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A 0.5-4.0-GHz Tunable Bandpass Filter
Using YIG Film Grown by LPE

YOSHIKAZU MURAKAMI, TAKAHIRO OHGIHARA, anp TSUTOMU OKAMOTO

Abstract —A tunable bandpass filter using YIG film grown by liquid
phase epitaxy (LPE) has been developed. Taking advantage of the very low
resonance frequency in the perpendicular resonance of YIG film, an
operation frequency of 0.5 GHz has been achieved. In order to make this
filter operate up to 4.0 GHz, a new technique for multioctave tuning has
been developed and applied to the filter. Over the wide tuning range from
0.5 GHz to 4.0 GHz, low insertion loss and high spurious suppression have
been achieved. The performance of this filter satisfies the requirements for
use as a tracking preselector in a microwave spectrum analyzer.

I. INTRODUCTION

TTRIUM IRON GARNET (YIG) grown as bulk

single crystals and fabricated into highly polished
spheres is commonly used in microwave filters and oscil-
lators which are electronically tunable over a wide
frequency range. Although these filters and oscillators have
excellent characteristics, their construction involves
precision: processes which cause their cost to be high and
limit their application to sophisticated systems. In contrast,
high-quality YIG film grown by LPE can be used to
construct devices in a microwave integrated circuit (MIC)
format at a moderate cost [1]. Furthermore, in the
perpendicular resonance of YIG film, the resonance starts
from a much lower frequency than in a YIG sphere. These
advantages make YIG film devices covering a low-
frequency range below 1 GHz highly competitive with the
YIG sphere devices.

Although considerable work has been done on magne-
tostatic-wave (MSW) devices utilizing YIG film, a persis-
tent problem is the high insertion loss of these devices
when applied to microwave bandpass filters [2], [3]. We
have previously reported a 1.575-GHz fixed-frequency
bandpass filter using the uniform precession mode of
perpendicular resonance of YIG film to achieve a low
insertion loss [4]. Forming a circular groove on the surface
of the YIG disk allowed us to solve the inherent problem
of spurious responses due to higher order magnetostatic
modes, and a high spurious suppression has been achieved.

This paper describes the application of this technique to
a low-frequency tunable bandpass filter used as a tracking
preselector in a microwave spectrum analyzer. The low-
frequency limit of the resonance in YIG films was inves-
tigated in order to obtain a high unloaded Q even at

Manuscript received March 13, 1987; revised July 13, 1987,

The authors are with the Sony Corporation Research Center, 174
Fujitsuka-cho, Hodogaya-ku, Yokohama, 240 Japan.

IEEE Log Number 8717110.

frequencies below 1 GHz. The fabrication of the filter
achieving the very low operation frequency of 0.5 GHz will
be described. The equivalent circuit of the two-stage filter
was analyzed to obtain the limiting factor of the useful
tuning range. A new design approach for multioctave
YIG-tuned filters (YTF) which expands the present filter’s
operation frequency up to 4.0 GHz will also be described.

I1I. DgvICE FABRICATION

The configuration of the two-stage filter is shown in Fig.
1. Two YIG disk resonators were fabricated from
lanthanum-substituted yttrium iron garnet (La:YIG) film
epitaxially grown on a (100) gadolinium gallium garnet
(GGG) substrate. Lanthanum was substituted to match
the lattice constant of YIG film with that of the GGG
substrate. A (100) YIG film was chosen in order to obtain
a resonance frequency limit as low as possible and to
obtain a higher unloaded Q than with film otherwise
oriented, especially in the low-frequency range below 1
GHz. A grooved circle concentric with the center of the
disk was formed photolithographically on the surface of
the disk [4]. The position of the groove was calculated
using magnetostatic mode theory at the node of the uniform
precession mode of perpendicular resonance [5]. Here the
RF magnetization of the higher order magnetostatic modes
of perpendicular resonance has a finite amplitude. Hence,
as the magnetization is pinned at the groove, suppression
of the higher order magnetostatic modes is achieved. As
this spurious suppression technique is based on magne-
tostatic mode theory, it has intrinsic broad-band character-
istics and works efficiently for a tunable filter. The disks
were 2.5 mm in diameter and 40 pm thick. The distance
between the centers of the disks was 5 mm.

