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Theory and Design of a Ku-Band TE,-Mode
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Abstract —This paper describes a TE,;-mode tracking coupler for satel-
lite earth stations communications antennas which require autotrack capa-
bility. The paper covers theoretical coupler designs as well as laboratory
test results from Ku-band hardware.

I. INTRODUCTION

INCE THE ADVENT of satellite communications,

large ground-station antennas with narrow microwave
beams have been used to communicate with satellites. In
order to point these narrow beams at the satellite, various
tracking methods have been employed. The most accurate
of these methods uses a pattern having a null in the
direction of the communications beam peak which is com-
pared to the communications or sum pattern to yield a
tracking error signal. This pattern is called a difference
pattern and may be generated in the antenna feed using
waveguide modes such as the TE,, mode in circular wave-
guide in addition to the TE,; mode used for communica-
tion. A diagram of a typical antenna feed employing
TE,,-mode tracking and TE,; communications modes is
shown in Fig. 1.

With the boresight axis defined as the direction to the
satellite, the main or sum beam axis is colinear with the
boresight axis when only the dominant mode is excited at
the aperture of the feed. When the main beam axis is not
aligned with the boresight axis, higher order modes are
excited in the feed. The amplitude of the higher TE,, mode
is proportional to the angle of misalignment. In practice,
when an incoming wave is received by the antenna, the
output level of the communication signal yields a “sum”
voltage, while an “error” voltage is generated correspond-
ing to the angular error of the antenna when its pointing
direction deviates from the source direction. The sum-
channel and error-channel signals are supplied to a track-
ing receiver which in turn drives the antenna to boresight
through an antenna servo system.

The overall layout of a coupler using two orthogonal
TE,, modes is shown in Fig. 2. Four coupling arms are
summed through a network to obtain a single TE,,-mode
coupler. The two TE,,-mode couplers are then summed
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Fig. 2. Layout of TE,;-mode coupler using two orthogonal modes.

together through a final 90° hybrid to separate the azimuth
and elevation error signals.

II. DESIGN THEORY

Theoretical design of the TE,, coupler was done by
using “loose” and “tight” coupled-mode theory. Loose
coupling theory [1], [2] shows how to taper coupling to
minimize the length of the coupling region, while tight
coupling theory [1], [2] defines the periodic exchange of
energy between coupled waves. The design procedure calls
for first finding the desired coupling taper distribution
¢(x) for minimization of coupling to undesired modes by
neglecting the transferred power between the coupled
waves, and secondly considering the power transferred to
the desired TE,, mode.

A. Loose Coupling Theory

A general circuit diagram of coupled transmission lines
is shown in Fig. 3. Coupling between the lines may be
defined as the ratio of the forward current for 8, =8, to
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Fig. 3. Circuit diagram of coupled transmission lines.

the forward current for 8, = ,. Directivity may be defined
as the ratio of the backward current for 8, =B, to the
forward current for 8, = f3,

/L/2 ¢(x)e—1(2vr/L)0cx dx

1 I (Blr'tﬁz) —L/
Coupling = | £ _
oupling If(B]=Bz) /L/z o0 dx
~L/
L/2 ~1@n/LYbpx g
Directivity = L(B,=B,) _ f_L/2¢(x)e »
If(B] =,Bz) /'L/z ¢(x) T
i
(1)
where .
= 2x (BT B,

6. = coupling parafneter, 0,, = directivity parameter

@)

B, phase constant of line 1 for the particular mode
considered,
phase constant of line 2 for the particular mode
considered,
L length of the coupling section,
¢(x) coupling function, More precisely, 1 /¢(x) is the
ratio of the voltage on line 2 to the voltage on line
1 at x [1].

B,

For the TE,,-mode coupler, line 1 is a circular waveguide
and line 2 is a rectangular waveguide. ¢(x) results from a
coupling structure on the common wall between the two
waveguides composed of an array of coupling holes. Each
coupling hole may be considered a discrete coupling point.
Let ¢,(X) be a known coupling function for the ith
coupling point and F, be the finite Fourier transform of

6 (X)

E0) = [ s.(x)everoax. ()
- .
Consider the case of tapered amplitudes and an even
number (2N) of equally spaced couplings. Let a, be the
coupling strengths and s be the spacing between coupling
points. Then ¢(X) is expressed as

S ..
¢,(x)= | & atx—i5(2z—1),

0 otherwise

l.=1,2,"‘,N.(4)
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Fig. 5. Transmission lines with multiple point couplings.

