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Helical Coupler from Rectangular-to-Circular
Waveguide

C. READ PREDMORE, MEMBER, IEEE

Abstract—The very-large-array (VLA) radio telescope utilizes a low-
loss TE,; circular waveguide transmission system. During the design of
this system a coupler was developed which couples directly from a stan-
dard millimeter rectangular waveguide to the TE$; mode in highly over-
moded circular waveguide., In contrast to previous couplers which used
periodically spaced groups of coupling holes, this design wraps the
rectangular waveguide in a helix around the circular waveguide to give
a continuous array of coupling apertures for maximum coupling and a
compact mechanical configuration. The helix angle is chosen to match the
phase velocities of the rectangular and circular waveguide modes at a
given frequency. In particular, couplers have been designed and fabricated
which couple from WR-28 (26.5-40-GHz) and WR-22 (33-50-GHz)
rectangular waveguides to the TE§, mode in 20- and 60-mm-diam
circular waveguide.

I. INTRODUCTION

HE very-large-array (VLA) radio telescope, presently

being constructed near Socorro, NM, will combine
the signals from 27 paraboloid antennas. The antennas are
each 25 m in diameter and are arranged in a Y-shaped
pattern to provide the optimum sky coverage [1]. Nine
antennas will be placed on each arm of the Y at distances
from 40 m to 21 km from the intersection of the three arms.
There are 24 fixed locations on each arm for various observ-
ing configurations, with 14 of those stations being within
2 km of the center. All of the antennas on an arm are
connected to the control building near the center of the
array by a single TES, mode transmission system. This
low-loss mode is achieved in a 60-mm-diam circular wave-
guide which has a helix lining of enameled copper wire for
spurious mode suppression [2]-[4]. This waveguide mode
has been studied for a number of decades [5] but has been
brought to the production stage only recently in Japan
and the United States [6].
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Each antenna transmits local oscillator tones and a 200-
MHz band received from astronomical sources to the control
room in a 1-GHz band at a fixed frequency between 26
and 52 GHz. Weinreb et al. [7] describe the waveguide
system in more detail. Since the losses in the circular wave-
guide are only 2.2-1.2 dB/km, between 26 and 52 GHz,
the waveguide losses for the first 14 stations are less than
5 dB. Consequently, directional couplers with only loose
coupling are required at those inner stations. It was desired
to leave the couplers in place when the outer ten stations
were being used. Since signals from those stations must
propagate through the inner stations, the coupler insertion
loss, return loss, and TES, (r > 1) mode generation must
be quite good. Section II discusses the desired characteristics
for coupling into the 60-mm waveguide and matches the
possible coupler types to the system requirements. In
Section III the helical coupler design will be discussed. Then
the experimental results for 20- and 60-mm helical couplers
will be presented.

II. DEsiGN CRITERIA

The observing positions for the VLA antennas are
clustered near the center of the Y with the first 14 stations
within 2 km of the center. Beyond 2 km the spacing between
stations increases from 400 m to 4 km. The waveguide loss
is low so that no repeaters are required over the 21-km
length. But, since the low loss does not dampen out inter-
actions between system components such as couplers, which
may be kilometers apart, the characteristics of the system
components must be well chosen. Since the helix-lined
waveguide will filter out TES, (m > 0) and TMS, modes
with a loss of >2000 dB/km, the prime con81derat10ns are
the TES, return loss and the TES,~TES, mode generation
for a wave going through a coupler.

A coupler with an inner diameter the same as the rest of
the circular waveguide will minimize these quantities since
reflections and TES, (n > 1) mode generation are primarily -
caused by diameter changes [8]. Small-diameter couplers
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TABLE 1
COUPLER COMPARISON
a_..0 s o © O O © ), O
Coupling Overall TE.-TE, Coupling TE, TE, TEq; ~TE, TE - /TE
Length Length Cougling Varistion Insexo'lg‘;on RetQln | Bbae 02 Rlge @2
. in 1 GHz Loss Loss Generation Discrimination
(m) (m) (aB) (aB) (aB) (dB) (aB) (aB)
Phase Matched
Coupler 0.4 2.0 -3 0.5 25 =30 30
60 mm Diameter
Perindic Coupler 1.2 1.8 ~26to-34 0,05 50 =50 10
60 mm Diameter
Beam Splitter 0.06 0.2 -3 0.2t00.6 35 -17t0-27 17 to 27
Coupler
20 mm Diameter
Helical Coupler 0.4 2.5 =13to-2L 0.5 30 =30 30
60 mm Diameter
Helical Coupler 0.4 R 1.0 =24 to-32 0,05 50 -50 10

*
Not including coupled power loss,

require circular cross-sectional tapers from the small
diameter to the 60-mm diameter of the waveguide system
[9], [10]. These tapers generate TE§, mode which can
resonate between pairs of tapers in which the smaller
diameter is cut off to the TES, mode [11].

