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Abstract—In this paper, a dispersion relation of the microstrip
line on a yttrium–iron–garnet (YIG)-film substrate has been de-
rived under the approximation of a two-dimensional analysis. The
dispersion curve shows the mixed state of quasi-TEM mode and
magnetostatic forward volume wave (MSFVW) mode, and these
two modes are coupled with each other at gyromagnetic frequency
where MSFVW solitons are excited efficiently. Based on the nu-
merical parameters of the calculated dispersion curve, simulation
of the soliton form has been carried out by numerically solving
the nonlinear Schrödinger equation. The results are compared
with the experimental results of MSFVW envelope bright soliton
in a microstrip line on YIG-film–gadolinium–gallium–garnet
substrate.

Index Terms—Magnetostatic waves, microstrip line, microwave
soliton, nonlinear phenomenon, YIG film.

I. INTRODUCTION

M AGNETOSTATIC wave (MSW) devices such as delay
lines, filters, and resonators have been studied by many

workers [1].
Recent interest of MSW devices is in nonlinear phenomena in

a yttrium–iron–garnet (YIG)-film delay line at microwave fre-
quency. Among them, MSW envelope soliton devices have been
focused and actively studied by Russian scientists [2]–[4]. The
potential applications of MSW envelope soliton such as pulse
compression devices and soliton train generator are anticipated
[5], [6]. The YIG-film delay line used for the envelope MSW
soliton devices consists of a pair of transducers with input and
output ports, as shown in Fig. 1(a), and these transducers are
typically fabricated as a narrow microstrip line on a YIG film
epitaxially grown on gadolinium–gallium–garnet (GGG) sub-
strate, in which radiation of the MSW at the right angle to the
strip line is emphasized in the analysis [7], [8].1

Recently, one of authors has experimentally demonstrated the
MSW delay line using a microstrip line with a YIG-film–GGG
substrate, as shown in Fig. 1(b), in which the MSW propagates
along the microstrip line and the radiation effect at the right
angle to the strip line is negligibly small for the wide strip width
over 100µm [9], [10]. Thus, it is noted that the microstrip-
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1To estimate insertion loss of MSW transducer, a microstrip line with dielec-
tric substrate has been assumed [7], [8].

(a)

(b)

Fig. 1. Two types of MSW delay lines. (a) MSW waveguide with microstrip
line type transducer. (b) Microstrip-type MSW waveguide.

line-type delay line proposed here involves quite different mech-
anism (propagation problem) from the microstrip-type MSW
transducer (excitation problem).

This paper first investigates the dispersion relation of the
microstrip line on a YIG-film–GGG substrate under the
two-dimensional approximation analysis. Coupling between
quasi-TEM and MSW modes is discussed in the dispersion
curve, which characterizes the MSW delay lines in the linear
state. The simulation of the MSW envelope soliton form is then
provided based on the dispersion curve and compared with
experimental results for a 20-µm-thick YIG-film substrate.

II. THEORY ON DISPERSIONRELATION

The dispersion relation of the microstrip line on the YIG film
and GGG layered substrate is derived in the linear state. To
simplify the analyses and elucidate the fundamental aspect of
the dispersion relation of the line, a two-dimensional theoret-
ical model of the line is assumed in an infinite extent along the

- and -directions, i.e., a parallel-plate model of the YIG-film
waveguide, magnetized perpendicularly to the surface, as shown
in Fig. 2.

Maxwell’s equations in the ferrite medium are given by

(1)

The permeability tensor of YIG in (1) is given by

(2)
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Fig. 2. Parallel-plate model of the microstrip line.

where , ,
, , is the internal dc magnetic

field, is the saturation magnetization,γ is the gyromag-
netic ratio, and is the dielectric constant of YIG [1].

The electromagnetic field in (1) is assumed to be independent
of the -direction. Even for the two-dimensional assumption,
the electromagnetic field in (1) shows hybrid behavior with the
differential equation in quadratic form as

(3)

where and vary with , and is the speed of light
in vacuum. Combining these two equations, we get

(4)

The solution to (4) is given under the boundary condition at
conductor in a simple form as

(5)

where and are arbitrary constants. Here, and may
be complex. The RF magnetic field in the ferrite can also be
derived by combining (3) with (5).

The electromagnetic field in GGG is derived from the
separate forms of Helmholtz equations for each of the

and modes, which
are given as

(6)

where is the dielectric constant of GGG.
Solutions to (6) are given under the boundary condition of the

ground plane with unknown constants and

(7)

Due to the boundary condition at the interface between YIG
and GGG at , tangential components of the electromag-
netic field must be continuous. Eliminating unknown constants

and in (5) and and in (7), the dispersion relation
can be derived as

(8)

where

The dispersion relation was numerically solved. The numer-
ical parameters used in the calculations are T,

T, thickness of YIG film, µm, thickness
of GGG, µm, , and dielectric constant of
GGG .

