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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 tbe direction and

magnitude of the biasing dc magnetic field in a plane containing the

normaf to the YIG film and the dkection of wave propagation. Insertion

loss as a function of frequency has beerr obtained for different hissing field

angles and also for the angles correspnndhg 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

I T HAS BEEN demonstrated by continuous research

and development efforts in the last two decades that

magnetostatic waves (MSWS) 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, convolves, 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/ps at microwave frequencies

has been observed [1]. Magnetostatic waves are efficiently

excited by simple rnicrostrip 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; hclwever loss is still high.

Another technique to achieve variable delay has been

demonstrated by Bajpai et 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 m agnetostatic 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 )–YI(3–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

waves propagate in the x direction. Microwave current

flows in single microstrips, which are used to excite and

receive magnetostatic volume waves. For the case where

the biasing dc field (internal magnetic field) is in a direc-

tion which makes an angle 19with the z axis, the relative

permeability tensor has been obtained as [19]

‘r=l: ~ a (1)

where

pll = pcos26 +sin28

p12 = jKcos 6’

p,, = sin(0) cos(O)(l–p)

p21= – jKcos9

P22=P

p23=jKsin9

PSI= (1–p)sin(6)cos0

p32 = – jKsint9

P33 =psin2f3 + COS29.

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

@o((.Jo+@m)-ti2
p= K=+

~; — J @o— (J2

and

tiO = yH um = y4TMo (2)

where H, 4n-A40, y, and u 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

vxh=O V.b=()

where wave magnetic induction b is written as b = p ~prh,

PO is the permeability of free space> and h = v4,
r) 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

z
‘+ I kIetal

L–––––T–J-
,’ I GCG t.,

m, J/ / ~x
Metal

(a)

.

~x
(b)

Fig. 1. (a) Magnetostatic volume wave delay line: I = thickness of re-
gion 1, d = thickness YIG, t = thickness of region 2, TI and T2 are the

exciting and recewing transducers respectively. (b) Direction of inter-
nal biasing magnetic field H with Z axis.

time dependence) in different regions are expressed as

*(1)=J+m[~1exP(Bz)+~2exp(-Pz)lexp(-jB~~ )~B
—m

+A2exp(- jfli~-.m)z}]

.exp ( – jflsx ) d~

In (3) Bl, B2, Al, A2, Cl, and C2 are arbitrary constants

which are evaluated by applying boundary conditions at

the interfaces, s is positive for + x excitation and ,s= – 1

for – x excitation, and ~ is the wavenumber of the

magnetostatic wave. The functions +(1), $YIG, and IJJ(2)

represent magnetic potentials in dielectric 1 (Al ~Oq), in

YIG, and in dielectric 2 (GGG), respectively, and p. and

ho are defined as

(1-p) sin(lcosf3
p.= (4)

iJ33

[1[
pll 1/2

1

pCOS20 + sin2 O 1’2
~o= — . (5)

P33 psin2/3 + COS213 “

The normal components of wave magnetic induction

(b=’s) and the tangential components of magnetic field
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(hX’s) in different regions are obtained from (3) as

exp(-jp(m-.po)z)]exp(-jps.)d~

b(z) = j.
z J 8[‘m Clexp(/?z)

—m

- C,exp(-~z)] exp(- jfkt)dfl. (6)

In similar fashion, the hX’s = d ~/dx are obtained as

+W
~(o= -j,

x J P[Blexp(@z)+B2
—w

.exp(–~z) ]exp(–jpsx)d~

~:IG _

)
––. – js~+”~[Alexp (j@(sPO +/~ ‘}

—CQ

( ) }1+A2exp – jfi(~~ – Spo z

- exp ( – jjlsx ) dfl

h(z)=– j5

x / B[‘m Clexp(/lz) +C2exp(-~z)]

. exp (~~j~sx ) d/?. (7)

The arbitrary constants are evaluated in terms of arbitrary

constant Al. The usual boundary conditions are applied;

i.e., the b,’s and h ,’s should be continuous at all bound-

aries (interfaces) except that

h~IG-H~)=JY(x) at z=l. (8)

The above condition yields

= J,(x) (9)

where

F,(u, /3)= F.exp(-2jB~m}d (lo)

and

Fm= [(l+ Texp{2jj3~~d))

[
2)-%1)–~ {P33(5Po+lPm

+T{,33(5Po-/m)

1531

In (11) T is defined as

T= T,+j~ (12)

where

-r
tanhz(~t)+ {p33(sptJ– a)–sp~l}z

and

– 21.L33CYtanh~t
q=

tanh2(~i) +{p33(spo –a)–sp31}~”

Equation (9) is now multiplied by exp ( j~’sx) and

grated with respect to x, which gives the value of Al

where

(13)

(14)

inte-

as

(15)

(16)

The dispersion relation is obtained by equating F~(a, ~)

to zero, i.e., F~(ti, ~) = O; thus

CC)t(~CId) = (~33a)2- tanh(pl) tanh(~t)
pssa[tanh(fll) + tanh~t]

(17)

F-where, for convenience, PO — n o — a.