In the past coupling from the TEF, to the TE§, mode has
been accomplished by making the waveguide dimensions
such that the cutoff frequencies in the two waveguide
modes are the same [12]. A circular waveguide diameter
of 17.4 mm is required for phase matching to WR-28
(7.11 x 3.56 mm), and a 13.4-mm diameter is required for
phase matching to WR-22 (5.59 x 2.79 mm) rectangular
waveguide. If it was not possible to choose the waveguide
dimensions to match the cutoff frequencies, it was still
possible to use periodic coupling as described by Miller
[13], [14]. However, for coupling between the axial
magnetic fields, the number of coupling apertures in a given

lengthis 1/x the number possible with a continuous coupling
" array. A third type of coupler is the quasi-optical beam
splitter [15], [16] which consists of two 60-mm-diam
waveguides which have a dielectric sheet at their intersection
to couple out power by reflection. The helical coupler
which wraps the rectangular waveguide around the circular
waveguide in a spiral can be designed to phase match into
any circular waveguide diameter which has a TES, cutoff
frequency lower than the TES, cutoff frequency.

These various couplers are compared in Table I which
lists the actual coupling length and the overall length when
the coupler is used in a 60-mm-diam system. Then the TEG,—~
TE§; coupling value and variation in coupling over the
1-GHz bandwidth required for the VLA are given. Next,
the TES, insertion loss, the TES, return loss, and the TEQ,—
TES, mode generation are listed. The final quantity in
the table is the TES, mode discrimination, which is the
ratio of the power coupled from the TEL, to TES, mode
to the power coupled from the TEL, to TES, mode in the
1-GHz band centered on the coupler design frequency.
For each of these couplers the TEL, return loss can be
better than 23 dB and the coupler directivity better than
20 dB.

As can be seen from Table I, each type of coupler has
different advantages which can be evaluated when selecting
a coupler for a particular specification. While the phase-
matched coupler which has a small diameter such as 13 mm
and the beam-splitter coupler with a 60-mm diameter can
couple as strong as — 3 dB, they both have an unacceptable
level of TES,—-TES, mode generation for the inner couplers
of the VLA system. This is caused by the tapers associated
with the phase-matched coupler, which also add 2 m in
length and additional cost to the coupler. The TES, mode
generation is due to the intersecting 60-mm waveguide in
the case of the beam splitter. This mode generation can be
minimized at a particular frequency, but not over the octave
band used in the VLA waveguide system [17]. A 60-mm-
diam periodic coupler would have the required TES,
return loss and TE$,-TE§, mode generation, but would
have almost twice the overall length of the helical coupler
and greater losses in the rectangular waveguide due to the
longer length. The helical coupler offers the maximum
coupling and most compact mechanical size in a 60-mm-
diam coupler while achieving a high TE$, return loss and
a low TES,-TES, mode generation.

Beyond the inner 2 km of the VLA, stronger couplers are
needed to compensate for the increasing waveguide loss.
Phase-matched small-diameter couplers, 60-mm-diam beam-
splitter couplers, and 20-mm-diam helical couplers are all
being considered for the stronger coupling requirements.

1II. CouPLER DESIGN

Once the circular waveguide diameter and channel
frequencies are set by system requirements and the rect-
angular waveguide dimensions dictated by standard fre-
quency bands, the number and size of the coupling
apertures and the angle at which the rectangular waveguide
is spiraled around the circular waveguide are determined.
To optimize the VSWR and coupler directivity, the coupling
slots are spaced an odd multiple of a quarter-wavelength
apart along the axis of the circular waveguide. The arrange-
ment of the coupling slots is shown in Fig. 1, which is a
photograph of the helical coupler before the outer wall



" PREDMORE: HELICAL COUPLER

Fig. 1. Photograph of helical coupler from WR-28 to 60 mm. The
outer cover of the rectangular waveguides Ras been left off to show
the details of the coupling slots. At the end is a straight slot for
adapting to standard WR-28 waveguide and a choke section for
matching. :

of the rectangular waveguide was fabricated. The helical
coupler allows a continuous array of coupling apertures
by machining a rectangular waveguide in a spiral around the
circular waveguide. The narrow wall of the rectangular
waveguide is common with the outer wall of the circular
waveguide and the outer wall of the rectangular waveguide
is fabricated in another step. The details of the design are
discussed in the remainder of this section.

