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Effect of Ellipticity on Dominant-Mode Axial Ratio

in Nominally Circular Waveguides
P. I. SANDSMARK }

Summary—An investigation is made of the effect of ellipticity
on the dominant-mode axial ratio (AR) in nominally circular wave-
guides. Equations for calculating the AR are derived for the case
where the difference between the major and minor axes of the guide
cross section is small and the waveguide is not too long. Values of AR
obtained by calculations are compared with measured values, and a
method for improving the AR performance of a waveguide run is
demonstrated.

INTRODUCTION
&_ XIAL ratio (AR) is defined as the ratio of the ma-

jor axis to the minor axis of the polarization el-

lipse.! For a dominant mode (TEy) in a circular
or elliptical waveguide, the AR at any point z along the
guide is the ratio of the maximum to the minimum rms
component of the electric field at the center of the guide
at z, when it is terminated in its characteristic imped-
ance.

The AR performance of an elliptical waveguide is
important when the guide is used for transmitting two
orthogonal dominant-mode signals. I{ the waveguide
were perfectly circular, the AR would always be infinite
and there would be no interaction between the two
signals. Most commercially produced, nominally circu-
lar waveguides, however, are actually out of round.
For an arbitrary polarization of the incident signals,
the AR is then in general finite and will introduce cross-
talk. The amount of crosstalk increases as the AR de-
creases.

This paper discusses the effect of ellipticity on the
dominant-mode AR in nominally circular waveguides.
Equations are derived for calculating the AR when the
difference between the major and minor axes of the guide
cross section is small and the waveguide is not too long.
Calculated values of AR are checked by measurements,
and a method for improving the AR performance of a
waveguide run is demonstrated.

DiscussioN

At the input of an elliptical waveguide the dominant-
mode electric field AR the center of the guide can be
represented as shown in Fig. 1, where

Eine = A cos wt 1)

is the maximum component of the electric field incident
on the waveguide. E;i,, can be resolved into two other
components

1 Bell Telephone Labs., Inc., Murray Hill, N. J.

1 “IRE standards on antennas and waveguides: definitions of
terms, 1953,” vol. 41, pp. 1721-1728; December, 1953.
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Fig. 1—Cross section of an elliptical waveguide, showing the
incident electric field.

Ewd = A cosfcos wi 2)
Eind’ = A sin 0 cos wt, 3

where Fi,’ is parallel to the major axis (dmax) of the
guide cross section, Eis,”' is parallel to the minor axis
(@min), and 0 is the angle between Eine and duax. Eine' 1S
called an odd dominant mode and Ei,.”' an even domi-
nant mode.?

Let us assume that these two modes are traveling
down the waveguide, which is terminated in its char-
acteristic impedance. At a distance z from the input of
the guide we have

E' = A cos 0 cos (wt — B'z) 4
E' = A sin # cos (ot — §2), (5

where 8 is the phase constant of the odd mode and g”
the phase constant of the even mode. This gives the
magnitude of the resultant field at 2

| E| = 4[cos? 6 cos? (wt — ')
-+ sin% 0 cos 2wt — B7z) |12, (6)

A phuysical picture of behavior of E can be obtained as
in Fig. 2 (next page). Here E’ and E’’ are represented
as phasors rotating counterclockwise with angular ve-
locity w and out of phase by an angle (8"'—f")z. It
is seen that as ¢ varies, E changes in both magnitude
and its orientation relative to dpax O dmin.

Now AR is defined by the equation

| Blaes

AR = -~
lElmin

Y

2 L. J. Chu, “Electromagnetic waves in elliptic hollow pipes of
metal,” Jour. Appl. Phys., vol. 9, pp. 583-591; September, 1938,
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The maximum and minimum values of 1E1 are ob-
tained by setting

d|E|
a

0. (8)

This gives
sin 2(wt — B’z) - tan? 0 sin 2(wt — B"z) = 0 (9)
or

sin (2wt — B"2) [cos 2(8” — B')z + tan® 6]

+ cos 2(wt — B"'z) sin 2(8"" — B')z = 0. (10)
dMIN
wanz  UT°
R
// | \ |
{ d
j i ~ MAX

wt=0

Fig. 2—Representation of the electric field at a point z along
the waveguide.