For guided volume waves, a is required to be positive;

this leads to the frequency of allowed forward volume

waves as U3 > u > u~ and that of backward waves as

tiz > u > til. Here ul~ tiO, 03 = [ti(J(tio + ti~)]llz, and the

transition frequency to2 = [ Uo( U. + o~ sinz 8 )]1/2. As can

be seen, the transition frequency increases with the in-

crease of 0.

Magnetostatic Wave Power

The time-averaged magnetostatic wave Poynting vector

has been obtained as

~oynt.. = ~ Real part of (E x h“). (18)

Magnetostatic waves are TE wave?, which have been as-

sumed to have no field variation in the y direction. i.e.,

d/dy = O. Therefore, EX = O, E== (II, and hy = O. Thus the

average Poynting vector is rewritten as

Poynt ,V = ~ Real part of ( ~Yh~ ). (19)

Now we determine EY and hz in all the regions. From

v x E = – jub, we find that

(20)
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and

(21)

Therefore the time-averaged power flowing per unit width

is written as

JP,v = ~ Real part of (Eyh~ ) dz

P.v = ~ Real part of
f[;~z(:]*]dz (22)

In above equation, b:= Po[pslhx + Psgd4/8z], YIG re-
gion and hX = d #/dx. For the dielectric region p31 = O

and p33 =1.

In (22), P.v k determined in different regions of the

delay line. First

h,=: = –js/+~P IBlexp(~z) +BZexp(-/3z)]
–m

. exp ( – j~sx ) d~

is evaluated in region (l), i.e., h ~lJ. Similarly h ~) and h~lG

are also determined. The integrations are performed fol-

lowing the contour method [8], [11], [14]. Similarly d IJ/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

(23)

M= M1+MZ+MYIG.

Ml, M2 and MYIG are average powers flowing in dielectric

(l), or A120,, in dielectric (2), or GGG, and in the YIG
film respectively:

aFT(cJ,p)
F+(f,J,p) =

d~

F+(~,P)=F;,+jF$ (29)

F;r=–2a_dsin (2@d)+T:+ {p33(spo+ci)-sp31}

~{ -2adcos(2a&i)coth( /31)

+lcsch2(~l)sin( 2a~)}

+{p33(spo–a)–sp31}

{~ ’coth(fll)-~lcsch2( ~l)} (30)

F;, = –2adcos(2a~d)+ ~’ + {p33(spo+ a)– sp31}

.{2adcoth(/31)sin( 2a~d)

+ Icsch’ (P1) COS (2@d) }

+{p33(spo–a)–sp31}

{- T,’coth(&)+T,lcsch2( /31)} (31)

T’=T,’+j~’ (32)

4ap~~rsech2 (pr)[-{ p3~(spo -a)- $pjl}{- tanh(PZ)+.Pj1}]
y=

[tanh’ (Pt)+ {p33(spo - a)- SP31}2]2

(33)

~,= 2ap3,rsech’ (~ f)[tanh’ (~t)– {p33(spo – a)– ~p33}2]

,
[ tanh’ (~r)+ {K33(SP0 - a)- sk31}2] “

(34)

The power flow is conveniently expressed in terms of the

radiation resistance as Total P,v (per unit width) flowing in

the s direction = 1/2R\1012, where R is the radiation resis-

Ml= [p~3(spO+ CY)2-2SP33(SPO+ ~)P31+ {2fJis(Pi– az) }4p33pop31 { TdCOS(2@d) – ~ sin (2aPd) }

+ lp3112{2{ ~cos(28ad)– ~sin(2&xd)} +1} + {P23(SP0– CY)2-ZSP33(SP0 – a)P31+ Ip3112]TT*]

~[ coth(&) - ~lcsch2/31] (24)

M2 =4p~3cr’ [tanh(~t) – /3t sech2~t] .
[tanh’(Bt)+ {P3;(SR- ~)- SP31}2]

