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1.0 INTRODUCTION

This report summarizes the work which was done to develop a
device which couples directly from the TEj;p mode in millimeter
rectangular waveguide to the TEp) mode in 60 mm diameter waveguide.
These will be used in the VLA circular waveguide system in the C
and D configurations of the VLA antennas.* These couplers will
complete the local oscillator phase-locked-loop between the control
building and each antenna and will transmit the frequency converted
RF signals being received at each antenna back to the control
building.

VLA Electronics Memorandum No. 120, "Loss and Coupling Values
in the VIA Transmission System” gives an overall description of the
VLA circular waveguide system, discusses the loss budget, the 60 mm
coupler requirements, the waveguide loss to each of the antenna
stations, and graphs of loss, beat wavelength and dispersion for
numerous circular waveguide modes.

Full 60 mm diameter couplers have been developed to minimize
the insertion loss and cost associated with conventional phase matched
(velocity) couplers. The helical coupler has been patented (U.S. Patent No.
4025878) . These couplers typically use circular waveguide diameters of 11
and 16 mm so that they require a 1 meter long taper from 11 or 16 mm to 60 mm
diameter on each side of the coupler.

In addition to the helical coupler discussed here, Alan Parrish
has worked on center-fed couplers (VLA Electronics Memorandum No. 125),
and Mikio Ogai has worked on the sector coupler and the beam splitter
coupler.

Section 2 of this report discusses the design and performance
data for the 60 mm coupler. This includes design and measured coupler
performance and the mechanical data for the coupler fabrication.

Next, in Section 3, the coupler fabrication is detailed, including
the final tuning of the coupler. Finally, Section 4 discusses the
microwave testing setups and procedures used to measure the microwave

performance of the finished coupler.

*Original plan only.



The first appendix is a discussion of the coupler design program,
written in the BASIC language for the Hewlett-Packard 9830A calculator.
This program produced all the performance curves for the eleven channels
which are in Section 3. It can also calculate the performance of a
helical coupler at a different frequency or for a new rectangular or
circular waveguide size.

Appendix A.2 is the VLA Electronics Memorandum No. 128, which
discusses the details of the electric and magnetic fields in rectangular
and circular waveguides and electric and magnetic coupling between
waveguides. Then various coupler types are discussed.

Appendix A.3 is a reprint of the article "Helical Couplers from
Rectangular to Circular Waveguide"”, which gives an overall discussion
of the coupler design and specific examples of both 20 and 60 mm

diameter couplers.



2.0 DESIGN AND PERFORMANCE DATA

The expected and measured coupler performance is given in Table 2-1
for the first ten channels of the VLA waveguide system. At present only
the first nine channels are being used so the design has not been
completed for Channel 11. Given are the peak coupling as calculated
by the coupler design program (see Appendix A.l) and as measured.

Also included is the coupling variation for a 1 GHz band centered at
the coupling peak and TE(, circular mode discrimination at each side
of the 1 GHz channel. As was described in Appendix A.3, each channel
is centered near a null for the TEp, circular mode coupling. This
increases the TEpy mode discrimination over the channel.

In Table 2-2, the 60 mm helical coupler mechanical data is given.
All of the couplers have a 60 mm inner diameter, are 24.000" long and
have a 0.4 to 0.5 mm wall between the circular and rectangular waveguides.
(See Drawings No. D13310M6 and M26.) Channels 1-6 are designed using
WR-28 (26.5 to 40 GHz) rectangular waveguide and Channels 7-10 are
designed using WR-22 (33-50 GHz). The helix lead, the total number
of slots, the slot spacing, width and lengths are given. All but the
three slots on each end of the coupling array have the length L4, the
first on each of the array the length L1, the second L2 and the
third L3.

Finally, typical design coupling from the TE) g rectangular waveguide
mode to the TEg) circular, TEpy circular, TEg3 circular and TEgy
circular modes are given in Figures 2-1 to 2-4 for Channels 1 to 4.
Other Channels show similar performance characteristics. Not included
in the calculation is an additional 2 to 3 dBaloss for the rectangular
waveguide loss and the loss in the rectangular to 20 mm diameter

transition used at the rectangular port of the helical coupler.