Solving for wi, we have

l: sin 2(8"" — B')s :‘ (11)
cos 2(8"” — B8)s + tan®@

wt ="z — 'y tan™!

If we now assume

2(8"” — Bz K1, (12)

we can set
sin 2(8” — Bz = 2(8" — B')z (13)
cos 2(8" — Bz = 1. (14)

Then from (11)

nw
wt = B85 — (8" — Bz cos? + ) (n = any integer), (15)
giving

nw
wl — 'z = (8" — B')zsin?0 + 'Y (16)

nm
ol — 'z — (8" — B')z cos? § + 5 (7

October

Substituting from (16) and (17) in (6), | E|mes is ob-
tained when # is even and IE} min 18 Obtained when # is
odd. Then by using (7),

1
AR =

(18)
2\ —p] |sin2s|
2

The AR is minimum (and the crosstalk maximum)
when 0=45 degrees, that is when the magnitudes of
E"and E" are equal. We can therefore write

AR = ABmin (19)
| sin 26|
where
ARy = —— . (20)
Ll

Expressing §’ and 8" in terms of the guide wave-
lengths of the odd and even modes

A
N = T (21)
yi=()
A
N = A 22
g TN ’ ( )
v1- ()
xc//
(20) can be written
1
ARmin= . (23)

s

A

V(o) =/=6)

Here N is the wavelength in free space, A,/ the cut-off
wavelength for the odd mode, and \.”’ the cut-off wave-
length for the even mode. N,/ and A\, are given by the
equations?

A = Tnes (24)
B

Tdmax

A = P (25)
where

k' and £ are the roots*
E = k(1 + .48¢* 4+ .035¢t 4 - - - ) (26)
k= k(1 4 .02¢2 4+ .0034et + - - ). (27)

k=1.841 is the first root of the Bessel function Jy/ (k) =0
and

® Unpublished work by A. P. King of Bell Telephone Labora-
tories, Inc.

* Roots were derived by Marion C. Gray of Bell Telephone Lab-
oratories, Inc.
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.= Vlmox® — dmin® 28 Whence it can be assumed that if two sections of ellip-
N Qoo (28) tical guide are connected in series, the maximum electric
. o ] field incident on the first section has the same orienta-
is the ecc.entrlmty of the guide. tion as the maximum field incident on the second section.
Assuming The total AR of the two waveguides in series is therefore
dmax — @min K dinax, (20) given by the equation
1
then ARy = — ey (41)
2 &1 (30) sin 2¢ sin 26
A-Rmin, Alen |
and we can set
wdo CALCULATIONS
A = 2 (31) Using (37), the effect of ellipticity on the dominant-
mode AR in a section of 2.812 id nominally circular
N Tlmax (32) wave-guide was calculated. The section was assumed to
T be 8 inches long, and dmax was held constant at 2.812
o ) . inches, while dn,, was decreased in steps from 2.807 to
Substituting for N\, and A,/ in (23), we get 2.762 inches. The calculations were made at 3,950 and
1 6,175 megacycles, and the results are plotted as ARmin
ARy = — - (33)  in db Vs dmax —dmin in inches in Fig. 3 and Fig. 4 (next
T AR? A2 age)
L I R Y A 7__] page).
A Wzdmaxz 7|'2drnin2
. . a5 —
To obtain a simpler form for (33), let LENGTH= 8 INCHES
d = %(dmax + dmin) (34) FREQ.= 3950 MC
= CALCULATED
A = dyox — duin. (35) \ X MEASURED
Then 40 ]
S
1= 41
7T2dmax2 7|-2dmin2 \
A AZR? o ]
e — [=]
»2R? d 7%d? z
dx w2xt /‘/ A2R2 o
1 — E
w2d? 30 —
giving
Vi N
wid? 25
ARmin = —r— 37 N
T A A2 (37) \
A d wi? N X
If ¢ is the angle between the maximum component 20
o .0l .02 03 04 05

of the electric field at the input and the maximum com-
ponent at the output of an elliptical waveguide, then®

cotp = 4R. (38)
Where (12) holds true,
AR > 1 (39)
and we can set
¢ =<0, (40)

8 A. P. King, “Dominant wave transmission characteristics of a
multimode round waveguide,” Proc. IRE, vol. 40, pp. 966-969;
August, 1952.

dmax - 9 Min N INCHES

Fig. 3—Minimum axial ratio at 3950 mc vs difference between major
and minor axes for an 8-inch section of 2.812 id nominally circular
waveguide.

