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where x is the free space wavelength.

Eq. (2) shows that an increase in the

radius of the guide will decrease the

characteristic impedance, It is desir-
able to minimize the change in the

impedances at the junction. There-
fore, a larger diameter is preferred for

m~tching the circular guide to the

rectangular waveguide.

Frolm condition 1) above it it seen that

the necessary and sufficient coudition for
propagation of the dominant TEI 1 mode
while suppressing all higher order modes is

(3)

where AL is the wavelength at the low end of

the bancl and Mz is the wavelength at the
high end of the band.

From condition 2) above it is seen that

the optimum transformer design occurs at

the maximum permissible radius. Thus

(4)

The author }vould like to ackno\vledge
many helpful discussions with S. Lehr, and
R. Mohr, He is also indebted to L, Bertan,
who superl-ised the project, and J. Ebert for

their many helpful suggestions.
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A Microwave Power Divider*

Recelnt literature has described the theo-
retical performance of unmatched power

di~-iderslz
.4 proposed multilaterally matched power

divider fc,r any number ~zof equal or unequal

FIST 1—Du-ectmnal coupler power chvider

outputs, 1s shown in Fig. 1, ~vhere

f’, = input power to the divider
P1 = OL tput power from the kth output

port

a~ = pcmer coupling coefficient of the kth
coupler=

P,,

‘~ Received by the PGMTT, July 31, 1961.
1 E. J. ~rilkmson, ‘[An N-way hybrid power di-

vider, ” IRE TRANS. ox MICROWA>-E TSLEORY AMI
TJZCLLMQUES, vol. MTT-S, PD. 116–118; January,
1960.

~ H. Kagau, “N-way power dw,der, ” IRE TRANS.
ON MICROWAVE THEORY AND T~CFINTrQUES(Corre-
spondence), vol. hfTT-9, PP. 198–199; March, 1961.

The synthesis of the divider to provide tr

outputs of prescribed values with a gi~,eu

input is straightforward. The x-al-ious a’s are

solved for from the relation

Ph
~k . ————— l<k<}l

k– 1
(1)

Pi–~P*
*=1

since

It

Pb=~Pq (2)
~=1

from energy considerations, the choice of all
P,, and hence all aq from g= 1 to g=n – 1,

quite determines P..
The isolation ain between output ports

Z and tit is

ah = rlln!nlcm (3)

where all a’s are in po~vcr ratios and al, is the

directivity of the coupler nearest the input.
This is a minimum isolation, since resistive

and coupling losses to intervening couplers
are neglected.

The divider proposed is 100 per cent
efficient; it is matched looking into any port;
the isolation between output ports is in-
finite (assuming perfect directi~,ity); fur-

ther, there is no theoretical limit to the
number of outputs or relative amplitude of

outputs that may be obtained consistent

with (2).

RICHARD J. MOHR

Microvmve Dynamics Corp.
Plainview, N. Y.

On tlhe Efficiency of the Excitation

of Suwface Waves by Distributed

Coupling”

INTRODLTCTION

The excitation of surface wa~-eh on redc-

tive surfaces is accompanied by (OSSof power
\vbich is radiated directly from the region of

the feed. Since a surface w~ve supported by
a surface w~ve line is a (nonhomogeneous)
plane m-ax-e, it cannot be excitecl as the only
field of a current distribution of finite size

and amplitude.
The excitation efficiency is defined as

that fraction of the total power transmitted
through the exciting aperture, ~vhicb is con-

tained in the surface wave field. Excitation
efficiencies approaching theoretically com-
puted ~-alues ha~-e been achieved in pra,tice
by using horizontal or annular slots, but
these apertures usually presented to the
primary line highly reflecting loads, and con-
sequent introduction of matching structures

* Received by the PGMTT, August 3, 1961. This
note M a sequel ,to the autb?r’s report on “Improve,i
ment of the Excltatmn Efficiency of Surface lVaves,
M ,S. th,sms, Technion, Israel Inst. Tech., Haifa, Israel,
January, 1960.
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made the system rather frequency sensitive. 1

Set-eral methods have been described for

the measurement of the excitation etliciency;
most of these depend on some kind of meas-

urement on the reactive surface. j,s
The method for the excitation of surface

w-ares which is described in this paper is

essentially an application of the theory and

technique of directional couplers.4 I n our
exe, however, it is sought to achie~-e com-

plete power transfer from the primary line
onto the reactive surface waveline. The theo-
retical treatment will therefore be based on
Miller’s light coupling theory.~, The reader is
referred to M iller’s paper for a complete and

system~tic analysis of a system of coupled
transmmion lines. Here we shall summarize,
with the aid of Fig. 1, the most impcjrtant
results of this analysis.

