signal at port 1 to circulate to the next port but the possible reflected signal (return power) will be directed to the next port, which is connected to the matched impedance, and the reflected signal will be dissipated in the load [61]. The isolators may be connected in tandem to achieve better isolation, which is illustrated in the B in the Figure 2-3. Using isolators in communication systems has a particular advantage. The required power in operating junction circulator can be decided by the rating of the load at the port 3, determining the input VSWR from the isolation of the device and VSWR of the load. The detailed treatment of determining the input VSWR of 3-port circulator can be found [61]. 

The duplexer is a device used to transmit and receive signals in wireless communication systems. The duplexer can be constructed by using 3-port circulator, which allows a single antenna to work for transmitter and receiver [70]. The configuration of duplexer with Y-junction circulator is shown in the Figure 2-4. The figure shows that the signal to be transmitted is circulated to the next port  and will be radiated through the aerial to the space. In the same way, the signal coming through aerial will be directed to the next port which is connected to the receiver. This configuration is suitable in both low power and high power communication systems. When high power is considered, the duplexer is slightly modified by attaching a limiter just before a receiver. Using this method, it is possible to avoid the situation in which the large transmitted power may damage the receiver, especially in a radar system [61, 71]. It is also possible to construct a duplexer by using 4-port junction circulator. In this configuration, the matched load is connected at the port 4 and this works for absorbing any possible output from the receiver [25]. 
Other possible applications of ferrite junction circulator are switches, single port amplifiers, microwave phase shifter, frequency separator, and so on [61, 72]. The direction of circulation of the signal in circulator is determined by that of biasing field. Therefore, the switching can be done by changing the direction of magnetisation, which can be realised by changing the polarity of the current in electromagnet. In the use of ferrite junction circulator for frequency separator, the bandpass filter is connected into the port next to the input port so that only the frequencies that matches with the bandpass filter are fed into that port and the rest frequencies will be directed to the next port [72].
2.4 Conclusion
It was shown that the microwave 3-port circulators can be built in various ways such as waveguide, stripline, and lumped element. Regardless of its type, the principle of operating 3-port circulator is invariant. The essential factors in realising one way transmission of 3-port circulator are ferrite material and biasing magnetic field generated by external magnet. In the following two chapters, the interaction of microwave signal with the magnetic fields in ferrite material, which gives rise to nonreciprocal characteristic to 3-port circulator, will be dealt with more detail.
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Fig. 2‑1 H-plance Y-junction circulator
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Fig. 2‑2 Circuit symbol of Y-junction circulator
[image: image18.wmf]1

2

3

input

output

load

input

output

A

B


Fig. 2‑3 Circulator application as an isolator
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Fig. 2‑4 Circulator application as a duplexer
3. Literature Review

3.1 Introduction

In order to realise the one way transmission of microwave signal in communication systems by finding correct centre frequency, the H-plane Y- junction circulator should be placed in a plane which is perpendicular to the d. c. magnetic field. This is because the strength of magnetically biased field changes the structure of magnetisation in the ferrite material and then the structure of magnetisation in the ferrite material contributes to the determination of the operation frequency. The junction circulator gets this magnetically biased field, depending on how it is used, from magnet or electromagnet normally. The origin of magnetic bias field is, however, not a concern in the project. It is the type of magnetic bias field and state of magnetic field in ferrite junction that gravitates our attention. In this chapter, the literature was reviewed on the nonuniform magnetic field effects on the operation of Y-junction circulator, and partially magnetised ferrite junction since the nonuniform magnetic field happens in the unsaturated region.  

3.2 Nonuniform Magnetic Field

Biasing magnetic field normally can be separated into two groups, uniform and nonuniform. The state of the ferrite material when it is magnetised by a uniform magnetic field, along with the magnetic field from microwave, has been shown by Polder theoretically. Polder [13] showed that, by considering saturated ferrite material, the magnetisation within the ferrite material would be aligned with the biasing magnetic field and the linear pattern of the magnetisation is expected. But on the other hand, in nonuniformly biased condition, the magnetisation in ferrite material will not show the uniform pattern of magnetisation because the applied magnetic field with which the domain aligns is not uniform, and importantly the nonuniform d. c. bias field is common in ferrite applications. 
The nonuniform d.c. bias field reduces transmission bandwidth [7]. This unfavourable phenomenon is attributable to the shape of the ferrite and the shape of the magnet which generates biasing field. Osburn [73] showed how the shape of ferrite material affects the magnetisation in ferrite material and, in doing so, defined the demagnetising factors which attributes to the nonuniform bias field. The d. c. bias field would be uniform without demagnetising factor. This uniform bias field can be obtained in either situations when there is no ferrite present, or when there is ferrite but with a magnet which is, in diameter, bigger than ferrite . The former situation is apparently not the case and the latter is also not the general situation. In ferrite applications, the magnets which are used to generate bias field are normally smaller than the ferrite materials and the d. c. bias field is mostly nonuniform.
Schloemann [4] showed, when trying to establish a theory of low field loss, that the difference of internal magnetic fields between the edge of ferrite junction and centre of it brings the transmission loss. Research done by Schloemeann and Blight [3] shows that the broad band operation of junction circulator can be achieved by eliminating low field loss. They have also shown, in doing so, that the low field loss is attributable to the nonuniform internal magnetic field which is directly affected by demagnetising field originated at the surface of the ferrite disk. This shows the relation of the shape of ferrite material to the operation of 3-port circulator. It is also found analytically that the nonuniform magnetic field has deleterious effects on the performance of ferrite junction circulator. The increase of nonuniformity of bias field causes the spurious frequencies to grow wider. This widened singular frequencies reduce the transmission bandwidth [7]. The losses in millimeter wave range and monolithic microwave circuits where the planar shaped ferrite material is used frequently are dependent on the shape and the size of the ferrite material. It is found that the losses in those applications occur due to the excitation of a large number of magnetostatic wave and, importantly, the source of the magnetostatic wave was found as the nonuniformity of the internal magnetic field [8]. Schloemann [6] presented the causes of magnetic resonant losses in ferrite material. He showed that the magnetic loss, which is associated with the relaxation processes, can be categorised into two groups, ferromagnetic resonance loss and low field resonance loss, respectively. In doing so, it was shown that the main magnetic resonance is caused by crystal imperfection, presence of fast-relaxing impurities, porosity, and surface roughness, which he claims to be controllable to certain extent and the relaxation processes related to main ferromagnetic resonance can be nonintrinsic. However the subsidiary resonance loss happens due to the fundamental interactions of spinning electrons in ferrite material and cannot be avoided in material developing process. Therefore the relaxation processes associated with the low field magnetic resonant loss can be called as intrinsic relaxation. Importantly he found that the intrinsic relaxation process affects the linewidth of the subsidiary resonance loss and affecting insertion loss prevalent in microwave ferrite devices run in this region with small biasing magnetic field.   
The permeability tensor for partially magnetised polycrystalline ferrite material is defined mathematically. Contrary to the conventional model of ferrite material where the inclusion of magnetic state of the partially and nonuniformly magnetised ferrite material is not possible, the model developed by Schloemann [74] consideres those situations mentioned above by including  the angle between d. c. magnetic moment of ferrite material and d. c. biasing magnetic field. Conventionally, the grain easy axes, which are d. c. magnetic moment, are treated to align with the d. c. bias field directions for all grains, which is not true in real situations. In his approach, he developed the model by considering the situation where single grains show different orientations of magnetic moment, and that the inclusion of low field loss to the model, as well as the partially magnetised state of ferrite, becomes possible.
Schloemann [75], using the mathematical model defined in [74], explained quantatively the efficacy of his experimental model [76] of broadening ferrite circulators. By recognising the unfavourable effects from nonuniform internal magnetic field on 3-port circulator, he divided the ferrite disk in a few regions such as a series of rings, each region having different saturation magnetisation. The centre of ferrite has highest saturation magnetisation value and the saturation magnetisation in each region decreases successively as approaches to the edges of disk. Then he determined the d. c. magnetic field in each ferrite rings and used the d. c. value to calculate the local microwave ferrite material.
The demagnetising factors around centre is about twice stronger than those around perimeters, therefore the magnetic fields around perimeters are twice stronger than that around centre. These excessive fields around perimeters give rise to an unexpected resonant absorption and eventually low field loss [3]. Considering the problem caused by nonuniform magnetic field, Krone and Neidert [77] using Green's functions developed the computational theory of nonuniformly biased microstrip and stripline circulator which have circular shaped ferrites in the centres. They, similar to the Schloemann's experimental approach, broke up the ferrite junction into various regions in order to represent the ferrite junction which is nonuniformly magnetised. Each individual region shows different demagnetising factors and the applied field, and therefore magnetisation for each region is different. This theoretical model, however, does not represent the state of ferrite junction when it is partially magnetised.

By recognising the ineffectiveness of using conventional design approach which are heavily dependent on the experimental basis such as fabrication, measurement, analysis and so on , with few time of iterations, Newman and Krowne [11] developed computational tool for the design of ferrite stripline circulators. They recognised the problem in the conventional theory that the internal magnetic field of ferrite junction which is biased by uniform or nonuniform d. c. magnetic field is uniform. This assumption is apparently not true, even under the uniform d. c. bias field. They first, using commercially available finite element package, developed the code for the information of the distribution of the internal magnetic field in ferrite junction in magnetostatic solver, and then the information of the internal nonuniform magnetic field is verified with analytical approximation which had been available for circular shaped ferrite junction at the time. They continued to use finite element approach for the r. f. solver and obtained r. f. fields and scattering parameters. This approach, although slower than the analytical approach which adopts Green's function [77], is useful to design and evaluate the ferrite circulators which contains not only circular shaped ferrite junction but also arbitrarily shaped ferrite junction. It is therefore more appropriate to the use of analysing nonuniform magnetic state of ferrite material, regardless of the bias type, since the nonuniformity of internal magnetic field is attributable to the demagnetising factor which is again affected by the shape of it [11]. 

How et al. [7] analytically formulated the state of ferrite junction when it is nonuniformly biased. They showed that the nonuniform bias field reduces the transmission bandwidth and found that, although practically not common, it alters the circulation condition if it happens near the centre of the ferrite junction. Their approach is different to that of Krone and Neidert [77] where it is not possible to integrate the locally induced singularities. They claimed that, in order to describe the local inhomogeneities of biasing field properly, the inclusion  of quasi-singular points is necessary, since the singular points are related to ferromagnetic resonance and antiferromagnetic resonance which are induced locally when the effective permeability goes to infinity and zero. To do so, they used high-order implicit integration scheme. In Krowne and Neidert's approach [77], first-order explicit integration scheme was adopted. 
Gibson and Dillon [78] developed a numerical model for the microwave ferrite devices using the finite element method (FEM). Their method combines the magnetostatic solver and microwave solver. In magnetostatic solver, using the information of hysteresis curve of the ferrite material, the field intensity and magnetisation in ferrite material are evaluated. The information of the magnetic field intensity and the magnetisation was then passed to the microwave solver to determine the entries of microwave permeability tensor. The information of the permeability tensor, with the Maxwell's equation, enabled the evaluation of r. f. fields. This approach simplify the modelling by avoiding the inclusion of static demagnetising factor in microwave permeability tensor. By recognising the problem that the nonuniform magnetisation reduce the transmission bandwidth and attributes to intermodulation product and the instability in high-power devices, Dillon and Gibson [9], using FEM magnetostatic solver, tried to determine a ferrite shape that produces less spatial variation of the flux density and more uniform internal magnetic field for a differential phase shifter. They claimed wider transmission bandwidth and better stabilities for high-power devices. Gibson and Dillon [12] have done similar work for the analysis of partial-height ferrite differential phase shifter. In doing so, they first generated the d. c. magnetic field from the static solver and tried to pass the information of the d. c. magnetic field to the microwave solver to determine propagation characteristics of phase shifter. 
3.3 Partially Magnetised Ferrite Junction

The magnetisation of ferrite junction, regardless of the type of d. c. bias field, shows different pattern in ferrite junction as the strength of biasing changes. The ferrite material manifests varying magnetisation with respect to the increasing d. c. bias field and quite a few ferrite applications such as circulators, phase shifters, isolators, and so forth, operate in this biasing region. It is also shown that the reflected wave responses in this magnetically varying region are heavily used to design ferrite junction circulators [22]. This suggests the necessity of working in the region which is not magnetically saturated. This is called partially magnetised ferrite junction. The literature dealing with partially magnetised ferrite junction is not many. This is owing to the complexities due to the difficulty of representing the irregular pattern of magnetisation in ferrite material as the biasing magnetic field changes. The random magnetisation, coupled with the low field loss, has made the modelling of the ferrite devices operating in the partially magnetised biasing region complicated. 

It is Rado [15, 16] who considered the partially magnetised ferrite material first. Rado extended the Polder permeability tensor to include the state of ferrite material when it is partially magnetised. His approach mainly concerned with the constitutive equations of polycrystalline ferrites since it represents the magnetic state of ferrite material. He used average field vectors, instead of ordinary field vectors. In ordinary field vectors, linear dimension of 
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 along unit vector is larger than interatomic distances but not big enough to include domain. For the average field vectors case, however, the linear dimension of 
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 is big enough to include domain. In other words, the exchange effects are not averaged spatially in ordinary field vectors but in average field vectors the exchange effects are averaged spatially. 
The entries of permeability tensor for partially magnetised ferrites were determined from experiment, employing long thin rods and using cavity perturbation theory by LeCraw and Spencer [18]. The experimental results of six components of permeability tensor for partially magnetised ferrite material were compared with Rado's theoretical information. It was shown that, although quite close agreement near saturation magnetisation, there are large deviation between those two approaches in partially magnetised ferrite material.

By recognising the limit of the Polder's permeability tensor, Tyras [79] tried to develop a permeability tensor for the general use. He pointed out that the d. c. magnetic bias field and r. f. magnetic field do not align in many cases and then included the angle between the d. c. field and r. f. field into the Polder's permeability tensor. This approach, however, is inappropriate to the use of partially magnetised ferrite material since the equation is derived by assuming that the ferrite material is still magnetically saturated. 

Green et al. [80] experimentally determined the components of the linear microwave permeability tensor for partially magnetised ferrites. They found that Rado's theory, although the real part of the off-diagonal component shows quite good agreement with experiment, were significantly different to the empirical result. They determined the equations for diagonal and parallel component of permeability tensor. The partial biasing field is in need of many situations such as phase array radars, phase shifters, circulators, and switches.

Green and Sandy [14] developed equations to characterise all the components of the microwave permeability tensor for the partially magnetised ferrite material. To do so, they experimented ferrite material by adopting LeCraw and Spencer's approach [18] for the transverse components of the permeability tensor and Green and Kohane's method [81] for the parallel component of the permeability tensor. In experiments, they measured all the components with regard to the state of magnetisation originating from d. c. magnetic field. In establishing the equation for each component of permeability tensor, they compared their results with those from Rado's theory [16]. First the real part of off-diagonal component of the permeability tensor from the Rado's theory showed good agreement with the experiment, only small deviation when the different material is considered. Secondly for the real part of the diagonal component of the permeability tensor, they showed that the Rado's theory did not match with their experiment. Thirdly, they compared the Schloemann's [17] theory for the real part of the permeability when the ferrite material is completely demagnetised  and showed very close agreement. They also found that the insertion loss is dependent on the imaginary part of the components of permeability tensor, and particularly that from the parallel component of the permeability tensor. Although it shows some deviation from the variation of ferrite material, their experimental equations for the components of permeability tensor for partially magnetised ferrite material is immediately accessible to modelling of the linear microwave ferrite devices. 

Igarashi and Naito [82] attempted to develop equations for the components of permeability tensor  for partially magnetised ferrite material. The complex state of partially magnetised ferrite material was idealised by assuming that the directions of domains, which are normally random, are aligned with the d. c. bias field. They also attempted to develop equation for the parallel component of permeability tensor for the partially magnetised ferrite material [83]. 

Zhou and Davis [84] developed a finite element method with edge elements for a partially filled ferrite rectangular waveguides which are partially magnetised. The irregular pattern of direction of d. c. bias field was considered. In doing so, they adopted Hlawiczka's original approach [85] where the nonuniform direction of d. c. magnetic biasing field in x, y, and z axes can be included. They extended his model by combining spherical coordinate system so that arbitrary direction of d. c. magnetic field, they conceived, could be included. This approach, however, did not explain the state of magnetisation in ferrite junction. Plus they used Polder's permeability tensor without the determination of magnetisation in ferrite, which is inappropriate to the use of ferrite junction when it is partially magnetised.

Gelin and Berthou-Pichavant [86] developed a model of permeability tensor for the unsaturated magnetised ferrite material. Their method, like Rado [16], used spatial average technique. However, unlike Rado's method where the interactions of the adjacent domains were not considered, they included the effects coming from the interactions between adjacent domains. This interaction, called the Polder-Smit effect [87], tends to increase the demagnetising factors and eventually affects the magnetic state of ferrite junction. They first determined the r. f. magnetic field which were expected to change dynamically due to the Polder-Smit effect, and then determined the internal local d. c. field. Those values were then plugged into Gilbert's differential equations [88], and evaluated to obtain the equations for the components of the permeability tensor for partially magnetised ferrite junction. All these components were integral expressions and used in numerical time domain techniques. The numerical results from their approach were compared with forerunners' approaches, and showed good agreement.

