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1) There is a set of modes that alter-
nates with those identified with the cutoff

condition of Schelkunoff in (4). Their cutoff

condition is given by (5).
2) The modes identified with (4) have

a cutoff that depends on q whereas the
modes satisfying the alternate condition

have a single cutoff value of p for all e.
3) Forn>l allmodes have some cutoff

value. The principal mode for ?z=l has no
cutoff. There is no “degeneracy” of the
modes for n>l as there is for n.=1 modes,
as described by Beam [I]; that is, each
mode has its own distinct cutoff point.

4) There isa unique principal mode for

all W.
5) The existence of an additional mode

between successive Schelkunoff modes re-

ducesthe upper frequency limit at whicha

pure principal mode may propagate below
what the limit would be if only Schelkunoff
modes existed, as follows.

The p–g curves may be used to deter-
mine the frequency dependence of the mode
propagation with the aid of the additional
relation

where R=(2a/AO)T~e—l. This indicates

that for a given dielectric rod of radius LZ,

the actual values of @ and q may be found
at the intersection of the p–g curves with a

superimposed circle of radius R correspond-
ing to the frequency of operation for which

the free-space wavelength is AO, To insure
the propagation of a unique mode, the circle
must intersect the p–q curves only once.
Forthe principal mode, this means that the

. .
upper hmlt Of R, and hence of frequency, is
determined by the requirement that R< PO,

where ~n(@o)=O. The lower limit of fre-

quency is of course determined by the cutoff
value of p (see Fig. 3).

It is now seen that there is no degeneracy
to impose a notational distinction, so that

the modes coLlkl be simply numbered suc-
cessively. In the interest of conforming to
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Fitz. 3—Determination ot operating point Q corre-
srm,ndzmz to a,givm frequency by superposition cf
acxcle of radms Rol? $—q curves.
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I) Lo!uer limit of R. 2) Typical R. 3) Upper limit
of R. 4 ) R >PO, 5 ) Upper limit of R in absence of
alternate modes. Q: operating point fOr typical R.
Q,, QI: two operating points for R >$0: Impure
mode. tz, Zr: useful ranges of S, g, for pure prin-
cipal mode.

the nomenclature for n = 1, however, and
in order to preserve the distinction be-

tween the modes that satisfy the Schelkunoff

cutoff condition and those that satisfy the

alternate condition, the HE,,~, EHnti dis-

tinction is retained here, starting with HE.:

for the principal mode.
An attempt to verify a possible distinc-

tion between H- and E-type modes for
the general case of any n, as suggested by
Wegener and others [1], [7] for n =1, has
not been found by the authors to lead to
consistent resu Its. The designation here of
a mode as HE.,. is hence not to be construed

as an indication that the mode must be
H type.

The existence of the alternate cutoff con-

dition, (5), has been confirmed independently

using approximation methods by Snitzer
[9] in the course of his investigation into

the optical properties of thin fibers.
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A Property of Symmetric Hybrid

Waveguide Junctions*

It is well known that in symmetric

hybrid junctions such as the short-slot,
branched-guide, and transvar types, the
signals in the main and auxiliary guides are
in phase quadrature. Another property of
fully symmetric lossless hybrids is that if all
the arms are matched, the amplitudes of the
waves traveling in the reverse direction in
the main and auxiliary guides are equal. A
proof is given below.

Since in a well-designed hybrid these

amplitudes will be of the order of 0.03 or

less, relative to the input, this is not an easy

fact to observe experimentally, However,

if the measured VSWR and isolation of such

a hybrid are inconsistent, one may reflect

that this must be because of

1 ) experimental error,
2) mismatch of terminations or bends

introduced for purposes of measure-
ment,

3) asymmetry allowed by manufactur-
ing tolerances,

4) ohmic loss.

