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Radiation from a Rectangular Waveguide
Filled with Ferrite*

G. TYRAST anp G. HELD?

Summary-This paper presents an approximate analytical solu-
tion to the problem of radiation from a ferrite-filled rectangular wave-
guide. The field distribution at the mouth of the guide is assumed to
be unaifected by the termination of the guide. The vector Huygens’
principle is applied to find the far-zone radiation field from the deter-~
mined aperture field.

The solution to the problem is found in this manner for the cases
of longitudinal and transverse magnetization of the ferrite. The
transverse magnetization case is supplemented with a discussion of
a specific numerical example which includes plots of the aperture
field distribution and the phase angle as well as plots of the far-zone
radiation field. The experimentally known phenomenon of the effect
of the applied magnetic field upon the shift of the main lobe! is
demonstrated and verified analytically.

INTRODUCTION

HE low-loss ferrite medium has been actively in-
Tvestigated during the past few years. Polder?

worked out the effective properties of this me-
dium for plane waves, and Hogan® has made various
experimental studies of the propagation in a cylindrical
guide containing ferrites. Gintsburg,® and Suhl and
Walker® solved the problem of a circular waveguide
completely filled with a longitudinally magnetized
ferrite medium. Angelakos and Korman?! made measure-
ments of the radiation pattern from an open-end rec-
tangular waveguide completely filled with a transversely
magnetized ferrite.

The nature of propagation of electromagnetic energy
through a magnetized ferrite medium is described by the
Maxwell’s equations which connect the space variations
of E and H with the time variations of D and B. The
relation between the magnetic intensity vector, H, and
the magnetic induction vector, B, in a ferrite medium
is characterized in the form B=(u)H where (u) is the
permeability tensor. The components of the perme-
ability tensor are derived from the mathematical model
which assumes a ferrite sample fully saturated in dc
magnetic fields. The other assumptions made are that
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ac quantities in the equation of motion of the magneti-
zation are small in comparison with the dc quantities,
so that their products can be neglected and only linear
terms be considered, and also that the ferrite is loss-
free.

With these assumptions the permeability tensor is
written in the form?

w—jgc 0
W=« u 0 (1
Lo 0 Mo

when the applied magnetic field is along the direction
of propagation (z axis) and

w0 —jx
W = J 0 w O (2)
7z O u

when the direction of the applied magnetic field is
transverse (along the vy axis) to the direction of propa-
gation. The components of the permeability tensor are
expressed in terms of the applied magnetic field as fol-

lows:
u= uo(l -+ 9?0 >
o — 1
?
K=u0(02_1> (3)
where
H M
o = ]_7‘__". . p = I_U_O (4)
w How
and

we=permeability of free space,
v =magnetomechanical ratio as classified by Dar-
row,$
Hy=applied magnetostatic field,
My=dc magnetization (resulting from and directed
along Hy).

The notations ¢ and p have been adopted in an unal-
tered form from Suhl and Walker.5 It should be noted
at this point that o represents the ratio of natural pre-
cession {requency ['ylHo/27r to the carrier frequency
and p is the ratio of a frequency h/! Mo/ 27 o, associated
with the saturation magnetization M,, to the carrier
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pp. 74-99; January, 1953, and pp. 384-405; March, 1953.
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frequency. It is important to observe that ¢ and p al-
ways have the same signs; 7.e., when H, is reversed, so
is the saturation magnetization. Furthermore, g is an
even function of the magnetic field whereas « is an odd
function.

FiELD COMPONENTS IN A PARALLEL
PLANE WAVEGUIDE

Longitudinal Magnetization

The case of a rectangular waveguide completely
filled with a ferrite that is subjected to a steady mag-
netic field in the direction of propagation has been
treated by several authors.”—? Chambers used pertur-
bation methods to show the existence of quasi TE and
TM modes and he calculated the first term of the
power expansion for the fields. Suhl and Walker®
treated the case of a limit TEM mode in a parallel
plane guide. Van Trier® discussed the nature of the
various modes that can exist in a parallel plane guide.

In this paper we shall derive explicit expressions for
the various field components and the propagation con-
stant for the case of a parallel plane waveguide. We be-
gin with the equations derived by Kales!® from the two
Maxwell’s curl-equations and the relation of (1)

WKMo

VPE, + (k’x — B E, = —jB i,

5
o | weK ®)
Vt2H2+ kZ2 _—52> Hz :_76—Ez
M M

where

ky = oveuo

2
-3
ko u
and e=electric inductive capacity!! for the ferrite.
The time and g-dependence of the form /! has been
assumed.