By recogning the difficulty of using the model developed by Gelin and Berthou-Pichavant [86] in the partially magnetised polycrystalline ferrite material which shows heterogeneous domain composition, Bariou et al. [89] developed a model using effective-medium approximation technique which is useful to estimate the properties of heterogeneous medium. The effective-medium approximation method requires the information of geometry, thus the domain shapes are important  in their example. They considered spherical and cylindrical shape of domains and obtained the responses of each components of permeability tensor as a function of frequency when the ferrite material was both demagnetised and partially magnetised. Their model, compared to the Gelin and Berthou-Pichavant's model, differes in the treatment of domains. Gelin and Berthou-Pichavant only considered the effects coming from the adjacent domains, however the model in [89] shows idealised domain structure which they claim covers more reality. Their approach, although shows good agreement with empirical model, is difficult to use.
3.4 Conclusion
Nonuniform magnetic field related problems on the operation of 3-port circulator were reviewed. The nonuniform magnetic field brings in the reduction of transmission bandwidth, instability of the operation, and attributes to the high power related problems. Nonuniform magnetic field effects happen in low field magnetic resonance loss region which is the region before saturation. Since the low field magnetic resonance loss occurs in the partially magnetised region and split frequencies are obtained in this region, the work dealing with partially magnetised ferrite material was reviewed. In doing so, various modelling approaches for determining partially magnetised ferrite junction were shown. In the next chapter, the permeability tensor which represents the state of magnetic field in the ferrite material will be derived from a spinning electron’s behaviour which contributes to the magnetisation of the material, which again affects to the operation of 3-port microwave junction circulator.   
4. Ferrites at Microwave Frequency
4.1 Introduction

The interaction between electromagnetic fields and spinning electrons in ferrite material,  which is biased magnetically, plays crucial role in applications of ferrite devices at microwave frequencies. The theoretical understanding of microwave ferrite devices requires the consideration of  Maxwell's equations and the equation of motion of magnetisation, along with the appropriate electromagnetic and exchange boundary conditions [71]. Equally, modelling microwave ferrite Y-junction circulator requires the knowledge of the magnetic state of the ferrite material when it is placed in a plane which is perpendicular to the constant magnetic biasing field, not to mention Maxwell's equations, and appropriate boundary conditions. Nowadays, the aforementioned can be considered in modelling straightforward, except the magnetic state of ferrite material.  And importantly, the modelling results would be different to experimental results unless modelling includes enough information about the magnetic state of ferrite material in the presence of a. c. and d. c. magnetic field. In order to understand microwave wave behaviour in ferrite which is magnetised by a steady magnetic field, it is first necessary to understand the interaction between electromagnetic fields and spinning electrons in the ferrite material, which is an equation of motion, and then microwave permeability tensor of magnetised ferrite is derived. The equation of motion is developed by observing spinning electron’s behaviour in the presence of a steady magnetic field and microwave magnetic field. The permeability tensor describes the microwave magnetic state of ferrite material in that situation. It is aimed in this chapter to understand the electromagnetic wave’s behaviour in a magnetised ferrite material by deriving the equation of motion and the permeability tensor of saturated ferrite material sequentially. 
4.2 Precessional Motion of Electron

In this section the equation of motion is developed from a spinning electron’s motion in the presence of a steady magnetic field and microwave magnetic field. The initial equilibrium state of ferrite material without an applied magnetic field theoretically shows homogeneous strength of magnetic field in 
[image: image22.wmf]x

, 
[image: image23.wmf]y

, and 
[image: image24.wmf]z

 directions in rectangular coordinate system. The magnetic state of this situation is isotropic and can be represented by isotropic tensor form given by
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With the introduction of a steady magnetic field in 
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 direction, this equilibrium state starts to be disturbed and the isotropic magnetic property of ferrite material becomes different in all directions. The magnetic state of this situation in ferrite material therefore becomes an anisotropic. The anisotropic property of ferrite material is ascribed to the spinning electrons’ behaviour under the applied magnetic field and magnetic field from the electromagnetic wave. The spinning electron, which is originally in an equilibrium state, starts to precess with the introduction of constant magnetic field. The precessional motion of spinning electron is the same as the gyratory behaviour of the gyroscope. The only difference between two is the disturbing factor. The spinning electron and the gyroscope maintain certain state of oscillation owing to the conservative nature of angular momentum. However once it is put into a disturbing force, it starts to precess wider and wider until the oscillation reaches a certain point. The disturbing force for precession in gyroscope comes from  gravitation but it is a steady magnetic field that disturbs spinning electron's equilibrium state. From this one spinning electron’s behaviour, using classical physics, equation of motion is obtained [10, 90] and then using the equation of motion the microwave state of magnetised ferrite material is derived. 
The ferrite material comprises of innumerable number of spinning electrons and each one shows irregular pattern of magnetisation as it is magnetised by a steady magnetic field. It is thus not practical to consider the precessional behaviours of all electrons and attempt to define general equation for precessional electrons in ferrite. Instead, it has been conventionally considered that only majority of spinning electrons which align with the applied magnetic field are taken into account in defining the equation of motion, which becomes the net magnetisation or macroscopic magnetisation which sums all magnetic moment aligned with the applied magnetic field [13]. The direction of magnetisation in this project is longitudinal which is along the 
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 axis.  

Before commencing developing the general equation of motion of spinning electrons in a ferrite material in the presence of a constant magnetic field, the precessional behaviour of spinning electron is examined in more detail. The effects from the r. f. magnetic fields are not concerned in developing the equation of motion at present. The spinning electron which is a negatively charged sphere and rotates about its own axis manifests magnetic moment and it contributes to the internal magnetisation. This spinning electron, when magnetised by an applied magnetic field, has tendency to align with the applied field [47]. Rotation of spin (magnetic top) carries not only magnetic moment but mechanical angular momentum. Initially it is assumed that there is no angular momentum of spinning electron and therefore the spinning top oscillates like an ordinary pendulum, situation 'a' in Figure 4-1 [47]. But as an angular momentum of spinning electron increases because of the applied d. c. magnetic field , the ordinary pendulum phenomenon develops to precessional movement, situations 'b', 'c', and 'd' sequentially in Figure 4-1 as the applied d. c. magnetic field increases. This precessional movement of spinning electron in ferrite material is also called gyroscopic behaviour since it resembles gyroscope's spinning action which happens owing to the gravitational force, not the applied magnetic field. 
The special oscillation, precession, of spinning electron develops as gyroscope does. In a case where no damping is considered, this special oscillation phenomenon would increases without bound, provided there is continual increase of force which is given by the applied magnetic field. However, in a real physical situations where damping always exist in ferrite material, the precessional movement reaches its finite point  and the electrons come to rest again. [47, 48]. The spinning electron is again in equilibrium state.

This another equilibrium state, which happens when the ferrite material is saturated, is going to be disturbed again by the magnetic field components of microwave frequency. With the introduction of the microwave magnetic field, the electrons will precess again until it reaches an equilibrium state, and in the course of this action the energy of this electron will transfer to the next adjacent electrons via excitation and relaxation processes [2, 67]. 
Now that precessional motion of spinning electron has been described phenomenologically, the motion will be described in mathematical form. The angular frequency of precession of spinning electron will be determined first by following the Duffin’s work [91], then the classical equation of motion which is used to develop the equation of microwave permeability tensor for the high frequency magnetised ferrite material will be derived. 
Initially ferrite material shows the equilibrium state of spinning electron. The application of d. c. magnetic field causes the angular momentum to change in a given time. Since the applied magnetic field is equivalent to the torque, the relation between angular momentum of spinning electron and the torque can be written as 
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Because of the torque, the angular momentum moves from the position, 
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. The situation is pictorially illustrated in Figure 4-2. The movement of angular momentum vector continues to produce precessional behaviour and the precession becomes wider and wider with the increasing applied field until it reaches its finite point owing to the damping. 
The angle, 
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, and the angular frequency of precession of spinning top can be written given by
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Since the magnetic moment is parallel with the angular momentum with the opposite direction, the torque can be written as
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where 
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 is an applied magnetic field and 
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 is magnetic moment. By applying the above torque into the eq. (4.2)

, the angular frequency of precession is given by
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Since the ratio between magnetic moment and angular momentum is gyromagnetic ratio, 
[image: image39.wmf]g

, the above equation can be simplified as
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where 
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 is replaced by 
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 since it is common to use 
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 for the applied magnetic field in ferrite community. It is noted that the angular frequency of precession of a spinning electron is as a function of the applied magnetic field, which implies that it is possible to match the precession frequency by adjusting the strength of the applied field. 
The derivation of the equation of motion starts by considering the torque. Initially, since there is no disturbing magnetic field, there is no torque and no precessional motion of spinning electron. However as the spinning electrons are placed in a plane which is perpendicular to direction of a constant d. c. magnetic field, it starts to precess. The torque on a spinning top is the cross product of magnetic moment and applied magnetic field, which can be written in vector form given by [2].
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where the applied field becomes internal magnetic field and intrinsic magnetic field in the inside ferrite material. The intrinsic magnetic field, 
[image: image45.wmf]i

B

, is the magnetisation happening owing the spinning electron under the applied magnetic field. 
 The above situation of the torque can be understood in connection with the Figure 4-2. and the following equation given by
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 By applying the above equation into the eq. (4.6)

 for the relation between magnetic momentum and angular momentum, the equation of motion is derived given by
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where 
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 represents the a. c. and d. c. magnetic fields which affect the magnetic field inside the ferrite material. It is noted that the above equation is still considering only one spinning election. Conventionally, it has assumed that most spinning electrons align with the applied magnetic field and they can make up the net magnetisation inside ferrite material. It is thus written in macroscopic form given by
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From the equation of motion determined above, the equation for the state of microwave ferrite which is magnetised by a d. c. constant magnetic field can be derived. The derivation of r. f. permeability tensor will be done in the next section.
When the operating frequency matches with the precession frequency, which is determined earlier and shows direct relation to the applied field, the maximum energy transfer occurs, which is called the resonance absorption. The energy transfer from the electromagnetic wave into the material involves the excitation and relaxation of spinning electron. In addition to the frequency matching, for the maximum energy transfer to occur, it is necessary to have circularly polarised electromagnetic waves. The circularly polarised magnetic field component should be in a plane which is perpendicular to the direction of the static magnetic field. Furthermore, the circular polarisation in the correct plane should have the same hand of polarisation as that of precession of spinning electron in ferrite. Right frequency which can be chosen by an applied field, correct plane in which circularly polarised magnetic field component acts, and correct hand of circular polarisation are always required for maximum resonance absorption. It is noted that the hand of circular polarisation of forward wave is different to the hand of circular polarisation of reverse wave in ferrite devices, and because of that ferrite devices show nonreciprocal characteristics [2, 92].
4.3 Derivation of Permeability Tensor

The magnetic state of material is represented by permeability which is the ratio between flux density, 
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, and magnetic field, 
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. Normally the permeability of material can be written as
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where 
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 and 
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 is the permeability in free space and the relative permeability of material respectively.
For microwave ferrite material, the relative permeability cannot be expressed in the above form because the magnetic moment which contribute to the magnetisation have different directions and different strength with the applied d. c. magnetic field. Thus for the magnetized ferrite material, the permeability can be written as
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It is noted that without the applied magnetic field, the permeability becomes scalar, meaning the size of magnetic moment is same in 
[image: image56.wmf]x

, 
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, and 
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 directions. The introduction of the static magnetic field reforms the internal magnetic state of ferrite material [93]. The relative permeability of microwave ferrite for linear device thus can be expressed in tensor form and Polder established it given by [13]
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The asymmetric tensor which represents the magnetic state of ferrite material in the presence of a constant magnetic field and superimposed by the alternating magnetic field of microwave frequency indicates the nonreciprocity of ferrite material [93]. It is the aim of this section to derive the asymmetric permeability tensor of ferrite material which is subjected to an a. c. magnetic field and a steady magnetic field. This situation is illustrated in the Figure 4-3. The permanent magnet in Figure 4-3 can be replaced by electromagnet.
The total magnetic field inside ferrite material in the presence of the applied magnetic field, when the ferrite material is employed in the alternating magnetic field of microwave frequency, consists of internal magnetisation and the applied magnetic field. This is because of the mismatch between magnetic moment and the applied field [2, 92]. The magnetic moment in ferrite material which is given rise to due to the spinning electron becomes the internal magnetisation and normally written as 
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. Baden Fuller clearly clarified the units of magnetisation in magnetised ferrite material by pointing out the possible confusion due to the mixed use of SI and CGS units in ferrite community [94]. The magnetic field, 
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. Thus total magnetic field of ferrite material, which is equivalent to the amplitude of magnetic induction [95], following SI units, can be written as
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The equation of motion proposed by Landau and Lifshitz [90] is used to derive microwave permeability tensor of ferrite material biased by a d. c. magnetic field. The equation of motion is given by
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The eq.(4.14)

 with the magnetic field intensity and internal magnetization expanded(4.14)

 will be used to determine Polder’s permeability tensor. Starting from the eq.


[image: image75.wmf]0

0

()

()

jt

xyz

jt

xyz

MMzmxmymze

HHzhxhyhze

w

w

=+++

=+++

r

rr

rr

r

rr

rr


 MACROBUTTON MTPlaceRef \* MERGEFORMAT (4.15)

The internal magnetization in the eq. (4.14)

. The left hand side is determined first given by(4.15)

 will be substituted into the eq. 
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Then right hand side in eq. (4.14)

 can be solved as
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Since 
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, since linear microwave ferrite device is concerned, the eq. (4.17)

 can be written as
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The eq. (4.18)

 is solved as the following
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where the small signal terms from microwave field is neglected since high power situation is not considered, therefore the eq. (4.19)

 can be simplified given by
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Since the products of the microwave magnetic field were neglected, the derivation can be called as the process of linearization of the equation of motion [95]. The comparison of eq. 
(4.20)

 according to the (4.16)

 and eq.  GOTOBUTTON ZEqnNum831654  \* MERGEFORMAT , 
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The eq. 
(4.21)

 is simultaneous equations and solved for  GOTOBUTTON ZEqnNum171173  \* MERGEFORMAT , 
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With the determination of the internal microwave magnetic field in the Cartesian co-cordinate system, it is proceeded to determine the permeability tensor using the principle equation of ferromagnetic material, 
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  as presented in  GOTOBUTTON ZEqnNum983155  \* MERGEFORMAT  . First the eq. (4.13)

 is expanded given by
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Then eq. (4.23)

, to produce the following results(4.22)

 is plugged into the eq.
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where 
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Then the eq. (4.25)

 is simplified given by 
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where 
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 and 
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If the eq. (4.26)

 is written in in vector form
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where 
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 MACROBUTTON MTEditEquationSection2 Equation Section 4
The eq.
(4.27)

 that (4.29)

 is the equation of the microwave permeability tensor for ferrite material which is fully magnetised by a uniform steady magnetic field. It is observed from the eq.  GOTOBUTTON ZEqnNum113203  \* MERGEFORMAT  and 
[image: image108.wmf]k

 contain a static magnetic field, 
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. This indicates that the entries of the permeability tensor are functions of the steady magnetic field which can be adjusted without problem in normal operation conditions [66]. 
The precession frequency, 
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, of spinning electron is dealt further. The precession frequency is in another term called Larmor frequency or resonance frequency, and proportional to the field strength of the applied field as confirmed from 
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. The derivation of precession frequency is shown in detail in [91]. The angular precession frequency, although it seems to be defined well, needs to be clarified further. There is an inconsistency in using the gyromagnetic ratio, 
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, with the applied magnetic field, 
[image: image114.wmf]0

H
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 and applied magnetic field will be always flux density. The last case happens because engineers sometimes prefer to call gyromagnetic ratio with normal signal frequency rather than angular frequency. In this case, the frequency will be 
[image: image126.wmf]0

