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In*roduction R
The purpose of this report is to present the results . ]
obtained for magnetostatic wave transducers under contract Ez
number F19628-80-C-0029 from the Air Force ESD RADC/EEA
=4

Hanscom AFB, MA since cobtaining the results presented in the

[1]

o

Interim Technical Report

In the earlier report the analysis, computer programs

and graphical results were displayed for the flat field,
basic theory magnetostatic surface wave program, the micro-
strip model for surface waves and the dispersion relation
for generalized surface waves. There was also presented
the analysis for complex impedance for surface waves in
free space.

~ We here present the analysis and computer program for
obtaining the dispersion relation, group delay, magneto-
static wave power, radiation resistance, radiation reactance
and insertion loss for forward volume waves and backward
volume waves. Included are the consideration of ground planes,
apodization of the fundamental mode, multistrip meander line
and parallel grating and isolated independent conductors for
a uniform current distribution without variable coupling.
The analysis, computer program and its use together with
graphical results are presented.

The analysis for obtaining the dispersion relation and

group delay for volume waves with arbitrary orientation of
the biasing field is presented here. The computer program

and graphical results for cases of interest for the generalized.




dispersion relation for volume waves including ground planes
are presented. Also included in the report are the results
of attempting to obtain nondispersive, electronically tunable
time delay elements by combining the group delays for volume
waves of two different biasing field magnitudes in the same -
specified orientation. {

We also present the analysis of incorporating a non
uniform, hyperbolic current distribution in the basic magne-
tostatic surface wave program. The computer program

accomplishing this task is also presented.
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Basic Theory - Forward and Backward Volume Waves

The basic theory leading to the dispersion relation, group

delay, magnetostatic wave power, radiation resistance, radia-
tion reactance and insertion loss for forward and backward
volume waves for a transducer consisting of a YIG region
sandwiched between two finite dielectrics (see Figure 1) is
here outlined. We follow the previous work on surface waves

We start with Maxwells equations

VxH = %% ; V-B=o (1)
WwE =-32 ; vb=o

and the constitutive relations in each region

B = u (H+¥) (2)
D=¢E
where M is non zero in the YIG region only. We utilize the

gyromagnetic relation in the YIG region
ﬁ = =Y ﬁxﬁ (3)

and retain first order terms only.
We assume the time dependence of all physical guantities
jut

to be e , we also assume the magnetostatic approximation

H =E_=E =0 (4)
4 X Yy

w =
eEz o

and no variation of any physical quantity in the z direction.

[1104]
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We have

in the

waves,

12 T ¥y = ° (8)
and, for forward volume waves, (6=0 in Figure 1),
Y2H_ amM
Myq = l+ o o}
Y Ho -f
(9) .
Hpp = 1
and, for backward volume waves, (9=90°, ¢=0 in Figure 1)
My =1 1
(10)
2
Hyy = 1 + Y Ho {HMO ]
7T
Y = 2.8 mhz/oe ; 4IIMo = 1750 oe , £ I (11)
4
..................... A P T N S WD R OO |

8Ez
3y -juw B,
9E
2 = ju B
d X b4
Also
Bx = Ho Px
B = H
y = Yoy
in the non YIG regions, while
B\ ., [P M2 [k
o
By Juzy M Hy

YIG region; where, for forward and backward volume

(5)

<
(6)
(M
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We define
H
az = - ill (12)
22
so that
r YZH 41IM }
-f1 + [} o forward volume waves (13)
2 2,2 ;2

= Y Ho -f

by g\ (

- L +7 By 4IM backward volume waves

\ y H “-f )
(o]

and, in order to have volume waves,

az > o (14)

Solutions are sought which satisfy boundary conditions
B, = o at the ground planes and continuity conditions on Hx

b4
and B_ at the region junctions except, that at y = o we re-

Y
quirr ﬂx to be discontinuous by the amount of the surface
current density, J(x), supplied there.

