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Magnetostatic-Wave Envelope Soliton in Microstrip
Line Using YIG-Film Substrate

Makoto TsutsumiSenior Member, IEEETetsuya UedaMember, IEEEand Kensuke Okuhdviember, IEEE

Abstract—n this paper, a dispersion relation of the microstrip
line on a yttrium—iron—garnet (Y1G)-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 Schrddinger 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.

. INTRODUCTION Fig. 1. Two types of MSW delay lines. (2) MSW waveguide with microstrip
AGNETOSTATIC wave (MSW) devices such as dela}l}ne type transducer. (b) Microstrip-type MSW waveguide.

li fil h i . . . L
workersm[i]s, lters, and resonators have been studied by malmle—type delay line proposed here involves quite different mech-
: ahqism (propagation problem) from the microstrip-type MSW

Recentinterest of MSW devices is in nonlinear phenomena .
transducer (excitation problem).

a yttrium—iron—garnet (YIG)-film delay line at microwave fre- Thi first i tiqates the di . lati £ th
guency. Among them, MSW envelope soliton devices have been IS paper 1irst nvestigates the dispersion relation of the

focused and actively studied by Russian scientists [2]-[4]. ThACrostrip line on a YIG-film-GGG substrate under the

potential applications of MSW envelope soliton such as pulg\go@r_lrj;'r:/l&ongl I\igs\r/ommjltlor) a;alyss. O(Iipuizgng d.b etwegn
compression devices and soliton train generator are anticipa?é@s" A an modes 1S discussed In the dispersion
[5], [6]. The YIG-film delay line used for the envelope MSWCUVe: which characterizes the MSW delay lines in the linear
soliton devices consists of a pair of transducers with input aﬁaate' The simulation of the MSW envelope soliton form is then

output ports, as shown in Fig. 1(a), and these transducers B vided based on the dispersion curve and compared with

typically fabricated as a narrow microstrip line on a YIG ﬁlmexperlmental results for a 30m-thick YIG-film substrate.

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]. The dispersion relation of the microstrip line on the YIG film

Recently, one of authors has experimentally demonstrated &rel GGG layered substrate is derived in the linear state. To
MSW delay line using a microstrip line with a YIG-flm—GGG simplify the analyses and elucidate the fundamental aspect of
substrate, as shown in Fig. 1(b), in which the MSW propagatttee dispersion relation of the line, a two-dimensional theoret-
along the microstrip line and the radiation effect at the rigltal model of the line is assumed in an infinite extent along the
angle to the strip line is negligibly small for the wide strip widthe- andy-directions, i.e., a parallel-plate model of the YIG-film
over 100um [9], [10]. Thus, it is noted that the microstrip-waveguide, magnetized perpendicularly to the surface, as shown

in Fig. 2.
Maxwell’s equations in the ferrite medium are given by
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The electromagnetic field in GGG is derived from the
separate forms of Helmholtz equations for each of the
TE(Eyo, Hyo, H.0) and TM(H 0, Eyo, E.o) modes, which

are given as
82E 0 2 w\2
gt = |70 (2) ] B =0
82H 0 w\2
S {/32 —e, (Z) } Hyp=0 6)

whereege, is the dielectric constant of GGG.
Solutions to (6) are given under the boundary condition of the
ground plane: = —s with unknown constant®; and B

Fig. 2. Parallel-plate model of the microstrip line. E o =DBjsin [p,z(z + s)}

wherep = 1+ wpwn /(Wi — w?), £ = wwp /(W — w?), H,yy = DBjcos [pz(z + s)}

wp = YpoHo, wm = yuoMo, Ho is the internal dc magnetic ) wn 2 )

field, oMy is the saturation magnetizatiopjs the gyromag- P, =¢&y (;) - B (7)

netic ratio, andtge,. is the dielectric constant of YIG [1]. . )
The electromagnetic field in (1) is assumed to be independenfU€ 1o the boundary condition at the interface between YIG
of the z-direction. Even for the two-dimensional assumptior?d GGG at = 0, tangential components of the electromag-

the electromagnetic field in (1) shows hybrid behavior with thigetic field must be continuous. Eliminating unknown constants
differential equation in quadratic form as A; and Az in (5) andB; andBs in (7), the dispersion relation

can be derived as

82Ey 9 w2
92 [/3 —erpl (;) } Ey {242 A tanh(\,d) tanh( A, d) + &,.¢2 tan®(p.s) WD
2
— —won a(fy + Hsg Z—Z)\p tanh(Apd) + €092 A tanh()\md)} Com
4 z
8%H, w2 2
822J - [/32 — & (Z) } pH, — {s,,pz)\p tanh(A,d) + Eg]%)\m tanh()\md)} Cp}
w 2 3 . =
3% e, (Z) x tan(p.s) =0 (8)