/2

fB

gpm

=

 and the gyromagnetic ratio, 
[image: image127.wmf]0

2

g

pm

, will be 
[image: image128.wmf]28/

GHzT

, where the magnetic field used will be again magnetic flux density. Finally, it is also the case that the engineers use 
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 as an applied field. This is actually representing the magnetic field with Gaussian unit. The situation is clarified with the following conversion [2, 94].
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the above can be converted to Gauss by multiplying 
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 to each side, given by
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The above expression looks as if it is written in SI unit but the actual magnetic value to be used should be Gauss. 
The components of the permeability tensor for ferrite material, 
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 and 
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, are often used to see the size of the magnetic field in ferrite material which directly affects the splitting of resonance frequency. Especially the 
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 is frequently used for that purpose. The response of 
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 as a function of d. c. magnetic field at a fixed frequency of 
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 and fixed saturation value of 73211 
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 is plotted in Figure 4-4. The figure shows that the value of 
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 rises as more biasing magnetic field is applied. This situation satisfies general expectation of splitting of resonance frequency and has been used a lot in ferrite community. 
There is another way of seeing the size of magnetic field with regard to the applied magnetic field, which is the effective permeability of the ferrite material. The effective permeability shows the linear relationship to the applied magnetic field in partially magnetised region and suggests the possible application to the modelling ferrite devices in partially magnetised region. The effective permeability tensor is dealt with in more detail in the Chapter 5.
The equation for the magnetic state in ferrite material in the presence of a steady magnetic field and superimposed alternating magnetic field of microwave frequency has been developed with few assumptions. Firstly, the ferrite material is saturated so that the most of spinning electrons align with the applied magnetic field and the net magnetisation becomes longitudinal [13]. Secondly, the applied magnetic field is considered as uniform. Thirdly, small signal terms are not considered in derivation of permeability tensor. The main concern is the first and second assumption. The spinning electrons in partially magnetised ferrite junction does not all align with the applied magnetic field. Instead the electrons show random directions of magnetic moment and it is not possible to calculate the net magnetisation of ferrite junction by considering the effects originating from all electrons. To make the situation worse, the applied magnetic field is not uniform in most applications owing to the use of smaller magnet pole piece than the ferrite junction, in generating biasing magnetic field. The equation derived in this section cannot be applied to the partially magnetised situation directly. For the high power microwave ferrite devices, the magnetic fields from the microwave fields become significant and, in establishing the equation of high power permeability tensor, the small signal terms should not be discarded. It is thus inappropriate to use the permeability tensor derived in this section for evaluating nonlinear ferrite devices. In this project, the high power effects originating from the small signal terms are not dealt with entirely.
4.4 Effect of Ferrite Shape and Demagnetising Factor

The magnetic state of microwave ferrite material when it is saturated by an external magnetic field has derived in the last section. One of assumptions made by Polder is that the magnetic field applied is uniform throughout the inside material. This situation implies that the applied magnetic field, 
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, and the magnetising force, which is used to magnetise the ferrite material, precisely spinning electrons, are same. The magnetising force inside ferrite material may be written as 
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. The assumption that the magnetic field inside ferrite material is homogeneous and same in magnitude with the applied magnetic field is in reality not right. Osborn [73] recognised the problem that the pattern of magnetic field inside ferrite junction is not regular and the magnetising force, 
[image: image143.wmf]H

, inside ferrite material is different to the applied magnetic field, 
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. He also understood a situation that the magnetic field inside ferrite material is not uniform even when the applied magnetic field is uniform, unless a particular shape of material is used only. The magnetising force, 
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, inside ferrite material and magnetisation, 
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, are in a uniform, only in ellipsoidal shape of ferrite material and in this case only 
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where 
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 are applied magnetic field, internal magnetic field, and magnetising force, respectively. 
By using Maxwell’s work [96] in which it was shown that the magnetising force, 
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, and magnetisation, 
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, inside ferrite material are the same when the ferrite used has ellipsoidal shape with suitable magnetic treatment, Osborn [73] determined values for the demagnetising factors according to the shapes of ferrite material. The demagnetising factor represents the force of magnetic field coming from the surface of ferrite material. This magnetic field from the magnetic dipole at the surface opposes the applied magnetic field and it is the reason that is called demagnetising factor [10]. When the shapes other than ellipsoid of ferrite material is considered, the demagnetising factor can be included in the general equation, 
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, which represents the relation between the magnetic field outside and inside of ferrite material, which is given by
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where N is a demagnetising factor which has different value according to the shape of ferrite material and it is assumed that 
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, and 
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are all magnetised in 
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direction. From the above situation it may be deduced that, under the same size of applied magnetic field,  the magnetisation of ferrite material should be different when the shape of material changes. This situation is correct and it was shown by Aitken and McLean [51] that the operation of Y-junction circulator requires different strength of an applied magnetic field when it embodies different shape of ferrite material, even if same ferrite material is used. They first attempted to see the possible difference in bandwidth when the ferrite shape changes. The result showed that  the variation of bandwidth with the use of different shapes of ferrite was of insignificance. However they found that there is linear relationship between diameter of ferrite rod and the operating frequency. The diameter of ferrite rod decreased when the Y-junction circulator was considered to operate in higher frequency. They also found that the applied field required to determine operating frequency are significantly different with different shapes of ferrite material. For the use of full height geometries of ferrite material, it was necessary to apply magnetic field strength of about 100 – 200 Oe, but when disk geometry of ferrite is considered, the applied magnetic field was required about 1000 Oe. They understood that the huge difference of an applied field with regard to the different shapes of ferrite material lies on the demagnetising factor. 
The inclusion of  demagnetising factor into the 
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, however, does not precisely represents the magnetic state of ferrite material since the equation, 
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, was developed by observing the ellipsoidal geometries of ferrites. Thus in other shapes of ferrite material, it is not quite true. The only true situation that satisfy the equation of 
[image: image161.wmf]0

i

HHNM

=+

,  although obvious it is, is the case when there is no ferrite present [97]. 
The shape of ferrite material, as shown in Aitken and McLean’ study [51], affects the size of the required applied field to saturate the ferrite material. So even for the same magnetic properties of ferrite material, the required magnetic field varies from 100 to 1000 Oe. It is normally understood  from 
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 curve that there is a nearly linear relation between 
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, then the 
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 stays at the same value,
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. The further increase of 
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 does not raise the value of 
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. It is noted that the 
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 curve  can be interpreted as the relation between magnetisation and magnetic field inside ferrite material. Thus 
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 curve corresponds to the 
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 curve [97].  When it needs to consider the saturation of magnetisation of a particular ferrite material for particular geometries in 
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 curve, let’s say full height rod and thin disk, the difference of internal magnetic field required to saturate ferrite materials will be huge. The situation is illustrated in the Fig. 4-5.
4.5 Conclusion
In this chapter, the microwave permeability of ferrite material is derived by considering the precessional motion of a spinning electron. The permeability tensor is developed from the equation of motion with the assumption that  there is no demagnetising factor in magnetised ferrite material. This situation implies that the ferrite is saturated by uniform biasing magnetic field. Considering the state of magnetic field of partially magnetised ferrite material which shows random magnetisation, the conventional permeability tensor is inappropriate to the modelling of partially magnetised Y-junction circulator. In the next chapter, the permeability tensor for the partially magnetised ferrite junction will be presented.  
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Fig. 4‑1 Process from normal oscillation to precessional oscillation
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Fig. 4‑2 Precession of spinning electron
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Fig. 4‑3 Configuration of biasing junction circulator magnetically 
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Fig. 4‑4 
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 with respect to the applied magnetic field
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Fig. 4‑5 Shape effect on a saturation magnetisation of the ferrite
5. Magnetisation below Saturation

5.1 Introduction

Polder tensor derived in the last chapter shows limitations. It is valid only when the ferrite junction is saturated under the uniform magnetic field. And the net magnetisation in saturated ferrite material shows longitudinal direction. But the partially magnetised ferrite junction comprises of randomly oriented spinning electrons and, as a result, the net magnetisation in partially magnetised ferrite junction is not entirely longitudinal and it is nearly impossible to derive a general equation of magnetic state of partially magnetised ferrite material logically if it is approached to include consequences from the interaction of all random state of spinning electron. In this chapter, the derivation of the linear microwave permeability tensor for the partially magnetised ferrite material derived by Green and Sandy [14, 80] is reviewed, and the split frequencies are dealt with more detail since split frequencies is only known means of analysing the operation of 3-port circulator in partially magnetised region. In doing so, the relation of split frequencies to the various quantities such as network quantity, bandwidth quantity, and magnetic quantity was clearly shown.
5.2 Partial Magnetisation

5.2.1 Green and Sandy’s Method

In this section, the microwave permeability tensor for partially magnetised ferrite junction empirically developed by Green and Sandy [14, 80] is presented. The microwave permeability of the partially magnetised ferrite was directly determined from specially designed experimental set up. This equation, although empirically developed, integrated Rado [15, 16], LeCraw and Spencer [18], and Schloemann [17]’s theoretical work when necessary. The permeability tensor which will be presented is valid only for the linear microwave ferrite devices. The relative permeability of partially magnetised microwave ferrite material is given by
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where the transverse components, 
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 and 
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, and parallel component, 
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, are further defined into real and imaginary parts given by
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The real parts of each component in permeability tensor affects the insertion phase which is guide wavelength, and the imaginary parts of each component contributes to the attenuation which is insertion loss. First the equations for real parts will be shown, then imaginary parts will be followed.
The real part of the off-diagonal component of the permeability tensor was originally proposed by Rado [15]. The Rado’s theory was compared with experiment as a function of applied field, where various materials with different saturation values were tested, and it was also checked in various temperature. The comparison showed that Rado’s theory agrees well with the experiment, only slightly deviating when a particular material was used. Therefore, the Rado’s theory was adopted for the real part of the off-diagonal component.
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where 
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 is gyromagnetic ratio, 
[image: image192.wmf]0

H

 is an applied magnetic field, and 
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The real part of the diagonal component of the permeability tensor was developed empirically. In doing so, they used Schloemann’s [17] theory of completely demagnetised state of ferrite which can be written in isotropic tensor form representing microwave  permeability of ferrite without biasing magnetic field. The equation was derived by considering the domain structure, as well as the net magnetisation of the ferrite. The Schloemann’s theory was also tested with experiment, showing good agreement. The equation of completely demagnetised state of ferrite material is given by
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where 
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 is saturation magnetisation of ferrite material. 
The real part of diagonal component was empirically determined in conjunction with the eq. (5.3)

 given by
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The eq. (5.4)

. This approach is acceptable since saturation value of ferrite material changes at different temperature. The plot from the above equation shows good agreement with experiment. It shows particularly good results when yttrium iron garnets (YIG) were used.  (5.4)

 was plotted, for various ferrite material with different signal frequency, with respect to the increasing applied fields and the plot was compared with the experiment.  They also tested temperature effects on ferrite material. In doing so, the saturation point was used as a variable in the eq. 
The equation for the real part of the longitudinal component, 
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, is shown below. In developing this equation, the Schloemann’s equation of completely demagnetised state of ferrite material was used again.  
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The plotting result with regard to the above equation is amenable with the experiment.
The imaginary parts of each components were plotted as a function of an applied field. It was shown that the imaginary part of off-diagonal component, 
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, is much smaller than that of diagonal component and can be negligible. The imaginary part of diagonal component, 
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, was shown to have constant value throughout the varying applied field provided that 
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In this project, the Y-junction circulator chosen operates at 
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 and has Y409 ferrite material which saturates at 73211 
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, regardless of the strength of the applied magnetic field. The imaginary part of parallel component, 
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5.2.2 Polder Tensor in Partially Magnetised Region
Polder tensor has been developed by assuming that the applied magnetic field is uniform and the applied field is strong enough to saturate the ferrite material in a microwave device. Because of this assumption, this microwave permeability tensor of ferrite material have not been used in modelling microwave ferrite devices which operates in partially magnetised ferrite region. However, it may be possible to use Polder tensor in nonsaturated ferrite devices provided it is possible to obtain the information of internal magnetic field of ferrite material in axial direction only, regardless of the random structure of magnetisation due to the irregular pattern of dipole moment. This is true that, even in saturated ferrite material, the net magnetisation make up of the up and down direction of spinning electrons with different strengthes, which explains the special kind of antiferromagnetism which is called, in another term, ferrimagnetism [2, 10]. 
Interestingly, it was also shown by Baden Fuller [2, 98] that there is linear relationship between the applied magnetic field and the effective permeability of ferrite material to the circularly polarised wave in partially magnetised region, and he claimed that the numerical values taken from the effective permeability with respect to the applied magnetic field can be used for 
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 and 
[image: image211.wmf]m

 of microwave permeability tensor when modelling of ferrite in partially magnetised region is considered. The effective permeability is given by
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By substituting the 
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 and 
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 from the previous chapter into the above equation, the following equation are obtained
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where it can be seen that the effective permeability of the ferrite material to circularly polarized wave is affected by the strength of the applied magnetic field, properties of the material used (saturation magnetisation value), and the operation frequency of the microwave component [2]. Baden fuller plotted the effective permeability with respect to the applied magnetic field at a fixed frequency, which is reproduced in Figure 5-1. The response shows that the effective permeability in partially magnetized region maintains linear relationship with the applied magnetic field. This situation suggests that, since the effective permeability of the ferrite material is dependent on the saturation magnetisation and applied magnetic field, it may be used in the partially magnetised region. 
5.3 Split Frequency

The split frequencies are two resonant frequencies, 
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 and 
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, due to the counter rotating modes of propagation constant at particular biasing magnetic field, which is normally determined from the reflection coefficient responses by obtaining the two points that crosses the imaginary -9.5 dB line. This information relates 3-port circulator to the bandwidth quantity, network quantity, and material quantity [2, 19], particularly partially magnetised 3-port ferrite circulator. Because of that reason, the split frequencies are widely used in designing 3-port circulator and analysing the performance of it, and particularly devoted by Helszajn [20-24, 61, 99]. In this section, the relation of split frequencies to the each quantities mentioned above is presented. 
The two resonant frequencies from reflection coefficient responses in magnetised 3-port ferrite junction circulators is related to the loaded 
[image: image218.wmf]Q

 factor, 
[image: image219.wmf]L

Q
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, along with the difference of the two split frequencies of the magnetised ferrite junction, also allows the determination of 
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, normalised shunt conductance and normalised susceptance slope parameter, respectively. Once transmission bandwidth is known from 
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, it is then possible to match the impedance of ferrite junction using shunt parameters, 
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 and 
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, and two split frequencies of the magnetised junction. This approach helps the design of 3-port circulators. It is thus necessary to obtain the information of reflection coefficient which gives the information of two split frequencies of ferrite junction circulator. The general equation for the loaded 
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 factor, 
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, of a junction circulator is first taken.
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, where 
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 are above resonant frequency, below resonant frequency, and the operating frequency of the device. The procedure of determining the above equation can be found in detail in [61]. The eq. 
(5.9)

 clearly shows the two resonant frequencies,  GOTOBUTTON ZEqnNum809803  \* MERGEFORMAT  and 
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, are related to the 
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 which is connected to the transmission bandwidth. It was also explained in chapter 1 that the width of splitting changes as the biasing magnetic value increases, which therefore confirms the relation between the split frequencies and the material quantity. 

Since the 
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From the eq. 
(5.10)

, it is possible to determine the normalised susceptance slope parameter,  GOTOBUTTON ZEqnNum581046  \* MERGEFORMAT .  It is understood that the difference of the two split frequencies of ferrite junction are directly affected by the strength of the d. c. magnetic field and can be written in mathematical form given by [61]
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It is noted that the 
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 is one way of representing the strength of the applied magnetic field and from the above equation the connection between splitting frequencies and the d. c. magnetic field can be confirmed. Thus, the equation may be written as
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From the eq. 
(5.12)

, since the  GOTOBUTTON ZEqnNum594047  \* MERGEFORMAT  is normally unknown, it is necessary to determine the normalised shunt conductance, 
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. In order to determine the value of 
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, it is necessary to obtain the voltage standing wave ratio which also can be determined from the response of the reflection coefficient of ferrite junction. The procedures of determining VSWR is presented in [24, 61]. The equations for shunt conductance are given by
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and
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eq. 
(5.14)

 can be used for when (5.13)

 and  GOTOBUTTON ZEqnNum885335  \* MERGEFORMAT  is larger than unity and smaller than unity, respectively. It has seen from the equations that the split frequencise of ferrite juction are always essential assets in all situations. The experimental procedures of split frequencies are well defined in [24, 61].

From the information of 
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 and 
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, it is possible to start designing ferrite junction circulator. In initial design step, the situation can be separated as to perfectly matched ferrite junction or not. The former case indicates that 
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 is equal to 1, which is around -30 to -40 dB in reflection coefficient response, and the eq. 
(5.12)

 is used to determine the normalised susceptance slope parameter,  GOTOBUTTON ZEqnNum594047  \* MERGEFORMAT . It is noted that the information of two split frequencies in reflection coefficient in ideal case is obtained when the return loss is 
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. When the ferrite junction is not perfectly matched, which is normal situation and 
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 is not unity, it is first chosen any value of voltage standing wave ratio from the response of the reflection coefficient to determine 
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 and, then by having recourse to the equation given by
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 is determined (Sharp, personal communication, Dec., 2008).

Helszajn [20] developed a formula for determining normalised susceptance slope parameter, 
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. In doing so, he pointed out the varying d. c. magnetic fields split the resonant frequencies of the 3-port circulator and these split frequencies contribute to the normalised shunt conductance which is normally determined by experiment. From the determined shunt conductance, the parameter 
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 can be determined using universal admittance. This normalised susceptance slope parameter, 
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, can be used to determine the bandwidth of the ferrite circulator. It was found that the response of the normalised susceptance slope parameter as a function of d. c. bias field is constant. This result suggests that the normalised susceptance slope parameter could be used over any range, regardless of the strength of the d. c. magnetic field. It is noted that the normalised shunt conductance changes according to the strength of the d. c. bias field.

