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Abstract ─ In this paper, we present a full wave 
analysis for the scattering of an obliquely incident 
plane wave of an arbitrary polarization angle due 
to an infinite magnetized ferromagnetic microwire. 
The analysis is based on expanding the incident 
and scattered waves as infinite sets of cylindrical 
waves and matching the corresponding modes on 
the surface of the microwire to obtain the 
unknown amplitudes of the scattered fields. The 
gyromagnetic properties of the ferromagnetic 
material introduce a coupling between the electric 
and magnetic field components inside the 
microwire. This coupling is the reason of cross 
polarization in the scattered field.  
  
Index Terms: Analytical techniques, ferrites, 
ferromagnetic microwires, scattering.  
 

I. INTRODUCTION 
Ferromagnetic microwires based on 

amorphous ferromagnetic alloy compositions have 
gained a significant interest in RF and microwave 
applications due to their unique electromagnetic 
properties and the feasibility of simple fabrication 
and manufacturing process [1-2]. These 
ferromagnetic materials are characterized by high 
electrical conductivity, ferromagnetic resonance, 
gyromagnetic properties, and tunable character-
istics. These properties make ferromagnetic 
microwires to be good candidates for different 
applications in microwave range including 
synthesizing artificial double negative 
metamaterials, shielding materials, and absorbing 
materials [3-5]. Another similar configuration for 
synthesizing double negative metamaterial is 
based on an array of conducting wires embedded 

inside a ferromagnetic host [6]. Tuning properties 
of ferromagnetic microwires make them suitable 
to obtain tunable synthetic materials [7-11]. This 
can also be used to design microwave sensing 
tools like stress sensors [10]. In addition, it may be 
also expected to obtain polarization rotation from 
these ferromagnetic materials due to their 
gyromagnetic properties. This polarization rotation 
can introduce an additional feature which may be 
useful to other applications like electromagnetic 
polarizer or radar cross section reduction.  

These unique properties of ferromagnetic 
microwires were the motivation for different 
authors to introduce different techniques for 
modeling the electromagnetic wave interaction 
with these microwires. Effective medium 
properties and magneto-impedance are used to 
obtain simple analytical expressions for the 
equivalent effective parameters of ferromagnetic 
microwire composites [11]. Other numerical 
techniques like TLM and FDTD can also be used 
to present a numerical analysis for the scattering 
from general gyrotropic media [12-13]. However, 
the small diameter of the ferro-magnetic 
microwire represents a significant computational 
challenge in these numerical methods. More 
recently, Liberal et al [14-15] introduced a full 
wave analysis for the scattering of an infinite 
ferromagnetic microwire and an infinite array of 
these microwires. Their analysis is based on 
expanding the incident and scattered waves as 
superpositions of cylindrical waves. The unknown 
amplitudes of the scattered fields are obtained by 
applying the boundary conditions on the surface of 
the microwire.  They also extended their analysis 
to study the scattering of a ferromagnetic 
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microwire inside a rectangular waveguide and 
verified their analysis with experimental results. 
The advantage of this analysis is that it is full 
wave analysis which includes all the parameters of 
the ferromagnetic microwire without introducing 
approximation. Liberal et al [14-15] showed that 
this analysis cannot be obtained by other 
numerical techniques like method of moments or 
finite difference time domain due to the 
complicated properties of the ferromagnetic 
materials combined with the very small radius of 
the microwire.  

 

 
Fig. 1. Geometry of the problem. 
 

However, the analysis of Liberal et al [14-15] 
was limited only for the case of normal incidence 
on the microwire with an electric field polarization 
parallel to its axis. For the mentioned applications 
of ferromagnetic microwires, it may be required to 
have a general insight of the electromagnetic wave 
interaction with ferromagnetic microwire at 
different angles of incidence and different 
polarization. This was the motivation here to 
extend their analysis for the case of the scattering 
from a ferromagnetic microwire due to an 
obliquely incident plane wave of an arbitrary 
polarization as shown in Fig. 1. The main 
difference in this case is coupling between the 
electric and magnetic field components in the 
ferromagnetic material due to its gyromagnetic 
properties. This coupling vanishes completely for 
normal incidence. Thus, this property is not 
included in the analysis of Liberal et al [14-15]. 
The resulting wave equation inside the 

ferromagnetic microwire in this case is represented 
as a fourth order differential equation as shown in 
the analysis in the following section. This is 
similar to the problem of electromagnetic wave 
interaction with ferrite material in closed and open 
waveguides which was studied by different 
authors [16-19]. 

In the following section, we present the 
analysis of the problem. In Section 3, sample 
results for the scattering of two different 
ferromagnetic microwires are presented for 
different angle of incidence and different 
polarization angles. Then concluding remarks are 
discussed. 

