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1. Circular to Rectangular Couplers

A microwave device is required which couples directly from the TE01 mode
to 60 mm circular waveguide to the TE10 mode in rectangular waveguidel. Specifi-
cally, couplers in the frequency range 26 to 52 GHz are needed. In the remainder
of this section a variety of possible coupling configurations are discussed, the
coupler performance requirements are given, then the experimental results to date
are summarized. The development of these couplers is on going, so the theory
may be refined somewhat as various problems are encountered and more experimental
results will be available.

Some of the theory and design details are presented in the appendices.
Included are .the phase matching of dissimilar waveguides, the coupling

strengths of various apertures, and the normalized modes in circular waveguide.

1.1 Possible Coupling Configurations

As detailed in Appendix A the coupling between two adjoining wave-
guides is between the electric fields in each waveguide which are normal to the
coupling aperture and between the tangential magnetic fields. PFigure 1.1 shows
the normalized longitudinal magnetic field (Hz) and the transverse electric and

magnetic fields for the TE mode in 60 mm circular waveguide and for the TE10

mode in WR-28 rectangular giveguide (0.14%0.28"). As can be seen from the
fields, longitudinal coupling between Hz fields can be accomplished by joining
the narrow wall of the rectangular waveguide to the outer wall of the circular
waveguide or by coupling in the center of the circular waveguide. Transverse
coupling will be maximized when the center of the rectangular waveguide broad
wall is joined to the circular waveguide fields at a point 0.485 of the distance

from the center of the cylinder wall.



Although the rectangular waveguide cannot be introduced directly
into the circular waveguide without producing a serious reflection, the circular
waveguide can be split into two semi-circular waveguides with only a minor dis-
turbance of the TE01 mode. The two semi-circular waveguides are then separated
by a wedge until a rectangular waveguide can be interposed between the semi-
circular wavequides. Examples of some various configurations are given in
Figure 1.2 for longitudinal coupling and in Fiqure 1.3 for transverse coupling.

1.2 Coupler Performance

The 60 mm coupler requirements and specifications are given
in Table 1.4 along with some experimental results for various coupling
configurations.

1.2.1 sSpecifications

The TEOl insertion loss is limited since there will

be fifteen (15) 60 -mm couplers in the 21 km waveguide run in addition to nine

(9) smaller diameter couplers. The TEOi return loss and TEJE-TES: mode generation

for a signal passing through the couplers has to be constrained since the re-~
flections and spurious TEog modes can seriously distort the transmitted signal.

The fourth requirement for good TEéz(n>1) discrimination when the signal in

o
01
parts of the circular waveguide system (waveguide and joint diameter variations

the rectangular waveguide is coupled to the TE_ > mode is needed only if other

or tapers) can reconvert the TEog(n>1) to the TE°§ mode.

The mode discrimination is not known for the experimental couplers
but will be measured in the future. The required coupling and variation in
coupling come from the allowable transmission loss and the maximum slope in
a 50 MHz signal band. The coupler directivity is included to minimize the
possibility of cross-talk between the millimeter channels.

1.2.2 Helical Longitudinal Coupler

The present designs for the helical coupler have
good overall characteristics. The maximum coupling strength is limited to
-26 to -28 dB since the TEOi magnetic field is weak at the wall and the apertures
couple most of the power into other modes which can propagate in the smooth metal
interior of the coupler. These other modes are quickly absorbed by the helix
circular waveguide on each end of the coupler and do not usually present a pro-
blem. However, just at the frequency where a mode is cut:off2 (or cutting on)

there are very strong (3-10 dB) variations in the coupling. These can be

moderated by introducing mode suppressors (such as a septum) into the circular



waveguide. Mode suppression techniques are now being investigated to minimize
the coupling variation. An alternative magnetic coupler in the outer wall can
be made by milling a slot in the wall of a piece of helix waveguide and intro-
ducing a rectangular waveguide for periodic coupling. The use of the mode-
suppressing helix waveguide was suggested by Alan Parrxish and is currently being

fabricated.

