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Electrodynamic Theory of Multiport Structures
Using Magnetostatic Waves in Ferrite Films

and Its Applications
Sergei V. Zagriadski, Senior Member, IEEE, Jaehoon Choi, and Hyeongdong Kim, Member, IEEE

Abstract—The paper presents an electrodynamic analysis
of tunable multiport ferrite-dielectric structures with parallel
transmission lines of an arbitrary type, coupled through propa-
gating magnetostatic modes of magnetized multilayered ferrite
films. The structures are supposed to be excited at one port by
an incident electromagnetic wave, and amplitudes and phases of
electromagnetic waves at other ports are obtained by an analytical
procedure. The model holds for an arbitrary direction of a
magnetizing field and describes the interaction of magnetostatic
modes in ferrite films of a finite width. The solution is obtained
in a self-consistent approach, i.e., a reaction of magnetostatic
waves (MSWs) on transducers, which excite them, is taken into
account. Derived closed-form expressions for response functions
of multiports provide the base for the modeling of a wide class
of MSW devices: multichannel adjustable filters and delay lines,
directional couplers, frequency-selective power dividers, tunable
oscillators and active filters, and multiport resonators. The theory
is also valid for the analysis of multi-element, interdigital, and
meander MSW transducers. Applications of a general theory are
demonstrated for numerical calculations of frequency responses
of surface and forward volume MSW filters, delay lines with new
types of strip-line transducers (two-port and T-type), and for the
analysis of a phenomenon of mutual coupling of transducers in
conventional devices.

Index Terms—Ferrimagnetic films, ferrite devices,
magnetostatic waves (MSWs), microwave integrated circuits.

I. INTRODUCTION

MAGNETOSTATIC wave (MSW) technology has been
advancing during recent years and is proposing effective

solutions for microwave and UHF signal processing systems [1].
Multiport circuits using ferrite films can significantly extend
applications of MSW devices providing the base for their novel
designs. Various MSW devices such as adjustable filters and
delay lines [2], [3], tunable oscillators and active filters [4], [5],
directional couplers [6], frequency-selective power dividers and
multiport resonators [2], frequency and phase selective switchers
[7], and modulators are realized by using pin-diodes, varactors,
transistors, and Gunn diodes as terminations of transducers in
multiport structures. Microstrip multiport structures are also

Manuscript received November 14, 2001; revised October 6, 2002. This work
was supported by the HY-SDR Research Center at Hanyang University, Seoul,
Korea, under the IRTC program of MIC, Korea.

S. V. Zagriadski, deceased, was with the Department of Electrical and
Computer Engineering, Hanyang University, Seoul, 133-791, Korea.

J. Choi and H. Kim are with the Department of Electrical and
Computer Engineering, Hanyang University, Seoul, 133-791, Korea
(e-mail: choijh@hanyang.ac.kr; hdkim@hanyang.ac.kr).

Digital Object Identifier 10.1109/TMTT.2003.808728

used for the realization of MSW transducers themselves in
interdigital, meander, and unidirectional configurations [1],
[8], which can provide narrow-band frequency responses or
to reduce the insertion loss in devices due to the bidirectional
radiation of waves. The interaction of transducers in all these
multiport structures, especially strong in the case of volume
MSW, and an arbitrary characteristic of loadings significantly
complicate the electrodynamic analysis of structures and such
analysis has not been performed until the present time [9]–[11].

As recently shown in [12], a self-consistent electrodynamic
problem of the MSW excitation and reception by a transducer
of an arbitrary type can be analytically solved in a general
case, if a complete set of eigenwaves propagating in a fer-
rite film and their dispersion characteristics are known. The
approximation for the obtained solution [12] depends on the
approximation for propagating waves—electrodynamic, mag-
netostatic, or dipole-exchange. The solution is constructed by
using an electromagnetic field distribution for a dominant mode
in a transmission line forming a transducer (in the absence
of a ferrite film). This approach can be extended to multi-
port structures and arbitrary magnetized multilayered infinite
or finite-width ferrite films (MSW waveguides). Although, in
fact, an explicit form of eigenmodes in ferrite films and their
dispersion characteristics for such complicated structures are
known only for some special cases (e.g., see [13]–[15]), the
possibility of constructing an analytical solution in a general
case is very attractive. Moreover, in calculations according
to this approach, there can be used numerical solutions for
MSW modes, applicable for arbitrary ferrite-dielectric waveg-
uiding structures [16], [17], along with numerical solutions
for an electromagnetic field in dielectric-filled transmission
lines forming transducers (e.g., see [18], [19]).