/h~~”-

Fig, 1—A system of coupled tra,n;jmission lines,

1) W’hen two homogeneous transmission

lines are coupled along the axis of propaga-

tion, power transfer between the lines takes

place cyclically.
2) If, and only if, both lines ba~e i(lenti-

cal propagation constants, i ,e., YI =’ W( Y.

= am+.7b’.), complete power transfer is pOs-
sible, and the minimum length of the cou-
pling aperture necessary is given by
2cx~,n = ~ where c is the coupling coefflcieut

in nepers per unit length.

Complete power transfer is also possible
when y, —72=aI—aZ>0, but in this case

.Y~,,, will be different from the ~-alue gi~,en
above, and generally, in the presence of

losses, the term cowplete power transfer will
mean only that values of x exist for which no

power is present in line 1.
3) Ii:hen y, # yz, and in particulw when

(3I #@2, only partial power transfer will take
place. The maximum possible wave ampli-
tude in line 2 is, in this case, a function of

(PI –13j)/c and is defined as the discrimina-
tion function of the coupled system. In this

case, again, the point of ma~imuur possible
power transfer w-ill differ from the value of
x giver for y, —yj=O.-”

I Because of the numerous contributions to the
subject dealt with in this note the reader is referred to
two survev miDers which contain exhaustive bibli-
ographies. ”

a) F. J. Zucker, “The guiding and radiltion of sur-
face waves, ” Proc. Symp. O?I ilfodmw Advances iu
Micmwaw Tech?&tques, Polytechnic Institute of
Brooklyn, N. Y,; 1954,

b) .+. F Harvey, <periodic ~,,d gttiding structures

at microwave frequencies, ” IRE TR LIVS ON MICRO-
WAVE TEI~ORy AND TTJCHNrQ~7~S,vol MTT.8, pp.
30–61; January, 1MO

3 G. Goubau
pROC. IRE, VOI. 40, PP. 865–S68: ~,

3 R, H. DuHamel and J. W. Du
efficiency of wires and slots for a dielectric rod wave-
guide, ” IRE TRANS. ON MICROWAYE THEORY AND
TiZCELNIQWES,vol. MTT-6, PP. 277–284: JuIY, 1958.

4 R. T. Hanrattv. “An end-fire

~,,-“ On the excitation of surface ~Vavcs, ”
une, 1952.
mean, ‘8Lau]lching

X.-band flush an-
tenna b&e~ on the br?nc~-waveguide directional
coupler, 3’private commumcatlon.

5 S. E. Miller, “Coupled wave theory and wave-
guide applications, ” Bdt .SYs. Tech. .7., vol. 33, PP.
661–719: May, 1954,



574 IRE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES November

The main difference between this meth-

od of surface wave excitation and methods
which employ apertures having zero length
lies in the absence of a single discontinuity
in the primary line. As a result, the band-
width of such a system is determined almost

exclusively by the dependence of -yI — y~ and
of c on freqaency.

THEORY

Fig. 2 shows a length of rectangular

waveguide which has a series of closely

spaced slots cut in one of its broad walk.

REXOLITE SHEET

~

B’{
POLYST YRf NE RO05 ;

Fig. 2—Section of a waveguide-to-reactive
surface directional coupler.

This wall extends on the outside to form the

metal base of a dielectric clad reactive sur-

face. We now assume that when a propagat-
ing wave is excited in the waveguide, a frac-
tion of the power carried by it is coupled into
a surface wave supported by the reactive

surface and part of it is radiated into sur-

rounding space. We further assume that the
waveguide and reactive surface possess the
characteristics of a system of homogeneous

coupled transmission lines. M:ith each of
these lines, we associate a propagating con-

stant of the lowest-order propagating mode,
viz. ,

‘Y1 = al + jm (la)

72 = a2 + j~! (lb)

where the subscripts 1 and 2 refer to the

waveguide and reactive surface, respec-

tively.
The propagating wave amplitudes in the

coupled system satisfy the set of equations

dE,
– (w+ jc)E, + jcE2

d% =
(2a)

dEz
— – – (W + jc)l?~ + jcE,
d% –

(2b)

where

El= complex waw-e amplitude in the wave-
guide

E9 = complex surface wave amplitude
~ = couplingcoefficient between wave-

guide and surface wave field.

Only propagating waves in the positi~,e x
direction are assumed to exist, and coupling
action starts at x = O with the initial condi-

tions

EL(o)= 1; E,(o) = o.

tire now consider the orthogonality rela-
tions valid for the surface wave field and
radiation field and use these relations in
order to postulate the existence of two sep-
arately defined coupling coefficients: one for

the waveguide-to-surface wave field and an-

other for the waveguide-to-radiation field,
The radiation field is excited by the slots,

and the contribution from a particular slot
is proportional to El(x) at that slot. Hence,

in an otherwise loss less system, this COU.

pling coefficient is represented by the at-
tenuation coefficient a = al of the primary
line. We finally assume that P,= P, = 6, and

we shall show later that the validity of this
assumption can be verified experimentally.