Fig. 3 shows typical dispersion curves in a logarithmic
scale of the propagation constantβ, which reveals a mixed
state of the magnetostatic forward volume wave (MSFVW)
modes with a large propagation constant of over 500
rad/m and quasi-TEM modes having two resonances at

and . It is interesting to note that the
curve corresponding to the quasi-TEM mode joins the curve
for the MSFVW mode at the gyromagnetic frequency,
which is clearly shown in the enlarged figure. Such coupling
behavior has not been found for the dispersion relation
under the magnetostatic approximation [9] and Hines’ mode
or edge-guide mode [11]. This indicates that the MSFVW
mode can be excited easily by coupling with the quasi-TEM
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Fig. 3. Typical dispersion curve of the parallel-plate model of the strip line.

mode at . It also means that the MSFVW soliton can
be excited efficiently at because the soliton formation
can occur near the cutoff frequency of the MSFVW, i.e.,

[3], [4]. The coupling coefficient value can be read
from Fig. 3, a sufficiently accurate value to give perfect
coupling between quasi-TEM and MSFVW modes for a
YIG waveguide length of approximately a few centimeters,
and no coupling between these modes was found without
GGG substrate. On the other hand, the resonance frequency

moves to lower resonance
frequency with the existence of the GGG substrate
and with decreasing thickness of the YIG film, which is
similar to the dispersion characteristics obtained by the
spectral-domain method [12].

The effect of the width of the microstrip is interesting, but
it may be a very complex problem because of the three-di-
mensional treatment of the line. When the magnetostatic
approximation is assumed, the dispersion relation of the
MSFVW mode in the three-dimensional model can be easily
derived under the assumption of a perfect magnetic-wall
boundary condition at the strip edge [9], which is also depicted
in Fig. 4. Hines’ mode, which is taken into consideration
independent of the electromagnetic field in the direction per-
pendicular to the YIG-film–GGG structure, can also be easily
derived from Maxwell’s equation with a perfect magnetic-wall
boundary at the strip edge [11], which is depicted in Fig. 4.

Comparing Figs. 3 and 4, the effect of the strip width on
the dispersion curves is observed at two resonance frequencies

and . This is caused by
Hines’ higher order mode [11]. Except at the two resonance
frequencies, the discrepancy between the dispersion curves in
Figs. 3 and 4 is insignificant. The coupling between the two
modes at may be enhanced with change of the strip linewidth.
Thus, the dispersion relation in the three-dimensional problem
can be estimated from the two-dimensional dispersion relation.
In addition, it can be emphasized that magnetostatic approxima-
tion is a powerful method, when we independently consider the
MSFVW mode in the strip line.

Fig. 4. Dispersion curves of the MSFVW under magnetostatic approximation
and Hines’ modes with three-dimensional model.

On the other hand, the radiation of the MSFVW at the right
angle to the proposed strip line has been used for excitation of
the MSW, when we utilize the conventional transducer design of
a narrow strip of width less than 100µm [7], [8]. It has been con-
firmed experimentally that if the strip width is greater than a few
tens of micrometers, the effect on the radiation of the MSFVW
is small and does not disturb the transmission characteristic of
the line [10].

III. SIMULATION OF SOLITON FORM

The MSW envelope soliton in the YIG-film waveguide is a
typical nonlinear phenomenon and shows the properties similar
to optical solitons in fiber optics [13], but the short length of the
waveguide is enough for forming MSW solitons [3], [4] com-
pared to the long distance of optical fiber. To understand MSW
envelope soliton behavior, the simulation study using the non-
linear Schrödinger equation (NLSE) is a popular method and
the numerical parameters can be read from the linear state of
the dispersion curve of the MSFVW discussed in Section II.

The NLSE is given by

(9)

where is the group velocity and is the dispersion of the
group velocity, which are numerically evaluated from the dis-
persion curve of MSFVW mode, as shown in Fig. 3.is the loss,
which corresponds to the linewidth of of the YIG film. Pos-
itive nonlinear coefficient of the dispersion cannot be
read from the dispersion curve of the MSFVW mode of Fig. 3.
However, is easily evaluated from the demagnetizing factor
due to the external dc magnetic field normal to the YIG film
near , the lower cutoff frequency of the MSFVW [3], [4].

The NLSE (9) can be numerically solved using the split-step
Fourier-transform method [10]. Typical simulation results of
soliton propagation are shown in Fig. 5 with and without loss
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(a)

(b)

Fig. 5. Simulation results of soliton form with and without magnetic loss�H .
(a) Without loss. (b) With loss.

