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Insertion Loss of Electronically Variable
Magnetostatic Wave Delay Lines

S. N. BAJPAI, SENIOR MEMBER, IEEE

Abstract —This paper presents an investigation of insertion loss and
constant variable delays in electronically variable magnetostatic volume
wave delay lines. The delay line has a conductor-dielectric- YIG-dielec-
tric-conductor structure. Variable delays up to 300 MHz have been
obtained in single volume wave delay line by adjusting the direction and
magnitude of the biasing dc magnetic field in a plane containing the
normal to the YIG film and the direction of wave propagation. Insertion
loss as a function of frequency has been obtained for different biasing field
angles and also for the angles corresponding to variable constant delays.

Comparison of theoretically obtained insertion loss has been made with

experimental results, and good agreement is found. Electronically variable
magnetostatic wave delay lines have promising applications in broad-band
phased array antennas at 1-20 GHz frequencies.

I. INTRODUCTION

T HAS BEEN demonstrated by continuous research

and development efforts in the last two decades that
magnetostatic waves (MSW’s) have a great deal of poten-
tial in several devices, among them nondispersive, disper-
sive, and variable delay lines, bandpass filters, resonators,
oscillators, signal-to-noise enhancers, convolvers, and filter
banks [1]-[7]. Magnetostatic wave technology is based on
the low-loss propagation of magnetostatic waves in biased
yttrium iron garnet (YIG) thin films. The films are grown
epitaxially on gadolinium gallium garnet substrates. Propa-
gation loss as low as 20 dB/us at microwave frequencies
has been observed [1]. Magnetostatic waves are efficiently
excited by simple microstrip transducers. The initial theory
and experiment on the excitation were presented by
Ganguly and Webb [8]. Later, several useful papers on the
excitation of magnetostatic waves [9]-[15] were published.
The alluring feature of MSW technology is the larger
operating bandwidth directly (without the need for down-
conversion of frequencies) at microwave frequencies. In
addition to this, the dispersion and delay characteristics of
MSW’s can be tuned by varying the biasing dc magnetic

field. It has been demonstrated in the past that MSW .

devices have enormous potential in modern communica-
tion and radar systems, where the signal can be processed
directly at microwave frequencies.

Electronically variable delay lines have significant po-
tential applications in broad-band phased array antennas.
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The first variable delays were demonstrated by Sethares
et al. [16]. This was achieved through the use of two
separate delay lines on “up-chirp” and “down-chirp” de-
lay lines in cascade. Later, improved constant delay over a
250 MHz band variable by 20 percent was shown [17].
However the device has 35 dB insertion loss, across the
band. This insertion loss, which is too high, is due to
cascading of two delay lines. In a recent paper greatly
improved results on the above device have been published
[18]. The results are impressive; however loss is still high.

Another technique to achieve variable delay has been
demonstrated by Bajpai er al. [19], where the constant
delay over a 150 MHz frequency band variable by +20
percent was demonstrated in a single delay line. This was
achieved by adjusting the direction and the magnitude of
the applied magnetic field in the forward to backward
volume wave plane. The insertion loss across the 150 MHz
frequency band was measured to be approximately 15 dB.
The study was later extended and it was shown that the
bandwidth of variable delay can be enhanced by adding a
second ground plane, and a bandwidth of 300 MHz was
theoretically obtained [20].

This paper presents a study of variable constant delay
and of insertion loss of variable magnetostatic delay line
having a conductor—dielectric-YIG—dielectric—conductor
configuration. The insertion loss and delay expressions
have been obtained for the case where the internal mag-
netic field lies in the plane which contains the normal to
the YIG film and the direction of propagation of the MSW
(forward-backward volume plane). The variation of inser-
tion loss with frequency has been obtained for certain
biasing field directions. Nondispersive (constant) delays
have been obtained and have been shown to be variable by
adjusting the magnitude and the direction of the biasing
magnetic field. The corresponding insertion loss with fre-
quencies has also been shown. Finally, a comparison of
insertion loss theoretically obtained has been made with
the experimental results.