Eqs. (2a) and (2b) thus take the form;

and

dE,
— = – [a +j(~ + c)]E, +jcEj (3a)
d%

dE,

dx =
– j(~ + C)EZ +jcEl

their solution for El(O) =1; EJ

~–c’.t

E,l = 1(-. Cos c“v~l — p
@ – $’

(3b)

1=() is

(4a)

(4b)

where g= a/2c.

Fro-m 4(a), we find that zero field ampli-
tudes will be detected in the primary line at
points X. given by

=(24; (?s =1,2...) (5)

and, in particular, position coordinates of the
first two minima x, and y? satisfy

from which we obtain

!7-

al(P — 1)~ . —————–
Tp—3

Cos — —–
2p–1

:lLI d

(7)

(8)

~vhere P = xz/~1. Iire now substitute from

(7) and (8) into (4b) and put x=x,, which
is the point of maximum surface wave am-
plitude. Thus

rr
sin ——

p—l

?r p-3
Cos —.——

2p–1

{

7r
= exp – —.tan~p~~~f . (9)

p—1

(The fraction equals unity identically.)

For El(O) =1, the surface wave excitation
efficiency q is defined by

~ = I E~l’I..= (lo)
and thus

Eq. ( 11) is an expression of the excitation

efficiency in terms of the distances to the

points of maximum power transfer. This can
be generalized by stating that in the case of

surface wave excitation by distributed cou -

@ing it is Possible, in principle, to determine
the e.witation eficiency by measuring the dis-
tr~btdion of the absolute value of the wave an~-

fittude an the jmirnary line otLly.
Fig. 3 shows the plot of q vs p for the

range 3.o1 <p <4. For ~-alues of p in the
range 3 <p <3.01, the approximation

@.1–:(p–3) (12)

can be used and the plot of this function is
shown in Fig. 4.
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Fig. 3—Plot of excitation efficiency vs displacement
of field minima in primary line for 3.o1 <p <4.
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Fig. 4—Plot of excitation efficiency vs displacement o
field minima in nrimary line for 3 <p <3.01.

EXPERIMENT

It was pointed out in the Introduction
that complete power transfer, in the re-
stricted sense, is possible onJy if @l= ~z.
Thus, the detection of zero field amplitude
in the primary line can serve, in principle,
m an indication of the equality of phase co-
efficients of the coupled lines.

The initial design of the system called

for the insertion of dielectric slabs into the
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vmveguide, and the resulting value of 131was

determined with the aid of a method de-
scribed k]y the author elsewhere.6 The thick-

ness of the dielectric sheet to give the neces-

sary value of 13z= /31was determined from the

transverse resonance conditional” Because

of inaccuracies involved in this procedure,

the clesig n did not result in the desired situa-

tion in which P,= BI at the design fre-

quency. At this stage, use has been made of
the fact that the group velocities in the
coupled lines have difi”erent values, z.e.,
dw/t(& # a~/dDz, and by searching in the

neighborhood of the design frequency, a par-

ticular frequency has been found for which

@l=@z.

Copper-clad teflon, and later Rexolite,
have bem used in the construction of the

reactive surface. The coupling aperture con-

sisted of a row of 150 slots cut in the wide

wall of a 0.4X0.9-in ID rectangular wave-

guide (see Fig. 2). The measurement of the
field amplitude in the waveguide was per-
formed by cutting in the opposite wide w-all

a Iongitlldinal slot such as used in a slotted
section and mounting the wax-egu ide in a
hp809B LTniversal Probe Carriage from
which the original slotted section has been
remo~,ec[. The whole setup has been placed

on a surface covered with microwave ab-
sorbing material.

In a few experiments conducted up to

now, excitation efficiencies of between 92

and 95 per cent have been determined.

EFRAIM FtAVID-WEISSBERG

Scientific Dept.
Ministry of Defeuce

Hakirya, Tel Aviv, Israel

s E, \vei~sberg, ‘<Experimental determination of
wavelengl.h in dielectric-filled periodxc structur es,”
IRE TRANS. ON MICROWAVE THEORY AND TECH.
NTQUES (Correspondence), vol. MTT.7, pp. 480–481;
October, (959.

Higher-Order Mode Resonances in

Strip-:Line Y-Junction Circulators*

Because of its small physical size, the

V-junction circulator has been the recipient

of a great amount of investigation. Various

theorists and experimentalists have devoted
time to understanding the behavior of this

device, both on the far and near side of ferri-
magnet ic resonance. 1-4

In our laboratory, we have succeeded
in developing units operating at the near

* Received by the PGMTT, August 21, 1961.
I B. A, AuId, “The synthesis of symmetrical wave-

guide circulators, ” IRE TRANS. ON MICROWAVE
THEORY ANO TECHNIQUES, vol. MTT-7, pp. 238–246;
April, 19!59.

j L. Davis, Jr., et aL, “A strip-line L-band compact
circulator,” PROC. IRE (Correspondence), ~ol. 48, PP.
115-1 16; January, 1960.