OFE
= Weperk < 8; —i—wuoﬁHy) 3) Where

(2

whereE, and H, vary with e=/¥, andc is the speed of light L 2

in vacuum. Combining these two equations, we get o (n—1)3?—VD
O'E, , w\2| BE, " 2
924 {(1 +1)B° = 2pe, (;) } 922 QZQ =g, (f)Q _ /32.
w\ 2 w\ 2 ¢
tp {/32 —&r (Z) } {/32 — Erflef (E) } E, The dispersion relation was numerically solved. The numer-
—0 ical parameters used in the calculations agél, = 0.057 T,
s 9 oMoy = 0.175 T, thickness of YIG filmd = 20 um, thickness
Pef = pr (4) of GGG, s = 400 pm, &, = 15.3, and dielectric constant of
# GGGeg, = 7.7.
The solution to (4) is given under the boundary condition at Fig. 3 shows typical dispersion curves in a logarithmic
conductorz = d in a simple form as scale of the propagation constait which reveals a mixed

state of the magnetostatic forward volume wave (MSFVW)
E, = A; sinh [Ap(z_d)} + Az sinh[A,,,(z —d)]  (5) modes with a large propagation constant of over 500
rad/m and quasi-TEM modes having two resonances at

(14 )3 — 2pe, (8)2 ++vD fn = (vpo/2m)Hy and f4,. It is interesting to note that the
A2 AZ, = 5 £ curve corresponding to the quasi-TEM mode joins the curve
9 9 for the MSFVW mode at the gyromagnetic frequengy,
D=(1—-p)*p*—de, (w—:) [[32 — & (%) } which is clearly shown in the enlarged figure. Such coupling

behavior has not been found for the dispersion relation
whereA; andA; are arbitrary constants. Herk, and,, may under the magnetostatic approximation [9] and Hines’ mode
be complex. The RF magnetic field, in the ferrite can also be or edge-guide mode [11]. This indicates that the MSFVW
derived by combining (3) with (5). mode can be excited easily by coupling with the quasi-TEM
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Fig. 4. Dispersion curves of the MSFVW under magnetostatic approximation

Fig. 3. Typical dispersion curve of the parallel-plate model of the strip Ilne.and Hines’ modes with three-dimensional model.

mode qtf - fh.' .It also means that the MSF\./W soliton €an" on the other hand, the radiation of the MSFVW at the right
be excited efficiently atf;, because the soliton forrn""t'or'angle to the proposed strip line has been used for excitation of
can occur near the cu_toff freqqe_ncy of the MSFVW, i.e he MSW, when we utilize the conventional transducer design of
I [3]’.[4]' The cqu_plmg coefficient value can be rea narrow strip of width less than 1Q@n [7], [8]. It has been con-

from .F|g. 3 a sufﬂmen?ly accurate value to give IC)erfe%rmed experimentally that if the strip width is greater than a few
coupling between quasi-TEM and MSFVW modes for fbns of micrometers, the effect on the radiation of the MSFVW

YIG wavegwd_e length of approximately a few centlmeFer§$ small and does not disturb the transmission characteristic of
and no coupling between these modes was found WltthIE line [10]
J .

GGG substrate. On the other hand, the resonance frequenc
v = (ypo/27)(Ho + My) moves to lower resonance
frequency f}, with the existence of the GGG substrate
and with decreasing thickness of the YIG film, which is The MSW envelope soliton in the YIG-film waveguide is a
similar to the dispersion characteristics obtained by thgpical nonlinear phenomenon and shows the properties similar
spectral-domain method [12]. to optical solitons in fiber optics [13], but the short length of the
The effect of the width of the microstrip is interesting, butvaveguide is enough for forming MSW solitons [3], [4] com-
it may be a very complex problem because of the three-giared to the long distance of optical fiber. To understand MSW
mensional treatment of the line. When the magnetostagavelope soliton behavior, the simulation study using the non-
approximation is assumed, the dispersion relation of thieear Schrédinger equation (NLSE) is a popular method and
MSFVW mode in the three-dimensional model can be eastlge numerical parameters can be read from the linear state of
derived under the assumption of a perfect magnetic-walle dispersion curve of the MSFVW discussed in Section II.
boundary condition at the strip edge [9], which is also depicted The NLSE is given by
in Fig. 4. Hines’ mode, which is taken into consideration ) ) 52
independent of the electromagnetic field in the direction per- . { 9y ! 99 / 1,07 / 2
pendicular to the YIG-flm—GGG structure, can also be easily <_ RSt kwﬂp) ~ 3l T higelele =0