It has been shown?19 that fields satisfying (5) cannot
be separated into the conventional TE, TM, and TEM
modes. We shall, therefore, look for any unconventional
mode that can propagate under these conditions.

We have to obtain an equation in terms of H, or E,
only. This can be done by elimination of H, and V2H,
or E; and V,2E, between the equations of (5). Since it is
more convenient to apply the boundary conditions to
the electric field, we shall solve (5) for E., getting:

f
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FERRITE
Fig. 1—Geometry of a parallel plane waveguide.
VAE, + $VZIE, + T°E, = 0 (6)
where
Mo
¥ = (x + Dk — (*— + 1> B2 (N
v
KMo Lz
= | xht =2k + S| (8)
u

Eq. (6) is a fourth-order partial differential equation
which cannot be solved in the Cartesian coordinate
system by the method of separation of variables. Solu-
tion is possible, however, in the case of a parallel plane
waveguide where /3y =0. In such a case we get

d‘E, d’E

v
dxt + da?

*+ T2, = 0. 9)

The other field components can be found to be

E, = B f E.dx (10)
E, = [ de] 1)
B
H, = — _«[ f 4+ Nf Ezdx] (12)
wk L dx
H, = jwe f E.dx (13)
jw [dE,
m, =2 [ + ME} (14)
Bk L. dx?
where
M=kt —8; N=-hr—g. (15

Mo

Eq. (9) describes the longitudinal component of the
electric field in a longitudinally magnetized ferrite
medium between two parallel planes. We shall choose
the coordinate system as shown in Fig. 1.

The appropriate boundary conditions are

E, =0

(16)

on the boundaries x =0 and x=a.
A solution to (9) will depend upon whether the
quantity (¥/2)2— 17?2 is positive or negative. By going
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back to the original definitions of y, &, and ¥, it can be
shown that

A\ >2 P2
Y =7
< 2 41 — ap — 0%)?

Alle + pIks® — oB2]2 + 4k282}, (17)

hence the expression is a positive definite. Therefore
we have to consider one case only, namely

¥ \2
(L) s
2

A general solution to (9) can now be written in the form

E, = C;cos pix + Casin pix + C; cos pexr + Cysin pax (18)

N4 W\ 2
P12 = ) + <E> — 12

After the boundary conditions of (16) are evaluated and
the determinant of the coefficients is set equal to zero
to obtain a unique solution for the constants C; through
Cs, the following condition is obtained

M M
2{ p1 — —1> p2 — ~—> (1 — cos p1 @ cos psa)
p

P2

MN\? M\
= |:<p1 — —> + <p2 — ——> } sin pya sin pea.  (20)
P1 p2

where

(19)

The above relation will be satisfied if we choose p; and
p2 such that
m nw
pr=—3 pr=-— (21)
a a

where m and # are two integers,'? m>#, both simul-
taneously odd or even. As a result of this, the constants
separate into two independent groups, namely

Cg = - C1 (22)
and
:— M
Cy = —'ﬁ<£—->C2. (23)
pi\pt— M

Evidently the solution can be written in one of the two
ways

E, = C(cos p1x — oS pax)efwt—H2) (24)
or
. palp® — M)
E, = C(sm p1x — —2(—1—w—>~ sin p2x> el @82 (25)
P1(p22 - M)

Since these two solutions are independent of each other,
this seems to suggest that the modes in the ferrite can
be separated into two independent groups. It will be

2 The same conclusion can be drawn from the relations derived
by Van Trier, op. cit., p. 327 (2.57) and (2.58).
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shown later that the first group represented by (24) goes
over to the usual form of TE mode and the second group
represented by (25) goes over to the usual form of TM
mode when the external magnetostatic field is removed.
We shall, therefore, call the first group a quasi TE mode
and the second group a quasi TM mode which is in
agreement with the conclusions arrived at by other
authors.t®:7.9

The remaining field components can now be written
as follows:

Quasi TE mode

N

sin p1% sin pex
B - jﬁC{ pix p2 } (26)
p1r P2
u sin p1 sin pyw
.Ey= —-—~C{(P12—‘M) - —(p22_M) : } (27)
Bk p1 p2 .
C __sin pix sin pex
H, = ~{<p12 —~ ) = (ot = ) } 28)
K P P2
sin pix sin pex
H, = jweC{ ot o } (29)
p1 P2
uwC
H, = - { (012 — M) cos pix — (p2? — M) cos pa} . (30)
FBwruo
Quast TM mode
.18 P 2 M
E; = St C{cos nxr — ( - —) cos sz} 31
p1 p?? — M
- M
E, = wles® = M) C{cos pyx — cos pax} (32)
Brp1
2= N I~ N
H, = — (p )C{<p1 )~COSp1x
WKP1 pst — N
pt— M
— | ——— ) cos pax 33
<p22 + M> & } 9
jwe p? — M
Hy —_ j__ C{COS pMx — (i———-‘> cOos Pﬂx} (34')
P1 pf — M
u(p? — M . P
g, ue? = M) c{sm o — i pzx} D
Bwkpo P1

The propagation constant can be found easily if we
notice the following useful relationships:

mnm?
pipz = . T (36)
a
72
pi* + po? = (m* + W) — = V. (37
a
From (37) and (7) it follows immediately that
1 2
B2 = -———{(X + Dk — (m? 4+ n?) ——} . (38)
Ko a?
142
"

A graph of the parameter x is shown in fig. 2.
Until the present time little has been said about the
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Fig. 2—Relation between x and o.

integers m and 7 except that the boundary conditions
impose a restriction that they both be simultaneously
odd or even. The other restrictions to be considered are
those imposed by the medium itself. They are expressed
formally in (36) and (37). Thus, as it could be expected,
m and # are not independent; <.e., once one of them is
chosen arbitrarily the other one is fixed, and vice versa.
The relation connecting the integers m and # can be
found if we first eliminate 8 between (7) and (8) which
yields

A4 K e/ TN\
=)
wlek o I o \ wlek

We can now substitute the relations of (36) and (37) to
obtain the desired relationship

(39)

9 _ 9
W7 EeK”

2 2
p? = <# -+ wo >p12 _
2upo 7

I“2 —u 2\ 2 p 2 w2€K2 1/2
e {(525 ) o b (= ) S a0
2ppo wo/  ut

or

2 2 2.7 .9 2 ,2\2
o (S B (Y,
2po proN? Mo 2

4a2¢ 4a2x?y 12
(e - ) LT

where ¢ =¢/ey and \ is the free space wavelength. Eq.
(41) is just about the simplest form of expressing the
relation between m and #. It can be solved either graph-
ically or by means of a digital computer.
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It is interesting to find out what happens to our solu-
tions as we pass to the limit of zero applied magneto-
static field. When ¢ =0 we can see from (3)

K= o
k = lim (ppo). (42)
20
The propagation constant becomes
2 _l__ 2 2k 2
62=lim{k22——p1 pz—j)z} (43)
p—0 2 2
PR s
2

Evidently when ¢ =0, p;1=p; for 8 to take on the usual
form. This can be also shown to be true if we put u=pu,,
k=lim ,,¢(puo) into (40). We obtain

2._|_ 2 k2 2
o — pi? = lim {2pk24/k22_p1 sz B ZP} (44)

20 4

which can also be written as

- 2—1im{2k54/1+k22p2}—0 (45)
p1 23 Pk 7y = 0.

20

Thus our propagation constant reduces properly to the
form it should have when the external magnetostatic
field is removed and the medium becomes isotropic.
Next, let us investigate the field components. We can
see immediately that when p;=p; in the quasi TE group
then E,, E., and H, become zero. In the case of the re-
maining field components we have to exercise a little
care going over to the limit since the expressions become
indeterminate if we simply put p1=p; and x=0. If we
can imagine a weak enough magnetostatic field such
that we can set

sin p1x  sin pox

p1 p2

COS pif =% COS pak
p1? # pa?,

then we would have for a typical field component, say
Elly

_ C
Bpe

E, (p12 — p2?) sin pix.