In this paper, such a unified technique, to provide solutions
for frequency responses of general multiports using MSWs in
multilayered thin ferrite films, is presented as an extension of the
approach [12]. The developed theory is based on the analytical
solution of the system of singular integral equations, each pair of
equations formulating a self-consistent electrodynamic problem
for an individual transducer. Electromagnetic coupling of trans-
ducers besides magnetostatic modes of ferrite films is neglected.
By using a general theory, numerical calculations are performed
for frequency responses of surface and forward volume MSW
filters and delay lines with new types of strip-line transducers
(two-port and T-type) and for the analysis of the phenomenon
of mutual coupling of transducers in conventional devices.
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Fig. 1. MSW multiport structure using multilayered ferrite film (z are
longitudinal axes of transducers; S and S are the cross and longitudinal
sections of the film).

II. GENERAL THEORY

Consider a multiport MSW structure with parallel trans-
ducers of an arbitrary type coupled to an -layered ferrite
film infinite along the axis (Fig. 1). Ferrite layers can be
separated by dielectric layers, forming a multilayered ferrite-
dielectric waveguiding structure for MSWs. In the case of the
metallization of layers from above or from below, the structure
represents a system of parallel slot-lines.

The structure is excited at the port at the frequency
, and the magnetic field of the incident electromagnetic

wave of the dominant -mode in the feeding transmission
line at is . Terminations at ports give reflection
coefficients for transverse magnetic fields of incident elec-
tromagnetic waves at
and at (which in a special case of meander-type
transducers may be reflection coefficients of neighboring trans-
ducers, transformed to a corresponding port). Eigenwaves of
the magnetization of the th
layer and dispersion characteristics
of waves in a multilayered film, magnetized to the saturation
in an arbitrary direction , are supposed to be known ( is
the axis orthogonal to the ferrite film; is the longitudinal
wavenumber of the th mode). Letting in transmission lines
forming transducers there can propagate (in the absence of a
ferrite film) only fundamental electromagnetic modes of the
types with the electromagnetic fields

(1)

where are the propagation constants.
Using the principle of a superposition, the high-frequency

magnetization of the -layered ferrite film interacting with the
th transducer can be represented as

(2)

where is the high-frequency magnetization of the th layer.
According to [12], the magnetic field of this transducer, external
for the film, can be derived in the one-mode approximation from
the Lorentz lemma for a transmission line, excited by the given
equivalent magnetic current ( is the permeability of
free space). Thus, for , we have [12]

(3)

where

(4)

(5)

(6)

(7)

and for

(8)

(9)

The normalization coefficient in (9) is calculated according
to (7). The one-mode approximation (3) and (8) is valid, when
ferrite fills a small part of a transmission-line cross section (that
takes place in most cases, when ferrite films are used).

The high-frequency magnetization of a ferrite layer, excited
by the given magnetic field of an external source, can be
represented as an integral mode expansion into longitudinal
wavenumbers of eigenwaves, with expansion coefficients
being obtained from the linearized Landau–Lifshitz equation
[12]. Residues of the integral give propagating MSWs, while
its principle value comprises the local magnetization, which
induces the magnetic field, giving, in the sum with the external
field, the near field of a source. If, in the structure under
consideration, the near field of the th transducer vanishes in
the vicinity of neighboring transducers, the magnetization of
the th layer in the neighborhood of the th transducer can be
represented following [12], as the sum of the magnetization
excited by the th transducer and the magnetization of prop-
agating MSW coming from other transducers, with magnetic
fields of transducers being considered as
external fields of an assumed distribution

(10)

The expansion coefficients are obtained as [12]

(11)
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where

(12)

(13)

where , is the gyromagnetic ratio, is the
saturation magnetization of the th ferrite layer, is the volume
of the th layer, and is the distance between the th and the

th transducers. Indexes in (10) indicate the direction of the
propagation of resonantly excited MSW along the

axis and the residues are calculated for corresponding eigen-
waves in the coordinate system of the th transducer. It is as-
sumed in (10) that , and

, where is the imagi-
nary part of the wavenumber at the frequency , which takes
into account the loss in ferrite [20], is the half-linewidth
of the ferromagnetic resonance (in a general case depending on
the wavenumber ), and is the group ve-
locity of the wave. Note that in a general case
and .

