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and axial reflection symmetry about
the plane s=.z~)

F(r, 26’, – O, 2zo – Z) = F(?, 6, Z).

5)

6)

7)

Combined angular rotation symmetry
(about the structural axis) and axia!

reflection symmetry (about the plane

z = 20)

F(r, o + ~, 220 – z) = F(?, 0, :).

Screw symmetry (rotation about the

structural axis combined with trans-
lation along it)

F(r,O+~, z+J3) = F(r, O, z).

Glide symmetry (angular reflection

about the half riane o =(?” combined

with translatio~ of one-half period
along the structural axis)

F(r, 200 – 0, z + P/2) = F(r, 0, z).

Some important consequences of these sym-
metries are discussed in the article by
Crepeau and McIsaac [91.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

- NIICHAEL J. GANS

Dept. of Electl. Engrg.

University of California

Berkeley, Calif.

REFERENCES

Brillouin, L., Wane Pi’oPagafion C?LPet iodic StVuc-
M’es, New York: McGraw-Hill, 1946, or New
York: Dover. 1953.
Sensiper, S.,’ Electromagnetic wave propagation
on helical conductors, Ph.D. dissertation, Massa-
chusetts Institute of Technology, Cambridge,
1951; also, Electromagnetic wave propagation on
helical structures (A review of recent progress),
Proc. IRE, vol 43, Feb 1955, PP 149–161.
Bevensee, R. M., Electvomag>zetic Slow Waw SYs-
tems. New Yorl.. XX7. I... ~OAfi

Watkins, D. A.
New York: Wl]

CoUin, R. E.; ~
York: McGra\
Slater, J. C.,
N. J.: Van Nostrand, 1950, P 170.
Friedman, B., Principles and Techzigzes of AP-
fil%ed Malhewzatics. New York: Wiley, 1960.

L. “,+,,, .. ”=.

Top%cs %%Eleclr’omag?~etic Theory.
i&, 1960, chs 1 and 3.
Field Theovy of Guided Wanes. New
v, 1960, ch 9.
Mwvwave Electvomcs. Princeton,

[8] Rumsey, V. H., A short way of solving advanced
nrohlems in electmmammtic fields and other
~in&.r- systems, IEEE ~?am. O>Z A ntetznas and
Propagation, vol AP-1 i, Jan 1963, PP 73–S6.

[9] Crepeau, P. J:, and P. R. Mclsaac, Consequences
of symmetry m periodic structures, Pmt. IEEE,
vol 52, Jan 1964, PP 33-43.

Field Measurements in a Small

Cross Section Guide Loaded

with Magnetized Ferrite

By solving the Maxwell’s equations for a
rectangular guide partially filled with mag-
netized ferrite one finds that in particular
conditions to be specified later for the
geometry and the applied magnetic field only
modes with phase velocity directed in one
sense can propagate. This is the basis for the
so-called thermodynamical paradox. The
present work was carried cut in order to
experimentally investigate the microwave
em. field in such a structure and compare
the results with the theoretical predictions
which we summarize here briefly.

Manuscript received November 6, 1964; revised
December 29, 1964. The work reported here was
partly supported by the Consiglio Nazionale delle
Ricerche, Italy.
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Fw, 1. Reference system.

We assume the configuration and nota-

tions shown in Fig. 1 (indefinite in the y
direction). We assume for the microwave

field a dependence exp( –kzx – +kvy – k.z)

with the coordinates.
The characteristic equation of the sYs-

tem was numerically sol~ed by Barzilai and

Gerosa for a number of cases ([1], [2], [3])
and the following main results were estab-

lished:
1) For a given ferrite the solutions of the

characteristic equation depend on the ratio
co/tiO between the working frequency and the
resonant frequency w = yH.

2) For O <PI <~Z (i.e., for

assuming the tensor permeability in the

form:

PI jp2 o

P= /lo –j/L2 /41 o

0 01

with

where co,. = 4T-YPO), a class of unidirectional
propagating modes is found (the ferrite-

dielectric and ferrite-metal modes of Seidel

and Fletcher [6]). It is possible to choose the
dimensions of the guide and the thickness of
the ferrite slab in such a way- that, within a
given range of the applied magnetic field,

these unidirectional modes be the only prop-
agating modes, all higher order modes (the

ferrite-guided modes following Lax’s classi-
fication [5 ]1) being under cutoff. The situa-

tion previously described gives rise to the

so-called thermodyrrarnical paradox, be-
cause all the propagating modes (nonat-

tenuated for lossless ferrite) have phase
velocity in one direction and no mode
propagates in the opposite direction.