Some preliminary results for a periodic coupler are included
in Table 1.4 for a 10 slot coupler at 35 GHz. The coupling magnitude is what
is expected from theory, but the spurious mode ripple was not much better than
the helical coupler. This may be due to the intense Hz fields at the wall for TEnm
modes near cutoff. These fields would generate circumferential currents which would

flow along the helix winding and not be absorbed.

1.2.3 Semi-Circular Transverse Coupler

This coupler has been discussed by Alan Parrish3. It offers
stronger coupling than the outer wall couplers and with use of helix waveguide
walls in the coupler section the coupling can be made quite smooth. However,

the experimental coupler has a large insertion loss and strong TE mode

01”02
generation. Future work on this type and the center-fed magnetic coupler will
aim to minimize the TEon(n>l) effects of the semi-circular tapers and waveguide,
while retaining the strong, smooth coupling.

In addition, the center-fed semi-circular coupler (Figure 1.2b)
which discriminates against TEnm (n>0) modes and TMnm (n>1) modes will be
investigated even though the Hz field at the center has a strength comparable

to that at the outer wall (Figure 1l.1a).









FIGURE 1.2 Longitudinal Magnetic Coupling FIGURE 1.3 Transverse Magnetic and
Electric Coupling

a) At outer wall of circular b) An axis of semi-circular a) Off-axis in semi-circular
waveguide. waveguide. waveguide.



TABLE 1.4

60 MM CIRCULAR WAVEGUIDE COUPLER

PRESENT RESULTS (October 1974)

. Helix Semi-Circular Outer-wall
RE
QUIREMENT SPECIFICATION Coupler Transverse Coupler | Periodic Coupler
1) TESH Insertion Loss <0.10 dB < 0.05 dB 1 gs* Not known
2) TEéi Return Loss >50 dB >40 dB >40 4B Not known
o] .
3) TEj, Mode Generation <-40 dB <-50 dB <-12 as* Not known
in Circular Waveguide
4) TE;; Mode Discrimination >20 dB Not known Not known Not known
(n>1)
5) mgl - Tzl"o Coupling -25 dB -32 dB -25.5 dB -40 dB*
6) Coupling Variations
a) Over 1 GHz <1.0 4B <3 dB* 1.5 dB 2-5 dB*
b) Over 50 MHz <0.5 dB <1 4aB* 0.5 dB 0.5-5 dB*
e TE?O Return Loss >30 4B >25 dB 15 gs* 5-20 dB*
8) Coupler Directivity >20 4B >20 4B Not known Not known

*These are preliminary values and will be improved.




APPENDIX A. Coupling Between Wavequides

The original theory for coupling between waveguides with a small
hole (d<<)A) in a common wall was developed by Bethe4 for circular and elliptical
shapes. Cohns'6 made measurements for a variety of other shapes and extended7
the theory to the case of large apertures (d ¥ A) and finite wall thickness.

The best account of the theory which is readily available is by Colline.

There is also a good summary in the microwave design book by Matthaei, Young,
and Jones9 (Section 5.10). The coupling can be due to both the normal electric
fields and the tangential magnetic fields which couple from one wavegquide to
the next and reflect a portion of the incident wave within the first waveguide.
Figure A.l. shows the geometry of the fields on each side of the coupling hole.

The net coupling for a single aperture is:

+ -
5 g (Hyy My Hoo + Hyy My Hp) =€) By P Byl

Figure A.2. is from reference 7 and shows the electric and magnetic dipoles
induced in an aperture between two parallel-plane transmission lines.

The coupling is dependent on the normalized fields in the two waveguides
and the magnetic (M) and electric (P) polarizabilities of the aperture. The
normalized fields in circular waveguides are detailed in Appendix C while the

normalized field for the TE" is given below for the transverse fields in the

10
xy plane and the z axis along the waveguide axis. " z
E =|_2Wo 2 sin(wy/a) L
x ES—E;;—— Y ’
25" 1/2 +
Hy = _8_19__) sin (wy/a), [3
o, ¢
1/2
Hz = _.—__Jl__a__ T cos (nx/a),
ab wu_ Byp a
where a,b are the rectangular waveguide dimensions and Bf% = 2n/Ag is the pro-

pagation constant.