The system of singular integral (3), (8), and (10) for the
unknown magnetic fields and the magnetizations

formulates the self-consistent
electrodynamic problem for the structure. On the other hand,
this system can be considered, as equations for unknown
integral parameters (4) and (9), which give complex
variable amplitudes of electromagnetic waves in transducers
propagating along and opposite the axis. If the distribution
of the magnetization in eigenwaves is known, it is possible to
resolve (3), (8), and (10) in a general case by reducing them to a
system of linear algebraic equations. Response functions of the
structure are then expressed in terms of these variables according
to [12]. Substituting the magnetic field (1) into the system of
singular integral equations and considering transmission lines
with a dominant quasi-T wave with a transverse magnetic field,
so that, , [12], the solution
of the system for a fundamental MSW mode, which has no
variation of the magnetization over the axes, can be obtained
as given in (14), shown at the bottom of this page, and

for (15)

where the constants satisfy the th-order
system of linear algebraic equations

(16)

Coefficients form a square matrix with the following
elements:

for

(17)

and

for

(18)

The column of absolute terms in (16) is proportional to the
amplitude of the incident electromagnetic wave at the port

(19)

In (17)–(19), the following notations are introduced:

(20)

(21)

(22)

(23)

(24)

(25)

where the “integrals of an excitation” [12]

(26)

are calculated in the coordinate system of the th transducer. The
parameters , , and depend only on the electrical lengths

for (14)
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of transducers and the reflection coefficients of terminations
at corresponding ports. Diagonal components of the matrix

contain the complex “parameters of coupling” (25),
which completely characterize the coupling of each transducer
to the film [12], while off-diagonal components describe the
mutual coupling of transducers. The parameters [see (23)]
and matrix elements below the diagonal determine the signal
transit from the th transducer to the th one and

[see (24)] with the matrix elements above the diagonal
characterize their back coupling.

Response functions of the structure are easily expressed in
the terms of (14) and (15) from the field representations (3) and
(8). Transmission coefficients for the magnetic fields of inci-
dent electromagnetic waves from the port to the ports and

are

(27)

and from the port to the port is

(28)

The reflection coefficient from the input port of the structure
reads

(29)

If different types of transmission lines are employed as trans-
ducers in the structure, the following normalization of transmis-
sion coefficients is required:

(30)

so that the power transmission coefficient (in dB) is calculated
as

(31)

while the phase of gives the phase shift between electro-
magnetic fields of waves incident at the ports

and the port . In the case when feeding
transmission lines of the device and transmission lines forming
the transducers (in the absence of a ferrite film) have different

characteristic impedances, the resultant transmission coefficient
for incident waves should take into account these step disconti-
nuities, according to [12].

III. PHENOMENON OF MUTUAL INFLUENCE OF TRANSDUCERS

IN MSW FILTERS AND DELAY LINES

Consider a conventional MSW filter (delay line) containing
an input and one output transducer. Denote by the index all
the values relating to the input transducer and by the index
relating to the output one. Resolving the algebraic system (16),
we have (32) and (33), shown at the bottom of this page. Using
these relations and (29) and (30), it is not difficult to obtain
closed-form expressions for response functions of the device. In
particular, the transmission coefficient for the magnetic fields of
incident electromagnetic waves from port to port reads as
given in (34), shown at the bottom of this page.

In the assumption of a negligible back coupling of the output
transducer to the input one , this expression coincides
with the earlier obtained result [12]. As it follows from (34),
(23), and (24), the mutual influence of transducers is small in the
case of the high magnetic loss in ferrite and the large distance be-
tween transducers, when , and
also under the significant asymmetry of the radiation of MSW,
when

(35)

This takes place for surface MSWs in the case of the strong cou-
pling of transducers to a ferrite film. In low-loss filters using sur-
face MSWs, when the optimum coupling is achieved by moving
away transducers from a film [12], the condition (35) may not be
satisfied. In all cases, the phenomenon of the mutual coupling
of transducers appears to be more apparent for volume MSWs,
when amplitudes of waves, radiated in opposite directions, are
equal to each other.