8 G. T’. Buehler and A. F. Eikenberg, “Stripline Y-
circulators for the 100 to 400 Mc region, ” PROC, IRE
(Correspondence), pp. 518-519; February, 1961.

4 J. Clark and ~. Brown, “Minia~urlzed, tempera-
ture stable, coaxml Y-junction circulators, ” IRE
TRANS. cm MICROWAVE THEORY AND TECHNIQUES
(Coi-res~ondence), vol. MTT.9, PP. 267–269: May,
1961.
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side c,f resonance from 1.0–8.0 klblc. These
units have instantaneous bandwidths pro-
viding 20 db of isolation in excess of 20 per

cent; some units have bandwidths as high
as 40 per cent. One of the limitatio]ls on

bandwidth that we have discovered are

resonances that occur in the insertion loss

and isolation characteristics of the device at

the HF end of the band, In narrow-band

designs, these resonances might never be
noticed. Because of their presence, it is
necessary to limit the bandwidth specifica-

tion to exclude them from the operating
region. If resonance could be e~iminated, we

believe bandwidths of 50–60 per cent COLIICI

be achieved.
Fig. 1 show-s some experimental points

relating the frequency at which the reso-
nance occurs to the diameter of the ferro-

magnetic material used in the design. l~ari-

ous materials were used, and they are la-
beled with their manufacturer’s designation.

FREQUENCY – KMc

Fig. l—Diameter at which higher-order mode
resonance occurs for strip-line I’-junction circu.
lators on the near side of resonance.

The frequency of these resonances depends
upon the value of magnetic field. They
occur at lower frequencies for smaller field
~,alues. The values of field used in the data

presented were sufficient to saturate the

disks.
A theoretical curve is plotted using the

relationship
jd=3.O

where
~=, frequency in kNIc
d== diameter of material in inches.

This type of expression is typical of propa-
gation in cylindrical waveguide where the
mode cutoff frequency is related to the guide
diameter and the proper-order Bessel func-
tion. It is felt, therefore, that these reso-
nances can be explained by higher-order
mode propagation in a direction parallel to

the applied magnetic field, even though the
dominant mode in the strip line is propagat-

ing perpendicular to this direction.
It is hoped that these rescmances can be

moved to higher frequencies without effect-
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ing the basic nonreciprocal scattering of the
ferromagnetic disks. Experiments to deter-
mine the feasibdit y of remoyi ng these reso-

nances are now underway and, if successful,

will be reported.

ALVIN CLAVIN

Microwave Dept.

Rantec Corp.

Ca labasas, Calif.

A Proposed Desigfl to Enhance

Micro wave-Power-Limiter

Characteristics*

A design is proposed for a device which
would enhance the properties of presently
available microwave power Iirniters, thereby
making their use as crystal protectors in

duplexing units of microwave systems more

desirable. This design is a combination of a

power-sensitive, nonlinear element with a
traveling-wave ring resonator.

Several nonlinear elements, such as sub-

sidiary resonance ferrite limiters,l and De-

Grasse type of ferromagnetic Iimiters,a and

diode parametric limiters$ have been devised
which exhibit an attenuation vs power-level
curve such as is depicted in the lower curve
of Fig. 1. The nonlinear properties of ferro-

electric materials indicate that these mate-

rials might also be used to prodllce limiting
action.

l.plt Power LW.1

Fig. 1.

However, the referenced l!i~miters are not
completely usable as crystal protectors be-

cause either their threshold potl-er levels are
too high, or their maximum attenuations,

slopes of attenuation vs power curve, or
their power-handling capabilities are inade-

quate. Combining any one of the nonlinear
elements with the traveling- wave ring reso-
nator would improve upon al [ of these short-
comings, provided that the Iow-leve [ inser-

tion loss of the element is sufficiently small.

* Received by the PGMTT,, Au, gust 21, 1961.
I G. S. Uebele, “Characteristics of ferrite micro-

wave polver limiters,’] IRE TRAN!; . ON MICROWAvE
THEORY AND TECHNIQUES, vol. M TT-7, PP. 18-23;
J.nyyy, 1959.

W. DeGrasse, “LON-1OSS gyromagnetic
crmpli~g through single crystal garnets, ” J. AfiD1.
Phys., suppl. to vol. 30, pp. 155S-156S; Apr~l,, 1959.

3 A. E. Siegman, “Phase-distort ionless linntmg by
a parametric method, ” PROC. IRE (Correspondence),
Vd, 47, pp. 447-448, March, 1959.