We recall that this result applies to an

indefinite structure and does not include all
the modes with complex propagation con-
stants which exist also for lossless ferrite,
and are actually the only existing modes for
lossy ferrite.

In order to verif y these theoretical results

we considered a small cross section guide
with dimensions 10.25 by 5.45 mm loaded
with a ferrite slab 1.5 mm thick against the
side wall. The ferrite was transversely mag-

netized by an applied dc magnetic field
ranging in value up to -MOO Oe. The micro-

J See Lax and Button [5], P 395.
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wave field was investigated by plunging a
small dipole in the guide andl displacing it in

all coordinate directions, malkirw use of some

different mechanical ‘arrangements (de-

scribed in B u jatti [7 ]). Different ferrite
slabs and different lengths of the slab voere
used but no appreciable modification was
found in the field pattern. Also, more ac-
curate polishing of the ferrite slab did not
affect the measurements, i.e., the effects of
accidental imperfections on the surface of
the slab were negligible. Final] y, the field
pattern is not affected by the germination,
for a ferrite slab sufficient y long, for any
value of the applied magnetic field. 01nce

this was established the guide was left most

of time without any termination and the

probe introduced from the open end. The
measurements were repeated for different

values of the applied magnetic field with a
fixed working frequency equal to 9700 MHz
and the following results were established:

1) No output can be detected at the end
of the structure except when the applied
magnetic field H assumes a value H’ .:H
<H” (with H’= 1500 Oe and H“ = 280CI Oe
for R4 Ferramic and a working frequency
equal to 9700 MHz as previously stated) if

the ferrite slab is sufficiently long (more

than 3–4 cm).
2) For applied magnetic field values

H’ <H<H” the microwave field is expo-

nentially decreasing in the x direction a t a

rate varying with the applied magnetic fi ,eld,

reaching a maximum of about 8 dB/mnl in

the center of the range H’ – H“, and a
value of about 3.5 dB/mm at the boundaries
of the range H’ —H”. The microwave field
is a surface wave guided by the ferrite [Fig.
2 (b)]. By rotating the probe around the x
axis, from the z to the y direction the pres-

ence of a y component of the microwave field
was found, which should not be there if (only

the zero-order mode was excitec(.
For applied field values H’ <H < IT”,

the dependence on y always shows oscilla-

tions of the microwave field aloug the length

of the guide (Figs. 4, 5, and 6) which disap-
pear for applied magnetic tields out of the
range H’ —H” (Fig. 3. Figures 4 and 5 show
how the pattern changes by moving the
probe along the ferrite slab (z direction) and
away from the ferrite slab (x direction).

Finally, always for applied field va ‘Iues

H’ <H< H”, the dependence on z is shown
in Fig. 6 and again oscillations are detected

showing the presence of higher (order mcdes.
A tentative modal analysis mainly suggests

the presence of the second- and four-order
harmonics.

3) For applied magnetic fields H c:H’
(including all negative values) and H>>H”
(up to the highest value tested equal to 4400
Oe) the dependence of the microwave jield
on x, normally to the ferrite slab, was found
to be sinusoidal; the dependence on y, along
the length of the guide, vvas found expo-
nentially decreasing and the field was found
to be constant with z. The overall configura-
tion is the same expected for a TEIO in a

guide under cutoff loaded with a slab of
dielectric material having relative dielectric
constant equal to 11 and scalar permeability

varying around one depending on the ap-
plied magnetic field. The attenuation in the
y direction depends on the value of the ap-

plied magnetic field as expected by the
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variation of the permeability and is the
same for the same absolute value of H, no
matter what the direction (provided of

course ]Hl <H’ or IH] >H”).
We now compare the experimental re-

sults with the theoretical predictions. We ob-

serve first that from experimental values re-
ported in Bujatti [4] for R4 Ferramic, we

have Ml= ~Z at H/f= 148 Oe/KMHz. This
value agrees closely enough with the value
H’/f = 155 Oe/KMHz. From the theoretical