Proof: Let arms 1-3 be the main guide, and
arms 2–4 the auxiliary guide. If the hybrid
is fully symmetric its scattering matrix will

have the form,

$ $f~A B C D’

1

‘BADC
s’=

CDAB ‘

ID CBAJ

where A and B are small, and C and D have

approximately equal amplitude. If the

hybrid is lossless, S is unitary, which gives
us

Re (A~) + Re (C~~) = O, (1)

Re (i4~) + Re (B~~) = O, (2)

Re (AD) + Re (B~~) = O, (3)

where the bar denotes the complex conju-

gate. Let A =A1 +jAz, andl similarly for B

and D, and let the reference planes be chosen
so that C is real. Then ( 1) shows that D1

is a second-order small quantity, leading to
the first property that C and D are in quad-
rature.

Putting D =jC, we have from (2) and

(3), respectively,

A, = – B,,

A, = – BL.

Hence A = –i~, and A and B have the same

amplitude. -
I wish to thank T. A. Williams for helo-

ful comments, and the Executive of tie

AEI Electronic Apparatus Division and the
Board of the BTH Company for permission
to publish this note.
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Attenuation in a Resonant

Ring Circuit*

The use of a resonant circuit will permit

raising the strength of electromagnetic fields

to values considerably higher than that

available directly from a transmitter. In the
usual resonant cavity, standing waves exist
which may raise some doubt as to the use-
fulness of this method for testing certain

* Recewed bv the PGMTT, November 12, 1959. * Received by the PGMTT, November 13, 19.59.
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Fig. l—Resonant ring circuit.
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is very sensitive to the attenuation in the
ring circuit. z,8 The purpose of this brief

paper is to illustrate these dependence in

convenient graphical form.
If the ring circuit is properly matched

in impedance and the phase shifter is ad-

justed for resonance condition, the power
“multiplication” or gain PG is given by

where

C= voltage coupling coefficient of the di-
recti&al c~up~er, less than unity,

k = 10+/20, a voltage ratio less than unity,
and

~ = One.lvay attenuation around the ring,

in db.

This power gain equation is plotted in
Figs. 2 and 3. For example, if a power gain

of 20 is desired and the ring circuit attenua-
tion is 0.2 db, either an 11- or 16-db coupler
is needed.
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COUPLING COEFFICIENT, C (db)

Fig. 2—Resonant ring characteristics with
power gain as the parameter,

Reciprocal Ferrite Phase Shifters*

ON HIGHER ORDER MODES

ONE-WAY RING ATTENUATION, ; (db) -

Fig. 3—Resonant ring power gain with
coupling coefficient as the parameter.

components. This is because maximum elec-
tric fields do not occur at the same location

as the maximum magnetic fields. To over-
come this doubt, a resonant ring circuit can
be employed’,z,s (see Fig. 1). In this circuit,
the waves are ideally unidirectional and it is

possible to obtain “power-level multiplica-
tion” of 10 to 50 times the transmitter out-
put. The amount of multiplication depends

on the value of the directional coupler and
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The Reggia-Spencer phase shifterl has
been the subject of a great deal of investiga-
tionZ–4 because of the large amounts of

phase shift possible with a relatively simple
construction.

Rizzi and Gatlin5 have proposed a model
which qualitatively explains most of the

observed phenomena associated with this
type of phase shifter. Their explanation

centers about the fact that only large
amounts of phase shift are observed when
the ferrite exceeds a critical diameter given
by

d>
c

1.706f 47 ‘
(1)
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Fig. I—Calculated and experimental curves of maxi-
mum diameter for suppression of higher-order
modes as a function of frequency for RG 52/u
waveguide. Device uses R-1 ferrite.
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Fig. 2—Change of phase length with temperature us-
ing constant bias current of 85-ampere turns. RF
frequency. 10.0 kmc. R-1 ferrite 0.250 dktmeter,
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Fig, 3—Phase modulation characteristic of the phase
shifter using an 85-ampere turn bias for various
temperatures. RF frequency, 10.0 kmc.

Fig. 4—Peak-to.peak phase modulation as a function
of temperature with a constant bias of S5 ma, and
a modulatmn current of ~ 60 ma at 500 CPS.