Assuming an ARui, of 25 db, the AR of a waveguide
section when rotated in steps through 180°, was calcu-
lated from (19). The values of AR in db are plotted vs 8
in degrees in Fig. 5 (next page).

The ARy of two waveguide sections in series was cal-
culated by using (41). ARuin’ and AR, were both
25 db. One section was held fixed at 8’ =45°; the other
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Fig. 4—Minimum axial ratio at 6175 mc vs difference between major
and minor axes for an 8-inch section of 2.812 id nominally circular
waveguide.
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Fig. 5—Axial ratio of a waveguide section vs
orientation of the section.
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Fig. 6—Total axial ratio of two waveguide sections connected in
series vs orientation of one of the sections.

TEIO TE[| TE” TElO
: :%i B l E GUIDE UNDER E l B MEAS.
TEST SET

Fig. 7—Test setup for measuring axial ratio.

section was rotated in steps through 180°. Results are
plotted as ARy in db vs 8"’ in degrees in Fig. 6 (next
page).

The calculations show that the AR increases as the
frequency is increased. This is due to the fact that at
higher frequencies the guide is oversize for the domi-
nant mode, thus making the mode less dependent on
the guide wall. The ARt is lowest when the major axes
(or minor axes) of the two waveguide sections are paral-
lel to each other and since here ARuin’ =ARui’’, the
ARr is infinite when the major axes are perpendicular
to each other.

MEASUREMENTS

The results of the calculations made above were
checked experimentally by means of the test setup
shown in Fig. 7. A mode filter was used between the
waveguide under test and each of the two TE(;F=TE;°
transducers in order to attenuate any higher order
modes which might be present. Both mode filters con-
sisted of a resistive vane (Synthane, Grade L-564)
11 inches long and with a 3-inch taper at each end as
in Fig. 8 (next page). The vane was placed perpendicu-
lar to maximum electric field of dominant mode, and
it attenuated by more than 40 db any component of the
electric field parallel to the vane. The maximum and
minimum components of the electric field at the output
of the waveguide were measured by rotating together
the output mode filter and transducer.
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Fig. 8—Mode-filter vane. 30 ‘\ ! !\ » _l‘_
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The ARuin of an 8-inch section of 2.812 id nominally \ / \\ /’
circular waveguide was measured for various values of \s, \ll \ /
@rax — dmin. The section was squeezed uniformly in such 2o "N /I‘ Y A
a way that the shape of the guide cross section was simi- \;k\_* _¥ \%~ J(/
lar to an ellipse. The results obtained at 3,950 and 6,175 *
mc are shown in Figs. 3 and 4. s 30 o 50 120 50 80

Using a waveguide section with a AR, of 25 db,
the AR was measured for various orientations of the
guide. The results are plotted in Fig. 5.

The ARy of two waveguide sections in series was also
measured, both having an ARui. of 25 db. One of the
sections was held fixed in the orientation which gave
ARuin, while various orientations were used for the oth-
er section. The values of ARt obtained are shown in Fig.
6.

It is seen that in most cases there is good agreement
between calculated and measured values of AR. In Fig.
4 the measured AR is consistently higher than the cal-
culated values. This is probably due to the difficulty
in squeezing the guide uniformly over a length of exact-
ly 8 inches.

The waveguide sections considered above were made
short only for the sake of convenience in performing the
measurements. Much longer sections could have been
used, but to satisfy (12) a smaller value of dunax— drin
would have been required.

In order to investigate the AR performance of longer
waveguides, tests were made on fourteen 12.5-foot
sections of 2.812 id nominally circular waveguide with
Amax — Gmin = .004 inch. The ARyin of the individual sec-
tions were measured at 3,950 mc. The values obtained
ranged from about 22 to 29 db.

The {ourteen sections were connected to form a 175-
foot run of waveguide. Each section was oriented so
that its major axis was perpendicular to the major axis
of the preceeding section to partially cancel the AR of
the individual sections. The ARt was measured at 3,950
and 6,175 mc with the waveguide run rotated in steps
through 180°. The results are plotted as ARy in db vs 8
in degrees in Figs. 9 and 10.