A. Multihole Coupling Arrdys

The treatment of multihole coupling arrays given by Levy
[18] for coupling between identical waveguides has been
generalized to the case of coupling between dissimilar
waveguides. The coupling arrays used in the helical coupler
have a large number of identical apertures with three or
four smaller slots at each end for matching purposes.
Although these smaller slots are accounted for in the actual
design, they are neglected in the following analysis. The
total effect of the multihole coupling array is found for 1)
the forward-coupled wave from the TEF, to the TE§), mode,
2) the reverse-coupled wave, and 3) for the reflected wave
within the rectangular waveguide. The amplitudes for
these three waves due to the coupling array are

Ay = sin[r- (¢ — ¢, — 9/2)/sin [(¢1 —~ ¢ — &)/2]

| | (1)
A, =sin[r- (¢, + ¢, + &)/2)fsin [(¢; + ¢, + €)/2]
@
and :
45 = sin [r- (¢, + &)]/sin (¢> + ) 3)

where r is the number of coupling apertures, and ¢,,¢,
are the electrical lengths along the circular waveguide axis
between slots in the circular and rectangular waveguide,
respectively. The phase shift in the rectangular waveguide
due to the susceptance of the coupling aperture is typically
0.03 rad and is given by '

g=tan"'p , o))

where p is the amplitude of the reflected wave in the rect-.

angular waveguide as calculated in (9). The phase shift in
the circular waveguide is negligible. The electrical lengths
are given by

¢y = 2m - 5/AQ (52)
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Fig. 2. Phase matching between the TE{ mode in helical WR-28
waveguide and the TE§,, TE$,, and TE§s modes in 60-mm-diam
circular waveguide. The cutoff frequencies for thoseé modes are
21.2, 6.09, 11.2, and 16.2 GHz, respectively.
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Fig. 3. Phase matching between the TE,3 mode in helical WR-22.
waveguide and the TE$; and TEj, modes in 20-mm-diam circular
waveguide. The cutoff frequeocies for those modes are 26.7, 18.3,
and 33.5 GHz, respectively. .

‘NORMALIZED PHASE VELOCITY (V,/C)

and ; ,
¢y = 2m - s/(A7 * cos 6). (5b)

The guide wavelengths 49,45 are for the TEg, and TET,
modes, the slot spacing is s, and the helix angle is 6. At
the coupler center frequency f; the helix angle is chosen
so that

¢y = ¢, + ¢

(62)
or : ~
Ccos @ = /A0 - (1/A9 — ef2ms)™! (6b)
which reduces to
cos § = A2/ (6¢)

when the phase shift ¢ is zero. This condition, which gives
the maximum forward coupling, is illustrated in Fig. 2.
This figure shows the phase matching of a WR-28 wave-
guide to a 60-mm-diam circular waveguide. The phase
velocities versus frequency are plotted for the TET), TES;,
TES,, and TES; modes. The helix angle is chosen so that
phase matching occurs at 35 GHz. Because of their higher
cutoff frequencies, the rectangular waveguide is matched
to the TES, and TE$; modes at 32.5 and 27.8 GHz,
respectively. The slot spacing along the circular waveguide
axis is AJ/4 at the center frequency. This makes

b1 = ¢+ e =72 M

and minimizes the reverse-coupled wave (4,) and the
reflected wave (4;) within the rectangular waveguide.

In Fig. 3 the phase matching of 2 WR-22 (5.6 x 2.8 mm)
waveguide to 20-mm-diam circular waveguide is illustrated.
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In this case the design frequency is 40 GHz. Also, for this
design the TET, cutoff frequency of 26.8 GHz is less than
the TES, cutoff frequency of 33.5 GHz so that the rect-
angular waveguide is not phase matched to the TES, or
higher TE{ modes at any frequency. This greatly decreases
the coupling into the TES, (» > 1) modes.