Input, output, and interresonator coupling striplines were
formed photolithographically on a quartz substrate. The
interresonator. coupling stripline was grounded at both
ends in the conventional manner. The ends of the input
and output striplines were grounded via narrow portions
which were bent 90°, thus limiting the direct coupling
between the input and output striplines generated by the
RF magnetic field and improving the filter’s isolation
characteristics. ‘

A shielded suspended stripline structure was adopted
because of the following advantages:

1) The RF electromagnetic field is not disturbed by
external conductors such as a magnetic yoke or coils.
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Fig. 1. Configuration of the two-stage filter.

2) The width of the 50-Q stripline is kept wide in order
to make the electromagnetic coupling to the YIG
disk resonator strong and, together with the grooved
circle, to improve spurious suppression.

3) The two additional air gaps of this structure and the

fact that the striplines can be positioned either above, .

below, or between the dielectric substrates give much
greater flexibility in determining the structure param-
eters which will optimize the strength of the cou-
plings.

A biasing magnetic field of about 1910 Qe for 0.5 GHz
and 3160 Oe for 4.0 GHz was applied perpendicularly by a
tuning magnet.

III. Low-FREQUENCY LIMIT OF RESONANCE

The low-frequency limit of the resonance in YIG is
determined by two factors: the effect of demagnetization
and the magnetocrystalline anisotropy. For a YIG spheroid
immersed in an uniform axial magnetic field H,, the
internal field H, is given by

H,= Hy— NATM, (1)

where N, is the axial demagnetizing factor and 47 M, is the

saturation magnetization. The resonance frequency of the
YIG spheroid is given by Kittel’s equation:
o=v{Hy~(N,~ N)anM,)

= Y(Hz + ]Vt47rMS) (2)

where v is the gyromagnetic ratio and N, is the transverse

demagnetization factor. For low-loss resonance, the ferri-

magnetic sample must be saturated and the internal

magnetic field H; must be positive. Hence, the minimum
resonance frequency is

Omin = Y‘Nt477Ms' (3)
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Fig. 2. Calculated w,,,, from the effect of demagnetization.
For a pure Y1G sphere, N,=1/3, and w,,, is about 1.6

GHz.
As a disk is not strictly ellipsoidal, the internal magnetic
field becomes nonuniform and takes the minimum value

H/=H,— N/4nM, (4)

at the center of the disk. The resonance frequency of the
uniform precession mode of the YIG disk can be calculat-
ed from the magnetostatic mode theory and expressed by
Kittel’s equation (2) [5]. From (2) and (4), the minimum
resonance frequency can be written as

@in = Y{ Nz,~ (Nz - Ivt)}47TMs
= yN/4aM, (5)

where N/ depends only on its aspect ratio o (thick-
ness/diameter). Fig. 2 shows the w_ calculated from the
magnetostatic mode theory for 47 M, =1800 G.

Cubic crystal anisotropy and uniaxial anisotropy are
responsible for the magnetocrystalline anisotropy in an
epitaxial YIG film. When the external magnetic field is
applied perpendicularly, the resonance frequency in (100)
and (111) YIG films can be expressed as

W= Y(Ho +2K,/M, ‘“2|K1|/Ms)

for (100) YIG film and H, > 2|K;|/M,—2K, /M, (6)

and
w=v(H,+2K,/M +4|K,|/3M,) for (111) YIG film

(™)

where K| is the first-order constant of cubic anisotropy

and is negative for YIG, and K, is the uniaxial anisotropy

constant [6]. With the substitution of lanthanum to match

the lattice constant of YIG film to that of the GGG

substrate, the uniaxial anisotropy is sufficiently reduced.

When this is the case, the overall low-frequency limit of

resonance becomes
®on = YN/4TM, for (100) YIG disk (8)
and -
Ooin = Y(N/4nM_+4|K,|/3M,) for (111) YIG disk.