The polarizabilities are proportional to the third power of the longest

aperture dimension with values for a circle of

M 2'3/6

P = 23/15

Figures A.3. and A.4. give the polarizabilities for other shapes and are from
references 5, 6 and 9. For our design circles or slots are usually used. Once
the polarizabilities are determined they are corrected for resonance and finite
wall thickness.? When the parameters of an individual aperture are determined,
then an array of slots are used to give broadband forward coupling, good coupling

directivity and good match into all the coupling ports.as discussed by Levylz,
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(o) (b) a=3327-110

ELECTRIC DIPOLE MOMENTS INDUCED IN AN IRIS BY AN ELECTRIC
FIELD NORMAL TO THE PLANE OF THE IRIS
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FIG. A.2

(c) (d) A-3327-112

MAGNETIC DIPOLE MOMENTS INDUCED IN AN IRIS BY A MAGNETIC
FIELD TANGENTIAL TO THE PLANE OF THE RIS
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SOURCE: Proc. IRE (see Ref. G3k by S. B. Cohn).

FIG. A.3 MEASURED ELECTRIC POLARIZABILITIES OF
RECTANGULAR, ROUNDED, CROSS- AND
DUMBBELL-SHAPED SLOTS
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APPENDIX B. Phase Matching

Since the TEoi mode in 60 mm waveguide has a cutoff frequency of 6.09 GHz

and the two rectangular waveguide bands which cover 26-52 GHz have cutoff

frequencies of 21.2 GHz (WR-28) and 31.4 (WR-19), the phase velocity in the cir-
cular waveguide will be lower than that in the rectangular waveguide. Figure B.l
(o} e
10 and TElO
lowered as shown by the dashed linesto bring the two phase velocities into step.

shows the phase velocities for the TE mode. The phase velocity can be

If the phase velocities are used as they are coupling holes can be used a beat
wavelength apart. These phase-matching techniques are examine& below, then the

bandwidths of the various methods are compared in the last section of this appendix.

B.1.1 Helical Coupler

If a rectangular waveguide is formed into a spiral about the
cylindrical wavequide the phase-velocity of the rectangular waveguide is reduced

by cosb =[1 + (wDy/L )2]~1/2

., Where Dr is the diameter on which the center of the
rectangular waveguide lies, and £ is the pitch of the helix. Since the longitudinal
magnetic fields in the two waveguides are now misaligned by the angle 6 the voltage
coupling coefficient is reduced by the factor cosf. Figure B.2a and b show the
spiral pitch for coupler in the range 26-40 GHz (WR-28 rectangular waveguide) and
40-60 GHz (WR-19). Figure B.2a shows the change of pitch for a +0.5 GHz change in
fcz’ while Figure B.2b demonstrates the effect of the phase-shift (A¢) due to the
coupling holes themselves. (In actual designs A * 4°.) The center signal fre-

quencies of the VLA transmission system are marked on each graph. The remainder of

this section discusses the tolerances required to fabricate the helical coupler.
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For a given circular waveguide mode (fcl) the center frequency of the
helical coupler is determined by the cutoff frequency of the rectangular waveguide
(fcz), the lead of the spiral waveguide (%) and the perturbation of the holes

(Ap). They are related below:

First define:

™
I

1+ (mD_/% )2,

=)
]

where diameter on which the center of the helix waveguide lies.

. 2 _ 2 _ 2 _ 2 . - 0
€, /fo £, /%o £, (1 - 44/270°)

This gives a center frequency of

e ? 52 - 51 2
° [((2")2 = 1)1 /2

where 82' = 62/(1 - A¢$/270°). By numerical differentiation at 35 GHz.

of
o = 0.23 GHz/degree
3(Ad)
3f
—2_ = 1.93 GHz/inch
3L
o
afo
= 1.81 GHz/GHz
8f2
afo
= 0.18 GHz/GHz
af
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Since Afl < .02 GHz from machining tolerances on the inside of the coupler,
af,
Afo = 5F - Af1 <4 MHz. This is negligible when compared to the other errors as
1

shown below: A (84) = 1° > Afo = 0.23 GHz

AL = .050" > Af = 0.096 GHz
o le]

Af = 0.2 GHz > Af = 0.36 GHz
2 o

When combined in a root-mean-square fashion, the expected error is: Afo = 0.39 GHz,

with the major contribution from the machining tolerances of the spiral groove which
determine f2.