Helszajn [22] described a measurement technique for three port ferrite circulator. This unique measurement technique allows determining important parameters 
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, 
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, and split frequencies. He has shown that the two resonant split frequencies is essential in order to determine those parameter mentioned above. The split frequencies are determined by measuring the points of reflected response which passes imaginary 
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 line. The loss of 
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 happens in degenerate resonant frequencies mode, when there is no splitting.

Helszajn and Sharp [23] presented an unique way of synthesing open quarter wave coupled devices using loaded 
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-factor and normalised susceptance slope parameter. It was shown that, in order to determine the value of 
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, it is necessary to obtain the split frequencies of the ferrite resonator which is directly controllable by d. c. magnetic field. They applied this method to various types of resonators. 

Helszajn [99] presented a step-by-step approach of designing partial height waveguide junction circulators by manipulating the return loss. Using this approach, he showed a partial height junction circulator which shows Chebyshev bandwidth. 

Helszajn [24] also reviewed existing experimental techniques of three port junction circulators with electric wall boundary condition at its input terminal. Those existing methods are eigenvalues, which are measured directly, and complex gyrator circuit technique, and he attempted both of them. Particularly, he devoted to the complex gyrator circuit significantly by presenting all necessary elements of the circuit such as split eigennetworks of junction circulator, quality factor, split frequencies, gyrator conductance, and susceptance slope parameter.
5.4 Conclusion
In this chapter, the permeability tensor for the partially magnetised ferrite junction which is originally developed by Green and Sandy [14, 80] was reviewed. It was shown that the Green and Sandy’s permeability tensor is suitable for modelling 3-port circulator which uses the ferrite material, Y409. 
Although not completed at present, it was theoretically shown that the Polder permeability tensor can be extended to the partially magnetised region. Once successful, this approach may simplify the equations of partially magnetised ferrite junction which normally involves complicated sub equations.

The relation of split frequencies to the network, bandwidth, and magnetic property of 3 port circulator was shown, and the usefulness of split frequencies in designing Y-circulator was presented. In the rest of the thesis, modelling will be conducted to determine split frequencies in various conditions such as uniform and nonuniform magnetic biasing field using Green and Sandy’s permeability tensor.      
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Fig. 5‑1 Effective permeability of ferrite with respect to the applied magnetic field.
6. Uniformly Biased Ferrite Junction

6.1 Introduction

The steady magnetic field used for biasing Y-junction circulator is normally nonuniform in most applications and in this project it is aimed to model it using combination approach between magnetostatic solver and microwave solver. The most important thing to be resolved in realising that goal is to determine the permeability tensor. In the last chapter, it was shown that Green and Sandy’s [14, 80] experimental permeability tensor  does seem to be applicable for the ferrite material used in this project. In this chapter, it is aimed to determine the suitability of the permeability tensor by Green and Sandy to the current modelling. In doing so, the biasing condition considered is uniform since it can be done in microwave solver which is quicker than combination method. Using Green and Sandy’s tensor, split frequencies were obtained, which was compared with the experimental result.
6.2 Uniform Measurement

This section aims to obtain the split frequencies of 3-port junction circulator, experimentally, in the biasing environment which encompasses partially magnetised region and around saturated region. The result of split frequencies were compared with the modelling result at the end of this chapter.  In order to obtain two resonant split frequencies for the 3-port junction circulator, it is first necessary to determine the reflection coefficients at various values of steady magnetic field as explained in the chapter 1. The value -9.5 dB is the lowest point in the response of reflection coefficient when 3-port junction circulator is totally demagnetised. Using the lowest point of reflection coefficient in demagnetised ferrite junction as the base point, the split frequencies were determined with regard to the steady magnetic field.  Normally, it is  obtained two split frequencies from the response of the reflection coefficient. It is however noted that, as the magnetic field increases, there are four split frequencies in one response of reflection coefficient. This situation can be seen in the Figure 6-1. However, the split frequencies, C and D, other than the normal two, A and B of the Figure 6-1, are out of concern and will not be considered at this project. 
The experimental setting up was made in such a way that the magnetic field was generated across the junction circulator using two metal pole pieces on both sides of the junction from electromagnet, which is shown in the Figure 6-2. The metal pole pieces on both sides of junction circulator should be big enough to cover the whole junction so as to ensure the uniform magnetic field across the junction. Otherwise, the strength of magnetic field will vary in the ferrite junction decreasing radially from the centre to the edge of the ferrite material. Thus the diameter of metal pole pieces used to generate uniform magnetic field was chosen 100 mm which is comparabe to the size of triangle ferrite junction which is less than 30mm. 
The electromagnet, compared to the permanent magnet, is more convenient in present situation where it is frequently required to vary the field strength and field type of magnetic field. Using electromagnet, it is possible to generate various types of d. c. magnetic field by varying the sizes of metal pole pieces and various strength of d. c. magnetic field by adjusting the size of the current from current generator. Although it is not impossible, the use of permanent magnet is obviously less appropriate in this situation. Finally the experimental setting up cannot be completed without mentioning measuring point of magnetic flux density since the operation of Y-junction circulator is mainly dependent on the strength of applied magnetic field, and the measured magnetic field would be different if the probe of magnetometer was located in different place every time the measurement was carried out. It was therefore ensured that the gap between one of magnetic metal pole pieces and the junction circulator should not be more than the thickness of magnetometer probe which is about 1mm so that the measurement of magnetic flux density was able to be made at the same position on the centre of the ferrite junction.
The junction circulator was connected to 
[image: image268.wmf]11

S

 port in the vector network analyser (VNA) and then, at the end of the cable, which is connected to the junction circulator input port, calibration was carried out using simple one port calibration method. From VNA, the response of the reflection coefficient, which were used to determine split frequencies, were obtained. The data of reflection coefficient are readily available from VNA. 

The measurement of reflection coefficient, 
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, was done at the input transmission line of the junction circulator where the rest of the two waveguide arms were connected to the matched termination [22]. This configuration ensures that there is only insignificant signal coming back from the port 2 and port 3. This measurement situation of the 3-port junction circulator can be interpreted by the scattering matrix theory which represents the incident and reflected waves at each port. The junction circulator can be written in the following scattering matrix form with incident and reflected waves at each port.
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where 
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 is incident waves at each port and can be expanded as 
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 is reflected wave at each port and can be written as 
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. The scattering matrix, 
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, can be expressed given by [26]
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From above two equations, it is possible to write the reflected wave, 
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 only in here as the reflection coefficient at port 1 is concerned only, given by
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Thus from the above situation, it can be seen that the reflection coefficient at port 1 is the ratio between 
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 since all signals at port 1 and 2 are expected to be absorbed into the matched terminations and 
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 are zero, and then the reflection coefficient at the port 1 can be written as
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The situation can be understood in connection with the Figure 6-3,  where no signal is coming into the junction at port 2 and 3. 
It was explained earlier that the split frequencies are obtained by determining the two frequencies at which the imaginary -9.5 dB line crosses the reflection coefficient response at designated magnetic field and the split frequencies must be different at different strength of applied magnetic field, which had to be decided. The applied magnetic fields chosen were, starting from the demagnetised state, 4
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, and so on with equal interval until some point, and then at these direct magnetic fields, the responses of the reflection coefficients were obtained. 
It is necessary to know the strength of the biasing magnetic field required to saturate the ferrite material employed. The magnetic field necessary for saturating ferrite material is important resource since the main concern is the split frequencies in partially magnetised ferrite junction, and it is useful in modelling junction circulator in electromagnetic simulator since the information allows the designer to understand the maximum field required to apply. However, at initial stage, nobody knows the amount of magnetic field necessary to saturate the ferrite material. As mentioned in earlier chapter, the magnetic field required to saturate ferrite material is totally dependent on the shape of it, not to mention the intrinsic properties of the ferrite material. Hence, the only way to know the required magnetic field to saturate the ferrite material is to try it out. Once the ferrite material is saturated, the response of reflection coefficient tends to have centre frequency drifted slightly towards to the right direction as the applied magnetic field increases [100]. 
The Y-junction circulator was magnetised according to the chosen values which was done by sending different sizes of current to the electromagnet. From the reflection coefficients at these different magnetic fields, the split frequencies were determined. It is noted that the split frequencies are plotted as a function of the applied magnetic field and in partially magnetised region the width of splitting is related to the strength of the applied magnetic field. This is also related to the 
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 as explained earlier. The Figure 6-4 shows the split frequencies determined at various magnetic field. From the Figure 6-4 it can be seen that the width of the split frequencies becomes wider and wider until certain point then it stays nearly constant although the magnetic field increases. The certain point from where the width of the split frequency remains nearly same is saturation point [100]. It is therefore found that the magnetic field required to saturate ferrite material in this situation is around 30 
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. In other words, the ferrite material reaches the saturation magnetic field, 
[image: image294.wmf]s

M
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 at the applied magnetic field, 
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. It is however noted that the internal magnetic fields, 
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are not known. It is also seen from the Figure 6-4 that the initial value of split frequencies does not match with the centre frequency, 4
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. This may be due in part to the loss coming from the VNA or cable. Or it may be ascribed to the remnant magnetic field inside ferrite material.  
The possible loss from the VNA and Cable was verified by determining reflection coefficient with new VNA from Rohde and Schwarz and obtaining split frequencies. The Figure 6-5 shows the split frequencies from new VNA. The comparison of the Figure 6-4 and Figure 6-5 shows that the significant drifting of centre frequency only happens in old VNA. In Figure 6-5 from new VNA, it can be clearly seen that above the biasing magnetic field of around 30 
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 the width of splitting stays same even if more magnetic field is applied. This is in accord with the theoretical expectation. However, it is still observed that there are some effect from the remnant magnetic field inside ferrite material at the initial state in the Figure 6-5.   
6.3 Uniform Modelling

The modelling was carried out on a commercial software, COMSOL Multiphysics which has been developed based on the partial differential equations (PDEs) which can describe the most physical phenomena such as electricity, magnetism, mechanics, optics, or heat flow. Electromagnetic problem is one of those which can be solved using PDEs. The PDEs, contrast to the ordinary differential equations (ODEs), have always more than one variable on which the unknown function depends [101, 102]. This PDE based software uses the finite element method (FEM) to solve the problems. FEM is a widely known computer-aided mathematical technique for solving PDEs approximately [103, 104]. 
In using FEM technique, there are four concepts to be understood. System, domain, governing equation, and loading conditions are those. The system represents the physical objects typically. The objects may consist of various materials. The domain refer to the space used by the system. The governing equations are solved analytically by programmers and supplied into the program. The example of the governing equation is variational functional which is developed from wave equation along with the Maxwell’s equations for microwave solver. The last concept of FEM, loading conditions is any internal or external factors that affect the operation of the system. For the operation of ferrite devices, the temperature brings about an unexpected result and it can be an example of loading condition, not to mention the boundary conditions of each material in a device or situations concerned [104]. In this project, the temperature effect is not considered entirely. Another example of loading condition is constitutive equations, equations that represents the properties of the material under the varying condition.
The COMSOL Multiphysics has built-in function for physics setting whereby users can simply define the physical state of the concerning model by selecting its physical quantities, instead of determining the underlying equations by themselves. However although it is not required for the users to know FEM, it will be surely beneficial to understand underlying principles of the FEM. Burnett clearly presented the fundamentals of FEM, and the treatment of FEM that follow in the next paragraph will be entirely based on his approach [104]. The FEM have a few essential steps to be considered. Partitioning the domain of the problem (meshing), making element equations, building system equations, specifying boundary conditions, evaluating the domain of the problem, and finally postprocessing are those. Each step is explained with more detail in the paragraphs that follow.

First the domain of the problem is divided into the small elements. The elements have different shapes according to the dimensions in which the problem is considered to be solved. The typical shape of each element in three dimensions is hexahedra, tetrahedral, and wedges. For two dimensions, triangle and quadrilaterals are normally used. With these shapes, the entire domain can be partitioned into small elements, which process is called mesh. The meshing nowadays can be done by a program called preprocessors. Once the domain of the problem is partitioned into small pieces, it is necessary to build element equation which is an algebraic equation being transformed from governing equations. The algebraic equations can be computed easily compared to the governing equation which are normally differential or variational form. Each element normally contain 2-20 element equations.  It is noteworthy that the element equations are used for all elements in the mesh. The element equations in each element in a mesh are processed numerically and the result will be a large set of algebraic equations, which is called system equations. The system equations, as a characterisation of the entire system, contains a large number of algebraic equation, about between 100-100,000. As an whole system, the system equation cannot be completed without considering the boundary conditions. The boundary condition is integrated into the system equation by modifying it according to the situations. At this point with the system equation of the mesh established, it is necessary to compute the system equation. This job is done by computer with appropriate numerical analysis techniques. A greater number of element in a mesh requires more computation time, which implies use of a more powerful computer.  The last step is postprocessing which arranges the solution in a way that it can be presented in tabular, or graphical forms. In this step, various meaningful physical quantities can be obtained. 
Burnett’s illustration which shows the steps involved in using or creating FE program is shown here again in the Figure 6-6 and Figure 6-7, respectively [104]. In this project, the development of FE program is not considered entirely, thus, as a user, borrowing the concept of using FEM from the Figure 6-6, it is a first step to define the problems in a paper before implementing on a virtual laboratory. The first consideration in the first step is the geometry. The Y-junction circulator used in the project comprises three waveguide arms joined together at the centre and triangular shaped post which again consists of ferrite material, dielectric material (PTFE), aluminium. The geometries of waveguide junction are 
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 for inside and outside respectively. Triangular post is also positioned at the centre of the junction and it is equilateral triangle with the length of the side, 
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. It is noted in the Figure 6-8 that the triangular is positioned in such a way that the vertex of the prism shaped post faces the centre of the port. This configuration minimises the possible reflection of the signal wave at the ferrite junction as the area of the triangular post which meets the signal wave is small. The structure of the prism shaped post is aluminium at the bottom, and PTFE, ferrite, PTFE, aluminium are laid down on the top of each material in order. The thickness of aluminium, PTFE, and ferrite are 
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 respectively, thus the height of the prism post is about 
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 nearly same value as the height of the inside dimension of WR229. The configuration of the prism post is illustrated in the Figure 6-9.
The next thing to do in a paper is to understand the physical properties of all the materials used in the Y-junction circulator. The main material properties to be considered are relative permeability, relative permittivity, and electric conductivity. First the waveguide is made from aluminium which has unit value of relative permittivity, 
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, is about 3.774e7. The dielectric material, PTFE, has 
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of 0. The ferrite used is Y409 which has the following intrinsic properties, 
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of around 200. The relative permeability, 200, is d. c. value. The microwave permeability of ferrite is, as explained earlier, represented by the tensor as the ferrite is magnetised by an applied magnetic field and this changes the magnetic state of the alternating magnetic field to anisotropic [93]. Finally, it is the air inside the waveguide junction to be considered. The air has the following properties, 
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of 1, and zero electric conductivity. In this project, those defined are all for materials within the junction. 