Since the term in
the denominator of (34) varies rapidly with the frequency, the
strong back coupling of transducers can cause passband ripples
in the frequency responses of the devices. As seen from (34),
this effect will be the strongest when

(36)

In the case of a large difference in characteristic impedances of
a feeding transmission line and a line forming a transducer, this

(32)

(33)

(34)
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Fig. 2. Cross section of a strip-line MSW transducer.

condition is approximately satisfied for a short-circuited trans-
ducer of a resonant length , where

is the length of an electromagnetic wave in the absence of a
ferrite film.

The delay time in delay lines is usually defined as the relation
[1], which takes into account only the process of

the propagation of waves between transducers. As seen from
(34) and (23), the total phase shift in a delay line is summed
up of the phase shift , associated with the propagation
of waves, and an additional phase shift, caused by the processes
of the excitation and the reception of waves. The latter has rapid
variations with the frequency in the case of the strong back cou-
pling of transducers. The correct determination of the time delay
of a signal in a device requires the generalization of the defini-
tion of this notion as follows:

(37)

where the total phase shift in a device is obtained from (34), as
.

Numerical calculations were performed for a linear dispersive
forward volume MSW delay line using YIG film and transducers
on the base of a symmetrical strip-line with the dielectric filling
of the relative permittivity (Fig. 2). Input and output
transducers were supposed to be identical and connected to
feeding transmission lines having the characteristic impedance
of 50 . Eigenwave functions of the magnetization, used in
the computations, are presented in [9] and take into account
the influence of metal screens at the distances and from
the film. The electromagnetic field of a strip-line was used
in the form obtained in [21].

Results of numerical calculations presented in Figs. 3 and 4
correspond to open-circuited (at the second ends) transducers
and to the following set of the parameters of the structure:

mm, m, m, , mm,
mm, A/m, and A/m. The internal

magnetizing field is A/m.
Figs. 3 and 4 show that the back coupling of transducers in

MSW delay lines can cause passband ripples in frequency de-
pendencies both of the power transmission coefficient and of
the delay time, as in both cases amplitudes of these ripples are
larger at the lower end of the frequency band. Note that these
phenomena were earlier observed in [22] by Marcelli et al. The
authors showed that the triple transit of the backoupled signal
between transducers cause the passband ripples in [22].

Fig. 3. Power transmission coefficient (in decibels) of a linear dispersive
forward volume MSW delay line in a frequency band (dotted curve—back
coupling of transducers neglected).

Fig. 4. Delay time (in seconds) of a linear dispersive forward volume MSW
delay line in a frequency band (dotted curve—back coupling of transducers
neglected).

IV. MSW FILTERS AND DELAY LINES WITH

TWO-PORT TRANSDUCERS

Consider an MSW filter (delay line) with a new type of trans-
ducer, which will be referred to as two-port transducers (Fig. 5).
They are formed of two parallel transducers of an arbitrary type,
with the second transducer terminating the first one through a
transmission-line section. In such structures, unlike usual me-
ander configurations [1], connecting transmission lines are lo-
cated outside a ferrite film and can be comparatively long, while
the coupling between transducers through a ferrite film is real-
ized only by propagating MSW modes. The structure is excited
at port 11 and has an arbitrary loading at output port 14. The re-
flection coefficients , , and at the section are
supposed to be given.

The application of the general procedure, developed in
Section II, to this structure requires the solution of a self-con-
sistent problem for determination of the reflection coefficients

at section , since loadings of the
first and third transducers depend both on the coupling of
transducers 1,2 and 3,4 through a ferrite film and on their back
coupling through transmission-line sections. Let us write down
the equations of this self-consistent problem. Denote, as ,
the amplitudes of electromagnetic waves, which propagate in
connecting transmission lines at section , as shown in
Fig. 5. Then, the reflection coefficients can be written down in
the form

(38)
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Fig. 5. MSW filter (delay line) with two-port transducers.

where and are the lengths of connecting transmission
lines and is the propagation constant of a fundamental electro-
magnetic wave in these lines. It is obvious that these coefficients
are related as follows:

(39)

Using (3), (8), (14), and (15), one can represent amplitudes of
electromagnetic waves in connecting transmission lines through
the amplitudes of electromagnetic waves incident at the ports
of the transducers at the section as

(40)

(41)

Resolving the system of algebraic equations (38)–(41), we can
find the reflection coefficients at ports and then apply a gen-
eral procedure, where these coefficients were considered to be
known.