Substituting for (p:®2—ps?) the expression obtained in

(45) we get
5 ZCkZ/\/l I ka?p?
= Sin X.
Y f1 452 P

Finally, as we pass to the limit » =0 this becomes simply

(46)

E, = K sin px
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where K is a constant. The other nonzero field com-
ponents become
H, = 47

— — K sin px
Wy

H, =" K cos px. 48)

Wi
These equations can be recognized as those describing
a TE wave between two parallel planes. Thus our solu-
tion in the ferrite medium that we called quasi TE
group goes over properly to a TE mode when the ex-
ternal magnetostatic field is removed.

By a similar procedure of going over to the limit of
zero magnetostatic field it can be easily shown that the
quasi TM group takes on the usual form of TM mode in
an isotropic medium.

Transverse Magnetization

The case of a rectangular waveguide containing a
ferrite medium subjected to a magnetostatic field trans-
verse in relation to the direction of propagation has
been treated by many authors.®® Van Trier? has
solved the case of TE,o mode in a transversely mag-
netized parallel plane waveguide. Chevalierand Polacco®
and Epstein!* also worked on the same problem. Var-
tanian and Jaynes? worked out a solution to the prob-
lem of propagation of higher order modes in a trans-
versely magnetized ferrite-filled rectangular waveguide.

In this paper we shall be concerned with a ferrite-
filled transversely magnetized parallel plane waveguide
that can propagate more than one mode at a time. We
shall start with the expressions for the field components
and the propagation constant for a single mode guide
as found elsewhere?

E, = C sin vx 49
kv

H, = — (— cos vx -+ B sin wc) (50)
wiox \ &

o, = (v cos vx + « sin vx) (51)

wieX
mr
B2 = ko?x — vl po=— (52)

It is of interest to examine the above equations more
carefully. The expression for the electric field is identical
with that of a conventional TE,,, mode in a rectangular
waveguide filled with an isotropic medium. The mag-
netic field components have additional terms which are

13 A, Chevalier and E. Polacco, “Propagation of electromagnetic
TE wave in a guide containing ferrites,” C. R. Acad. Sci., vol. 239,
pp. 692-694; September 20, 1954.

4 P, S, Epstein, “Wave propagation in a gyromagnetic medium,”
Rev. Mod. Phys., vol. 28, pp. 3-17; January, 1956.

1 P, H. Vartanian and E. T, Jaynes, “Propagation in ferrite-filled
transversely magnetized waveguide,” IRE TrRANS. oN MICROWAVE
THEORY AND TECHNIQUES, vol. MTT-4, pp. 140-143; July, 1956.
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functions of the applied magnetostatic field. The propa-
gation constant and the cutoff wavelength deserve
special attention. Because of the presence of the param-
eter x, the cutoff wavelength (and by the same token
the propagation constant) can be adjusted over wide
limits. Thus, theoretically, we can make the waveguide
“electrically” as large or as small as we please. In Fig.
3 there is a plot of the cutoff wavelength for TEy and
TE, modes as a function of the applied magnetostatic
field for a standard size waveguide of 0.5X1.0 inch
where the dielectric constant of the ferrite has been
arbitrarily set equal to one.

In the next section we shall be concerned with one of
the possible applications of the electrically adjustable
propagation constant, <.e., “electrical scanning.” Let us
consider waveguide which is terminated with a trans-
versely magnetized ferrite plate as shown in Fig. 4.

We are interested at this moment in the expression for
the transverse components of the electric and magnetic
fields existing at the mouth of the waveguide. This
problem is solved approximately by assuming that the
fields at the mouth of the guide are the same as those
that would exist were the waveguide not terminated
there. To the left of the ferrite plate we assume the
existence of the fundamental mode only, 7.e., TE
mode. In the ferrite region the waveguide width can be
made electrically large by properly adjusting the ex-
ternal magnetostatic field H, so that higher order modes
can propagate. We assume that some of the incident
power is converted into higher order modes at the sur-
face of the ferrite and, since the waveguide is large
enough electrically, they may propagate unattenuated.
Let ! be the thickness of the ferrite plate. The trans-
verse fields at the mouth of the guide can then be writ-
ten:

M C, MTX
E, = Cie Pt Z —— sin gidm (53)
m=1 1 a
Ceft M C. 7k mr mrx
H,= — - —Z~—<—— —— cos i
WHOX m=1 C: M a a
.oy
=+ Bw sin )e"’m (54)
where
Om = (81 — Bu)t. (55)

The term C,./C:, which is the ratio of the amplitude of
the electric field in the mth mode to that in the prin-
cipal mode, is an unknown. Angelakos and Korman!
concluded from their experiments with a ferrite-loaded
waveguide that some of the incident power is converted
into higher order modes upon entering the ferrite region
but they made no measurements of the ratio of mode
conversion. There is no analytical solution to the prob-
lem either. Some of the difficulties connected with ob-
taining a workable analytical expression have been out-
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ASSUMED PARAMETERS:
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Fig. 3—Cutoff wavelength vs magnetostatic field.