B.1l.2. Dielectric Loading

If the air of the second waveguide (fc2) is replaced by a dielectric

with relative permittivity er>l, then the cutoff frequency becomes fc2'
. Phase

fcz/er and the phase velocity curve is lowered by a factor ((»:r)_l/2

matching is achieved at a frequency fo where

— 2 _ 2 -
fo '/chz fcl )//Er 1

At 35 GHz when coupling from WR-28 rectangular waveguide (fCz = 21.2 GHz) to

the TEOl mode in 60 mm waveguide (fC

1 - 6.09 GHz), the require permittivity is
€. = 1.337. This is shown in Figure B.l1l. For a variation of 0.01 in er the
variation in fO is

of

-2

Af = 3E
r

AE = 0.50 GHz
Y

In addition to the inaccuracy of the center frequency, the loss of the dielectric

299.7 (mm-GHz)/Ve,
2 _ (g1 )2
EZ - (£1)

is quite a problem. At 35 GHz Ag

2

_ 259.2 _
= 29,81 ~ 8-67 mm

2
B = iﬂ—-= 0.723 rad/mm
g

o = B- tan § = .’a!.2x10-3 nepers/mm
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when tan § = 0.003. For a coupler 12" (305 mm) long, af = 0.671 nepers - 5.9 dB.
Measurements on Eccofoam S10, SH14, and S20 at 35 GHz gave losses of 6.4 dB,

7.5 dB and 9.0 dB in 12" This loss could be compensated for by enlarging

the coupling apertures at the far end of the coupler but would still limit the
coupling strength.

B.1l.3 Periodic Loading in Waveguide

When the axes of the two waveguides are parallel, the waveguide with the
lower cutoff frequency will have the most phase change between coupling holes.
If the other waveguide is loaded (i.e. with a shunt susceptance) to produce addi-
tional phase shift, the two waveguides would then be phase matched.

A¢ (Loading) = (B - B2) % ~ A¢(holes)

At 35 GHz when coupling from WR-28 to 60 mm circular waveguide,

AB = 7.92 degrees/mm,
2 = 6.53 mm,
Ad (holes)= 4°,
then A¢ (loading) = 47.7°.

However, the transmission phase shift of a single capacitve susceptance is limited
to less than 19.5° (maximum at jB = +1.43j). This limitation and the required
machining for a large number of capacitive posts has kept us from fabricating a
periodic loaded coupler.

Possibly, some type of loading could be used with the periodic coupler
discussed in Section B.2, to increase the number of coupling holes in a fixed

coupler length.
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B.2. Periodic Coupling

Periodic couplers have been extensively discussed by Miller11 so only
the necessary design equations are given here. Coupling arrays whose length

is less than ABeat/z are spaced a beat wavelength apart, where

A = c/[/f—oz- £,2-VE2 - £2 J

Beat 2

So once the individual arrays of holes are chosen (N=3-5) that array can be
repeated indefinitely.

The periodic coupler is limited in the amount of coupling per unit length
which can be achieved. However, in some cases it may be mechanically simpler to
have a straight waveguide.

The bandwidth of a periodic coupler can be comparable to that of other

phase-matched couplers as described in Section B.3.



19

B.3 Bandwidths of Phase-Matching Technigues

since the coupling holes are usually the same size with a few smaller
holes at each end of the array for matching purposes, the frequency response of

an array of N holes is determined by

Sin (NB/2)
N sin (8/2)'

where © = [(B; - B»2)- Sl - Ad)

61’2 = propagation constants in the two waveguides
S1 = hole spacing
A¢ = phase peturbation due to the coupling holes.