(9)
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Next, the low-frequency limits of the perpendicular
resonance in (100) and (111) YIG disks, which were 2.5
mm in diameter and 50 pm thick, were measured from the
bandstop configurations and compared to the theoretical
- predictions. Fig. 3 shows the variation of the resonance
frequency with the change of externally applied field
measured for each YIG disk, and the solid lines in the
figure are theoretical curves. The minimum resonance
frequencies observed in (100) and (111) YIG disks were
140 MHz and 270 MHz, respectively, which agrees very
well with the theoretical values of 125 MHz and 274 MHz
calculated from (8) and (9). Fig. 4 shows the measured
plots of the unloaded Q of the YIG disk resonator against
the resonance frequency. From this, the unloaded Q can
be expressed as )

Q,= (0= wy,)/YAH (10)
where A H is the resonance line width. Based on the above,

we can now understand that, for YIG devices operating in
the frequency range below 1 GHz, it is preferable to use
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Block I

Fig. 5. Equivalent circuit of the line-coupled two-resonator filter.

the perpendicular resonance in a (100) YIG disk where the
frequency limit of resonance is very low.

IV. DESIGN OF THE MULTIOCTAVE YTF

The equivalent circuit of the two-stage filter shown in
Fig. 5 was analyzed to obtain the coupling coefficient k
between the two YIG disk resonators. The S parameters of
block I can be written as follows: -

. l l
(=1+ tanBlll){Q_u + 0,,(1+ jtanB,l,)

. l 1
(1+ ) tanﬁlll){—Q—u_ 0,0+ janByly)

2

\/QeIQe2(1 + jtan 8,/,)(1+ jtan B,1,)
1 1 1
i

— 4 : + , +
Q, Qu(i+jtangl))  Q,(1+ jtanB,l,) /

) 1 1 ] ) 1
(_1+Jtan3212){Q—u+ Qel(1+jtan,3111) +JQ}+ é;

1 1
1+ jtanﬁ212){— +

1
by —
Q, Q.+ tanpl) i }+ 0.,

(11)
where 8; and 8, are the phase constants of the input/out-
put stripline and the interresonator stripline, respectively,
/, and [, are the distances from the center of the disk to
the shorted ends of the input/output stripline and the
interresonator stripline, respectively, €= w/w;— w,/w,
wy=1/JL,C, is the resonance angular frequency, Q, is
the unloaded Q of the resonator, and Q,, = n?Z,0,C, and
Q.,=n3Z,w0,C, are the external Q’s. As the filter is
symmetrical, the S parameters of block II are related to
the S parameters of block I as

1
+jsz}+-—
Qel

9} &

+ R+ —
Qel

I _
Sll_

I ¢l
SZl_Sll_

)
577_

Shi=S
Su=85=5; (12)
ST
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Then, the elements of the overall S matrix, (S¥), of the
cascaded two-port networks from block I to block II are
obtained as

Slll + {(5211)2‘“ S111S212}S212‘3XP ( _21132[3)
1 (L) exp(—2B,15)

L ¢l —
SII_S22_

2 .
Sk=sl = (S:)Il) exp(— jByl3)

= 13
i ]'(Szlz)zeXP(—zfﬂzls) "

where /; is the distance between the centers of the disks.
Substituting (11) into (13), the expressions for the S,’J‘ ’s
are obtained as follows:

Sii= Szlé = —exp(—2/8,/;)
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Fig. 6. Equivalent circuit of the direct-coupled two-resonator filter.