Center Maximum Coupling Variation TEj, Circular Mode
Channel Frequency Coupling (1) in 1 GHz (dB) Discrimination (2)
No. (GHz) Designed | Measured Designed [ Measured Designed [ Measured
(dB) (dB) (dB)

1 27.9 -23% 3.0

2 30.3 -24.0 -25.0 1.5 8/7

3 32.7 -25.5 -25.0 1.0 8/8

4 35.1 -28.0 -26.5 to 0.8 0.7 9/9

5 37.5 -30.5* :32.0 9/10

6 39.9 -30.2 -29.5

7 42.3 -30.0 -29.0 1.2 6/8*

8 44.7 ~30.0% 1.2 5/8*

9 47.1 -31.5+% -32.0 0.8 3.0 3/13*
10 49.5 -32.0* 0.7 5/10*
11 51.9

(1) Includes 3 dB loss in rectangular waveguide and
rectangular to 20 mm circular waveguide transition.

(2) At fo-O.S and f0+0.5 GHz

* Preliminary

TABLE 2-1: 60 mm HELICAL COUPLER PERFORMANCE




Center Helix Number Slot Slot Slot Lengths (mm)
Channel Frequency Lead of Spacing Width
No. (GHz) (inches) Slots {mm) (rmm) Ll L2 L3 L4
1 27.9 8.18* 78 2.75 .80 3.80%
2 30.3 9.86 92 2.52 .80 2.40 3.15 3.57 3.70
3 32.7 11.29 115 2.33 .80 2.23 2.90 3.27 3.40
4 35.1 12.34 112 2.17 .80 2.00 2.65 3.00 3.10
5 37.5 13.42* 150 2.02 .80 1.85* 2.41 2.75 2.85
6 39.9 14.75 155 1.90 .64 1.82 2.30 2.61 2.70
7 42.3 11.10 166 1.79 .64 1.64 2.12 2,41 2.50
8 44.7 12.11* 1.69 .64 2.40*
9 47.1 13.07 188 1.60 .64 1.53 1.97 2.22 2.30
10 49.5 14.00* 1.53 2,20%
11 51.9 1.45
* Preliminary
TABLE 2-2: 60 mm HELICAL COUPLER~MECHANICAL DATA
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COUPLER FABRICATION AND TESTING

3.1 Fabrication Procedure

All of the couplers to date have been machined from
6061-T6 aluminum to allow the cover for the rectangular
waveguide slot to be dip brazed onto the cylinder after all
the detailed machining has been done. The slot cover strip
is 60615T0 aluminum, in a soft (TO) state, for ease of
assembly. After brazing the coupler cylinder and the cover
strip are brought to a hard state (T4 to T6). The rectangular
waveguide which transitions into the helixvand the waveguide
flanges are 6061 aluminum. The Channel 1 through 6 couplers
are made with WR-28 rectangular waveguide. The Channel 7 through
10 couplers are made with WR-22 waveguide since WR-19
aluminum waveguide is not available and the WR-19 waveguide
would have a higher loss than the WR-22 waveguide if it
were available.

Drawings D13310M6, D13310M25 and D13320M29 in the back
folder show the machined coupler, the brazed coupler and the

assembled coupler drawings.

3.2 Machining

The original couplers were fabricated in a number of
stages due to the size of the cylinder, the problem of milling
the helical slot, and the large number (92-170) of small
(e.g., 0.8 by 3.28 mm) coupling apertures.

3.2.1 Preliminary

The preliminary machining of the cylinders and the
.00
.10
is done in the NRAO Green Bank, West Virginia shop. Al

boring and honing of the inner diameter to (60.00 * mm)

Steinemann is quite willing to continue the preliminary

coupler fabrication.



3.2.2 Helical Slot

The next stage is the machining of the helical
slot into the outer wall of the cylinder. This is done
by West Engineering of Richmond, Virginia. Contact
John Livengood concerning future machining. They have
-also been stress relieving the aluminum blanks before
machining the helical slot. See Drawings D13310M11,
M12, and M13 for the first two stages of machining.