At the center frequency, & = 0 for a phase-matched coupler or 8, = 360° for a

periodic coupler. To find the 3 dB bandwidth of the coupler solve for 8 such

that
Sin (Ne3/2) ) 1
N sin (93/2) V2
For N > 10, 8, - 8, = +(160°/N)

This can be used to find the AB = B; -8B, for a given hole spacing and number of
holes, and then to solve for the corresponding bandwidth.

This is done in Table B.3 where helical, dielectric loaded and periodic
couplers are compared. All of these have theoretical 3 dB bandwidths greater than
2 GHz so the other parameters for these couplers can be used to choose the best

device for our application.
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Figure B .2
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TABLE B.3

COUPLER BANDWIDTHS

Typical Parameters at f_=35 GHz Coupler
Phase-Matching Techniques Number of Holes Total Length 3 db Bandwidth
(GHz)
I. Helix 40 260 mm 2.1 GHz
II. Dielectric Loading 40 260 mm 3.0 GHz
III. Periodic Coupling 12 550 mm 2.2 GHz
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APPENDIX C. Normalized Modes in Circular Waveguide

Since the formulation of this problem follows that of Collins, his notation
is used for the normalized modes. Collin has an excellent table (Table 5.5, p.197)
which summarizes the mode properties in empty circular waveguide but does not give
the explicit dependence of the electric and magnetic fields within the waveguide.

The Waveguide Handbook by Marcavitzlx)does provide the field components for TE and

™ modes in circular waveguide, but does not normalize the modes in the same
manner as Collin.

Consequently the mode properties and normalized field components have
been tabulated in TableC.2 for the TE modes and Table C.3 for the TM modes. The

normalization used is that of Collin's equation 5.74a (p.201):

e xh. da = 1
[ Fxm e ae

a—

where et and ﬁ: are the normalized electric and magnetic field vectors transverse
to the waveguide axis and § is the waveguide cross sectional area.

Figure C.1 shows the r, 6, z, coordinate system and the waveguide cross
section.

The fiélds given in Tables €.2 and C.3 are used to calculate the absolute

coupling magnitude into any of the circular wavequide fields.

Figure C.1
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TABLE

C.2

NORMALIZED TE MODES IN CIRCULAR WAVEGUIDE

Cutoff wavelength

where

Cutoff frequency

Free space wavelength

Guide wavelength

Impedance of free

space

]

L}
Zﬂa/an

th
m

root of Jn'(x)
C Pm'n/(2'lra)
c/f°

(l/)‘OZ _ l/kc 2) -1/2

377 ohms/square

Define R = V(P ')2 - n? +J (P')
nm n nm
p= P'-1r/a,
e = 1 if n=0
and n 2 if n#0
Normalized Fields

£ =4 Cn Ag ZO ne Jn(p) <sin né

r - LIRS r.- R cos n@
] 1 §

: - € Ag z an'Jn (p) (cos ne
(] w Ao a-R sin né

E = (]
2z

1 ] ]

H = - n Ao Pom Jn (p) <cos né

o TA Z a°*R sin no
g o

. ’ En AO n,. Jn(p) sin né

e — mTA 2 r - R cos né
g o

H = - .v/ “n Ao )‘g !;u:\ : Jn(p) (cos ne

Z J sin né

T A 2 A
c o

a-R
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TABLE C.3

NORMALIZED TM MODES IN CIRCULAR WAVEGUIDE

Cutoff wavelength

Ac = 21ra/an

where P = mth root of J (x).
nm n
Cutoff frequency fc = ¢ .an/(21la)
Guide wavelength Ag = (1/ }\02 - 1/)\02)—1/2
Define p = an * r/a
Normalized Fields
]
. €. A 2, J, ®) (cos no
*r - )‘g a Jn+1 (an) sin né
. . \/en Ao Z, n Jn (p) sin né
) = - Ag an ' 4 Jn+l(an) cos né
€ A A J_ (p)
. n "o n cos no
g =-j3\2o9 Ao ;
2 - Ac a Jn+1(an) (snn né
€ Az
H T n—x—gz_(>— nJ, (o (Sin né
r w .
o “o an r Jn+l(Pmn) cos n@
]
. €n ’\2 Jn (e} <cos né
) - Ao Zo a-Jn+l(P ) sin n@
H = 0
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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 TE3, 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
& 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 TES, 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 TE;, 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].