Assuming a solution in the form of a potential function

j (wt-kx)

¥ = R(y)e (15)
where
=3y = ¥
H, = 3% and Hy = 3y (16)
we find the form of R(y) in the non YIG regions as
R(y) = A, elkly 4 B, e IklY  yoq,3 (17)
and in the YIG region
Rly) = A, cos alkly + B, sin alk]y (18)

Attempting to resolve the boundary and cr atinuity conditions

results in a quantity F(k) appearing in the expressions for

the constants in (17) and (18).
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For forward volume waves

F (k) -2[k]2

k!
_ sin aJk|d e kia {

- -a cot alk|d [(coth |k|t1+l)—e

-2{k[e, 2

(coth lkltl-l)] + (a2 coth |k|t1-1)+e (0 coth |k|t1+1)}

(19)

and, for backward volume waves

F (%) -2{k|2

_ sin alkl|d o~ Ik ld {

= -a cot alk|d [(coth k|t +1)~e

-2|k|2

(coth Ikltl—l)] + (az-coth Ikltl)-e (a2+coth [k|t1&

(20)

where &, 4, t,,are the widths of the three regions (see
Figure 1).
If we require that F(k) vanishes we obtain the dispersion

relation

-2]k|2

[(azcoth k|t,-1)+e (azcoth k|t +1)]"1 forward waves
1 1 N ——————————

-2|k|2(

[ (a2-coth |k|t1)—e a2+coth Ikltl)]-l backward waves

(21)
which is solved nﬁmerically, by iteration, to obtain k as a
function of £,
There are an infinite number of solution modes of (21)

corresponding to the multiplicity of the inverse tangent func-

tion. For each mode the solution for positive k (s = |k|/k = 1)

ic the same as for negative k (s = |k|/k = -1)since only the
magnitude of k appears in the dispersion relation.

The bandwidth for which the solution is obtained is

given by

Y Ho < £ < y\[ﬂo (Ho + 4HM°) (22)

6
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We can now find the group delay from the dispersion

relation curves, k vs f, by numerically applying

Vg = %% (23)
We can find all the constants in the solution and pro-
ceed to find the field equations as for surface waves [4].
The magnetostatic wave power is then obtained from [4]
L.
P=3 f E, Hy dy (24)
-{(2+4d)
utilizing (5).
We then find
P =w uo G2 A (25)
4|k|
where k is obtained from the dispersion relation, and
¢ = e kld 50 | (26)
g_k'F(k')Ik'=k
For independent conductors
N ak s .
|3 (k)] = IJE: sinc 7%— nt 14 e IkP;1 (27)
i=1
where Qli' a;, p; are the strip lengths, strip widths and
center to center spacings for the N strips and n=1 for a
parallel grating while n = -1 for a meander line and
sinc x = sin Iix (28)
Mx
For uniform N strips we can write
13(0) | =2y |sinc 3 %?;;ﬂ (29)




For the quantity A in (25) we have, for forward volume

waves,

az-l
20

s = 2e-21K12 ginn 2(x]2-2]k| 0+ (aZ+ D) K] sin 2a|k|d+cos 2alk]a-14

sinh 2|klt1-2|k|tl [a2+l i

(a®-1)
5 > cos 2alk|{d - o sin 2alk|d]

+ )
2 sinh®|k|ty

(sinh 2\kltl-2\kltl)

2
+ 2e_2lk12‘%a2~1)d|k|- iﬁigll sin 2alk}d +

2 sinh?]k]tg

2 2
(&= - @ 2+1) cos 2atk(d]} (30)

2.3

uZa sin 2alk|d - (cos 2alk[d-1)

+ e‘4|k'2{(a2+1)d|k|-

_ 2 2
sinh 2]kltl-21klt£) [97+1 - ‘“2'1) cos 2alk|d+2 sin 2alkld]}
2 sinh® |k|t,

and, for backward volume waves,

2
a = 2o 21k ginn 21ktm-21k11)-<a2+1)tk|d-iE3§ll sin 2a|k|d+cos 2aik|a

ﬁi sinh 2|kjt.-2|k|t 2 2_ '