FERRITE
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Fig. 4—Waveguide and ferrlte plate configuration for solution
of the problem of “electrical scanning.”

lined by Epstein.'* In the next section, when computing
the radiation field, certain arbitrary values will be
chosen for this ratio.

A few words should be mentioned about reciprocity.
From (52), it is evident that the system is reciprocal as
far as the propagation constant is concerned. Let us,
however, examine the wave admittances. We know
that in a reciprocal system the wave admittance of the
incident wave is equal to that of the reflected wave.
Now let us examine the wave admittances for the fer-
rite. For the incident wave we obtain

=) 9
H,~ K mmT

1 X T
Yy = = Bm — — —— cot . (87
Ey-— WHOX m=1 121 a a

V,.* Br ! g: <B + - P ot 2
st = — = m  —— —— CO
! E*t WOHOX m=1

and for the reflected wave we obtain

Thus, the system is not reciprocal! The forward and
backward wave admittances for a waveguide able to
propagate two modes are plotted in Fig. 5. It can be
seen that these admittances have a mirror symmetry
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Fig. 5—Aperture forward and back wave admittances.

about the center of the guide. It can be shown that if
the direction of the magnetostatic field is changed
while the incident wave is being received, the input
and output admittances are identical and the reciproc-
ity is restored. The implications of this fact will be con-
sidered when discussing the reciprocity of radiation
patterns.

RADIATION FROM A RECTANGULAR WAVEGUIDE
FiLLED WITH FERRITE

Introduction to the Problem

The problem of radiation from an open-end wave-
guide has not, thus far, been solved rigorously. Actually
the radiation should be considered to arise from the
current distribution on the inside walls of the guide,
which is just the current distribution associated with
the fields propagated in the interior of the guide, to-
gether with the currents flowing from the open end
upon the exterior guide surface. Due to this complexity
a rigorous solution to the radiation problem has not yet
been found. The problem has, however, been solved
approximately.*® In this method the guide opening is
assumed to act as an aperture in an infinite screen, and
the transverse fields in the aperture are assumed to be
the same as those that would exist if the guide did not
terminate there. The vector Huygens' formula is ap-
plied to obtain the radiation field from the aperture
field distribution as discussed by Silver.?

We follow this method in the solution of the problenr
of radiation from an open-end waveguide that is com:
pletely filled with ferrite. The expressions for the far
zone fields as derived for a waveguide containing ar
isotropic medium are modified to suit our purpose. The

8 1.. J. Chu, “Calculation of the radiation properties of hollov
pizes and horns,” J. Appl. Phys., vol. 11, pp. 603-610; September
1940

17 S, Silver, “Microwave Antenna Theory and Design,” McGraw
Hill Book Co., Inc., New York, N. Y., pp. 158-162; 1949.
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modified equations are: in the H plane (¢ =0)

Jhei*E I
Es = R f (Ez + 5 cos 6H,)e*® sin 845 (58)
. c.8,
iheitR o
s = ]: 2 f (cos O0F, — nH,)e= »i» ¢dS — (59)
. e.s.

and in the E plane (p=7/2)
Jhe B

47 R

Jhe tE I
f (cos 6E, + nHy)eMvsn 045  (61)
xR Jes.
where k= w+/poeo and 7= v/ /0.

Next, consider the radiation from an open-end wave-
guide that is completely filled with ferrite which is
transversely magnetized. We shall solve this problem
for a multimode waveguide, 7.e., a waveguide which can
propagate more than one mode. The geometry of the
problem is shown in Fig. 6. The far-zone electric field
patterns are found to be the following: in the I plane

(¢=0)

8 =

f (Ey — 5 cos 0H,)e™v 52 84S (60)

Ey = —

Jmab
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Fig. 6—Geometry of the problem of radiation {rom an
open-end waveguide containing ferrite.

effect of the magnetostatic field H, upon the shape and
the relative positions of the £, and Fy field patterns,
To do this we assume the following parameters:

Ferrite saturation magnetization—p =0.6
Ferrite dielectric constant!s—e' =1
Thickness of the ferrite plate—I!=2 cm
Carrier wavelength—A=3.2 cm

¢=2.28 cm

Waveguide inside dimensions— 5=1.02 cm

Mode conversion ratio—Cz/Cy=1.