The last thing to be defined in a paper is loads such as boundary conditions, constitutive equations, and any possible external factors that might affect the operation of the 3-port junction circulator, in here the temperature which will not be treated entirely. The constitutive equations show the relationship between the fundamental material properties and used to determine the dynamic state of a particular property of the material according to the situation. It is normally expressed in such a way that the flux density of particular property is directly related to the field strength of that property with the constant of proportionality. Thus in this situation, constitutive equations are 
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, although there are some variations depending on the situations. The three equations show the common relationship, say, between some-flux density and some-field strength with the appropriate proportional constants. Constitutive equations are used when it is necessary to generate a particular property in a particular situation. To do so, the proportional constants are directly plugged directly into the FEM. In this project, the property that affects the operation of Y-junction circulator is the magnetic field, and the generation of magnetic field can be done at magnetostatic solver. The magnetic field determined in magnetostatic solver can be used as an external field in microwave solver. But, as mentioned briefly in the beginning of this chapter, it was first considered to model Y-junction circulator solely in microwave solver and therefore the consideration of constitutive equation for generating magnetic field within the junction is not necessary at present. Having said that, it is only required to  consider the boundary conditions among the possible loads in microwave solver only modelling. The treatment of boundary condition mainly involves the understanding of physics, especially the electromagnetic wave’s behaviour in different material. Particular consideration of parameter is electric conductivity of the material as it determines whether the electromagnetic wave can penetrate the material considered. Boundary condition of aluminium is first considered. Aluminium which is highly conductive electrically does not allow the electromagnetic waves to penetrate it. Thus this material, as a perfect electric conductor (PEC), works for guiding waves normally. The mathematical expression for PEC is 
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 [105]. This situation implies that, in modelling a device in microwave solver, it is only necessary to consider the inside dimension of the junction circulator, since the electromagnetic wave cannot penetrate aluminium which is used for waveguide. The dielectric material, ferrite, and air have common zero electric conductivity and become natural boundary condition. Thus the boundary conditions of those materials can be considered as continuity since the electromagnetic waves penetrate those material without problem. The mathematical expression of continuity is 
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. The other boundary condition to be specified is port for the signal input and output which is a matched boundary. The matched boundary conditions for the ports will be dealt with in the next step where all the information of the problems defined in a paper will be fed into FE program. 
Following the first step where problems are specifically defined in a paper, it is necessary to input all the data defined for specific situations in the previous step into the FE program, COMSOL. The second step is straightforward. In COMSOL it is first necessary to decide the application mode, which can be done in model navigator which automatically pops up when the software is initialised. The application mode chosen is ‘3D electromagnetic waves’ since it is decided to run the simulation in 3D microwave solver. The first thing to do in COMSOL after deciding the space dimension and application mode is to create geometry. The Y-junction circulator comprises waveguides, and prism post at the centre. As explained in the  previous step, for the waveguide, it is only necessary to consider the inside dimension of it since the material of waveguide is highly conductive and the electromagnetic waves cannot penetrate it. Therefore, the dimension chosen is 
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 for the inside of waveguide. COMSOL has a built-in computer aided design (CAD) tools with which the geometry modelling of Y-junction circulator can be done without problem, or the users can draw the geometry in other CAD software and import it. 
The next thing to do is to specify the physical state of all materials contained in Y-junction circulator. The parameters that affects the operation of 3-port junction circulator in microwave solver such as relative permeability, relative permittivity, and electrical conductivity, which are defined in the first step, are plugged into the designated place under the ‘subdomain settings’ in COMSOL. It is straightforward to input the values of those parameters accordingly except the microwave permeability for the ferrite material which has tensor form developed by Green and Sandy [14]. The components in permeability tensor accompanies many equations and it is therefore wise to define those equation in separate place and call it from ‘subdomain settings’. It is noted again that the consideration of the d. c. permeability value of the ferrite material is not necessary since the generation of d. c. magnetic field is not required in uniform modelling using microwave solver only. 
The Y-junction circulator with appropriate physical properties assigned according to the materials requires to have boundary conditions specified, which can be done under the ‘boundary setting’ in COMSOL. The PEC for aluminium and continuity for the rest of materials used in Y-junction circulator were explained in the first step. Those boundary conditions are directly set by selecting pre-defined equations from the ‘boundary settings’ section. One thing which has not been explained but is necessary in modelling is matched boundary condition. The matched boundary condition is developed by assuming that there is no reflection at the boundary concerned. The dependent variable for waveguide will be electric field, 
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. In COMSOL, the matched boundary condition is further developed in order to include S-parameter calculations by adding magnitude and phase of S-parameter output. 
The next thing to do in using FE software in second step is to partition the problem of domain into fine elements. The meshing can be done automatically by just clicking ‘initialise mesh’ under the mesh section. The quality of mesh affects the result, and it is difficult to know the number of element required to give reasonable result until it is tried. Basically less number of element takes less memory of computer and less evaluation time but poor results. The situation of more number of element is exactly opposite. It is generally necessary to increase the number of element to obtain better result. However after the certain number of element, the result will be the same even if the mesh size is increased. The required number of mesh for accepted result always varies. Determining mesh is one of most important things in modelling process since poor mesh leads poor result, but it is also difficult task [103]. So it would be easier to use automation function provided in COMSOL [106]. The examples of pre-defined element sizes in COMSOL are ‘extra fine’, ‘fine’, ‘normal’, ‘coarse’, ‘extra coarse’, and so on. The users can choose simply one of those element sizes before solving the problems. The experienced users can customise the mesh by considering various factors such as maximum element  size, its scaling factor, and so on in subdomain, boundary, edge, and point [106]. However this is another facet of research and in this project the mesh was done globally.
The last thing to do in second state is to evaluate problem according to the needs. There are quite few solvers provided in COMSOL and the natures of solvers are different depending on the needs from the users. The solvers available  in COMSOL are stationary, time-dependent, eigenvalue, parametric, and so on. The detailed explanation of each solver can be found in COMSOL user’s guide [106]. In this project, parametric solver is chosen. The parametric solver is designed for the situation when it is necessary to vary the parameter of the interest. The nature of this solver is in accordance with the nature of the reflection coefficient which is used to determine split frequencies. The response of the reflection coefficient is obtained as a function of frequency in a certain range. Thus, the parameter to be selected in parametric solver is frequency and the frequency range can be specified by users. 
Once the type of solver to be used is selected, it is necessary to decide which linear system solver is to be used. This is because the solver spends most of evaluation time in solving linear system equations [106]. The solvers in linear system equations are broadly divided in two groups, direct solvers and iterative solvers. The criterion that separates the two groups of solvers are the size of mesh which is normally expressed as degrees of freedom in COMSOL. The direct solvers are more suitable for the problems with degrees of freedom less than about 100,000. Models with degrees of freedom more than 100,000 can be solved in iterative solvers [106]. The number of degrees of freedom for the model in this project does not exceed 100,000 normally and with this reason the consideration of iterative solvers are not made. The decision of linear system solver is not completed yet. There are few different linear system solvers even in direct solver group. The users have to decide a linear system solvers considering the type of the linear system equation for the model and available memory in user’s computer. The linear system equation has two types, symmetric and nonsymmetric. Typical solvers for linear system equations used in this project are UMFPACK direct solver and SPOOLES direct solver. UMFPACK is highly effective for nonsymmetric systems and SPOOLES is quite well run for both symmetric and nonsymmetric systems [106]. The UMFPACK linear system solver is quick to solve the problems but uses more memory. The SPOOLES linear system solver on the other hand shows more efficient use of memory but consumes more time. The details of UMFPACK and SPOOLES solvers are found in [107] and [108], respectively. The ferrite material manifests nonsymmetric characteristic, thus most of time, provided memory allows, the UMFPACK linear system solver was used throughout the project. Once the computer is instructed to start evaluation of the problem, the second step in using FE program is completed. 

The last step is to process output, postprocessing, in which it is possible to choose any desired information as long as an appropriate solver was selected in the previous step. This step also allows displaying the data graphically so that the results become more approachable. The result that has been sought for is reflection coefficient, 
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. The response of reflection coefficient being determined from scattering matrix can be obtained directly at this step by choosing appropriate buttons in software. The essential steps involved in using COMSOL are recapitulated in the Figure 6-10.   
As explained earlier, the response of reflection coefficient will be affected by the state of the mesh and dielectric constant values of ferrite material. It is first tried to determine the most economic mesh state which can produce good result in a relatively short time. In doing so, the dielectric constant of ferrite material is fixed at standard value, 15.2,  throughout. The applied magnetic field, 
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. At this value, the Y-junction circulator is expected to be nearly matched so that very low amount of reflection of input signal will happen. Among many available options, the mesh types chosen are ‘coarser’, ‘coarse’, ‘normal’, ‘fine’, and ‘finer’. With these types of meshes, the number of elements in a domain, the number of degrees of freedom in a domain, and evaluation time are determined which are shown in the Table 1.    
Table 1
	
	NoE
	NoD
	Time taken (sec.)

	Coarser
	1466
	2029
	63

	Coarse
	2633
	3497
	80

	Normal
	5099
	6697
	132

	Fine
	7160
	9230
	168

	Finer
	14196
	18098
	1330


where, NoE and NoD represent the number of elements and degrees of freedom of the domain of the problem, respectively. The detailed treatment of the relation between NoE and NoD, and any factors that affect the NoD can be found in [104, 106]. The table shows that the time necessary to evaluate the problem gradually increases as the type of  mesh changes from ‘coarser’ through ‘coarse’ and ‘normal’ to ‘fine’. And particularly between ‘fine’ and ‘finer’ there is a significant increase of the time taken. As the time is an important commodity, it is better to have a coarser mesh in the table above as long as the results from the two mesh types does not show discrepancy. Otherwise, the finer type of mesh should be chosen. This selection process of proper mesh type was carried out  by producing reflection coefficients, with 60 times of frequency step in a given frequency range, according to the above five types of meshes. 
The reflection coefficients with different mesh types were plotted in one graph to see any difference, which can be seen in the Figure 6-11. The Figure 6-11 shows that there is a clear difference on the result of reflection coefficients from the model with the ‘coarser’ and that with other type of meshes. The ‘coarser’ mesh on the domain causes the response of the reflection coefficient to shift to the left side. The reflection coefficient from the model with ‘coarse’ mesh was better than when ‘coarser’ type of mesh was used, however it showed more reflection of input signal, about 30 dB at the lowest point, than the rest of the reflection coefficients responses. Having eliminated the first two rough mesh types, the rest of responses were compared and any distinguishable points were sought. The three responses, although there was small difference in the amplitude of the reflection, were closely matched. Therefore, considering the important commodity, time, it was decided to use the normal type of mesh, which  brings in shortest evaluation time with sufficient result, in modelling uniform Y-junction circulator in microwave solver only.

Having determined the proper type of the mesh, it was necessary to investigate the dielectric constant effects of the ferrite material on the operation of Y-junction circulator. The ferrite material used is Y409. This material is an iron garnet family and shows temperature stability. The dielectric constant provided by TEMEX is 15.2 with the tolerance 
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 5 %. It was thus decided to determine the reflection coefficients with the dielectric constants of 14.44, 15.2, and 15.96 when the applied magnetic field was 23
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, and the ‘normal’ type of mesh was selected throughout. The reflection coefficients with those dielectric constants were plotted in Figure 6-12 The Figure 6-12 shows that the reflection coefficients vary as the dielectric constants change. It is observed that the use of 5 % higher value of dielectric constant shifts down the response and 5 % lower value brings in the shift up of the reflection coefficient. The Figure 6-12 shows that the reflection coefficient with the use of 5 % lower value of dielectric gives highest centre frequency, which is closer to the theoretical operating frequency of 4 GH 3-port junction circulator. It was therefore decided to use the dielectric constant of 14.44.
With the dielectric constant value of 14.44, and the mesh type of the ‘normal’, the model was run by varying the applied magnetic field to determine reflection coefficients and in the end split frequencies. Split frequencies comprise normally two resonant frequencies, upper resonant frequency and low resonant frequency. Those two set of split frequencies from experiment and modelling were plotted on a graph which is shown in the Figure 6-13. It can be seen from the Figure 6-13 that there are some difference in the width of splitting between experiment and modelling. The splitting of resonant frequencies is directly affected by the strength of the applied magnetic field, therefore it can be thought that the difference between modelling and experiment is attributable to the difference in representing the exact size of the magnetic field within ferrite junction in modelling, and not to mention the possible losses which always exist in the measurement process. It is also observed that the centre frequency slightly drifts upwards about 0.4 GHz. This may be due possibly to the imperfection of the dimension of the experimental waveguide for the WR 229 or intrinsic material properties [109]. The initial splitting from the experiment which is caused by the remnant magnetic field is practically unavoidable, although theoretically it is not impossible to avoid. 
6.4 Conclusion
In this chapter, split frequencies were determined from experiment and modelling. The situation considered was that the Y-junction circulator was biased by a uniform magnetic field. In experiment, the uniform magnetic field configuration was done by providing metal pole pieces of electromagnet which were much bigger than ferrite junction. When it comes to generate nonuniform magnetic biasing field, it is only necessary to reduce the dimension of metal pole pieces of electromagnet. It is therefore from experimental point of view not a problem to configure the situation which can produce nonuniform magnetic field in the ferrite junction. However, in modelling, the generation of nonuniform biasing field is not straightforward. In this chapter, the modelling of 3-port junction circulator in uniformly biased condition was done using microwave solver only. This was possible because in microwave solver the magnetic fields are entirely same in whole ferrite junction. However the actual magnetic fields in ferrite junction are not completely same in every region of the ferrite junction and when it is time to resize the dimension of metal pole pieces to generate a nonuniform magnetic field, there is no way to do it in microwave solver only modelling. This is because the magnetic field is not determined in microwave solver. In modelling, magnetic field can be created in static solver. It is thus necessary to generate magnetic field in magnetostatic solver and pass it to the microwave solver. The information of the magnetic field imported from the magnetostatic solver will be used in microwave solver. This coupling process will be demonstrated in the following chapter with the consideration of uniform magnetic field. 
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Fig. 6‑1 Determination of split frequencies.
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Fig. 6‑2 Experimental set up using electromagnet.
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Fig. 6‑3 Scattering matrix representation of measuring reflection coefficients. 
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Fig. 6‑4 Split frequencies from experiment with loss from VNA.
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Fig. 6‑5 Split frequencies from experiment, the loss minimised from new VNA. 
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Fig. 6‑6 General procedures of using FE program.
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Fig. 6‑7 General procedures of developing FE program.
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Fig. 6‑8 Prism shaped junction in the centre of Y-junction circulator minimising possible reflection.
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Fig. 6‑9 Structure of the prism junction of Y-junction circulator.
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Fig. 6‑10 General procedures of using COMSOL Multiphysics.
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Fig. 6‑11 Determining suitable mesh type by elimination.
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Fig. 6‑12 Dielectric constant effects on the reflection coefficients’ responses.
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Fig. 6‑13 Comparison of split frequencies from experiment and microwave solver only modelling.
7. Combination of DC and AC solver

7.1 Introduction

The use of microwave solver for modelling of uniformly biased junction circulator in the previous chapter shows good agreement with experiment, but this approach also exhibits the limitation in which the geometry variation that contributes to the nonuniform magnetic field cannot be considered. It is therefore unsuitable to use microwave solver only method to model nonuniforly biased Y-junction circulator. To overcome this limitation, coupling method between magnetostatic and microwave solver was considered. The concept is that the magnetic field is generated in magnetostatic solver and the information of d. c. magnetic  field is then passed to the microwave solver to be used as a valuable information in microwave permeability tensor. This method allows modelling a junction circulator which is biased not only uniformly but also nonuniformly. Using this combination method, the uniformly biased junction circulator was modelled in this chapter and the results of split frequencies were compared with those from microwave solver only modelling.
7.2 Uniform Modelling from Combination Method

7.2.1 Generation of Magnetic Field in Magnetostatic Solver

This section aims to determine the magnetic field which will be used to bias the 3-port junction circulator from magnetostatic modelling. The necessary steps involved in modelling in determining magnetic field is presented. The modelling first requires the understanding of the problem, which should be defined theoretically as explained in the previous chapter. Following Burnett’s approach [104], the geometry modelling was first considered as the first step. The geometry modelling in magnetostatic solver involved a bit more than microwave solver as it was required to have electromagnet or permanent magnet to generate magnetic field. It is noted that, although both magnet and electromagnet can be modelled in static solver, the working environments for the two situations are slightly different. As the electromagnet requires a certain amount of current to generate necessary biasing magnetic field, the modelling of electromagnet needs to have current but the modelling of permanent magnet does not require to have current. Contrary to the experiment where electromagnet was used, in modelling permanent magnet was chosen because resizing of magnet which affects the type of magnetic field can be done simply without difficulty. The 100 mm diameter of permanent magnets which is big enough to cover the whole ferrite junction were placed on top and bottom of the Y-junction circulator. The gaps between the junction and the magnet were made 12 mm which represents the 11 mm thickness of the aluminium used for the rigidity of waveguide junction wall and 1 mm air gap for the probe of the magnetometer. It is noted that the aluminium shows the unit relative permeability and can be treated like air in magnetostatic solver. This configuration can be understood in connection with the Figure 7-1. With this configuration, it seems that the magnetic field is generated and then it is possible to obtain the information of the magnetic field in every element without problem. However, the geometry modelling in magnetostatic mode cannot be complete without drawing the boundary wall for magnetic field to be generated. Without that boundary, the computation will take huge amount of evaluation time. So, the boundary wall was drawn, which covers the whole Y-junction circulator except the three ports used for input and output. The top view for the complete geometry modelling is shown in the Figure 7-2. 
The next thing to be defined in a paper is physical properties of the domain of the problem which comprises Y-junction circulator and boundary wall used for magnetic field. As current phase is to determining magnetic field in magnetostatic solver, all we need to concern is relative permeability of the material in the domain of the problem. The magnetic field to be generated in any material will be totally dependent on the value of the relative permeability of the materials. It is noted that the electric conductivity need not be concerned since in magnetostatic solver the current is not considered at all. However, when it comes to generate the magnetic field from the electromagnet, the magnetostatic solver should include the current as this is the main source for generating, and determining magnetic field in a material. In COMSOL, this is possible by choosing an appropriate solver from the model navigator which comes up when the program initialises. The materials in the domain of the problem are aluminium, PTFE, air, boundary box for magnetic field which is also air, ferrite, and permanent magnets. In those materials, the permanent magnet will be active role, which is the source of the magnetic field, and the rest of the materials are passive being magnetically affected by the magnetic field originating from the permanent magnet. The concern of the relative permeability is only applied for the materials which are magnetically affected by the permanent magnets. The relative permeabilities for air, aluminium, and dielectric material are all same, 1. This situation means that no magnetic field will be generated in those materials under any strength of the magnetic environment. The ferrite material however reacts to a magnetic field from the permanent magnets, which is represented by d. c. permeability of ferrite. The relative d. c. permeability of ferrite material for Y409 is around 200. The magnet is a material in which magnetic field exists already. The field inside a material is represented by the magnetisation, which is 
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. The strength of the magnetisation of the permanent magnet will be varied according to the needs. The direction of magnetisation will be 
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as the magnetic field to be generated is expected to face the surface of the junction perpendicularly.