Numerical calculations were performed for a surface MSW
filter (narrow-band delay line) with short-circuited strip-line
two-port transducers connected to the feeding transmission
lines with the characteristic impedance 50 . Results of the
calculations, shown in Fig. 6, correspond to the following set
of parameters of the structure (the notations are the same as
in Fig. 2): mm, m, m, ,

mm, mm, A/m,
A/m, and . The internal magnetizing field is

A/m. The distance between inner transducers
is 2.5 mm.

In contrast to conventional MSW transducers, the presence of
additional elements in two-port transducers provides the capa-
bility of adjusting frequency responses of filters and delay lines.
Thus, the variation of lengths of connecting transmission lines
leads to the appearance of additional minimums of a transmis-
sion coefficient (Fig. 6) and the frequency positions of the ad-
ditional minimums depend on the lengths of these lines (in a
general case these lengths may be different ones). This enables
to realize much narrower passbands of filters and a higher steep-
ness of their transmission characteristics. Of special interest are
narrow-band MSW delay lines with two-port transducers, which
can be used in magnetically tunable multi-octave oscillators as
an element of a feedback loop of a transistor amplifier. Their
specific phase characteristics enable us to realize the principle
of the compensation of frequency-dependent phase shifts in an
oscillator circuit [4] that results in the elimination of a typical

Fig. 6. Power transmission (in decibels) coefficient of a surface MSW filter
(delay line) with two-port transducers in a frequency band for different lengths
of connecting transmission lines (in millimeters).

Fig. 7. MSW filter (delay line) with T-type transducers.

defect of conventional MSW oscillators—frequency jumping
during tuning.

V. MSW FILTERS AND DELAY LINES WITH

T-TYPE TRANSDUCERS

Consider an MSW filter (delay line) with transducers of the
T-type, which are connected symmetrically to feeding transmis-
sion lines, as shown in Fig. 7. Earlier such multiport structures
were not analyzed and the comparison of their performance
with devices, having conventional transducers, is of significant
interest.

In the case of surface MSWs, with transducers magnetized
along their axes, feeding transmission lines do not excite
waves and their interaction with a ferrite film can be neglected.
To apply a general approach of Section II to calculations of
frequency responses of the MSW filter (delay line) with T-type
transducers, we take into account a longitudinal symmetry of
the device. For that, the transmission coefficient for incident
electromagnetic waves can be computed, using (30), as for
conventional transducers of a half-length, and with the loading
at the first end of the output transducer in the form of the
shunt impedance of the output transmission line and the input
impedance of the transducer of a half-length.

In Fig. 8, a comparison is shown of frequency responses of
surface MSW filters (delay lines) with short-circuited strip-line
transducers of the T-type and conventional ones. The structures
have the following parameters (notations correspond to Figs. 2
and 7): mm, m, m, m,

mm, mm, A/m, A/m,
and . The internal magnetizing field is

A/m. The feeding transmission lines have the characteristic
impedance 50 .
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Fig. 8. Power transmission coefficient (in decibels) in a frequency band for
a surface MSW filter (delay line) with T-type transducers (solid curve) and
conventional transducers (dotted curve).

At lower frequencies of the band, the power transmission
coefficients of both devices coincide, while at higher frequen-
cies the filter (delay line) with T-type transducers has a smaller
transmission coefficient. This enables us to draw a conclusion
that T-type transducers can be employed for the realization of
narrow-band devices.

VI. CONCLUSION

We have suggested a unified approach to the electrody-
namic analysis of general multiport structures using MSWs in
multilayered ferrite films. The solution holds for an arbitrary
direction of a magnetizing field and for arbitrary loadings and
types of transmission lines forming a structure. An interaction
of magnetostatic modes through the magnetic field of a trans-
ducer, which excites them, and an interference of modes at
output transducers are taken into account. Derived closed-form
expressions for response functions of multiports enable us to
use, if necessary, known numerical solutions for MSWs in
ferrite-dielectric waveguiding structures and for an electro-
magnetic field in dielectric-filled transmission lines forming
transducers. Obtained solutions provide the basis for modeling
of a wide class of adjustable MSW passive and active devices.
Numerical examples of the application of a general theory
have been given for surface and forward volume MSW filters
and delay lines using strip-line transducers. It has been shown
that in conventional delay lines experimentally observed pass-
band ripples in frequency dependencies of the transmission
coefficient and the delay time are caused by back coupling of
the output transducer to the input one. New types of MSW
transducers for filters and delay lines (two-port and T-type)
have been proposed, and their performance has been analyzed.
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