The transform for the total coupling distribution is

2i
2Zacos(2N mlc )

1=1

Fe=2 T acos| S (8,78,)]=

i=1

(5)
Therefore, the coupling and the directivity can be defined
as
2i-1
Z a, cos( 70¢ )
Coupling FC 2N~
Directivity FC(0 0) '

Zai

(6)

This mode coupler design method optimizes the number
of coupling points to meet required coupling and directiv-
ity levels. For example, consider mode rejection (coupling
or directivity) for uniform coupling with 8 equally spaced
points (N = 4 and a, = constant) which is plotted in Fig. 4.
For the tracking mode coupler design developed, the region
of interest for 8 coupling points is 0.9 <6 <6.1. This
design results in only 13-dB rejection of the unwanted
mode. This result indicates that either the coupling distri-
bution should be modified or the number of coupling holes
should be increased or both to obtain a desired 40-dB
rejection. To accomplish this rejection, the actual coupler
design was derived from a modified 'distribution where 32-,
48-, or 64-point couplings were considered.

B. Tight Coupling Effects of Multiple Discrete Couplings

Assume that two transmission lines have identical propa-
gation constants with coupling units located at intervals
along the lines shown in Fig. 5. If m, couplings of magni-
tude a; are located along the lines in any order, the wave
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amplitudes in the driven and undriven lines are [1]

K
E= cos( h misin‘la,.), driven (7)
=1
K
V= sin( Y msin”'a ), undriven. (8)
1=1
Our case is symmetric, equally spaced, and has an even
number of points (2N). This means that m, =2 and the

summation extends over N. Let

(9)
where «, is the coupling magnitude of the reference point
and q, is the coupling distribution ratio with respect to the

reference point. Then the coupling ratio V/E can be ex-
pressed as

a,=a,o,

N
2Y sin"!(a,a,)

i=1

: (10)

Given «,, the coupling ratio V/E is determined, since the
a; distribution is an input parameter describing the re-
quired coupling from loose coupling theory and the selected
¢( X) distribution.

V/E measures coupling for the desired mode and shows
a cyclical energy transfer between coupled waves. F, is a
loose coupling for mode rejection when the transferred
power between the two lines is negligible, and is uniform
for the desired mode assuming 100 percent coupling.
Therefore, F, is used for the mode rejection and V/E is
used for the desired mode coupling.

v_,
E—an

III. Ku-BAND TES,-MoDE COUPLER DESIGN

The design goal was to generate TES, from TEZR with
0-dB coupling (if possible) and to suppress the unwanted
propagating modes such as TE{, and TM{; by 40 dB
across the 10.95-12.2- and 14.0-14.5-GHz frequency range.
The superscripts C and R denote the circular and rectangu-
lar waveguides, respectively. To obtain 0-dB coupling be-
tween TES, and TER, the cutoff frequencies in both the
driven line and coupled line should be the same in order to
obtain the same phase constant in the waveguides. Let A
be the interior broadwall dimension of a rectangular wave-
guide and D be the inside diameter of a circular waveguide.
To maintain the same cutoff frequency in both the rectan-
gular and circular waveguides, it is found that

A=0.51425D. (11)

The cutoff frequency for the TES, mode was chosen to be
approximately 10 percent below the primary operating
band at 11.7 GHz. Since 1.083-in diameter pipe was avail-
able for fabrication of breadboard couplers, this pipe was
used, and the TES, cutoff became 10.594 GHz. This cutoff
also made it possible to have marginal performance at
10.95 GHz, which is only 3.4 percent above cutoff. Since
coupling is a strong function of wall thickness and hole
diameter, the actual waveguide wall thickness in the cou-
pling region between the circular and the rectangular wave-
guides was chosen as 0.030 in.
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TABLEI
VALUES OF 7 FOR MODES OF INTEREST

1 2 T

C c

TE21 TE11 0.36339
C C

TE21 TE21 10
C C

™ TES, 0635617

A. Ku-Band Coupling Distribution

The phase constant in the waveguide can be expressed as

—nf e\’
=15

If we substitute (12) into (2), we obtain
_t fa )\ fa \?
fc=Le \/1—<§) +\/1—T(%) } (13)

C = velocity of light
2
T = (IQ) <l1.

(12)

where

fer

The subscripts 1 and 2 denote the two modes to be
investigated. By using the values of r tabulated in Table I
and a coupling length of 14.0 in (13), the variation of §c¢

D

with operating frequency is generated. These curves are
shown in Fig. 6. Based on these curves and the amplitude
distribution of the electric field, the mode coupler can be
designed.