II. THEORY

The delay line structure is shown in Fig. 1. It consists of
conductor—dielectric  (Al,03)-YIG—dielectric (GGG)-
conductor. A magnetic field is applied in the Z—X plane
(forward-backward volume wave plane) and is rotated
away relative to the Z axis. This arrangement excites
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magnetostatic forward and backward volume waves. The z T |
waves propagate in the x direction. Microwave current L. oot <
flows in single microstrips, which are used to excite and //:_ 'E,‘GE R
receive magnetostatic volume waves. For the case where - %
the biasing dc field (internal magnetic field) is in a direc- sy ” o~ f T
. . . g . %y g msw /1,
tion which makes an angle § with the z axis, the relative { JT'_
permeability tensor has been obtained as [19] /,7 Y Dielectric 1 |
N
X
P Pz M3 Metal
=M B Mo (1) (a)

Bar K3 Ha3

where

pty; = pcos? 8 +sin*f

P, = jKcosb
. (b
paz = sin(8) cos (6)(1—p)
Fig. 1. (a) Magnetostatic volume wave delay line: /= thickness of re-
Py =—J K cos @ gion 1, d = thickness YIG, ¢ = thickness of region 2, T; and T, are the
exciting and recewving transducers respectively. (b) Direction of inter-
Poy =M nal biasing magnetic field H with Z axis.
o3 = jK sin8 o )
time dependence) in different regions are expressed as
Py ={(1—p)sin(8)cosé
. . + oo
= — 1 .
b= jK sing 0 = [ 7[B,exp(Bz)+ Byexp(~ Bz)] exp(~ jBsx) dB
— 0

P33 = psin?@ + cos? 6.

Permeability tensor elements for the general direction of
biasing magnetic field have previously been derived and
are given in [19]. Equations (1) and (2) in this paper are
obtained from [19] for the specific case where the biasing
magnetic field lies in the plane which contains the normal
to the YIG film and the direction of MSW propagation (or
forward to backward volume wave plane). In (2), p and K
have been defined as

$YIG = f+w{A1exp{jB(Pos +\/m)z}

— o0

+ AzeXP{‘ iBYps —ng — SPO)Z}]

-exp (— jBsx)dp

¢(2)=f+

o0
wo(wp + @,,) — w? W, [CleXP(BZ)+CzeXP(_BZ)]CXP(—J.BSX)d,B‘
= K= — o0
Wi — w? w5 — w? (3)
and .
In 3) By, B,, 4, A,,C,, and C, are arbitrary constants
wo=vH w,, =ydTM, (2) which are evaluated by applying boundary conditions at

where H, 47M,, v, and w are the biasing dc magnetic field
(internal dc magnetic field), the saturation magnetization,
the gyromagnetic ratio, and the wave frequency, respec-
tively. Under magnetostatic approximation, Maxwell’s
equations are written as

vV Xh=0 v-b=0

where wave magnetic induction b is written as b= pyp,h,
po is the permeability of free space, and h=vy,
¢ being the magnetic potential. It is assumed that the
fields are uniform along the y direction. It is a good
assumption for YIG films having widths of 5 mm and
more. It has been shown [13] that the width modes propa-
gating along the width of the YIG film are weakly excited
and therefore that fields along the width or y direction can
be assumed to be uniform. Magnetic potentials (ignoring

the interfaces, s is positive for + x excitation and s = —1
for —x excitation, and B is the wavenumber of the
magnetostatic wave. The functions ¢®, YY1, and @
represent magnetic potentials in dielectric 1 (Al,0;), in
Y1G, and in dielectric 2 (GGG), respectively, and p, and
h, are defined as

(1—p)sinfcosf
H33

(4)