E‘ -1+ 21 1} (2 *% + 2 ; cos 2alk|d + 533—3%1519
2 sinh” |k|t; 2a 20

3 2 ,

h + Ze—zik“’[(az—l)dlkh 0.2;1 sin 2alk|a - sinh 2|k|t1-2]k|t1\

i 2 sinhZ|x|t; /

. 2 2

o (2 “; + 2 +§ cos 2alk|d) ] (31)

{‘ 2a° 2a

™

2
+ e'4|k|2[}-(u2+1)d|k!- iﬂiéll sin 2alk|d - cos 2alk|d

Lt mic a0 SR N D R
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sinh 2|kj|t,-2k 2
inh 2|k|e -2]k|t)\ 2., 2 sin 2a|k|d
+ > 5 + — cos 2afk|d -
2 sinh lk[tl 20 20 @
Proceeding as for surface waves[l], the radiation resis-
- tance is
4|p|
(1-n) + (l+n)N2 (32)
for one wave.
\ The total radiation resistance is
R = 2R (33)
: and the radiation reactance is obtained from
"R_(£')dAf"
z =1 m
:': Xm(f) i J — - (34)

b by numerical iitegration.

5 The insertion loss is then given by

6
_ 4 RR 76.4 10
IL = 20 log,, g S Y4

2
(Rg+Rm+RL) +(xm+xL)

AH Ar (35)

where Rg is source resistance, RL is conduction loss and XL

is a series matching impedance. AH is linewidth representing

m,qr- —f--
. AP M ET i A et

material loss and Ar is the propqgation distance.

We thus have relations for all the quantities of in-

DA

terest for both forward volume waves and backward volume waves.
In figures 8-17 are presented graphical displays of the

dispersion relation, group delay, radiation resistance,

radiation reactance and insertion loss for forward volume

waves and backward volume waves.




T Ty
' PS4 et ek DAL NN
. R P N P

' ]&'.‘rr',r." .'{ »In MM
T S T, aen-r e T e
R el e e

. —
R P aeDetent
» L Lo .. .

b A e Mt SPSr AR e S e i g e R e e T S —— ———— —— P

Dispersion Relation - Generalized Volume Waves

In this section we obtain the dispersion relation for
volume waves including ground planes when the biasing field

can be in an arbitrary direction (see Figure 1). We have

the permeability tensor components appearing in (7) as[l]’[sl
u =1+ YZH (41M ) (sin2 ] sin2 ¢ + 0032 8)
11 o) o -
Zu2 - g2
o
boo = 1 + y2 H_ (41M_) sin® 6
22 [e) (o)
2 .,2 2
Y Ho f
-juy, = jy (4HMO) sin 6(f sin ¢+Jjy Ho cos ¢ cos 0) (36)
2 .2 2
Y Ho f
juyy = -3y (4TM)) sin 6(f sin ¢-jy H_ cos ¢ cos 8)
2 .2 2
Y Ho - f
where
w
Yy = 2.8 mhz/oe , 4HM° = 1750 oe , £ = 3T (37)
The solution is in the form of a potential function
such as
v = eI (wt-kx) p [kly | g -lkly, (38)

in the non YIG regions while, in the YIG region, we have the

form for the solution as

v = eI (wt-kx) (1 e c|k|y + B sin clkly)e-kay (39)
where
2 _ =(u,,~u )2 - 4y .. u
c = 21 "12 11 "2?
4y
22 (40)
10
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p= 30 - ¥y))
2 ¥,

and, for volume waves,

2
c” > o. (41)

Here we note the additional propqgation term containing
b in (39) which vanishes for standard forward volume waves
(6=0) and backward volume waves (6=90°, ¢=0).

By attempting to satisfy the continuity conditions and
boundary conditions we obtain the dispersion relation

-2]k|2

[ (coth |k|t1+1)-e (coth |k|tl—l)]cu22 cot clkl|d =

2 2 . 2
coth ]klt1 [c® u,5 =(3uyy + buy,) ]

-1 + j l]—lzl-(coth |k|t1-l) (Ju,y + buzz) (42)

-2k .
+e~2K {coth Iklt1 [c2 u2§ - Guyy + buzz)z]

+1 - 3 l%l (coth |k|t1+1) (ju21 + bu22)

There are an infinite number of solution modes for this equa-
tion corresponding to the multiplicity of the inverse tangent
function. For each mode there is one solution for positive

k(]k|/kx = s = 1) and another solution for negative k(l§l =g ==1).