Manuscript received February 4, 1976, revised May 14, 1976. This
work was supported by Associated Universities, Inc., under contract
with the National Science Foundation.

The author was with the National Radio Astronomy Observatory,
Socorro, NM. He is now with the Department of Physics and Astro-
nomy and the Department of Electrical and Computer Engineering,
University of Massachusetts, Amherst, MA 01002.

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 TE§, (» > 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. .

1I. DEesiGN 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 considerations 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 TEE, (» > 1) mode generation are primarily
caused by diameter changes [8]. Small-diameter couplers

Copyright ©1976 by The Institute of Electrical and Electronics Engineers, Inc.
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TABLE 1
COUPLER COMPARISON

Q.0 L o O O 040
Coupling Overall TE,n Coupling 7, e TE,, /TE,
Length  Length Oozaglﬁ‘ Variation lnsefr?{ on R:Eg}'n TEB:':G:Em mdo e
in 1 GHz loss loss Generation Discrimination

(=) =) (¢8) (aB) (dB) (dB) (a8) («B)

Phase Matched

Coupler 0.4 2.4 -3 0.5 25 =30 30

60 s Dismeter

Periadic Coupler 1,2 1.8 ~26to-3 0.05 50 -50 10

60 mn Diameter

Beam Splitter 0,06 0.2 -3 0.2t00.6 3 ~17%0-27 17 to 27

Coupler

20 mm Diameter

Helical Coupler 0.4 2.5 ~$13to-24, 0,5 30 ~30 30

60 s Diameter

Helical Coupler 0.4 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 TES, 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 TEY, to the TES, 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
length is 1/ 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 TET) 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 TED,-
TES§, 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 TES,-
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 TEG, to TES, mode
to the power coupled from the TED, to TES, mode in the
1-GHz band centered on the coupler design frequency.
For each of these couplers the TES, 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,-TE§, 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 YLA waveguide system [17]. A 60-mm-
diam periodic coupler would have the required TES,
return loss and TES,-TES, 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 TES, 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.

11I. 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
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Fig. L Photograﬁh of helical coupler from WR-28 to 60 mm. The
outer cover of the rectangular waveguides has been left off to show
the details of the coupling slots. At the end is a straight slot for
ada%pﬂ_ng 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 Arrays

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 TE?0 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

At = sin [re(fx - €2 - «2)sin [(~ - <42 - 9)/2]
)
A2 = sin [re(@t + €2 + e)/2]/sin [("x + €2 + 5)f2]
2
and
A3 = sin [re(J2 + e)]/sin (2 + ¢€) (3)

where r is the number of coupling apertures, and $t3$2
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

e = tan-1p (4)

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

4> =

271" s]Xf (5a)
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Fig. 2. Phase matchin% between the TEA mode in helical WR-28
waveguide and the TES8j, TEg2 and TEo3 modes in 60-mm-diam
circular wavegmde. The cutoff frequencies for those modes are
21.2,6.09,11.2, and 16.2 GHz, respectively.

11 r
— TE® (20mm)
e TEX

\ HELICAL
\ TEb (WR-22)

40 45 5 5
FREQUENCY (GHz)

Fig. 3. Phase matching between the TEi0 mode in helical WR-22
waveguide and the TEo1 and TEs2 modes in 20-mifl-diam circular
waveguide. The cutoff frequeocies for those modes are 26.7, 18.3,
and 33.5 GHz, respectively.

and

£2 = 2nes/(/° «cos 0). (5b)

The guide wavelengths are for the TENJ and TE°0
modes, the slot spacing is s, and the helix angle is 0. At
the coupler center frequency f 0 the helix angle is chosen
so that

0l =352 + £ ¢l
cos 0 = 1/;° «(1/;.2 - ejlns)-' (6b)

which reduces to
cose = ;°/;° (6¢)

when the phase shift e 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 TE®0, TEqi,
TEo:2, and TE0o3 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 TEoz and TEo03 modes at 32.5 and 27.8 GHz,
respectively. The slot spacing along the circular waveguide
axis is Xf/4 at the center frequency. This makes

<K= $2 + «= )

and minimizes the reverse-coupled wave (A2) and the
reflected wave (A3) within the rectangular waveguide.