Po

(5)

py 172 [weos?6 +sin?6 |°
n.=|— N S
P33 psin?@ + cos* 6

The normal components of wave magnetic induction
(b,’s) and the tangential components of magnetic field
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(h,’s) in different regions are obtained from (3) as
1 + o0
bz()=,u.0f B[ B, exp(Bz)
~ Byexp(— Bz)] exp(— jBsx)dp
+ o0 :
bjl(}:l’«of [JBAl{P%(sPo"'VP%”"%)‘&”31}
— 0
exo{ B{smo + 772
+ jBAz{H33(SP0 —\ps—nj ) - 5#31}
‘eXP{— JB(/p3 -3 - SPO)Z}] exp (— jBsx)dp
2 , + oo
b@=p,[ " BlCrexp(Bz)

— Cyexp(— Bz)] exp (— jBsx)dB.
In similar fashion, the A,’s = 3¢ /dx are obtained as

n0=—js[ BlBexp(Bz)+ B,
) -exp (— Bz)] exp (~ jBsx) dB
= i 8 e 8 = 7))
i nesp{ - B(JF T we):)]

~exp(— jBsx) dB
hP=—js[ “BICiexp(B2)+ Crexp (- B2)]

-exp (— jBsx) df. (7)
The arbitrary constants are evaluated in terms of arbitrary
constant A,. The usual boundary conditions are applied;
ie., the b,’s and h.’s should be continuous at all bound-
aries (interfaces) except that

Y6 — H® = J(x) atz=1
The above condition yields
e FT(‘*’»B)CXP{Jﬁ(spo+\/P§—n%)1}CXP(“J}BSX)
~isf By —— dp
~o exp(~2,8/pt —n3d)

(6)

(8)

=7,(x) (9)

where

Fr(w.B) = Fexp{—2j8/pi—n3}d  (10)

and

F, = [(1 + Texp {2j,8\/p§ - n%d})
- j[{l’«w(sl’o + VP(% - ”%)_ 3#31}
+ T<#33(5P0_ Pg - "(2))

~exp{2jB p§~n§~d}—su31}]coth,él]. (11)
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In (11) T is defined as
T=T,+ T,

(12)

where

= tanh? (B¢) — [ﬂ%z(!’g — o?) = 2pu35 popiay + (:“31)2]
’ tanhz(,Bt)-F{,u33(sp(,—a)—su31}2

(13)
and
~ 2 tanh Bt
tank? (B1) + { pz3(spo — @) = sy}

Equation (9) is now multiplied by exp(jB8’sx) and inte-
grated with respect to x, which gives the value of 4, as

e JI(B)exp(—28/p3 —n3)d
" 2mspFr(w, B) exp{ jB(spo+ P33 )1}

where

’Z‘;:

(14)

(15)

(16)

The dispersion relation is obtained by equating Fr(w, )
to zero, i.e., Fr(w, 8)=10; thus

(1332)" — tanh (1) tanh ( Bt)
pysa tanh (B1) + tanh Bt]

where, for convenience, \pj — ng = a.
For guided volume waves, « is required to be positive;

this leads to the frequency of allowed forward volume
waves as ;> w > w, and that of backward waves as
w, > @ > ;. Here ;= @, w;=[w,(w,+ ©,,)]"/% and the
transition frequency w, = [w,(w,+ w,,sin’d)}*/% As can
be seen, the transition frequency increases with the in-
crease of 4. :

J(B) =f+°°.fv(x)exp(]ﬂsx)dx.