Fig. 6. Simulation results of the MSFVW soliton form in output pulsewidth
and power.

, where numerical parameters of RF magnetization and the
Poynting power for the NLSE calculation were taken from the
dispersion curve of the MSFVW mode at 3.1 GHz in Fig. 3.

Fig. 5 shows that the output pulse takes the soliton form of
a hyperbolic secant function even if loss in the waveguide is
taken into account. The power dependence of the soliton form
considering magnetic loss Oe can be read from the
simulated results in Fig. 5(b) and are plotted in Fig. 6 with the
power dependence on amplitude and pulsewidth. It can be seen

Fig. 7. (a) Photograph of input (input RF pulse signal (200 mV/div). (b)
Zero-delayed signals (TEM signal (5 mV/div). (c) Output soliton signal
(solition waveform (5 mV/div) at� H = 0:275 T).

from the figure that the output power of the MSFVW mode sat-
urates at input power level of 10 mW and the pulsewidth is com-
pressed up to 12 ns due to the formation of bright solitons; the
input pulse is of 24-ns width with a power of 20 mW at 3.1 GHz.

IV. EXPERIMENTAL RESULTS

The microstrip-type MSFVW delay line used for the exper-
iment is shown in Fig 1(b). It consists of a 15 mm24 mm
substrate with a 20-µm-thick YIG film with the magnetic loss

Oe, and 400-µm-thick GGG. The 1-mm-wide strip
line was fabricated on the substrate together with input and
output ports. The dc magnetic field is applied normal to the
YIG film to support the MSFVW mode along the microstrip
lines. A microwave signal with frequency in the range of
2–4 GHz was modulated by a p-i-n diode modulator or GaAs
FET switch with a 35-ns pulsewidth. The pulsed microwave
signal was amplified up to 2 W by a GaAs high-power amplifier.

Fig. 7 shows: (a) typical waveforms of the input pulse; (b),
the quasi-TEM signal with zero delayed time; and (c) the
soliton form with 150-ns delayed time at an input power of
2 W at 3.2 GHz. By introducing an air gap in the stripline,
the quasi-TEM mode shown in Fig. 7(b) can be suppressed
sufficiently in the output signal.

Fig. 8 shows the input power dependence of the pulsewidth
and amplitude of the output soliton pulse. The figure shows that
the input pulse was compressed to 13 ns at the input power of
2 W, which represents a compression ratio of 2.7 for the input
pulsewidth of 35 ns, and its amplitude shows limiter character-
istics [10]. For input power higher than 2 W, the soliton form
changes from one-soliton state to multisoliton state. The simu-
lated result in Fig. 6 and the experimental result in Fig. 8 agree
phenomenologically, but the real input power in the experiment
cannot be reproduced because the conversion loss factor from
the quasi-TEM to MSFVW mode in the strip line is unknown.

Fig. 9 shows some experimental results of soliton forms for
double-input pulses at 3.3 GHz. Two pulses with closed form
can be separated by the soliton operation, which may be useful
for digital microwave signal processing.

Therefore, it was demonstrated that MSW envelope soliton
could be observed in the microstrip-line-type delay line similar
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(a)

(b)

Fig. 8. Power dependence of pulsewidth and amplitude of output signal. (a)
Soliton pulsewidth. (b) Soliton amplitude.

Fig. 9. Photograph of soliton form with input double pulses.

to the conventional MSW waveguide with a pair of microstrip
transducers [2]–[4].

V. CONCLUSIONS

The dispersion relation was derived from a two-dimensional
model of the microstrip line. The dispersion curves show the
state of the quasi-TEM mode mixed with the MSFVW mode,
and these two modes couple with each other at the gyromagnetic
frequency, which is a very effective frequency for exciting soli-
tons through . The effect of the strip width is

also discussed in terms of the MSFVW mode under a magneto-
static approximation, and imposing the magnetic-wall boundary
condition, a deviation in the dispersion curve near the magnetic
resonance frequency was observed.

The MSFVW envelope soliton was experimentally demon-
strated in the strip line with YIG film on a GGG layered sub-
strate. A short microwave pulse of 13 ns was obtained with an
input pulse of 35 ns and 2 W at 3.2 GHz.

Simulation of the soliton form was carried out by numerical
solution of the NLSE. The results were compared with the ex-
periment and good agreement was found.

The nonlinear characteristics of the strip line on the YIG
substrate, which exhibits soliton behavior, may be useful in
designing microwave pulse compression devices [5], beam-
forming of antennas [14], limiters [15], andS/N enhancers
operating at relatively low microwave power [16]. To realize
these devices, analysis of dispersion relation of the strip line
should include loss parameters of the YIG film.
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