(25)

(1 - cos2@d)
– TPOP31 + TT*(spo – a)dp31s

@

{

(p:-az)
–p~q (spo+(x)2d+ ~B {T,sin(2afld)

– Z(1– cos2@d)} + TT*(spo– (x)2d }] (26)

tanhz(@t) +{p33(spo +a)–sp31}2
TT” == (27)

tanh2(&) +{~33(sp0- a)-s~31}2

(28)

tance to the s propagation wave. Thus

2P.V (Total)
R=

SQPOIGIZM

lzol~ = 2&\Io12
(35)

or

Uniform current flow in microstrip transducers is as-

sumed. This is a reasonable assumption and has been

considered in several papers published in past. <,(x) =

Io/b, 10 k the magnitude of the microwave current flow-

ing in the y direction, and b k the width of the microstrip.
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Fig. 2. (a) Vmiation ofinsertion loss mdradlation resistmce with frequency. The parameters are /3=0 °,irlternal magnetic

field H=28500e (corresponding applied magnetic field HO=47000e), d=50ym, 1=150 pm, t=550vm, h=50ym,
width of delay line (W)=5 mm, 4TM0 =1850 gauss, y=l.76x107 rad/s. Oe and A!-z=o.5 Oe. (b) Varial,ion of insertion

loss with frequency. Here 0=30°, transition frequency =8.60362 GHz; other parameters are the same as in Fig. 2(a).
(c) Variation ofinsertion loss with frequency. Here 8=600, trmsition frequency =9.73 l3GHz; other parameters are the
same as in Fig. 2(a). (d) Variation of insertion loss with frequency, Here L9=90”; other parameters are the same as in
Fig. 2(a).

Equation (36) can then be rewritten as

+ b/2 Io

~(~) ‘~_b,2 ;“exp(jPsx)dx

[1sin fibs/2
~(p) =los

j3b/2

[1sin ~b/2 2
lf(f3)l’=I; ~b/2 . (37)

Therefore, the radiation resistance (per unit width) for .s

excitation is rewritten as

stip OM

[1
sin ~b/2 2

‘= 2/?21F;(LJ,~)l* “ 13b/2 “
(38)

The total radiation resistance is obtained as

R ~Otal= IR+I+ IR-I. (39)

In (39), R”+ and R- are the radiation resistances for -t x

and – x propagating magnetostat ic waves, respectively.

Insertion loss (1. L.) in the delay line is obtained as

I.L. = 2010g

[

(R,+ R~O,,I)’+(X~,,,.1)2

4RgR+ 1
+ Propagation Loss. (40)

In (40), R~ is the source resistance (50 0), R ~ot,l and

X~Otd are the total radiation resistance and the total radia-

tion reactance of the lowest order mode, respectively,

where most of the energy is coupled. XTOt,l is obtained

from RTOt.l using the Hilbert transform. R+ is the radia-

tion resistance of the plus propagating wave in the lowest

order mode. Propagation loss was okltained as 76.4X Ah X

r~, where Ah is the line width of the YIG film and ~g 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., 19= O)
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Fig. 3. (a) Variation of constant delays with frequency. Here 0‘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 B‘s and H‘s
are shown; other parameters are the same as in Fig. 2(a).

and for full backward wave (8 = 90°) bandwidths, and a

complete agreement was seen between our reduced expres-

sions and the expressions obtained by Weinberg and

Sethares.

III. RESULTS

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 8 = 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 O = 0°, the

biasing field is normal to the plane of the YIG film.

Therefore magnetostatic forward volume waves are excited

01

4.65 S.65 6.65

FREQUENCY, GHz

Fig. 4. Variation of insertion loss with frequency: — theory:

– experiment. Parameters are 8 = 28.710, internal magnetic field
H= 1704 Oe (corresponding applied magnetic field Ho= 3110 Oe),
d=20 pm, 1=635 pm, r=ca, fr=50 pm, W=5 mm, 4n’MO=1750

Oe, y =1.76X 107 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 (3= 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 (FT.,=). 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 ((3 = 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



BAJPA1 : INSERTION LOSS OF MAGNETOSTATIC WAVE DEL4Y LINES 1535

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 biasing dc magnetic field in the

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. A comparison of theoretically obtained

in.iertion loss with experimental results has been made and

good agreement is found. Electronic~ly variable magneto-

static wave delay lines hold promjse for use in broad-band

phased array antennas at 1–20 GHz frequencies.
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