expressions of the permeability components,
taking N1o = 1780 gauss and g =2.05 (which
are typical values for R4 Ferramicz we ob-

tain ~1 =1.u for H/f= 168 Oe/KMHz. Less
satisfactory is the agreement between

H“ = 2800 Oe and the value of H/f corre-
sponding theoretically to p~ = O, which is
H/f = 240 Oe/KMHz; we do not know of
any sufficiently accurate experimental value
on this point. We then consider a numerical

case theoretically solved and reported in

Brazilai and Gerosa [2 ]3 which is quite sim-

ilar to our experimental situation. The

geometry is the same and the only signif-
icant difference is in the value of the satura-

tion magnetization MO (assumed equal to
3000 gauss in Brazilai and Gerosa [2]) and,
therefore, in the values of T(T = cJ/yH) and

,0(~ =wo/PoH). Taking a rough account of
the different value of 310 the theoretical case
reported in Brazilai and Gerosa [2] approx-
imately corresponds to our experimental
situation for H = 2000 Oe (the correspon-

dence is based on the same values of . and

p, but obviously both values cannot be
matched exactly by adjusting the only value

of H, and H= 2000 Oe represents a optimum

compromise). The theoretical analysis gives

for the attenuation in the x direction of the
zero-order mode a value kc/~ <pOeO = 1.7 and
for the propagation constants of the zero-
and second-order modes kvO/a~pOeO =jl.9
and kuz/a4~m =j4.4. We find experi-
mentally [see Fig. 2 (b) ] and attenuation
along z corresponding to k. =4.2 cm–l, i.e.,

to kt/ti#pOeO = 2.0. This value has to be

compared with the theoretical attenuation
for the zero-order mode because the higher

the order of the mode the higher the at-
tenuation in the x direction can be shown to
be and, therefore, only the zero order is

significant here. Given the approximation in
the correspondence between the theoretical

and the experimental situation, the agree-
ment can be considered satisfactory.

As far as the dependence on y and z are
concerned we suggest that the oscillations
detected are due to the superposition of
higher order modes on the fundamental one.
This hypothesis is supported by the follow-
ing arguments:

1) The oscillations were proved not to
be due either to the roughness of the surface

or to reflections at the termination.
2) The value of the propagation con-

stant along y for a given ferrite-dielectric or
ferrite-metal mode decreases with increasing
magnetic field (see, Seidel and Fletcher e.g.,
[6 ]); therefore, since taking k. =jgl, and

with the choice of the functional dependence
on the coordinates previously stated. k.’2
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=CJ2COP0—@z—k,z, the attenuation along x
decreases with increasing H. That is, in-

creasing H the higher order modes will be
less attenuated and more of them will still

be detectable at a given distance x from the

ferrite. At a given distance x we then expect

the effeet of higher order modes to be the

more significant the more the applied mag-

netic field is increased. In fact we find t hat
by increasing H the oscillations detected
along y become always more complex (see

Fig. 6).
3) The higher is the order of the mode

and the higher can be shown to become the
attenuation in the x direction. We expect,

therefore, for a given H, the number of
modes detectable to decrease with X,
namely the pattern of the field along y to

become the more simple and finally to ap-
proximate a pure exponential clecay (when

only the zero-order mode is significant) the
more one mo~-es away from the ferrite slab.
This effect can be easily seen in Fig. 5.

4) Figure 7 suggests the presence of
second- and fourth-order modes but, with
the shape and length of the probe usei in
taking the measurements reported in Fig. 4

the contribution of the fourth-order m (ode
would roughly cancel out and on Iy the zero-

and second-order modes would be detected.

Let then the signal detected be of the form:

/El = [C+~sin~zcos((32-BO’)Y]”2(1)

wher C and D are the amplitudes of the zero-
and second-order modes. If C/D<<l (1) re-
duces to:

If we take for B the values given Barzilai

and Gerosa [2] for the zero- and seconcf-
order modes, i.~we take Po = 1.9 CJv’~o

and @Z= 4.4c.J<PWO, we find fc,r the wave-
length of the cosinusoidal pattern Al= 27r/

(62 –Do) =1.2 cm, in fairly good agreen’ent
with the value of wavelength we can mea-
sure on the pattern shown in Fig. 4.
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