2

1 cos®B,/ 1 cos?Byl cos?B,1
—+—B“+j52’ — - '81—1+j9’+{ cos Pala
. Qu Qzel Qu Qel . QeZ sin 132(2[2 + 13)
1 cos?Byl 2 28,1 :
4 Bl 1 jQ' +{ ‘COS Bz 2 }
Q, Qa O sin B,(21, +13)
Szli =S =exp— j(2B,/, + 7/2)
cos? B,1, cos? B,
Q,ysin B, (21, + 13) 0a (14)
1 cos?Bil 2 cos? B,1, ’
| + _
0, Qa Q,,sin B,(21, +1;) \

where Q' = @ /w0 — w0} /w, w)= wy + Awy, and
w, [ sin2B;, cosB,l,cosfB,(l,+1
Aw0=-—2{ Bll BZ_Z l2( 2 3)} (15)
2 204 Q.,,sin B,(21, +13)
represents the difference between the filter’s center
frequency and the resonance frequency of YIG disks.
Now let us consider the equivalent circuit of the direct-

coupled two-resonator filter shown in Fig. 6 [7]. The
elements of the S matrix, (S?), are obtained as

D_ ¢D_
Sllf_S'.ZZ—

1 1 Q 1 1 a 2
—+ + Q= + Q|+
Qu Qe,l/o Qu ‘Qe,l/o J
— ) >
—+ +jQ| +k?
Qu e,1/0 )
2k
Qe.i/o
SE= 582 (16)
—+ +jQ| +k*
Qu Qe,l/a

Comparing (14) with (16), it is seen that the S matrix,
(S"), of the line-coupled two-resonator filter coincides
with the S matrix, (S?), of the direct-coupled two-reso-

nator filter except for the additional phase terms of
exp(—2jB,/;) and exp— j(2B,/;+ m/2). It is also seen
that the coupling coefficient k between the two YIG disk
resonators and the input and output external Q,Q, , .
can be expressed as

cos’ (3212)
ks ———— 17
Qe2 Sin(BZIC) ( )

~and

Q _ Qel
©1/0 " cos? B,

(18)

where /, =21, + [, is the length of the stripline for inter-

resonator coupling: When both ends of the stripline for

interresonator coupling are grounded at the edge of each

YIG disk, as it is in this case, /, is sufficiently small, and

(17) can be approximated as

k= ———Vi——— (19)
Qe2277f €etr lc

where V, is the velocity of light, and e is the effective
dielectric constant of the stripline for interresonator cou-
pling. From (19), it can be seen that k is inversely propor-
tional to frequency. When- the perpendicular resonance of
a (100) YIG disk whose aspect ratio ¢ is about 1.6 X102



1196 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-35, NO. 12, DECEMBER 1987

0.]: T T LI B T T T ] (a) Azs'alo /\ 50 E
: ] S 201 2 8 w0 =
~ k-1/Qu n - " \RL
1/ Qe with T § 15 § 6 /r/'/ 30 :g'
° conventional structure - - \ / BAG/ / 3
> 10 € 4 20 ©
o - \ . < 2 S
> & o 7 T \\T\ o
- o
s E " e s i
3 r ] 4 6,
= | 1/Qe.iz0 with i Frequency (GHz)
_,l‘ - new structure
i " 251 10 I \ 50 _
—~ oM N
- B 20F 2 8 / - 40 ¥
0 0 \ ): \ -
0.001 T AR ] § 15 S 6 \T\ /, BW / 30 '§
0.2 0.5 1 5 ;i 10k c 4 § 20 _g
f (GHz) 5 = j/ \M 5
Fig 7 Frequency dependence of kK —1/Q, and 1/Q, , /- ;:‘-; S5t § 2 N 10 z
, : ol 0 0 =
is used, w,;, is as low as 100 MHz, and from (10), the 4L 6 81 3 5
unloaded O of the YIG resonator is approximately pro- Frequency (GHz)
port10{1al to fr?quency: Consequently, ,thc value of k- Fig. 8. Frequency dependence of insertion loss, return loss, and 3-dB
1/Q,, is approximately inversely proportional to frequency, bandwidth of the filter with the conventional structure. (a) Simulation.
as is shown in Fig. 7. ) {b) Experiment
When the ends of input and output striplines are also
grounded at the edge of each YIG disk, as is commonly 25 - 10 50 ~
done, the external Q remains approximately constant from a @ \ T
(18), as is shown in Fig. 7, so the filter is overcoupled at - 20 2 8 40 2
the lower frequency of the tuning range and undercoupled = 0w \RL c
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obtained by simulation and experiment. As is seen from 2 i E 2 N 10 o
the figure, the performance of the filter degrades at both & s a ’ I 2‘ @
ends of the tuning range. ol - 0 0 -
The ends of the input and output striplines were ex- 4 6 81 3 5
tended beyond the edge of the YIG disk. Then, from (18), Frequency (GHz)
the external Q has the following frequency dependence:
- Qa 25 10 50
Qe‘l/o COSZ (18111 + IBXIIXI) (20) (b) -~ ;; \ T :
. . @ 201 2T 8 40 3
where f8,, is the phase constant of the extended portion of T =~ Q\RL / ol
the stripline, and /_, is the length extended. Now, the w 5L B 6 ? 130 <
critically coupled condition § S \‘N / > L—A—/ ]
11 10F & 4 N 20 3
5t g (21) £ 2 N g
u e 1/0 ;‘: 5| :‘,,; 2 “,-.‘/l; 10 m
can be essentially realized in the wide frequency range, as S e
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Fig. 9 compares the results of the simulation and the
experiment of the filter with line extension. The maximum fe o F denend ¢ insertion 1 . 4 3.dB
. . . 2. requency dependence of insertion loss, return loss, an =
operation frequency W_as extended t.O 40 GHz 11‘1. this bandwidth of the filter with the new structure (a) Simulation. (b)
structure, compared with 2.0 GHz in the conventional Experiment