This dispersion relation reduces to the ones obtained
for forward volume waves and backward volumes by specializing
the 6 and ¢ values.

The bandwidth for the existence of volume waves is

[2]

known to be

11
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Y WJHO(HO + 4HM° sin® 6 sin” ¢) < f < Y'\/HO(HO + 4HMO)

(43)
Dispersion relation curves are presented in Figures 3-6.
For the group delay we evaluate numerically
vg = dw/3k (44)

- 12
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Non-dispersive Time Delay

The dispersion relation curves obtained in the plane
defined by ¢=0 consist of a backward volume wave curve with
a forward volume wave curve as shown in Figures 5 and 6.
The frequency at which the changeover from backward volume

2]

wave to forward volume wave occurs is given by

2 ) (45)

fc = YWV%O(HO + 4HMo sin

This critical frequency is at the midpoint of the frequency
spectrum when 6 is approximately 43° as is shown in Figure 6.

It then appeared feasible that, if two volume waves
with different biasing fields were joined at this angle 6,
we may be able to obtain regions of constant time delay.
Figure 7 shows the results of such attempts, one curve is
the joining of volume waves with biasing fields of 2500 and
2125 (oe) and the other curve is the joining of volume waves
with biasing fields of 2500 and 2200 (oe), all at the same
position ¢=o°, 0=43.19°.

The results obtained can be compared with those ob-
tained from the joining of a surface wave with a backward

(3]

volume wave .

13
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Hyperbolic Current Distribution

To be considered here is an alternative to the flat

.t L et T
o N - PRI

field current distribution J(x) which will now lead to a
replacement for the transform function J(k) of equations
(27) or (29).

With 2., a, p being the strip length, strip width

1
and center to center spacing for the N transducer strips,

the current distribution now under consideration is

Io cosh 511%1112 i-1

J(x) = n i=1,2,... ,N (46)

a sinh a/26

a/28

-3+ (1-1) p<x<S+ (i-1)p

(see Figure 2).

where

8
& = T%j (47)
for some given 61 ; j beingV-1 .
With Io=l, the Fourier transform gives
[) N _jkpN /28 -a/26 a/26 -a/248
> _ Y 1 l-n el*P [a 2 +A.e 2 -j(a,e +A,e 2 )]
l1-n e P 2,,2 2
a/2é8 a“(k® + j —5)
)
(48)
li where
;i Al = d1 (cos ¢, + cos fl) + f1 sin ¢y + ¢, sin f1
g: A2 =-d1 (cos ¢, + cos fl) + f1 sin ¢ + c, sin f1 (49)
ﬁ;i Ay = d, (sin f; - sin c,) + £, cos ¢; - ¢; cos f,
b . .
Eﬁ A4 = dl (sin f1 - gin cl) - fl cos c, + ¢, cos f1
e

14
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and

dl = a/26 , cy =

(k+),f1=%(k—%-) (50)

Nl
O] i

When apodization is considered we obtain, instead of (48),

P i -jkp.i _ a./2§ ~a. /26, . a,/26 ~a. /26
B0 = > 1i ; e 261 (A 078" “T+n, 070 +3(A5;e717°74a,. 7717 %% ]
j=1 sinh a;/ alk + 5 &)
ai720 1 )
(51)

There is no consideration for a truncated array of normal
modes here. When equations (48) or (51) are employed in the
basic theory program we have the basic theory for a hyperbolic

current distribution.

15
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COMPUTER PROGRAMS

A. Basic Theory - Forward and Backward Volume Waves

There is o computer program"r operational on the CDC
6600 at Hanscom AFB, MA which incorporates the results of
the basic theory for both forward volume waves and backward
volume waves. The program produces plots on the Calcomp
plotter at Hanscom AFB depicting the various physical quan-
tities as functions of frequency. Plots as well as print-
outs are obtained for wave number, group delay, radiation
resistance, radiation reactance and insertion loss.