$

.|

= Cqe— i GRFBLITE1—w)
@R Zj’
{

‘/ B\ 2
times / (cos 0 -+ ——> - <
2mx

and in the E plane (p=1/2)

ab sin #’
EG —_ 1 e (kR+B.1—u’)
TAR u
M Cn A8y cos 6

> i G801 (63)

mm
. sin —( 14

where

2mx

A8, 1D
[ cos@—[-z—ﬁ— ] -l

£m = arc tan , S | (64)
N kK u
L X B a _I
Ta | wb
# = — sin 6; u = e sin 8, (65)

The implications of the above radiation field patterns
are not easy to perceive. It will be advantageous at this
point to apply these equations to a specific numerical
example which would enable us to get a better insight
into the situation. Specifically, we are interested in the

7\ 2
> eI 1B1—Bm) 14+ (E—tm)] } s
T M.

Ak

(62)

It can be seen from Fig. 3 that the TE;, mode will prop-
agate through the waveguide when 0.0<¢ <0.15 and
when ¢>>0.85 and it will be cut off when 0.15 <o <0.85.
The TE,, mode will propagate when 0.85<¢ <1.17.
The TE;, mode is cut off completely except for a very
small region (0.85 <¢ <0.90) which we neglect.

The aperture electric field distribution, k£,, for the
two-mode transmission and the phase angle ¢ are plot-
ted for several values of the external magnetostatic
field Hyin Fig. 7. It can be seen that the field is shifted
to the left-hand side of the guide at ¢=0.85. As the
magnetostatic field is increased, the field gradually
shifts back to the center of the guide with a decrease in
magnitude and it is symmetrical with respect to the
center of the guide somewhere between ¢=1.05 and
0=1.10. As the magnetostatic field is further increased,
the electric field shifts to the right-hand side of the guide

18 1t is realized that a dielectric constant of one is not realistic
for a ferrite of today since the ferrites produced nowadays have a
dielectric constant of about ten. The value of one was introduced here
merely to simplify the many numerical calculations that had to be
carried out. It is true that when é=10 not only may two modes
propagate, but a great many. One may expect, however, that the
amplitudes of the higher order modes will be progressively smaller so
that their effect may be neglected to the first order of approximation.
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and at ¢ =1.15 it is exactly opposite with respect to the
center of the guide to the position it had at ¢ =0.85.
The electric field pattern in the H plane is plotted
in Fig. 8 for a range of magnetostatic field from ¢ =0.0
to ¢ =2.0. Starting with ¢=0.0 the amplitude of the
pattern gradually decreases and it becomes zero at
¢ =0.15, where the propagation constant for the prin-
cipal mode becomes zero (Fig. 3). There is no radiation
between ¢ =0.15 to ¢ =0.84 since all modes in the guide
are cut off. At 0 =0.85 transmission through the guide
begins again. Now the waveguide is large enough elec-
trically so that not only the principal mode but also the
second-order mode can propagate freely; the radiation
pattern is large in magnitude and it reaches its maxi-
mum at about —25 degrees off the zero axis. As the
magnetostatic field is increased the radiation pattern
decreases slightly in amplitude and it shifts farther in
the clockwise direction. At the same time, it can be
seen, a new sidelobe appears at -+70 degrees. As the
magnetostatic field is {urther increased, the main lobe
remains in the same position as before and the new
lobe gradually buikds up and moves closer toward the
center. This process of contraction of the previous main
lobe and the expansion of the new sidelobe on the
opposite side goes on until, at 0 =1.15, a new main lobe
is definitely formed at +20 degrees. As the magneto-
static field is further increased, the waveguide decreases
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20°

A

Fig. 8—H-plane electric field pattern.

in size electrically so that the second-order mode is cut
off and only the principal one remains. The radiation
pattern is now centered again about the zero axis and
further increase in the magnetization changes the mag-
nitude only.