Frequency (GHz)
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structure. This broad-band technique has the following
advantages:

1) The spurious responses of the filter become rela-
tively strong when the filter is undercoupled. As the
filter is essentially critically coupled in the wide
center portion of the tuning range and overcoupled
at both ends of the tuning range, it serves to im-
prove spurious suppression.

2) As both the external Q,Q, , ,, and the inverse of
the coupling coefficient k are approximately pro-
portional to frequency, the 3-dB baridwidth of the
filter remains constant.

V. PERFORMANCE

Fig. 10 shows the typical transmission and reflection
response of the filter measured at 2 GHz, the mid-frequency
of the tuning range. Fig. 11 shows the change of the
transmission response when the filter is tuned from 0.5
GHz to 4.0 GHz. The characteristics of the filter are
summarized in Table I. A low insertion loss of less than 3
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TABLE 1
CHARACTLRISTICS OF THE 0.5-4.0 GHZ TUNABLE BANDPASS FILTER
Frequency range (GHz) 0.5-4.0
. 2.0-2.8 {(1.0-4.0GHz)
Insertion loss (dB)
5.0 (at 0.5GHz)
. >10 (1.0 - 4.0GHz)
Return loss (dB) 6.7 (at 0.5GHz)
3dB bandwidth (MHz) 16-23
) > 50 ( $3.5GHz)
Isolation (dB) 43 (at 4.0GHz)
Off-resonance spurious{dB)| > 35
Limiting level (dBm) <0

dB except at 0.5 GHz and a high spurious suppression of
more than 35 dB have been achieved. The limiting level of
the filter is 0 dBm even at the lowest frequency of 0.5
GHz. This limiting level is substantially higher than that of
YIG sphere filters operating in this frequency range. This
is because in YIG spheres low-level coincident limiting
occurs with power levels of —20 dBm at frequencies below
(2/3)y47 M, which is 3.3 GHz in pure YIG [8]. In contrast,
coincident limiting does not occur in the perpendicular
resonance of YIG disks. This is another advantage of
filters using the perpendicular resohance of a YIG film.

VI. CONCLUSIONS

A 0.5-4.0-GHz tunable bandpass filter using YIG film
grown by LPE has been developed. A technique for design-
ing the multioctave YTF has been developed and applied
to the filter. Low insertion loss and high spurious suppres-
sion have been achieved, and the performance of this filter
satisfies the requirements for use as a tracking preselector
in a microwave spectrum analyzer. It has been possible for
the first time to take advantage of the very low resonance
frequency of YIG film to realize a low-frequency preselec-
tor filter.
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