The last thing to be determined in a first step is loads conditions which are constitutive conditions and boundary conditions in the current solver. The constitutive equations for the materials which is going to face the magnetic field generated by the permanent magnet are 
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. For the permanent magnet, however this condition cannot be applied since it already contains magnetic field inside. So the constitutive equation for the permanent magnets will be 
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. Thus even in same magnetostatic solver, the constitutive equations are different depending on the conditions of the material. The criteria that determines this situation is whether any material concerned is already magnetised or not. Any material which is not magnetised yet can be represented by 
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 but once the material is magnetised, which in other words there is some value of magnetic field inside the material from 0 to certain value, the constitutive equation should be 
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. This equation entirely works even for nonmagnetic materials since the magnetic flux density outside the material, 
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, becomes equal to the magnetic field inside the material, 
[image: image355.wmf]H

r

, as there no magnetisation will be generated inside material. This situation is illustrated in the Fig. 7-3  where the magnetic state of the ferrite material before and after magnetisation are clearly shown. 
The second part to be determined in loads condition is boundary conditions. The boundary conditions in magnetostatic solver is straightforward. The only aim of running the domain of the problem in magnetostatic solver is to determine the magnetic field within the ferrite junction. This situation means that the magnetic field flows through all materials inside the magnetic wall without problem, thereby the boundaries for those materials are not counted. The magnetic boundary wall should be used as an insulator from magnetic field so that the magnetic field generated by permanent magnet should not go beyond the magnetic wall and can only be used for intended purpose. Without the magnetic wall, the magnetostatic solver will not determine the necessary magnetic field in the domain of the problem. The boundary condition for the magnetic wall is therefore 
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 [106]. 

Having determined all specific problems of the domain in a paper, it is time to implement the problems in FE program, as done in the previous chapter. First the application mode was selected from the model navigator as ‘magnetostatic, no currents’. The modelling was decided to run in 3-dimension environment. Following these initial step, the geometry modelling was directly done in the COMSOL using built-in CAD tool. The subdomains for the domain of the problem were fed into the COMSOL according to the specifications done in the first step. The unit relative permeability for the materials to be magnetised, around 200 of relative permeability for the ferrite material, and magnetisation for the permanent magnets which should happen along the 
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axis are those. The magnetic state of material cannot be determined without considering constitutive equations. For the material which is to be magnetised, the constitutive equation is 
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 and materials which have magnetisation inside the material has the constitutive equation of 
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. Those constitutive equations were determined by simply selecting appropriate ones from the designated area in FE program. The boundary conditions were simply chosen as a magnetic insulation as defined earlier.
Having specified the boundary and subdomain settings in the second step of using FE program, it is necessary to mesh the domain of the problem prior to evaluating it numerically. The meshing was done globally by choosing pre-defined element sizes. The solver chosen in magnetostatic solver was not parametric solver, instead the stationary solver was chosen. This is because, in determining magnetic field, it is not necessary to have multiple solutions of the problem as a function of one particular parameter. In microwave solver, parametric solver should be used since a multitude of the solutions of the problem as a function of frequency is necessary in order to determine the reflection coefficient’s response. The proper selection of solver, which is not parametric solver in here, saves the significant amount of the evaluation time. The solution time with the parametric solver, when ‘coarser’ mesh type was chosen, was 26
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 but in the same mesh condition, the evaluation of the problem with the stationary solver was possible within 3
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, about 10 time faster than parametric solver. This exemplify the effective use of the FE program. Finally, as a last bit in a second step, the solver for linear system was chosen as UMFPACK for time consideration.  
In the postprocessing, the last step in using FE program, the main point to be collected is the information of the magnetic field within ferrite junction. The magnetic field generated by permanent magnet with the coarser mesh type is shown in the Figure 7-4, which shows the 
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direction of magnetic field, and importantly the type of the field being to be applied to the junction is clearly uniform as expected. However it cannot be said that the magnetic field inside the ferrite junction is also uniform. The state of the magnetic field inside magnetised ferrite material is not necessarily uniform. As explained briefly in this section, any magnetic material, once it is magnetised, consists of two types of magnetic field. Internal magnetic field, 
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, and magnetisation, 
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, are those. The magnetisation is in other words intrinsic magnetic field, 
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, and therefore has the same unit as the internal magnetic field which is
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. The difference of the magnetisation to the intrinsic magnetic field is none. The magnetisation has been created from the intrinsic properties of the ferrite material by the help of the external biasing magnetic field. The main intrinsic potential magnetic property of the ferrite material which contributes to the magnetisation with the introduction of a steady magnetic field is the spinning electron as explained in earlier chapters. 
The magnetic state of the ferrite material, internal magnetic field, 
[image: image367.wmf]i

H

, and magnetisation, 
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, were respectively determined at the applied magnetic field of around 28 
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, which was measured at just above the top of the Y-junction circulator, with various mesh types, which are shown in the Figure 7-5 and the Figure 7-6. The pre-defined mesh types chosen are ‘extremely coarse’, ‘extra coarse’, ‘coarser’, ‘coarse’, ‘normal’. The number of element and degrees of freedom, and evaluation time taken were presented in the Table 2. 

Table 2
	
	NoE
	NoD
	Time taken (s)

	Extreme coarse
	1733
	2654
	1.2 s

	Extra coarse
	3161
	4790
	1.6s

	Coarser
	5638
	8643
	2.4s

	Coarse
	10067
	15073
	4s

	Normal
	18131
	26847
	9.8s


It is noted from the Table 2 that, using stationary solver with direct UMFPACK solver for linear system equation, the problems were solved within 10
[image: image370.wmf]s

 regardless of the mesh type chosen. This is quite fast but the domain of the problem cannot be further partitioned into the finer elements since the number of degrees of freedom increases dramatically in microwave solver. To make the situation worse, it is necessary to use the parametric solver as a function of the frequency to determine reflection coefficients, which implies the longer and impractical solution time. 
Certainly, the evaluation time is big issue in microwave solver. Thus, at present, the type of mesh cannot be decied. The final decision for the mesh type will not be made until the domain of the problem is dealt with in microwave solver. However at the meantime, it is necessary to check the effects from mesh on the results, and any results which show big difference with the other results should be eliminated. This is due to the importance of the information of the state of the magnetic field within the ferrite material on the operation of Y-junction circulator, as confirmed when deriving the permeability tensor in Chapter 4. With wrong information of magnetic field initially, the reflection coefficient may not be correct. The mesh effect on the magnetic field and magnetisation can be confirmed in the Figure 7-5 and Figure 7-6. The Figure 7-5 shows that the magnetic fields in most mesh types chosen are same except two types of meshes which are the ‘extreme coarse’ and ‘extra coarse’. Similarly, the values of magnetisation within the ferrite junction are nearly same in most of cases in the Figure 7-6 but the modelling with ‘extreme coarse’ mesh shows discrepancy with the results from other types of mesh. Thus the mesh type of extreme and extra coarse were decided to be discarded provisionally. 
It can be observed from the Figure 7-5 that the internal magnetic field in most of the ferrite junction is very weak except the edges of the ferrite. However on the other hand, the situation of magnetisation in ferrite junction is opposite to that from the internal magnetic field, manifesting strong magnetic field within the ferrite junction, which can be confirmed from the Figure 7-6. Both type of fields in ferrite junction represents the magnetic state and should be used in representing it. Thus, the flux density measured at just above the ferrite junction is roughly equal to the sum of the internal magnetic field and the magnetisation, which can be written as 
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. It is noted that the flux density, 
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, is the applied magnetic field, 
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. This equation of magnetic field, 
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, when used in Green and Sandy’s experimental equations for the permeability tensor should be applied for the variable of the applied magnetic field. Thus the internal magnetic field, 
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, and magnetisation, 
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, which can be found as
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 in magnetostatic solver in COMSOL, are directly passed into the microwave solver. It is noted that the variable for the saturation magnetisation in Green and Sandy equations should be fixed as at 
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. However, when Polder tensor is concerned for the partially magnetised junction, the saturation magnetisation, 
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, should become a variable which is fed from the magnetostatic solver. Therefore the precession frequency and magnetisation frequency for Polder tensor in microwave solver may be written as 
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. The information of the magnetic field determined using permanent magnets in magnetostatic solver will be picked up in the microwave solver. The modelling of Y-junction circulator in microwave solver will be treated in the section that follows.
7.2.2 Use of Magnetic Field in Microwave Solver

In this section, the microwave modelling of Y-junction circulator which is uniformly biased by permanent magnets will be presented. The modelling will produce the reflection coefficients with respect to the signal frequency with various d. c. biasing magnetic field and the split frequency will be determined as the function of the applied magnetic field. The central point to be considered in this section is the use of the magnetic field, which was generated in magnetostatic solver, for the applied magnetic field, 
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, in microwave solver. This coupling method will be clearly shown in the course of presenting the steps involved in microwave modelling in this section. The modelling, as previously shown, was done first defining the specific problems, such as geometry of the problem, physical properties, and load conditions, in a paper [104].

First, the geometry modelling was considered. The geometry of the problem in microwave solver is not different to that used in magnetostatic solver. Thus there was no variation of the geometry from the magnetostatic solver. The next thing to do was to specify all materials involved in the domain of the problem. The materials in the domain of the problem are aluminium, dielectric material, ferrite, permanent magnets, and air. All these materials were specified in terms of the relative permittivity, relative permeability, and conductivity as these affect the propagation of the microwave signals [109]. But the permanent magnets and the air spaced between the waveguide and the wall for magnetic field were not considered at all since in microwave solver the electromagnetic waves cannot penetrate the waveguide junction which is made up of the highly conductive material. In the rest of the materials, particular importance lies on the permeability of the ferrite. The permeability, which represents the state of the magnetic field, once magnetised, shows different strength of magnetic field in each direction in 
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, 
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, and 
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coordinates system. The magnetic field in this situation is thus anisotropy and can be expressed in tensor form, which is the microwave permeability for the ferrite and defined experimentally by Green and Sandy [14, 80]. The dielectric constant of ferrite was decided to use 14.44, 5% below of normal value, 15.2, given by manufacturer since the higher value of dielectric constant contributes to the drifting of the centre frequency to the lower region, which was shown in the last chapter.  
The final point to be considered in a paper is the load conditions such as constitutive equations and boundary conditions. As explained in the last chapter, the constitutive equations are required to consider only when it is necessary to generate and describe a particular property of a material, in here magnetic field. However, the magnetic field is already determined in magnetostatic solver and therefore not required to do it again. The field generated in magnetostatic solver will be picked up for the applied magnetic field, 
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, in Green and Sandy’s permeability tensor. Therefore, the boundary condition became the only load condition to be determined in microwave solver. The necessary boundary conditions in microwave solver are perfect electric conductor (PEC), continuity, and port. PEC boundary conditions are for the highly conductive waveguide which is made up of aluminium. The continuity boundary conditions are used when the electromagnetic wave has to be propagated without reflection even if there seems to be physical boundaries between the materials in the domain of the problem. The microwave propagates through the insulator without any problem since there is no conductivity. Thus any materials inside the waveguide junction except highly conductive materials should be defined as continuity boundary conditions. In here the aluminium used in part in rectangular post should be also defined as PEC. The ports boundary conditions are used for three ports of the Y-junction circulator. In these boundary conditions, mode type and dominant mode are determined by simply selecting an appropriate ones. Also in one of these ports, the microwave wave should be excited, which becomes an input port, which can be done simply by selecting it in COMSOL.  
The second step, putting the data defined in the previous step into the FE solver, was done straightforwardly. Since there is no variation from the magnetostatic solver, the first bit, geometry modelling was done without problem. Following geometry modelling, all materials were specified according to the physical properties of each material. As explained earlier, materials not placed within the waveguide junction were not considered entirely since the electromagnetic waves only operate inside the waveguide. Thus any specification on those materials outside the waveguide junction do not affect the operation of Y-junction circulator. After having determined the material specification, the solver was decided, which was exactly same as that used in the previous chapter. The chosen was parametric solver which solved the reflection coefficient as a function of designated frequencies. Having specified the material properties in the domain of the problem, it was necessary to determine the mesh. The mesh types in magnetostatic solver and microwave solver should be consistent when modelling Y-junction circulator using combination method. It was shown in magnetostatic solver that the magnetisation and magnetic field modelled with the mesh type of the ‘extreme coarse’ and the ‘extra coarse’ showed inconsistent results, particularly for magnetic field, with other results which were modelled with finer meshes than those two type of mesh. In microwave solver, the two rough mesh types were also modelled to see the effect of 
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on final result. The number of elements and degree of freedom in magnetostatic and microwave solver, and evaluation time in microwave solver are shown in the Table 3.
Table 3
	
	NoE
	NoD (d. c.)
	NoD (r. f.)
	Time (s)

	Extreme Coarse
	1733
	2654
	11780
	216

	Extra Coarse
	3161
	4790
	21416
	429

	Coarser
	5638
	8643
	38482
	830

	Coarse
	10067
	15073
	67816
	4889


In the Table 3, the comparison of NoDs between magnetostatic solver and microwave solver and comparison of evaluation time with different types of mesh were made. It is noted that the solution time of modelling with ‘coarse’ mesh shows huge difference to the modelling with other types of mesh. This happened because of the NoD in microwave solver which is too big to be solved with UMFPACK system linear solver. The problem was therefore solved with the SPOOL linear system solver, which normally takes more time with less memory use. 
With those four types of mesh, the reflection coefficients within designated frequency range at the applied field of 28 
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 were determined and the results were compared, which can be seen in connection with the Figure 7-7. The Figure 7-7 shows that except the modelling with the mesh type of ‘extreme coarse’ the end results are nearly same, albeit there are tiny variations of drifting of operation frequency to the lower region with rough mesh types. However it was shown in the last section that the response of the magnetic field with the mesh type of ‘extra coarse’, not to mention the ‘extreme coarse’, showed certain difference to the static modelling of magnetic field with finer mesh type, but not much difference in microwave modelling when it need to consider reflection coefficients. This situation clearly shows that the internal magnetic field, 
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, actually does not contribute to the operation of the Y-junction circulator significantly. Instead it can said that the main factor that contributes to the operation of Y-junction circulator is the intrinsic magnetic field, 
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. 
Continuing the consideration of the determination of the proper mesh type which brings in an appropriate reflection coefficient result with less time, the Figure 7-7 and the previous table are considered together. First the Figure 7-7 shows that the use of ‘extra coarse’ type of mesh is most economical with agreeable result. However, it was shown in the Figure 7-5 in magnetostatic solver that the modelling magnetic field with ‘extra coarse’ mesh was significantly different to modelling with other finer mesh types, albeit not significant in microwave modelling, and since the information of magnetic field in ferrite is important in determining the operation of Y-junction circulator, the modelling with the ‘extra coarse’ type of mesh was not considered for safety. Instead the ‘coarser’ mesh type was decided, which produced agreeable magnetic field to the modelling with finer mesh type. The table tells that the use of any type of mesh which is finer than the coarser type is inefficient in terms of the time and memory.
With the coarser mesh type and dielectric constant of 14.44 for the ferrite material, the reflection coefficients were obtained at various d. c. biasing magnetic fields and then split frequencies with respect to the applied magnetic field were determined. The Figure 7-8 shows the comparison of the split frequencies obtained from microwave solver only modelling and combination modelling. The split frequencies determined from combination method initially are nearly same as those from microwave solver only method and then as the steady magnetic field increases the difference of the width of the splitting between two methods gradually increases. The difference of width of splitting between the two approaches at the applied field of 28 
[image: image393.wmf]/

kAm

, where the Y409 ferrite is expected to saturate, is about 13.7 %. The maximum difference of 13.7 %  may be ascribed to the difference of applied magnetic fields used in combination method and microwave solver only method. In microwave solver only method, magnetic field is assumed to be identical in every place of the ferrite junction. However, although the field looks uniform reasonably everywhere in ferrite junction in magnetostatic solver, it cannot said that the magnetic field determined in the static solver is exactly same and homogeneous everywhere in the domain of the problem. However considering the fact that the split frequencies are made up of several reflection coefficients, the modelling using combination method gives amenable result to the microwave only modelling method and this approach demonstrates the potential use in a situation where the size of the metal pole pieces is expected to change. In next chapter, the metal pole pieces which is used to generate the steady magnetic field will be reduced to generate a nonuniform steady magnetic field, and split frequencies in that condition will be determined.
7.3 Conclusion
In microwave solver modelling, the values of d. c. magnetic field were decided by users and fed into the FE program directly. In coupling method, however, the necessary d. c. magnetic field, 
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, was generated in static solver and transferred into the microwave solver. It was found that the biasing magnetic field, 
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, consists of  the internal magnetic field, 
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 or 
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, and both of them must be called in microwave solver to represent the internal magnetic field of ferrite material correctly. The strength of 
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 was measured just above the ferrite material in d. c. solver as the situation in experiment. However values of the applied magnetic field between modelling and experiment will be slightly different and affect the operation of Y-junction circulator. Nevertheless, the modelling from coupling method shows agreeable split frequencies and suggests possible use in other situations. Having determined the suitability of combination method with uniformly biased case, the modelling of nonuniformly biased Y-junction circulator, which is common in applications, will be dealt with.  
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Fig. 7‑1 Geometry modelling of uniformly biased case, front view.
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Fig. 7‑2 Geometry modelling of uniformly biased case, top view.
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Fig. 7‑3 Magnetic state of ferrite material before and after being magnetised with appropriate constitutive equations.
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Fig. 7‑4 Uniform magnetic field generated by FE package.
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Fig. 7‑5 Magnetic field inside ferrite material with various mesh types.
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Fig. 7‑6 Magnetisation of ferrite material with various mesh types.
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Fig. 7‑7 Reflection coefficients’ responses with various mesh types.
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Fig. 7‑8 Split frequencies for uniform biasing cases from combination method and microwave solver only method.
8. Nonuniformly Biased Ferrite Junction