— o

cot(Bad) =

(17)

Magnetostatic Wave Power

The time-averaged magnetostatic wave Poynting vector
has been obtained as

- 1
Poynt,, = 5 Real part of (E X h*). (18)

Magnetostatic waves are TE waves which have been as-
sumed to have no field variation in the y direction. i.e.,

+ d/dy = 0. Therefore, E, =0, E,=0, and h,= 0. Thus the

average Poynting vector is rewritten as
(19)

- 1
Poynt ,, = 5 Real part of (Eyh_*)

Now we determine E, and k_ in all the regions. From
v X E = — jwb, we find that

(20)
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and By
e (2 s

Therefore the time-averaged power flowing per unit width
is written as

P, =} Realpartof [(E,hz)dz
Iy

l Sw *
P, =1 Real part of f sz- ( E) dz.  (22)

In above equation, b, =7,u0[,u31hx-l-;u33811//[)z], YIG re-
gion and h,_ = d¢y/dx. For the dielectric region p;, =0

and p;=1.
In (22), P,, is determined in different regions of the
delay line. First
axP . + 0
hy=5. =~ JSf B[Byexp(Bz)+ B.exp(—Bz)]
X — o0

-exp(— jBsx)dp

is evaluated in region (1), i.e.,, V. Similarly #® and AY'C
are also determined. The integrations are performed fol-
lowing the contour method [8], [11], [14]. Similarly d+ /dx
is also evaluated for different regions by solving the inte-
gral. Finally the total average power (per unit width)
flowing in the s(& x) direction in the delay line is

swp,|G)?
P‘o’zl M
4B

M=M,+M,+ My

P, (total) =

(23)

M, M, and M, are average powers flowing in dielectric
(1), or AL,O;, in dielectric (2), or GGG, and in the YIG
film respectively:

M, = [Hzn(spo + 0‘)2_25%3(31’0 +a)pa+ {2“233(P§ - az) -
+ s *{2{ T;c0s (2Bad ) — Tysin (2Bad ) } +1} + { 3

[ coth (81) — Blesch? Bl
1
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J(B)exp (=~ jepd)

OB = )
FT’(w,B)=a—FT$ (28)

Fi(w,B) = Fi+ jF{ (29)
Ff=-2adsin(2aBd )+ T/ +{ pt33(spp+a) —spy; )

. { —2ad cos{2aBd ) coth ( BI)

+ leseh? (Bl)sin(2aB) }

+ {H:B(SPO —a)— s,u31}

AT, coth (BI)— T,/ esch? (B1)} (30)
Ff = —2adcos(2aBd )+ T/ + {.11«33(5170 +a)— SIU‘31}

{2ad coth(Bl)sin(2aBd )

+ lesch? (BI) cos(2aBd )}

+ { B3 (spy — @) = spyy )

-{—ﬂ’coth(ﬁl)-&-T,lcschz(,Bl)}
r'=7'+1’

(31)
(32)
_ Aoyt sech® (Br)[ — {r33(spg— &) = spy; } { — tanh (B) + sy )} ]

T/ Il
[ tanh® (B1) + { pas (spo — @) = spay }7]°

r

(33)

. (34)

T 2ot sech” (B[ tanh® (B) — { g3 (spo — €)= 533 )]
’ [ tanl® (B0)+ {33 (spy — @) = spn )]
The power flow is conveniently expressed in terms of the

radiation resistance as Total P, (per unit width) flowing in
the s direction =1/2 R|1,|?, where R is the radiation resis-

4.“331)0.“31} {T,cos(2Bad)—T;sin(2aBd))

(spo — 0‘)2_25H33(SP0 —a)pa eyl } TT*]

(24)

M, =4p3,0*| tanh ( Bt) — Bt sech® Bt ] - [

sin(2a8d)
My = (_2:8)[(5170 +a)dsps + MslTrPo_a,G—“

(1—cos2apd)

- TIPOHM“—'&B—_ +TT*(spo — @) dpp3ys

242
(ia—){Trsin (2aBd)

- N33{(SP0 +a)’d+
~T,(1- cos2aBd)} + TT*(sp, — @)’d }|  (26)

tanh?® (Bt )+ { pyy(spy + @) — 3“31}2

TT* = — _
tanh® (Bt) + { 133 (5po — @) — spp3y

(27)

tanhz(,Bt) + {”33(5]70 - (!) - S"L31}2]