Flexibility is designed into the program so that one
can choose the solution mcde for (21) and whether we have
uniform conducting strips or apodization in strip length,
strip width and/or center to center spacing. Additionally,
the program provides the relevant frequency range from (22).

Now follows a detailed description of the input cards
with details on the use of the above described features.
Columns 1-72 may be used on the first 5 cards and columns
1-70 may be used on the last three cards.
Card l-Ho, tl' d, 2, mode number, option

These six quantities are here supplied separated by
commas. Lengths are in meters. Mode number is o for the
fundamental mode of the dispersion relation (21). Option
is o for forward volume waves while option is 1 for backward

volume waves.

*FORTRAN

16
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Card 2- AH, Ar, N, n, RL

Here are entered these five quantities as defined
earlier.

Card 3 - first ¢ AL 2. option

1’ 1’ 71
Card 4- first a, Aa, a option

Card 5- first p, Ap, p option

CROSEAUNAS S Jofiiiyn ROSCIRUIE ) > |
L]

In cards 3, 4 and 5 three items are entered for each of the
quantities 21, a, p. For each card; if the option (third
item) is o then the dimension is entered for the first strip
(first item) and an increment is entered for the remaining
strips (second item), but if the option (third item) is 1
then the dimension is entered for the first strip (first
item) and the increment (second item) increments the next
N-1 N-1

5= strips and is then a decrement for the last 5 strips.

The number of strips, N, must be odd if the option is 1.

When there is no apodization the increment (second item) is
’ o as is the option (third item).
Card 6- heading for plots

Card 7- heading for plots

X 2 -8 s

Card 8- heading for plots

Al

These three lines will appear as headings, in the same

Lol S 4l 4

order, on several plot frames,
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B. Dispersion Relation - Generalized Volume Waves

A computer program has been implemented on the CDC
6600 at Hanscom AFB, MA which obtains the dispersion rela-
tion and group delay for volume waves of arbitrary orienta-

tion of the biasing field. Plots on the Calcomp plotter at
Hanscom AFB as well as computer printouts are produced for

the wave number and group delay as functions of frequency.

One can choose the solution mode for the dispersion rela-

tion (42). The frequency range is determined by the pro-
gram from (43).

The use of the input cards to this program now
follows

Card 1- Ho’ tl' d, 6, ¢, ¢, mode number

re

E

i:__

ﬂ. Seven guantities, separated by commas, are supplied
y here. All lengths are measured in meters. Angles are

5 measured in degrees. Their orientations can be determined
i. from figure 1. For the fundamental mode the mode number

- is o. Columns 1-72 may be used

Card 2- heading for plots

Ei Card 3- heading for plots

- Here, there are two lines supplied, in order, which are

used as headings on several plot frames. Columns 1-70 may

be used on each card.
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C. Hyperbolic Current Distribution - Surface Waves

There is a surface wave program operational on the CDC

6600 at Hanscom AFB which employs the hyperbolic current
distribution described earlier. The program produces plots
and printout for quantities of interest for surface waves.

) The option for a truncated array of normal modes is eliminated
from this program. Otherwise, the program is similar to
the basic theory surface wave program described in the Interim
Technical Report. The number of input cards is thg same as
in the earlier program and the use of most of them is the
same. We here describe only those cards whose functions
differ from the earlier version.

Card 5- AH, Ar, § option, R

1’ L

Here, there are five items to be input,with the first
two, AH and Ar, already described. The third item is 61
which enters (47). The fourth item is an option. If the
option is set 1 then (48) is used for the transform of the
current distribution. If the option is o then (51) is used

for the transform of the current distribution. The fifth

item is conduction loss which is now to be input at this

point.
Card 6- heading for plots

This is the first line for the heading for several
:! plot frames. Columns 1-70 may be used. There is no

indication now for an array of normal modes.
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