8.1 Introduction

In the preceding chapter, the modelling of uniformly biased Y-junction circulator using coupling method between magnetostatic solver and microwave solver was done, and this approach showed agreeable result of split frequencies with that from microwave solver only modelling. In this chapter, the modelling using coupling method will be extended to the nonuniformly biased junction circulator which is common in ferrite applications. The nonuniform magnetic fields were generated by reducing the diameters of the metal pole pieces. The reflection coefficients were determined and then split frequencies in modelling and experiment. 
8.2 Nonuniform Measurement

The modelling of uniformly biased junction circulator using coupling method between magnetostatic solver and microwave solver was shown to give agreeable split frequencies to the experiment and the microwave solver only modelling. In this chapter, the coupling method was extended to the modelling nonuniformly biased Y-junction circulator. This is necessary step since the type of biasing field in most ferrite devices are normally nonuniform due to the use of smaller diameter of magnets than the ferrite junction. 
In realising the modelling of nonuniformly biased 3 port junction circulator, the experiment was first conducted, which was then used to compare with the modelling results to be determined later. The experimental set up was almost identical with that of the uniform experiment. The only exception was the dimension of the metal pole pieces which were wound up by current carrying wires to generate a steady magnetic field on the surface of the metal pole pieces. In chapter 6, the uniform magnetic field within the ferrite junction was realised by providing the diameter of metal pole pieces which is much bigger than the ferrite junction. This time the metal pole pieces were reduced so that magnetic field within the ferrite junction was altered from uniform to nonuniform. The diameters of metal pole pieces chosen were 13mm, and 37mm. In making these sizes of metal pole pieces, it was initially decided to use electromagnet which originally uses the 37mm metal pole pieces. Then the metal pole pieces were tapered  to meet the desired sizes, 13mm. This tapering can be understood in connection with the Figure 8-1. Using current generator, the current was sent, according to the needs, to the wire that winds metal pole pieces, and as a result the magnetic field was generated between the two pole pieces. The field generated was expected not to be uniform. Then the Y-junction circulator was placed in the nonuniform field between the two metal pole pieces as was done previously.
The measuring of magnetic field, to be consistent with the previous model, was made just above and the centre of the Y-junction circulator which is about 11mm distance from the top of aluminium inside the junction. The biasing fields were gradually increased using current generator up to the limit of the generator. It was found that, in a situation where smaller diameter metal pole pieces were adopted, the total magnetic field generated by electromagnet was smaller than that obtained when big magnetic pole pieces were used at the same measured flux density. Thus, in nonuniform biasing conditions, the biasing field required to saturate Y409 is not 28 
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, which is the value used to saturate the ferrite material when the applied field pattern was uniform.
With all these setting up, the reflection coefficients with respect to the expected frequency range around centre frequency were measured at the end of the cable which connects the Y-junction circulator to the S11 input in VNA. The reflection coefficients at various applied magnetic fields were then used to determine split frequencies. 

The Figure 8-2 shows the split frequencies obtained from the measurement of reflection coefficients of Y-junction circulator when it is nonuniformly biased by electromagnet. The diameter of metal pole pieces used were 37 mm. The split frequencies from nonuniformly biased Y-junction circulator shows similar response of that from uniformly biased case, except the around demagnetised region. Theoretically, when the Y-junction circulator is demagnetised, the maximum return loss should be 
[image: image409.wmf]13

 which is equal to -9.5 dB in S11 response. Therefore there should be only one split frequency as –9.5 dB line passes the through of the response of the reflection coefficient at around 4 GHz. The unexpected split frequencies in around demagnetised region is ascribed to the remnant magnetic field. The remnant magnetic field in electromagnet pole pieces is thought to have opposite polarities to the applied magnetic field and because of that the demagnetisation of metal pole pieces happened not when there was no applied field present but when some magnetic field about 4 
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 was applied. If the polarity of the applied field was same as that of the remnant magnetic field in metal pole pieces, the split frequencies at around demagnetised state should be different to that in the Figure 8-2. 
Another point that differs to the measurement of uniformly biased Y-junction circulator is the biasing magnetic field required to saturate the ferrite material. In Figure 8-2, the saturation of the split frequencies happened at around 35 
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, however in uniform modelling the saturation of ferrite material happened at around 28 
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. Therefore the magnetic biasing field measured at just above the junction can not be used to represent the state of the internal magnetic field of ferrite material as the type of biasing field changes. It is understood from the previous chapters that the internal magnetic field in axial direction caused by the biasing field contributes to the response of the split frequencies, and it may be deduced that the net internal magnetic field of ferrite in 
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 direction caused by the biasing magnetic field only affects the state of split frequencies, regardless of the type of biasing magnetic field. 
Using the same approach, the Y-junction circulator was experimented when the diameters of the biasing magnetic pole pieces were 13 mm, which is smaller than the size of ferrite, and more nonuniform magnetic field were expected. With this smaller diameter of magnetising surface, it was expected to have smaller net magnetic field inside ferrite material and as a result, narrower splitting at equal biasing field. The Figure 8-3 shows the split frequencies from the experimental reflection coefficients of Y-junction circulator when 13 mm diameter of metal pole pieces was used. 
It is observed from the Figure 8-3 that the width of split frequencies is significantly narrower than that from the experiment of Y-junction circulator when 37 mm size of pole pieces were used. At the biasing field around 40 
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 in the Figure 8-3 the above and below split frequencies are about 4.22 and 3.77 GHz, respectively, but at the same biasing field in the Figure 8-2, which were obtained using 37 mm metal pole pieces, the above and below split frequencies are 4.7 and 3.4 GHz respectively. 

For comparison, the split frequencies of Y-junction circulator with the use of 13, and 37 mm diameter of pole pieces are plotted together in the Figure 8-4. It can be clearly seen that the width of the split frequencies with the use of 13 mm pole pieces is much narrower than that of the split frequencies with the use of bigger pole pieces. Considering the relation of reflection coefficients to the applied magnetic field, it can be inferred that the use of 13 mm metal pole pieces generates strong nonuniform magnetic field and as a result of that the magnetic field in axial direction within the ferrite material gets reduced and eventually significant reduction of split frequencies.  
8.3 Nonuniform Modelling using Combination Method
The split frequencies determined from the measurement of reflection coefficient of nonuniformly biased Y-junction circulator appeared to be different to that from the uniformly biased case. It was found that diameters of metal pole pieces affect the type of magnetic field and as a result the split frequencies were changed. It was further investigated in the previous section that it is not the nonuniform state of biasing field but the total magnetic field in biasing direction within the ferrite material which directly affects the response of reflection coefficients, albeit the type of the magnetic field is the cause of it. In this section, it was aimed to determine the split frequencies from the modelling of Y-junction circulator which was biased by nonuniform magnetic field, and the results were compared with the measured ones. 
The modelling of nonuniformly biased Y-junction circulator was conducted using the same approach, combination method between magnetostatic solver and microwave solver, as was done in the previous chapter. The static magnetic field which was used for magnetically biasing Y-junction circulator in microwave solver was generated in magnetostatic solver and then the information of magnetic field was passed into the microwave solver. 
8.3.1 Generation of d. c. Magnetic Field

This section aims to obtain the information of static magnetic field in every element which is going to be partitioned in mesh process. In doing so, the process of determining the d. c. magnetic  field in magnetostatic solver will be presented. The procedures involved are geometry modelling, defining physical properties of the domain of the problem, and load conditions. Before implementing it in the FE software, it was first approached to understand the problem theoretically.

The step to be always considered first in modelling is defining geometry . The geometry  used to generate nonuniform magnetic field is shown in the Figure 8-5 which is slightly different to that used to determine uniform magnetic field which can be seen in the Figure 7-1. The main differences are in the configuration which generates magnetic field. It was considered to model the geometry as close to the experiment as possible, otherwise the type of magnetic field will be different and eventually the total magnetic field in axial direction within the ferrite material and split frequencies will be affected. 
The Figure 8-5 shows the geometry modelling of Y-junction circulator with the use of 37 mm diameter metal pole pieces. For the use of  13 mm metal pole pieces, the 37 mm metal parts were tapered, as was done in experiment, which is understood with the aid of the Figure 8-1. The configuration of the Figure 8-5 differs to that for the uniform modelling for the reason that follows. As explained earlier few times previously, the most important factor that influences the split frequencies is the total magnetic field in axial direction inside ferrite junction, which is directly affected by the type of the magnetic field generated by an appropriate arrangement. Reflecting that, the configuration for generating magnetic fields in uniform modelling is not significant concern since the magnetic field generated by big diameter of magnet in ferrite material is always uniform regardless of the arrangements, which can be confirmed in the Figure7-4. 
However, the configuration for generating static magnetic field should be done with care when it is necessary to use smaller diameter of magnets. The approach used in uniform modelling cannot be used for nonuniform modelling. This situation can be understood in connection with the Figure 8-6,  which is the magnetic fields generated using permanent magnet of 37 mm. The magnetic field in Figure 8-6 is, compared to the uniform magnetic field in the Figure 7-4, apparently not uniform especially in the ferrite junction area. This seemingly good nonuniform magnetic fields are in fact significantly different to that from the experiment. It can be noticed in the Figure 8-6 that, because of the nature of the permanent magnet and coupled with the magnetic boundary wall, some of the magnetic fields originating from the side A and B naturally flow into the other sides which show opposite polarities. In the course of that action, those magnetic fields pass through the ferrite junction changing the magnetic state in ferrite material and influences the operation of Y-junction circulator, which is not expected situation significantly different to the experimental setup. Therefore, the approach used in the previous chapter cannot be used in here and the configuration part which generates magnetic field were considered again to reflect it.

Since the magnetic fields originating from the other sides of each magnet brings undesirable biasing effect in the ferrite junction, the use of two magnets was abandoned. Instead, the magnetic field generating parts were connected so as not to create unfavourable magnetic field in ferrite junction. In addition, it was avoided to bias the ferrite from direct magnet, instead the iron was attached to the permanent magnet and the biasing field came out of the iron, which configuration can be confirmed in the Figure 8-5. This approach ensures that there is no such an undesirable magnetic field as observed in the Figure 8-6. The magnetic field pattern from this new configuration is shown in the Figure 8-7. Certainly, there are nonuniform magnetic field in the junction in the Figure 8-7, but around ferrite region there is not any field pattern similar to that found in the Figure 8-6. At the end of this chapter, the comparison of split frequencies of Y-junction circulator from these two configurations will be presented. 
Considering the above, the geometry modelling was implemented. As was done in the previous chapter, the permanent magnets were chosen for generating d. c. magnetic field, instead of electromagnet, since it was convenient to model. The 12 mm gap in the Figure 7-1 represents the 11 mm of aluminium on top and bottom side of Y-junction circulator and 1 mm for the thickness of the probe of magnetometer which is used to measure the magnetic flux density. On the geometry shown in the Figure 7-1, it was necessary to make boundary wall so that the magnetic field to be generated was confined in that wall. The top view of the completed geometry modelling with boundary wall is shown in the Figure 7-2, where it is noted that the boundary wall covers entire Y-junction circulator but the beginning of each ports. This is because, in FE program, it is necessary to specify boundary condition for any side of the problem and if the entry of port was occupied by the boundary wall it would not be possible to define it.     
The next step is to define physical properties of the domain of the problem. The domain of the problem in magnetostatic solver consists of Y-junction circulator, magnetic field generating part, and boundary wall for confining magnetic field to be generated. Therefore the materials in the domain of the problem are aluminium, dielectric material (PTFE), air, ferrite (Y409), permanent magnet, and iron. In those materials, the relative permeability was only considered in magnetostatic solver since the main concern was the generating magnetic field and the state of magnetic field to be generated in a material was entirely dependent on the value of the relative permeability of each material. The relative permeability of all the material in the domain of the problem is 1, except that of ferrite and iron. The relative d. c. permeability of Y409 and iron is around 200 and 5000, respectively. Finally in this step, the permanent magnet shows different nature to other material in the domain of the problem. It has already possessed the intrinsic internal magnetic field, in other words magnetisation, and it is not necessary to consider the value of the relative permeability. This situation relates to the constitutive equation which will be dealt with more in the pharagraph that follows. However it should be mentioned that  constitutive equation of the permanent magnet is different to that of other materials in this domain of the problem, and from which the state of permanent magnet can be defined directly such as strength and direction of field.   
Following the previous step, it was considered to define loads condition such as constitutive equations, and boundary conditions. The constitutive equation represents the relation of the magnetic state of material to the flux density which is practically measured outside the material. The constitutive relation for the material to be magnetised is 
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 but the material already magnetised has the constitutive equation of 
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. Therefore the constitutive equation for the magnet was defined as 
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 and for the rest of the material in the domain of the problem the constitutive equation was 
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. The more detailed treatment about constitutive relation can be found in the chapter 7. Another load condition, boundary condition, was straightforward. It is clearly visualised that the d. c. magnetic field generated by permanent magnet should be able to flow through the materials in the domain of the problem reacting according to the permeability value of each material, and therefore the inside boundary should be continuity, 
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 [106]. However the magnetic boundary wall was originally made to keep the d. c. magnetic field to be generated by permanent magnet from extending boundlessly, albeit it may be true for real situation. Considering the original purpose of boundary wall, the boundary condition was chosen as 
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 [106].
All the necessary information of the domain of the problem in magnetostatic solver defined so far were used in determining the magnetic field in virtual laboratory. The modelling was done in 3-dimension environment with the application mode of ‘magnetostatic, no currents’. The geometry modelling was simply done by making use of the built-in CAD tool. The subdomain setting, boundary conditions, and constitutive equations were all completed by choosing an appropriate ones according to the information defined earlier.   
Following the setting in FE program, it was necessary to mesh and evaluate the domain of the problem, and postprocess the evaluated solution according to the needs. The meshing was done globally by means of pre-defined size of element. The solver was chosen as stationary solver which saves evaluation time. For the linear system solver, the time efficient UMFPACK solver was selected since the memory was affordable to certain extent. With these procedures, it was pursued to obtain the information of magnetic field at certain point in ferrite, which is internal magnetic field, 
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The chosen types of pre-defined mesh were ‘extreme coarse’, ‘extra coarse’, ‘coarser’, ‘coarse’, and ‘normal’, as was done in uniform modelling. The number of elements and degree of freedom, and evaluation time for the modelling of Y-junction circulator biased by 37 mm magnetic pole pieces in magnetostatic solver are tabulated in the Table 4 that follows, according to the pre-defined mesh types.     

Table 4
	
	NoE
	DoF
	Time taken (s)

	Extreme coarse
	2519
	3799
	1.7

	Extra coarse
	3920
	5944
	2.3

	Coarser
	6943
	10575
	2.8

	Coarse
	10221
	15551
	3.8

	Normal
	25358
	37651
	9


The detail of the generic solver and linear system solver settings can be found in the previous chapter. As shown in the last chapter, the evaluation time in magnetostatic solver was not big concern and the use of any type of mesh could be considered without problem, but the decision of the mesh type was postponed until the determination of the reflection coefficient’s response in microwave solver. The factors considered importantly in deciding mesh type are solution time, memory consumption, and the state of the final result. At present in magnetostatic solver, any of those factors cannot be taken into consideration since the solver used in microwave solver requires more memory and evaluation time. However, it was first attempted to see the effect of the element size on modelling by determining the information of internal magnetic field and magnetisation as the mesh type changes. The magnetic field and magnetisation in ferrite were determined at 36 
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 being measured at just above the junction. The Figure 8-8 and 8-9 show the magnetic field and magnetisation, respectively. First the magnetic fields in ferrite junction region are nearly same regardless of the size of element. However the magnetisation in ferrite material are different as the mesh type changes. The mesh types rougher than ‘coarser’ type of mesh were turned out to be unsuitable in representing the magnetisation in ferrite material properly. It was therefore provisionally decided, in modelling Y-junction circulator with the use of 37 mm metal pole pieces, to use a mesh type finer than the ‘extra coarse’ type in magnetostatic solver and microwave solver.  
The magnetostatic modelling for the Y-junction circulator which is biased by 13 mm metal pole pieces and permanent magnet were carried out using the same approach as that adopted in the case of 37 mm metal pole pieces. The evaluation time, the number of element and degree of freedom for the domain of the problem with respect to the mesh types at the applied magnetic field of 36 
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 were obtained, which is tabulated in the Table 5 that follows.