(25)

tance to the s propagation wave. Thus

2P, (Total)  swpo|G)*M

P 2R, (33)
or .
_ souM|F(B)
28 1|*| Ff (w0, B)I?
J(B) =/j OOJ},.(x)exp(j/ivx) dx. (36)

Uniform current flow in microstrip transducers is as-
sumed. This is a rcasonable assumption and has been
considered in several papers published in past. J,(x)=
1,/b, 1, is the magnitude of the microwave current flow-
ing in the y direction, and b is the width of the microstrip.
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(a) Variation of insertion loss and radiation resistance with frequency. The parameters are § = 0°, internal magnetic

field H = 2850 Oe (corresponding applied magnetic field H;, = 4700 Oe), d =50 pm, /=150 pm, ¢ =550 pm, b= 50 um,
width of delay line (W) =5 mm, 47M, =1850 gauss, vy =1.76 X107 rad/s-Oc and Ak =0.5 Oe. (b) Variaiion of insertion
loss with frequency. Here 6 = 30°, transition frequency = 8.60362 GHz; other parameters are the same as in Fig. 2(a).
(¢) Variation of insertion loss with frequency. Here § = 60°, transition frequency = 9.7313 GHz; other parameters are the
same as in Fig. 2(a). (d) Variation of insertion loss with frequency. Here 6 = 90°; other parameters are the same as in

Fig. 2(a).
Equation (36) can then be rewritten as

7=/

—b/2

+b/2

1,
5 P (jBsx)dx

=£9 +b/zexp(j,Bsx)abc
b’/ 4,

sin Bbs /2

Bb/2 ]
sin 8b/2 1*
L o

Therefore, the radiation resistance (per unit width) for s
excitation is rewritten as

swp M sin b /2 12
~287F (0,B) l Bb/2 ]
The total radiation resistance is obtained as
R =|RT|+|R7|. (39)

In (39), R* and R~ are the radiation resistances for -+ x

8 = 1|

|f(B)|2=102[

R

(38)

and — x propagating magnetostatic waves, respectively.
Insertion loss (1.L.) in the delay line is obtained as

2 2
(Rg + RTotal) + ( XTotal)
4RgR+

I1.L.=20log

+ Propagation Loss. (40)

In (40), R, is the source resistance (50 2), Ry, and
X 1o are the total radiation resistance and the total radia-
tion reactance of the lowest order mode, respectively,
where most of the energy is coupled. X, is obtained
from Ry, using the Hilbert transform. R* is the radia-
tion resistance of the plus propagating wave in the lowest
order mode. Propagation loss was obtained as 76.4X Ah X
7., where AJ is the line width of the YIG film and =, is the
group delay in microseconds.

As can be clearly seen from (35) and from the terms
included in the equation, the entire analysis is very compli-
cated. Expressions obtained in (35) were reduced and
compared with expressions obtained by Weinberg and
Sethares [15] for specific cases of forward wave (i.e., § =0)
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Fig. 3. (a) Variation of constant delays with frequency. Here 6’s and

H’s are shown in the figure; other parameters are the same as in Fig.
2(a). (b) Variation of insertion loss with frequency. Here 8’s and H’s
are shown: other parameters are the same as in Fig. 2(a).

and for full backward wave (6 = 90°) bandwidths, and a
complete agreement was seen between our reduced expres-
sions and the expressions obtained by Weinberg and
Sethares.

111

In this section variation of insertion loss with frequency
is described for various directions of biasing dc magnetic
field. Variable constant delay and corresponding insertion
loss, as functions of frequency, have been obtained. Finally
theoretical and experimental results have been compared
and good agreement is seen.