Since the coupling amplitude for a single slot does not
vary rapidly with frequency, the bandwidth of the coupling
is determined by the change in the electrical lengths ¢,,¢,
as frequency vaties and is expressed in (1). Even with the
best calculations, a machined coupler may have errors of
1 percent in the peak coupling frequency f,. At 35 GHz this
shift is up to 20 percent of the 3-dB bandwidth. Fortunately,
the coupler can be tuned to the correct frequency before
the outer wall of the rectangular waveguide is fabricated.
The tuning is accomplished by machining the outer wall
of the cylinder in which the rectangular waveguide is milled.
This decreases the rectangular waveguide width a and
increases the cutoff frequency. As can be seen from Figs. 2
and 3, increasing the TEF, mode cutoff frequency increases
the phase-matching frequency f,. At 35 GHz, for the coupler
described by Fig. 2, the tuning sensitivity is Af,. (GHz) =
9.4Aa (mm).

B. Calculation of Coupling Strength

The calculation of the coupling between two waveguides
due to an aperture in a common wall follows that of Collin
(19]. As shown in Fig: 1, the apertures are slots in the
narrow wall of the rectangular waveguide with their longer
dimension parallel to the axis of the circular waveguide.
The magnetic polarizability for each slot, as well as the
correction for the slot resonance frequency and finite wall
thickness, are from the work of Cohn [20], [21]. The
amplitude of the coupling between the TEL, and TEg,
modes is given by

C = 5";‘_0 hO(M, cos O)h2. (8)

The amplitude of the reflection in the rectangular wave-
guide due to the coupling slot is given by

p = % (hE)Y*(M, cos® 0 + My sin® 6). 9

The longitudinai magnetic fields - and h? are the nor-
malized fields at the coupling aperture for the modes being
coupled and are given in the following equations:

2458

1/2
WD = (———) Am~ 1w 172 10
abZo(;ilPo)Z ( ) (10
0] 1/2
KO = (n_f;%b?) (Am™'W-Y3),  (11)
O\"On.

The free-space wavelength is 1y, the guide wavelengths for
the rectangular and circular waveguide modes are AJ
and A2, and the cutoff wavelengths are 1T, and 4§,
respectively. The rectangular waveguide width and height
are a and b, respectively, and the circular waveguide
diameter is D. The impedance of free space is Z, = 377 Q.
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Fig. 4. Coupling between WR-28 and 60-mm-diam circular wave-
guide. The theoretical curves for the first three TE3, modes are

shown. .

The angular frequency is @ and pq is the permeability of
free space. The magnetic polarizabilities parallel and normal
to the slot axis are M; and M., respectively.

Once the reflection and coupling due to a single aperture
are determined, the total effect of the 100 to 150 slots is
found. The coupling C of (8) is multiplied by A,,4, to
determine the coupled amplitudes, while p of (9) is multi-
plied by 45 for the reflected wave within the rectangular
waveguide.

Coupling amplitudes for the three waves are calculated
over the frequency range for the rectangular waveguide
which is being used for the coupling. It is necessary to
account for an additional factor in the design by including
the loss of the coupling slots. Measuréments on the actual
loss due to coupling into the circular waveguide were
made on the rectangular waveguide as a function of the
slot resonance frequency, and an empirical formula was’
fitted to these data and applied to the calculation of ‘the
coupler response versus frequency.

C. Minimizing TE, Coupling

All of the TES, modes are circularly symmetric with only
transverse currents on the wall, and consequently all of
these modes have a low loss in the helix waveguide. Genera-
tion of both TES, and TE (1 > 1) does not cause a
problem until the TE§, (# > 1) modes are reconverted to
the TES; mode by waveguide and joint diameter changes,
or in other system components such as tapers between
circular waveguides with different diameter (i.e., a 20-60-
mm-diam taper).

Fig. 4 shows the theoretical coupling to the TES;, TES,
and TES; modes for WR-28 to 60-mm coupler. Also shown
are the experimental results of a coupler fabricated from the
design data. The theory gives a good fit to the main coupling
peak and the frequencies of the coupling nulls but does not
exactly predict the height of the sidelobes. By using pairs of
couplers, the coupling peaks of the TES, and TE$; modes
have been measured and are within 3 dB of the theory.

As was indicated in Fig. 2, the peak of the TE§, coupling
occurs below the peak of the TE,,; coupling, so the first
null of the TE, coupling is positioned at the center fre-
quency of the coupler to minimize the mode coupling.