The AR performance of the 175-foot run was im-
proved by adding to it a short waveguide section. This
section, referred to here as an AR compensator, was
squeezed to have about the same ARumia as the run itself

© IN DEGREES

Fig. 9—Axial ratio at 3950 mc of a 175-foot run of 2.812 id
nominally circular waveguide vs orientation of the run.
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Fig. 10—Axial ratio at 6175 mc of a 175-foot run of 2.812 id
nominally circular waveguide vs orientation of the run.

and oriented to increase the total ARm;, of the combina-
tion. With the compensator connected, the ARy was
again measured at 3,950 and 6,175 mc for various ori-
entations of the waveguide run. The values obtained
are shown in Figs. 9 and 10.

The measurements show that the effect of ellipticity
on the dominant-mode AR is a serious problem, even for
very small values of dmax —dmin. The improvemeni. re-
sulting from the use of an AR compensator is clearly seen
in Figs. 9 and 10. An even better performance could
have been obtained by making the AR, of the com-
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pensator more nearly equal to the ARuin of the wave-
guide run. The AR compensator is found to be an ex-
tremely broadbanded device.

CONCLUSIONS

The dominant-mode AR in nominally circular wave-
guides can easily be obtained from approximate equa-
tions, when the difference between the major and minor
axes is small and the waveguide is not too long. The
calculated values of AR agree quite well with values
found by measurements.

The effect of ellipticity on the dominant-mode AR,
that is on the amount of crosstalk, is considerable.
When waveguide sections are connected in series, the
AR of the individual sections can be partially cancelled
by properly orienting the sections relative to each other.
The orientation of each waveguide section is independ-

October

ent of the frequency. The amount of cancellation, how-
ever, depends on what the values of minimum AR for
the various sections are.

The AR performance of a waveguide run can be im-
proved by using an AR compensator. If the minimum
AR of the compensator is made about the same as the
minimum AR of the run itself and is oriented properly,
the total AR will be high for any polarization of the in-
cident dominant-mode signals.
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The Design of Ridged Waveguides

SAMUEL HOPFERT

ﬁ_ S FAR as we are aware, the only published design

information on ridged guide transmission lines
is found in a paper by S. B. Cohn! and to some
extent in the Waveguide Handbook.? Recent applica-
tions, however, have indicated a need for additional and,
in some cases, more accurate design information. The
present paper is largely written with this in mind.
The design curves presented here differ in several
respects from those found in the literature. The more
important differences can be stated as follows:

1. The step discontinuity susceptance is properly
included in all calculations. Omission of this effect
in calculating the cut-off frequencies of the higher
modes, as well as in the calculation of the power
carrying capacity, leads to considerable errors.

2. The attenuation calculations are based on a more
rigorous expression for ridged guide attenuation.

3. The power handling curves take proper account
of the breakdown at the edges.

4. The ridged guide impedance definition is different
and seems more in line with experimental results.

5. The data are presented in terms of those parame-
ters most likely to be specified in practice.

T Polytechnic Res. & Dev. Co., Inc., Brooklyn, N. Y.

! S. B. Cohn, “Properties of ridge waveguide,” Proc. IRE, vol. 35,
pp. 783-788; August, 1947,

? Nathan Marcuvitz, Waveguide Handbook, MIT Rad. Lab.
Series, vol. 10, pp. 399-402,

Cutorr CURVES AS A FUNcTION OF RipGED GUIDE
(GEOMETRY

Figs. 1(a) and 1(b) show the single- and double-ridged
cross sections; their equivalent circuit representation is
shown in Fig. 1(c). In keeping with common practice,

a a

5] [L L1,
¥ l Yor Tvoz Yo

O f—

e— T —

e sle) [N Y R
(a) (b) (c)
Fig. 1

the ridged guide modes are given the same designations
as the corresponding modes in the rectangular wave-
guide. The equations which govern the cutoff conditions
of theTE,, type of modes are given by

b
cot kzl — ; tan KxS/Z — B/YO]_ =0 (1)

b
cot k. + " cot kz5/2 — B/Vy = 0. (2)

Eq. (1) applies to the odd TE,, modes and (2) applies
to the even TE,, modes. &, is the propagation constant
in the x direction at cutoff and is given by «k,=2m/\..