The biasing field (internal magnetic field) is rotated
away in the forward volume wave to backward volume
wave plane (Z- X plane) in the delay line in Fig. 1. Fig.
2(a) shows the variation of insertion loss with frequency of
a magnetostatic wave for # = 0°. Radiation resistance (or
power transduced) for + x and — x excited waves is also
shown by the broken line. It can be seen that the insertion
loss is minimum where the radiation resistance is maxi-
mum. The relationship between insertion loss and radia-
tion resistance for Figs. 2(b)-4 can be similarly under-
stood. Therefore, to avoid crowding, radiation resistance
curves in Figs. 2(b)-4 are not drawn. When 6 = 0°, the
biasing field is normal to the plane of the YIG film.
Therefore magnetostatic forward volume waves are excited

RESULTS
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0
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80 !
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FREQUENCY, GH:z

Fig. 4. Variation of insertion loss with frequency: theory:
————— experiment. Parameters are § = 28.71°, internal magnetic field
H=1704 Oe (corresponding applied magnetic field H,=3110 Oe),
d=20 pm, /=635 pm, =00, b=50 pm, W=35 mm, 47M, =1750
Oe, y=1.76x10"7 rad/s-Oe, Ah=0.9 Oe, transition frequency =
5.3069 GHz.

in the entire frequency band. As the magnetic field is
rotated away from the Z axis in the Z- X plane, the
frequency band contains forward as well as backward
volume waves in the band (Fig. 2(b) and (c)). The band-
width of backward volume waves grows at the expense of
forward volume waves. When 6 = 90° (Fig. 2(d)) the entire
bandwidth contains magnetostatic backward volume waves.
The transition from forward volume waves to backward
volume waves occurs at a certain frequency, called the
transition frequency ( Fr,,,). The transition frequency in-
creases with the rotation of the internal angle of the
biasing magnetic field and is shown for each figure.

Fig. 3(a) presents the variation of constant delay with
frequency. The first maximum possible bandwidth of con-
stant delay is obtained for the case when the biasing field
is normal (8 =0°) to the YIG film. The bandwidth of
constant delay is found to be about 300 MHz. When the
biasing field is rotated away from the Z axis, the magni-
tude of biasing is adjusted (here it is reduced) in order to
keep approximately the same bandwidth. It is seen that
constant delay times can be varied by adjusting the angle
and the magnitude of the biasing magnetic field. The
insertion loss variation with frequency for the correspond-
ing bandwidth of variable constant delays (Fig. 3(a)) has
been obtained and is shown in Fig. 3(b). It can clearly be
seen that insertion loss does not vary in the bandwidth of
constant variable delay bandwidth. Near the lower fre-
quency of the bandwidth the insertion loss is slightly
higher than at the rest of the frequencies in the band,
where constant delays are variable.

Fig. 4 compares theoretical results with our previous
measurements [19] for one ground plane. A good agree-
ment between theoretical and experimental results is seen.
It is pointed out that the insertion loss curve contains some
large ripples around the transition frequency. The exact
cause of the large ripples remains unknown; however,
sources such as interference between thickness modes of



BAJPAI: INSERTION LOSS OF MAGNETOSTATIC WAVE DELAY LINES

volume waves, width modes, reflections, and diffractions
are thought to contribute to large ripples. So far large
ripples have not been found to be completely removed.
Efforts by several researchers however, are being made in
this direction.

IV. SUMMARY

An investigation of insertion loss and constant variable
delays in electronically variable magnetostatic volume wave
delay line has been conducted. The delay line has a con-
ductor-dielectric— YIG-dielectric—conductor structure.
Variable delays up to 300 MHz have been obtained in
single volume wave delay line by adjusting the direction
and the magnitude of the brasmg dc magnetic field in the
plane containing the normal to the YIG film and the
direction of wave propagation. Inisertion loss as a function
of frequency has been obtained for different biasing field
angles and also for the angles corresponding to variable
constant delays. A comparison of theoretically obtamed
insertion loss with experimental results has been made and
good agreement is found. Electronrcally variable magneto-
static wave delay lines hold promise for use in broad- band
phased array antennas at 1-20 GHz frequencies.
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