In selecting a coupling distribution which would give an
undesired mode rejection on the order of 40 dB, the work
of Miller [1] was referred to extensively. He has shown that
the worst rejection is obtained from uniform coupling
distributions with various tapered distributions giving im-
proved performance. Based on our examination of these
distributions, it was found that the distribution that yielded
the desired rejection in a minimum coupler length was the
Bessel on a pedestal. This distribution gives — 44-dB isola-
tion of unwanted modes for a 48-hole distribution.

The optimum number of holes is a tradeoff between
dimensional restrictions such as the spacing between holes,
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Fig. 7. Bessel function on a pedestal weighted coupling distribution.
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Fig. 8. Two identical couplers connected in series.

the maximum hole diameter, and the coupler length. Three
sets of coupling holes were analytically investigated: 32, 48,
and 64 holes. All three cases met the design requirements.
By dimensional optimization between hole spacing and the
maximum hole diameter, 48 holes were selected for the
Ku-Band coupler design which is shown in Fig. 7.

B. One-Arm Coupler with Equal Holes

A convenient method to determine «, in (10) is from
coupling measurements of a one-arm coupler with equal
holes, since a, is equal to 1 for all i for this case. Suppose
two identical couplers are connected in series as shown in
Fig. 8. Each coupler is symmetrical, equally spaced, and
has equal coupling with 2 N coupling points. Let E, and E,,
be the input and output, respectively, then the following
equation is obtained:

E . .o
—E—f— =sin® (2Nsin~lay).

(14)
The individual coupling per hole becomes

Ep
E,

(15)

ay=sin| ==

where the total coupling ratio E,, /E, can be easily mea-
sured.

The individual hole coupling function «, is directly
related to the waveguide coupling structure which can be
rectangular, circular, or elliptical in shape. Circular holes
were chosen since the circle is a simple geometry described
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Fig. 10. Measured coupling as a function of frequency.

by only one dimension D, (hole diameter). It has been
shown that coupling is approximately expressed as a func-
tion of DZ [1], [3], [4]. From curve fitting of measured data,
an empirical expression for coupling was obtained and is
given by

ao = (3.002f% —74.328f +469.375) D3 © (16)

where f is the operating frequency in GHz.

C. Four-Arm Coupler with Bessel Distributions

The four-arm coupler can be deduced from a one-arm
coupler by including the comparator voltage division shown
in Fig. 9. The four-ports should be transmission phase
matched. The coupling ratio Vy/E, (see Fig. 8) for the
four-arm coupler can be expressed as

v 24
£ =sin|2 ) sin"!(2a,a,) (17)
Ey [ =1 ]
by neglecting loss terms. Since a; is a known distribution
shown in Fig. 7, we obtain a; = 0.002083 by solving (17)
for 0-dB coupling. Since «, is also expressed by (16), we
obtain D, = 0.0921 in for 11.57 GHz.
Let d, be the hole diameter ratio distribution correspond-

ing to a,, then d, can be expressed as
d =al/?¢
1

(18)
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while the actual hole diameter D is
D, = Dyd,. (19)

Successive coupling measurements were made using refer-
ence diameters (D,) of 0.089, 0.0921, 0.098, 0.0995, and
0.1015 in. Fig. 10 shows the measured coupling data as a
function of frequency. Minimum coupling loss for the
10.95-12.2-GHz frequency range was obtained for D, =
0.098 in. The difference between the calculated optimum
value of D, (0.0921 in) and the measured value of D, (0.098
in) is attributed to a change in sidearm phase constant
caused by the perturbation that holes in the wall create.
Therefore, measurement of the phase constant as a func-
tion of maximum hole diameter is necessary for accurate
design. The best measured coupling of the TE,;-mode
coupler described was —0.3 dB and is attributed due to
dissipative loss of the coupler. Measured mode rejection
bétween TE(, and TES, modes is about 42-dB minimum
~from 10.95 to 14.5 GHz. Return loss of the TE{; mode in
the through waveguide is about — 30-dB maximum (1.065; 1
VSWR) from 10.95 to 20 GHz.

IV. CONCLUSION

A design procedure for a Ku-band TE,,-mode tracking
couplers has been developed using mode-coupling theory.
The coupler generates the TE,; mode without a phase shift
since it is geometrically symmetric. This tracking (TE,,)
mode does not interfere with the dominant (TE,;) mode
due to more than 40-dB isolation between the two modes.
This type of coupler makes wideband (25 percent band-
width) tracking possible with coupling loss variation from
0.3 to 1.3 dB. Further measurements in our laboratory
show that about 40 percent bandwidth with less than
2.0-dB coupling loss is possible. The VSWR of the coupler
is less than 1.06 for about 80 percent bandwidth.
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