The process of pattern formation may be best ex-
plained by reference to Fig. 9. The components £,
and E4'’, corresponding to the radiation patterns of the
first and second modes which make up E,, are plotted
there together with the phase angle I's for a constant
value of magnetic fieid, ¢. Since B4/, Ey”’, and I'y are all
functions of the spherical angle 6 and the magnetic field
o, they add in various combinations of magnitudes and
phase angle to form the final pattern, E,.

It may be of interest to estimate the value of error
that might have been introduced here due to the as-
sumption that the ratio of mode amplitudes C/Ci=1.
The value of this ratio affects the pattern by the way
of changing the magnitude of E,’/ in (62). In Fig. 10
three electric field patterns are plotted which corre-
spond to the values of C/Cy of 1, 2, and 0.5. Taking
Cy/Ci=1 pattern as a reference, it may be seen that
pattern deviations are significant for values of Cy/Ci>1,
and are relatively small for values of C»/Ci1<1. How-
ever, in each case the pattern is still shifted in the same
direction as before. Intuitively, we could say that Cs/Cy
should be smaller than one which concludes that the
patterns in Fig. 8 are in no great error, due to the as-
sumption Ce/Ci=1.

The patterns we have just discussed are transmitting
patterns. One may ask whether the same patterns are
receiving patterns, too. It was shown in (56) and (57)
that the wave admittances of the incident and reflected
waves in the aperture are identical except for the sign
of k. It was also shown in Fig. 5 that the input and out-
put wave impedances had a mirror symmetry about the
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center of the guide. Thus, from the argument just pre-
sented, one may conclude that the transmitting and
the receiving patterns, which are functions of the out-
put and input impedance, respectively, will also have a
mirror symmetry (see Fig. 11). Also, since the reversal of
the direction of the magnetostatic field changes the sign
of k, the receiving and transmitting patterns are inter-
changed when the magnetostatic field is reversed. These
phenomena were demonstrated experimentally by
Angelakos and Korman.! Their results are reproduced
in Fig. 12 for comparison.!?

The equations for the far-zone radiation fields from
an open-end waveguide filled with ferrite magnetized in
the direction of propagation are derived in the Ap-
pendix.

1 Angelakos and Korman, op. cit., Fig, 12, p. 1468.
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Fig. 11-—Nonreciprocity of transmitting and receiving patterns.
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Fig. 12—Experimental patterns of Angelakos and Korman.
(Reproduced by permission of the authors.)

APPENDIX

RADIATION FROM AN OPEN-END WAVEGUIDE F ILLED
WITH FERRITE LONGITUDINALLY MAGNETIZED

In this case we restrict ourselves to a waveguide which
can propagate a single TE mode only. The geometry of
the problem is similar to that of Fig. 6 except that now
the direction of the magnetostatic field is in the direc-
tion of propagation.

Substituting the expressions for the transverse field
components found in (26) through (29) into (58)
through (61) and carrying out the integration we ob-
tain: in the H plane (¢ =0)

mar
J™abr sin <u 4 —2—>

Ey =
4\R
‘ mdi _ nds ) iR (66)
< m )2 < nr )2
) o ) — e
l 2 2.
mw

-—jmabr sin (u + —2~>

Ey =

4\R
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and in the E plane (¢p=m/2)
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Launching Efficiency of Wires and Slots for a
Dielectric Rod Waveguide*

R. H. DuHAMELf{ axp J. W. DUNCAN}

Summary—This paper describes an experimental investigation of
surface wave launching efficiency. Wires, rings, and slots are con-
sidered as exciters of the HE;, mode on a dielectric rod image line.
A formula is derived which relates the efficiency of a launcher to its
impedance as a scatterer on the surface waveguide. Efficiency is ob-~
tained by using this formula and also by applying Deschamps’
method for determining the scattering matrix coefficients of a two-
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port junction. Graphs are presented which illustrate the variation of
efficiency with the dimensiens of the launchers and with the param-
eter \,/)\, the ratio of the guide wavelength to the free space wave-
length.

INTRODUCTION
THE THEORY of wave propagation on dielectric

rods has been treated extensively by a number of

investigators [1]-[3]. In recent years the dielec-
tric rod waveguide has been employed with consider-
able success as a dielectric antenna [4], [5]. The mode
which is most often used for dielectric rod antennas is
the HEy; (or dipole) mode. It is the lowest order mode
which can propagate on a dielectric rod and has no