I1l. SIMULATION OF SOLITON FORM

dy “ ot
derived from Maxwell's equation with a perfect magnetic-wall 9
boundary at the strip edge [11], which is depicted in Fig. 4.

Comparing Figs. 3 and 4, the effect of the strip width owherek/, is the group velocity and’/ is the dispersion of the
the dispersion curves is observed at two resonance frequengiesip velocity, which are numerically evaluated from the dis-
fo = (ypo/2m)\/Ho(Hp + My) and fys. This is caused by persion curve of MSFVW mode, as shown in Figl'3s the loss,
Hines’ higher order mode [11]. Except at the two resonan@ehich corresponds to the linewidth &fH of the YIG film. Pos-
frequencies, the discrepancy between the dispersion curvegiire nonlinear coefficient of the dispersidn = k’@ . cannot be
Figs. 3 and 4 is insignificant. The coupling between the twead from the dispersion curve of the MSFVW mode of Fig. 3.
modes ajff;, may be enhanced with change of the strip linewidthdowever, N is easily evaluated from the demagnetizing factor
Thus, the dispersion relation in the three-dimensional problesne to the external dc magnetic field normal to the YIG film
can be estimated from the two-dimensional dispersion relatiorear f3,, the lower cutoff frequency of the MSFVW [3], [4].

In addition, it can be emphasized that magnetostatic approximaThe NLSE (9) can be numerically solved using the split-step
tion is a powerful method, when we independently consider ti@urier-transform method [10]. Typical simulation results of
MSFVW mode in the strip line. soliton propagation are shown in Fig. 5 with and without loss
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Fig.5. Simulation results of soliton form with and without magnetic la4$.
(a) Without loss. (b) With loss.
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Fig. 6. Simulation results of the MSFVW soliton form in output pulsewidtl
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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) ajig Ho = 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 2@um-thick YIG film with the magnetic loss
AH ~ 0.5 Oe, and 40Qim-thick GGG. The 1-mm-wide strip
line was fabricated on the substrate together with input and
output ports. The dc magnetic fieH, 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-

fistics [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

AH, where numerical parameters of RF magnetization and thkenomenologically, but the real input power in the experiment
Poynting power for the NLSE calculation were taken from theannot be reproduced because the conversion loss factor from
dispersion curve of the MSFVW mode at 3.1 GHz in Fig. 3. the quasi-TEM to MSFVW mode in the strip line is unknown.
Fig. 5 shows that the output pulse takes the soliton form of Fig. 9 shows some experimental results of soliton forms for
a hyperbolic secant function even if loss in the waveguide @ouble-input pulses at 3.3 GHz. Two pulses with closed form
taken into account. The power dependence of the soliton fooan be separated by the soliton operation, which may be useful
considering magnetic los& H = 0.5 Oe can be read from the for digital microwave signal processing.
simulated results in Fig. 5(b) and are plotted in Fig. 6 with the Therefore, it was demonstrated that MSW envelope soliton
power dependence on amplitude and pulsewidth. It can be seenld be observed in the microstrip-line-type delay line similar
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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
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Fig. 8. Power dependence of pulsewidth and amplitude of output signal. (a)
Soliton pulsewidth. (b) Soliton amplitude.
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Fig. 9. Photograph of soliton form with input double pulses.

12
to the conventional MSW waveguide with a pair of microstrip[ ]

transducers [2]-[4]. [13]

V. CONCLUSIONS [14]

The dispersion relation was derived from a two-dimensione:l
model of the microstrip line. The dispersion curves show th ]
state of the quasi-TEM mode mixed with the MSFVW mode,
and these two modes couple with each other at the gyromagnetf¢!
frequency, which is a very effective frequency for exciting soli-
tons throughfs, = (vuo/27)Ho. The effect of the strip width is

R 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.

0 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], an8/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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