If the electrical lengths between slots are calculated for the
TES, and TE$, modes at the design frequency f,, then the
number of coupling slots # is chosen so that

Py — ¢3 — o) = £ (12)
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Measurements of the beat between the TES, and TES,
modes near f, indicate that the TES, mode discrimination
is about 10 dB as expected although TE§; generation in the
tapers used is not known exactly. The TE$; and higher
TES modes are less of a problem since their reconversion
to the TES, mode in tapers is at least 10 dB weaker than
that due to the TE§, mode and their losses in the circular
waveguide are greater than 5 dB/km.

IV. EXPERIMENTAL RESULTS

The ‘design techniques discussed in the previous section
were developed over a period of two years, with several
iterations of couplers needed before the final design was
settled. The primary difficulty was the shape and size of the
coupling apertures. Initially, circular holes were tried but
they had very strong resonances due to the excitation of
spurious modes within the circular waveguide. Finally, slots
with about a 4:1 length-to-width ratio were used. Although
the coupled power increases as-the sixth power of the slot
length, there is also an increasing loss from power coupled
into other circular waveguide modes. For coupling from
WR-28 waveguide into 60-mm-diam waveguide, the
optimum slot length is almost 34,/8 at the design frequency.

Table IT summarizes the mechanical parameters for three

helical couplers. Listed are the dimensions for the réct-

angular waveguide, the cutoff frequencies for the TER,
and TES, modes, and the design frequency. Next the helix
angle and ‘slot‘ parameters are given. The slot parameters
are the slot spacing, the total number of slots, and the slot
length and width. Their actual coupling from the TE[,
to the TES, mode is shown in Figs. 4, 5, and 6. The coupling
shown in these figures was measured by using a swept
backward-wave oscillator whose output went through a
precision attenuation and a broad-band isolator, before
going into a rectangular-to-circular waveguide transition
and then a taper to 20- or 60-mm diameter as required. A
short section of helix-lined circular waveguide was used as a
mode filter before the coupler. The coupler was followed by
a circular waveguide termination. The coupling was
measured with the substitution technique by recording
comparison curves at various attenuator settings and then
recording the couplinig with no attenuation.

The TES, insertion and return loss and the TES; to TES,
mode generation listed in Table I were measured in a 60-
mm-diam test line using the automatic waveguide test set
developed by Weinreb et al. [7] and Parrish [22].

Fig. 5 shows the coupling response for a higher fre-
quency coupler fabricated in WR-22 rectangular waveguide.
The data from a 20-mm helical coupler are shown in Fig. 6.
This coupler has stronger coupling because of the stronger
h? fields in the 20-mm-diam waveguide, and has a broader
bandwidth due to the small number of holes (50) and the
small change in the differential electrical length (¢, — ¢2)
with frequency.

V. CONCLUSION

Couplers have been designed and fabricated to couple
from the TEY, mode to the TES, or other TEG, modes in
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Fig. 5. Coupling between WR-22 and 60-mm-diam waveguide. The
ripple below the peak coupling is due to a spurious mode.

TABLE II

HevricaL COUPLER PARAMETERS
WR-28 to WR=22 to WR-28 to
60 mm 60 mm 20 mm
Diameter Diameter Diameter
Rectangular
Waveguide 7.11, 3.56 5,59, 2.79 7.11, 3.56
Dimensions
2, b (wm)
TER
Cutoff 21.2 26.8 21.2
Frequency
(GHz)
wo
cut8he 6.09 6,09 18.3
Frequency
(GHz)
Design
Frequency 35.1 42,3 40.0
(GHz)
Helix °
Angle 34.3° 36.6 16,2°
769
Number .
of 112 166 50
Slots
Slot !
Spacing 2.17 1.79 6.87 )
(om)
Slot .
Length 3,10 2.50 2,80
(mm)
Slot
Width 0.80 0.64 0.80
(mm)
O T T T T
—TES,
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Fig. 6. Coupling between WR-28 and 20-mm-diam waveguide.



852

over-moded circular waveguide, over the octave band from
26 to 52 GHz. This design gives the maximum possible
coupling, good directivity, excellent return loss, and a
compact mechanical package. The theory can readily be
extended to other frequencies and waveguide dimensions.
Provision has been made to minimize the coupling to
higher order TES, (n > 1) modes, or the coupler could be
optimized as a TES, mode exciter for testing circular wave-
guide and circular waveguide components. With still smaller
diameters, the helical couplers could be extended to stronger
coupling and used as frequency-selective channel-dropping
filters. ‘
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