Table 5
	
	NoE
	DoF
	Time taken (s)

	Extreme coarse
	2358
	3593
	1.7

	Extra coarse
	4368
	6558
	2.3

	Coarser
	7198
	10947
	3

	Coarse
	10336
	15725
	3.6

	Normal
	24730
	36845
	10.3


As expected from the experience of the modelling of the previous problems, the evaluation time of determining internal magnetic field in magnetostatic solver is not big concern regardless of the mesh type chosen. The magnetic field and magnetisation were plotted in the Figure 8-10 and 8-11. The observation of those two figures reveals that the magnetic field does not vary with respect to the mesh type but magnetisation does. The Figure 8-11 shows that magnetisation from the ‘extreme and extra coarse’ type of meshes are different to that from the rest of mesh types. Thus the modelling with the mesh types, ‘extreme and extra coarse’ were expected to be different. 
8.3.2 Use of Magnetic Field in Microwave Solver

In the previous section, magnetisation and magnetic field in ferrite material were determined with regard to the different mesh types. It was shown that the magnetisation with ‘extreme and extra coarse’ type of meshes were different to that from modelling with other finer meshes. The difference of magnetisation with different mesh types was expected to affect the modelling Y-junction circulator in microwave solver appreciably since, as shown in the previous chapter, the magnetisation is the main factor that determines the reflection coefficient’s response. In this section, it was attempted to determine a suitable mesh type and using that mesh the split frequencies were then obtained as a function of applied magnetic field. 
The modelling of Y-junction circulator in microwave solver includes geometry modelling, definition of materials in the domain of the problem, and load conditions. The geometry in microwave solver does not vary with that in magnetostatic solver and there was not any slight modification from it. The materials in the domain of the problem were aluminium, dielectric material, ferrite, permanent magnets, iron, and air, and the properties considered for those materials were relative permittivity, relative permeability, and conductivity since these properties affect the behaviour of the microwave signals in Y-junction circulator. The properties of material in the domain of the problem in microwave solver are tabulated in the Table 6.
Table 6
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	Air
	1
	0
	1

	Aluminium
	1
	3.774e7
	1

	PTFE
	2.1
	0
	1

	Ferrite
	14.44
	0
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The dielectric property of ferrite material, 14.44, is the value of 5 % lower than the standard one, 15.2, provided by manufacturer. The lower value of dielectric permittivity shifts the centre frequency of reflection coefficient to higher region. The relative permeability in ferrite, 
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, is microwave permeability which can be confirmed in earlier chapters. The PTFEs, are dielectric material which are placed top and bottom of the ferrite. The material outside the junction such as permanent magnet and iron were not considered since microwaves could not pass through the waveguide walls which are constructed from highly conductive material, aluminium. 
The next step is to define load conditions such as constitutive equations and boundary conditions. As shown in the previous chapter, the constitutive equations were not required in microwave solver since those equations are used to generate magnetic field in the domain of the problems in magnetostatic solver. Therefore the only load condition to be defined is the boundary condition of the domain of the problem. In determining boundary conditions, any boundaries outside the waveguide junction were entirely not considered because of the reason aforesaid in the previous paragraph. The boundary conditions considered in microwave solver were perfect electric conductor (PEC), continuity, and port. The PECs were for the aluminium used to guide electromagnetic waves in junction circulator, the continuities were for any physical boundaries which were happened to be inside waveguide junction with zero conductivity, and finally ports were used to excite the electromagnetic wave and specify the current mode, S-parameter output, mode type and mode number [106].
Having determined the necessary physical and boundary information for the domain of the problem theoretically, the modelling was implemented. The next step, which is to determine a suitable solver, was done using the same approach as that from uniform modelling in the previous chapter. The solver chosen was parametric solver since reflection coefficient’s response is a plot which shows a number of reflected magnitude at designated frequencies. Another important solver is linear system solver, which was chosen as UMFPACK in most situations except that when the number of elements to be solved were too many because of the choice of fine mesh.
Having determined the appropriate solvers, it was decided to obtain a reflection coefficient at various mesh conditions. The mesh type chosen were ‘extreme coarse’, ‘extra coarse’, ‘coarser’, and ‘coarse’ as was done in uniform modelling. The number of degrees of freedom and solution time with respect to the each different mesh type for 37 mm metal pole pieces are tabulated in the Table 7.    
Table 7
	
	NoE
	NoD (d. c.)
	NoD (r. f.)
	Time (s)

	Extreme Coarse
	2519
	3799
	16984
	337

	Extra Coarse
	3920
	5944
	26530
	496

	Coarser
	6943
	10575
	47122
	1069

	Coarse
	10221
	15551
	69322
	3290


The reflection coefficients were obtained at biasing field of about 36 
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 by varying the mesh type, which was shown in the Figure 8-12. In this figure, it is seen that the reflection coefficients are clearly differentiated between ‘extra coarse and coarser’ type of meshes and there is not significant difference between ‘coarser and coarse’ type meshes. However the difference of solution time between two types of mesh is significant, about three times longer in using ‘coarse’ type mesh. It was therefore decided to choose ‘coarser’ type of mesh, considering solution time and end result. It is noted from the Figure 8-9 and 8-12, which represents magnetisation of ferrite material and reflection coefficients with respect to different mesh types respectively, that the reflection coefficient is affected by the state of magnetisation. In Figure 8-9, the state of magnetisation of ferrite material changes from ‘extra coarser’ to ‘coarser’ type of mesh, and this difference can be equally confirmed in Figure 8-12. It was however shown in the previous chapter that the difference of internal magnetic field with respect to the different mesh types does not affect the reflection coefficients. From this relationship between the magnetisation and internal magnetic field of ferrite material with the reflection coefficient, it can be deduced that magnetisation of ferrite directly influences the state of reflection coefficients.       
The same approach was used in the modelling of Y-junction circulator which was biased by 13 mm metal pole pieces. The Table 8 shows that the number of degrees of freedom and solution time with respect to the chosen mesh types.
Table 8
	
	NoE
	NoD (d. c.)
	NoD (r. f.)
	Time (s)

	Extreme Coarse
	2358
	3593
	15976
	302

	Extra Coarse
	4368
	6558
	29426
	582

	Coarser
	7198
	10947
	48808
	1130

	Coarse
	10336
	15725
	70104
	3334


 The decision of mesh type was done in conjunction with the responses of reflection coefficients, which was shown in the Figure 8-13. By considering solution time and the state of reflection coefficients, ‘coarser’ mesh type was decided. 
The modelling with the use of 13 mm metal pole pieces also shows the relation of magnetisation of ferrite with the reflection coefficient’s response, which can be confirmed in the Figure 8-11 and Figure 8-13, respectively. From those two plots, it can be deduced that the poor interpretation of magnetisation in ferrite material leads to the poor result of the reflection coefficient. 

Having determined a proper mesh type, the Y-junction circulator was modelled in order to obtain split frequencies for 37 mm and 13 mm biasing cases. The Figure 8-14 and 8-15 show the split frequencies of Y-junction circulator when 37 mm diameter of metal pole pieces were used for a creation of a steady magnetic field, with two different biasing configurations. The Figure 8-14 is obtained with the biasing configuration of the Figure 8-5 where two metal pole pieces were connected via magnet, which ensure that any unexpected magnetic field does not contributes to the magnetic state of the ferrite material. The Figure 8-15 was determined when there was no connection between two metal pole pieces and instead permanent magnets replaced the two metal pole pieces. The comparison of the two figures shows clear difference in the width of the split frequencies obtained from two different biasing configurations. The reduction of split frequencies determined from the latter biasing condition, Figure 8-15, can be ascribed to the less magnetisation in axial direction in ferrite due to the more distraction from the other sides of the magnets as confirmed in the Figure 8-6 and 8-7. It is thus the total magnetic field in ferrite material being aligned with the intended biasing direction that affects the splitting of reflection coefficient significantly. The magnetic field that does not align with the intended biasing direction does not contribute to the broadening of the split frequency. Instead it worsens the situation, which can be understood with the explanation that follows. 
In a ferrite which are placed under the uniform magnetic field from using very big magnet, most of magnetic fields are aligned with the intended biasing direction. However as the magnet pole pieces getting smaller, the magnetic field aligned with the intended biasing direction decreases, which can be confirmed from the Figure 8-6 and 8-7. And as a result of the reduction in total magnetic field in intended biasing direction, the split frequencies become narrower.

The effect from the nonuniformity of applied magnetic field can be interpreted with the permeability tensor which considers the biasing not just in z-direction but also in x and y direction. In this situation the permeability tensor becomes as follows [26] . 
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This form of tensor considers extreme nonuniform magnetic fields, which is not normally feasible in practice but can be useful in explaining the effect of nonuniform magnetic field to the width of the split frequency. It was explained in earlier chapter that the value of 
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 can be used to see the width of splitting. The higher value of 
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 is more splitting. The value of 
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 in the permeability tensor in this situation apparently will reduce since the denominator, 
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, increases and the numerator, 
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, stays at same value. The increase of denominator, 
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, which is ascribed to the nonuniformly biased magnetic field, reduce the 
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 and eventually splitting. This is in accordance with the initial expectation that the nonuniform magnetic field reduces the split frequencies.

The Figure 8-16 shows the split frequencies obtained when 13 mm metal pole pieces were used. The biasing configuration was made to be same as that in the Figure 8-5 except the tapering of metal pole pieces to make the diameter 13 mm. The comparison of split frequencies between modelling and experiment shows that there are some mismatch in operation frequency. This may be ascribed to the intrinsic material properties of ferrite material and PTFE in the Y-junction circulator such as permeability and permittivity as these properties are directly related to the propagation constant in microwave devices [109]. The difference of the width of the split frequencies in the Figure 8-16 is, as explained, due to the impreciseness in representing the information of the internal magnetic field in the ferrite material. This mismatch might be attributable either to the failure of obtaining precise d. c. permeability value of the ferrite material and consequently different magnetisation in ferrite or again the slight difference in biasing configuration. Nevertheless, the split frequencies from modelling develop quite similarly with the result from experiment, and the difference of split frequencies between the two is insignificant.     
8.4  Conclusion
Using combination approach, this chapter presented the detailed treatment of modelling nonuniformly biased 3-port junction circulator using 37 mm and 13 mm metal pole pieces. It was shown that the internal magnetisation, 
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, of the ferrite material significantly affects the reflection coefficient’s response but, on the other hand, the internal magnetic field, 
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,  merely affects the responses. In representing the magnetic state of ferrite material, the importance of biasing configuration was confirmed again since the biasing configuration affects the field pattern of magnetic field in ferrite material. It was found that the biasing magnetic field, which is not in the axial direction, does not contribute to the splitting of resonant frequencies but instead subtracts the total magnetisation being aligned in axial direction, eventually reducing the width of the splitting. It was recognised, in representing the magnetic field inside ferrite junction, that the knowledge of precise d. c. permeability of ferrite material is significant factor to the modelling as the magnetisation in ferrite material is totally dependent on that information, and the splitting is again heavily dependent on the magnetisation of ferrite material.      
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Fig. 8‑1 Tapering of metal pole pieces to generate nonuniform biasing magnetic field.
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Fig. 8‑2 Split frequencies from measurement, where 37 mm diameter metal pole pieces were uses
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Fig. 8‑3 Split frequencies from measurement, where 13 mm diameter metal pole pieces were used
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Fig. 8‑4 Comparison of split frequencies from 13 mm and 37 mm metal pole pieces.
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Fig. 8‑5 Geometry modelling of nonuniformly biased Y-junction circulator
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Fig. 8‑6 Magnetic field pattern from 37 mm permanent magnets.
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Fig. 8‑7 Corrected magnetic field pattern which is more likely to represent the real situation.
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Fig. 8‑8 Magnetic field in ferrite material with 37 mm metal pole pieces, obtained from various mesh types.
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Fig. 8‑9 Magnetisation in ferrite material with 37 mm metal pole pieces, obtained from various mesh types.
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Fig. 8‑10 Magnetic field in ferrite material with 13 mm metal pole pieces, obtained from various mesh types.
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Fig. 8‑11 Magnetisation in ferrite material with 13 mm metal pole pieces, obtained from various mesh types.
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Fig. 8‑12 Reflection coefficients from 37 mm cases with various mesh types.
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Fig. 8‑13 Reflection coefficients from 13 mm cases with various mesh types.
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Fig. 8‑14 Split frequencies from 37 mm cases. Modelling is done with correct biasing configuration.
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Fig. 8‑15 Split frequencies from 37 mm cases. Modelling is done with incorrect biasing configuration.
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Fig. 8‑16 Split frequencies from 13 mm biasing condition.
9. Conclusion
9.1 Contribution

The main feature that contributed most to the modelling of ferrite Y-junction circulator in partially magnetised region is the combination method between magnetostatic solver and microwave solver, which utilises the principle of Multiphysics; a relatively new concept of numerical modelling. This combination method differs from the conventional microwave solver only modelling with which the representation of the problem is extremely limited to the state where Y-junction circulator is biased by a strong uniform magnetic field. The new approach presented here however enables modelling nonuniformly biased 3-port junction circulator in partially magnetised region by transferring the information of magnetic field of ferrite junction in magnetostatic solver into the microwave solver. This modelling method, although requires more evaluation time and memory consumption than microwave solver only modelling, paved the way for analysing various types of 3-port circulator in the partially magnetised region. The partially magnetised region, which coincides with the low field loss region, gives rise to many problems in wireless communication systems such as reduction of transmission bandwidth, intermodulation product interference, and instability in high power situations. This intrinsic phenomenon, low field loss, which is found to be attributable to the nonuniform internal magnetic field caused by the shape of the ferrite, does seem to be minimised only by considering the different configuration around ferrite junction, as was shown empirically by Schloemann [3]. In experimenting the effects from various configuration of ferrite junction, the new combination modelling approach will be essential tool to realise it, and possibly contributes to minimising such deleterious effects mentioned above. It is anticipated that the introduction of the multiphysics concept to the modelling of 3-port junction circulator in low-field loss region will replace the conventional time consuming and expensive cut-and-try method in the ferrite device industry. 
The second contribution to the overall modelling of ferrite devices is the clarification of the magnetic state of ferrite material. It was shown that the factor that affects the operation of 3-port junction circulator most is the internal magnetic field of ferrite junction. This critical parameter, internal magnetic field, has however always been a possible source of confusion, particularly in modelling. This confusion may be ascribed to the impossibility of seeing magnetic field inside ferrite material, and engineers determining the information of the internal magnetic field from outside of the material by measuring flux density, 
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. It has been widely known that the relation between the magnetic flux density and internal magnetic field is 
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, which shows that the internal magnetic field consists of two magnetic field, 
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 and normally 
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. The question arises. Which one is internal magnetic field in ferrite junction to which people normally refer? Some engineers [3, 4, 6, 8, 9] referred the internal magnetic field to the 
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 or 
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, and some [7] mistakenly used the term, ‘magnetic bias field’, to indicate the internal magnetic field, 
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 as well as biasing magnetic field, 
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. It was found here that the internal magnetic field is, as the 
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, but the most significant one influencing the operation of the Y-junction circulator is 
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, which is called the intrinsic magnetic field induced in the spinning electrons in the ferrite material by the aid of a steady magnetic field. The strength of 
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 compared to the 
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is tiny. Therefore the microwave permeability of the ferrite is mainly a function of the internal magnetic field, 
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. However surprisingly enough, even if he seems to discern the state of internal magnetic field of ferrite material, Schloemann [74], in his mathematical models of microwave ferrites, states that the microwave permeability of the ferrite material is expected to be a function of the internal magnetic field, 
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. His assertion is apparently not correct. The microwave ferrite is mainly a function of the internal magnetic field, 
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, and, to be precise, it should be defined as the sum of 
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 [9, 94]. The clarification of the state of the internal magnetic field is expected to aid the modelling of microwave ferrite devices by eliminating the possible confusion.

9.2 Future Work

The analysis of the modelling results indicate that the modelling still needs further improvement. The difference of split frequencies between modelling and experiment might be ascribed either to the lack of information of d. c. permeability of ferrite material or to the biasing configuration. The correct information of the d. c. permeability along with the measurement condition is significant factor in Multiphysics modelling since d. c. permeability directly affects the microwave permeability which again affects the operation of the Y-junction circulator. It is thought that the determination of the precise information of d. c. permeability values of various ferrite material is becoming urgent in order to realise more precise modelling using the principle of Multiphysics. It was also shown in chapter 8 that the biasing configuration significantly affects the state of the magnetic field in the ferrite junction and eventually the end results. Although an attempt has been made to make the modelling geometry close to the real biasing condition, it may differ slightly – i. e. the extent of the box used to limit the magnetic field from extending boundlessly, to save memory and solution time. This problem is expected to be resolved with the equipment of more powerful computation tool.
It was shown that the multiphysics principle does provide a new solution to modelling partially and nonuniformly magnetised linear 3-port ferrite junction circulator which has always been regarded impossible. It is anticipated that the current work of linear modelling can be extended to the problems in mobile communication systems, particularly high power effects, which are mainly caused by the intrinsic property of ferrite material, low field loss, which is expected to be realised by including the magnetic fields from the microwave signal into permeability tensor.  
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