II. THEORY AND ANALYSIS 
In the region 0a≥ρ  outside the microwire, the 

incident plane wave and scattered fields along the 
longitudinal direction of the wire can be 
represented as a combination of inward and 
outward cylindrical functions as follows: 
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where incz k θβ cos0=  is the longitudinal 
propagation constant  and inck θβρ sin00 =  is the 
radial propagation constant. The amplitude of the 
incident field is assumed to be unity such that 

mVE /10 = . It should be noted that the 
polarization angle of the scattered is included in 
the unknown amplitudes of the scattered electric 
and magnetic fields, nC  and nD , respectively. 

The transverse field components can be 
obtained in terms of the longitudinal field 
components. For the present case, we are 
interested in the φ  components of the electric and 
magnetic fields to be applied in the tangential 
boundary conditions on the microwire. These φ  
components can be presented in terms of the 
longitudinal field components as follows: 
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By applying (3) into (1) and (2), the incident and 
scattered φ  field components are obtained as: 
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On the other hand, the fields inside the 
ferromagnetic microwire biased by a dc magnetic 
field along its axis at 0a≤ρ are related as: 
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where µ  and k  are the elements of the 
permeability tensor of the ferromagnetic material 
and σ  is its electrical conductivity. The 
parameters of ferromagnetic materials are given by 
[14-15]: 
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where πω 2/00 =f  is the Larmor frequency, 
πω 2/mmf =  is the resonance frequency at the 

saturation limit and α  is a dimensionless damping 
factor.  

It should be noted that the longitudinal 
dependence of the field components inside the 
microwire is the same as outside the microwire to 
satisfy the tangential propagation boundary 
condition. Thus, the field dependence inside the 
microwire is also zj ze β−  where incz k θβ cos0=  is 
the same as in the free space surrounding the 
microwire. 

The transverse field components inside the 
ferromagnetic microwire can be obtained in terms 
of the longitudinal field components as follows: 
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By inserting Eq. (7) with the definitions of Eq. (8) 
into Eq. (5), one can obtain two coupled wave 
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equations of the longitudinal field components as 
follows [16-17]: 
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It should be noted that the coupling between the 
longitudinal electric and magnetic field 
components vanishes for the case of normal 
incidence where 0=zβ . These two coupled wave 
equations can be represented as two decoupled 
fourth order differential equation as follows: 
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where zΨ  is either zE  or zH . This fourth order 
differential equation can be represented as a 
multiplication of two wave equations of different 
propagation constants as follows: 
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The general solution of Eq. (12) for the 
longitudinal electric field inside the microwire in 
terms of cylindrical waves is [16-17]: 
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A similar solution can be obtained for the 
longitudinal magnetic field. The unknown 
amplitudes of the longitudinal magnetic field can 
be related to the corresponding ones of the 
longitudinal electric field by inserting Eq. (13-a) 
into Eq. (9-b). Thus, the general solution of the 
longitudinal magnetic field component in terms of 
the unknown amplitudes of the longitudinal 
electric field component is given by: 
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where the coupling coefficients between the 
longitudinal electric and magnetic field 
components are given by: 

1
2

2/1

1
2/1 f

jg
−

=
ργ

η .   (14) 

By inserting Eq. (13) into Eqs. (7-b) and (7-d), one 
can obtain the φ  components of the electric and 
magnetic fields inside the microwire as: 
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“i” here stands for either 1 or 2. By applying the 
boundary conditions of the tangential field 
components at the boundary of the microwire one 
can obtain a linear system of equations for each 
cylindrical wave mode “n” to obtain the 
corresponding unknown field amplitudes as shown 
in Eq. 17 below.  

By solving the above system of equation one 
can obtain the unknown amplitudes of the 
scattered and penetrated field components. For a 
very thin wire compared with the free space wave 
length as in the present case of the microwire, the 
zero-order cylindrical wave is the dominant mode. 
The amplitudes of the other modes are much 
smaller such that they can be ignored compared 
with the amplitudes of the zero-order mode [14].  
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Thus, we are concentrating only on 0C  and 

0D  in the results shown in the following section. 

III. RESULTS AND DISCUSSIONS 
In this section, we present sample results for 

the scattering of two ferromagnetic microwires at 
different angles of incidence and different 
polarization angles. The ferromagnetic material is 
assumed to be 5.125.12750.060.94 BSi)Fe(Co . The 
parameters of this ferromagnetic material are [14-
15] GHz 666.52/00 == πωf , 02.0=α  and 

GHz 642.112/ == πωmmf .  
For ferromagnetic materials, there are two 

main mechanisms for electromagnetic wave 
propagation, namely along the dc magnetization 
biasing or perpendicular to it [20]. For the former 
mechanism, the plane wave can be presented a 
superposition of two oppositely circular polarized 
waves. One of them has an equivalent 
permeability k+µ  while the other has an 
equivalent permeability k−µ . The first circular 
polarization has a resonance at Larmor frequency 
while the second circular polarization does not 
have any resonance effect. On the other hand, for 
the case of electromagnetic wave propagation 
which is perpendicular to the dc magnetic biasing 
while its electric field is parallel to the dc 
magnetic biasing, the equivalent permeability is 

( ) µµµ /22 ke −= . This case is known as an extra 
ordinary wave [20]. The equivalent permeability 
in this case has a resonance frequency at 9.9 GHz 
for the present ferromagnetic material. The final 
case, where both the propagation direction and the 
electric field polarization are perpendicular to the 
dc magnetic biasing, the equivalent permeability is 
the permeability of free space. Thus, for the 
present material we have two resonance 

frequencies, Larmor resonance frequency at 5.666 
GHz and extra ordinary wave resonance at 9.9 
GHz. 