In Fig. 3 the phase matching of a 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 TES, 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 TES modes at any frequency. This greatly decreases
the coupling into the TES (n > 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 varies and is expressed in (1). Even with the
best calculations, a machined coupler may have errors of
1 percent in the peak coupling frequency fo. 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 TET) mode cutoff frequency increases
the phase-matching frequency f,. At 35 GHz, for the coupler
described by Fig. 2, the tuning sensitivity is Afy (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 TEF, and TEg)
modes is given by

C= “-’;‘—° h2(M, cos 6)h0. ®)
The amplitude of the reflection in the rectangular wave-
guide due to the coupling slot is given by

p = ‘%‘2 (hP)2(M, cos® 0 + M, sin? 6). 9)
The longitudinal magnetic fields 4D and AP are the nor-

malized fields at the coupling aperture for the modes being
coupled and are given in the following equations:

a 2“01D 12 -1 -1/2
0 = ——-—'—z- (Am™'W )
abzo(’»?o)

(_ﬁﬁro__)'/z (Am~'W - 1/2),

nD*Zy(A5)’
The free-space wavelength is Ao, the guide wavelengths for
the rectangular and circular waveguide modes are 20
and A0, and the cutoff wavelengths are ify and A,
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 Zo = 377Q.

(10

he =

(11)
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Fig. 4. Coupling between WR-28 and 60-mm-diam circular wave-
8}\:!(’6. The theoretical curves for the first three TE3, modes are
shown.

The angular frequency is w and yg 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 A4,,4, to
determine the coupled amplitudes, while p of (9) is multi-
plied by A, 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. Measurements 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 TE$) 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 TES (n > 1) does not cause a
problem until the TES (» > 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 TE,, TES,,
and TE$, 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 TES; modes
have been measured and are within 3 dB of the theory.

As was indicated in Fig. 2, the peak of the TES, 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
TEY, and TES, modes at the design frequency fo, then the
number of coupling slots r is chosen so that

r(¢, — ¢, —¢) = *m. (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 TES, 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 31,/8 at the design frequency.

Table IT summarizes the mechanical parameters for three
helical couplers. Listed are the dimensions for the rect-
angular waveguide, the cutoff frequencies for the TES,
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 TED,
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 coupling 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 usiag 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
A2 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 (¢, — ¢,)
with frequency.

V. CONCLUSION

Couplers have been designed and fabricated to couple
from the TET, mode to the TES, or other TES, modes in
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.COUPLIING (98)
g8 8 & 8 3
1

N R
FREQUENCY (GH2)
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
HericaL COUPLER PARAMETERS
WR-28 to WR=22 to WR-28 to
me 60 om 20 om
Diameter Diameter Diameter
Rectangular
Waveguide 7.1, 3.55 5.59, 2,79 7.1, 3.56
Dirmensions :
abdb (om)
T2
cuto?r 21.2 26.8 21.2
Frequency
(GHz)
[+
mrf?}r 6.09 6.09 18.3
Frequency
(CHz)
Design
Frequency 35.1 42,3 40.0
{Gdz)
Helix °
Angle 34.3° 36.6 16,2°
]
Number
of 112 166 50
Slots
Slot
Spacing 2,17 1.79 6.87
()
Slot
Length 3.10 2,50 2,80
(om)
Slot
Width 0.82 0.6, 0.80
(mm)
Y T T .
—TES,
@ -0 © TEG, DaTA -
=2 o
2 -20F 3 00/
2 3
3 -3
© 3
-40
-5Or...A|....l
35 a0 a5
FREQUENCY {GHz)
Fig. 6. Coupling between WR-28 and 20-mm-diam waveguide.
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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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