The following results shown in Figures 2 to 5 
present the amplitudes of the zero-order modes of 
the scattered fields as functions of frequency f  
and angle of incidence incθ  for different 
polarization angles incα . The radius of the 
microwire in Figs. 2 and 3 is 45µ m while the 
corresponding one in Figs. 4 and 5 is 4µ m. It can 
be noted that only the resonance effect of extra 
ordinary wave is detected in the amplitudes of the 
scattered fields. For the case of 0=incα , the 
incident field is pure TM wave. Thus, 0D  in this 
case corresponds to the amplitude of a cross 
polarized component of the scattered field. The 
resonance behavior in this case appears as a 
minimum in the amplitude of the co-polarized 
scattered field and as a maximum in the amplitude 
of the cross-polarized field component. It can be 
noted that the cross polarized component vanishes 
completely for normal incidence while it has a 
peak at incθ  in the range from 40  to 60  
depending on the frequency and the radius of the 
microwire.  

For the case of a polarization angle 45=incα , 
the main characteristics of the reflected zE  
component is the same as in the case of the pure 
TM wave. However, the amplitude of 0C  is 
decreased in this case by nearly a factor of 

incαcos . On the other hand, the amplitude of 0D  
is monotonically increased with frequency and 
angle of incidence for the case of the thick 
microwire while it is nearly not affected for the 
thin microwire.  
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Finally, for the case of a polarization angle 
90=incα  where the incident wave represents pure 

TE wave, the amplitude of 0D  is the co-polarized 
component of the scattered field while 0C  is the 
cross-polarized component. It can be noted that in 
this case the co-polarized component is not 
characterized by any resonance behavior. 
However, for the thick microwire, the results show 
a resonance behavior at a cross-polarized 
component around the resonance frequency of 
extra ordinary wave. This resonance behavior is 
nearly negligible in the case of the thin microwire. 
It can also be noted that the cross polarized 
component vanishes completely in normal 
incidence as in the case of TM incident wave.  

From these results, it can be concluded that the 
scattering of magnetized ferromagnetic microwire 
introduces a cross polarized component for 
oblique incidence and the frequency response of 
the scattered field is mainly characterized by a 
resonance effect around the resonance frequency 
of extra ordinary waves in most cases for both co-
polarized and cross-polarized components. 

 
IV. CONCLUSION 

In this paper, we presented a full wave 
analysis for the scattering of an obliquely incident 
plane wave of an arbitrary polarization angle due 
to an infinite magnetized ferromagnetic microwire. 
The present analysis represents a generalization 
for a previously published analysis based on only 
normal incidence TM wave. The main difference 
in the present case lies in the coupling between the 
electric and magnetic field components due to the 
gyromagnetic properties of the ferromagnetic 
microwire. This field coupling introduces cross 
polarized component in the scattered field. This 
cross polarized component vanishes completely 
for the case of normal incidence.  The scattered 
field components are mainly characterized by 
resonance effects close to the resonance of extra 
ordinary wave in most cases for both co-polarized 
and cross-polarized components. 
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(a) 0=incα . 

 
(b) 45=incα . 

 
(c) 90=incα . 

Fig. 2. 0C  scattering coefficient for a 
ferromagnetic microwire of a radius mr µ450 =  as 
functions of frequency and angle of incidence 
( incθ ) at different polarization angles ( incα ). 

 
(a) 0=incα . 

 
(b) 45=incα . 

 
(c) 90=incα . 

Fig. 3. 0D  scattering coefficient for a 
ferromagnetic microwire of a radius mr µ450 =  as 
functions of frequency and angle of incidence 
( incθ ) at different polarization angles ( incα ). 
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(a) 0=incα  

 
(b) 45=incα  

 
(c) 90=incα  

Fig. 4. 0C  scattering coefficient for a 
ferromagnetic microwire of a radius mr µ40 =  as 
functions of frequency and angle of incidence 
( incθ ) at different polarization angles ( incα ). 

 

 
(a) 0=incα  

 
(b) 45=incα  

 
(c) 90=incα  

Fig. 5. 0D  scattering coefficient for a 
ferromagnetic microwire of a radius mr µ40 =  as 
functions of frequency and angle of incidence 
( incθ ) at different polarization angles ( incα ). 
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