3.2.3 Coupling Slots

Next the couplers are brought to the NRAO shop
in Charlottesville, Virginia. This shop does very
precision work to support the millimeter-wave development
done in Charlottesville. Mr. Luckado, "Lucky", is head
of the shop and "Matt” Dillon has done all of the
machining of the coupling holes and slots. Drawings
D13310M6 and M26 are used for this stage of machining.
These drawings include details of the rectangular
waveguide adapter slots, tables of the different mechanical
parameters for each channel, and a detailed list of the
coupling slot sizes and positions for each channel. About
1.5 to 2 man-days are required for each coupler when

4 or 5 are done at one time.

3.2.4 Alternate Machining

The coupler fabrication has also been done by
Gruber Manufacturing Company of Albuquerque. See
P.0. S00290 for price information. An inspection
report is required and the material should be certified
for future orders. Now that two alternates exist for
the coupler machining, they can be compared for cost

and delivery.

3-2



3.3 Coupler Tuning

After the coupler with the slots is machined, the
coupling versus frequency is measured using a temporary
slot cover as described in Section 4. If the peak coupling
frequency is lower than desired, the coupler can be tuned
to the desired frequency.

As is described in Appendix A.3, the peak coupler
frequency can be increased by machining the outer wall
of the cylinder. This decreases the waveguide width
and increases the peak coupling frequency by about the
factor Afg/Aa given in Table 3-1. Since there will be a
.003" shim between the outer wall of the coupler and the
strip which forms the final wall of the rectangular waveguide,
there will be a frequency decrease during after the coupler
is brazed. The exact amount of the frequency shift will
have to be empirically determined.

The machining is done by putting plugs in each end
of the 60 mm waveguide, accurately centering the coupler
on a lathe (<.0005" TIR {total indicator readout}) and
turning down the outer diameter of the cylinder the desired
amount. This has been done in several small steps, after
which the actual coupling was measured using a temporary

slot cover.

3.4 Dip Brazing

The brazing has been done by J. Kittredge & Sons,
Marlboro, Massachusetts. Contact Jack Kittredge for
information. They do good work but need a little prodding
to get the job out of their shop. Drawing D13310M25, in the
back of the report, is a brazing assembly drawing.

A possible alternate for the dip brazing is Maximet



Corporation of Phoenix, Arizona. They could be tried on

one of the prototype couplers.

3.5 Alternate Slot Cover

If the brazed slot cover does not give the desired
accuracy for the peak coupling frequency, an alternate form
of the outer wall for the rectangular waveguide is suggested
in Figure 3.1, An outer cylinder is placed around the thick-
walled cylinder to form the outer wall of the rectangular wave-
guide. The outer cylinder should clamped so as not to
deform the thin wall and coupling slots over the operating

temperature range of the coupler.



Center Tuning Choke Slot First Length Fabrication No.
Channel | Frequency | Sensitivity Depth Runout Slot of Drawings Number Number | Required
No. {GHz) Afo/Aa "a" Angle Position Cover Machined | Brazed For
(GHz/.001") (inches) "a" "s"+ (inches) D13310___ Array
(inches)
1l 27.9 -.17 7.83 M6, M1l 4
2 30.3 -.20 .298 40024' 7.49 16.07 M6, M1l 1 7
3 32.7 -.22 .262 36039 6.77 15.13 M6, M1l 1 4
4 35.1 -.24 .232 34013 7.26 14.61 M6, M1l 3 4
5 37.5 -.26 .216 6.08 M6, M1l 1l 1 4
6 39.9 -.28 .200 29039 6.24 13.77 M26, M12 1 7
7 42.3 -.35 .204 36931 6.19+ 15.00 M26, M12 1 10
8 44.7 -.38 .189 34%10° —— M26, M12 7
9 47.1 -.41 .176 32012° 6.11 13.83 M26, M12 7
10 49.5 -.43 .166 30025° M26, M12 - - 0
11 51.9 ~.46 M26, M12 - - 0
Al3310
M17

+Preliminary; depends

TABLE 3-1:

on the final number of slots

M20 WG Detail

60 mm HELICAL COUPLER-FABRICATION DATA







4.0 MICROWAVE MEASUREMENTS

The various electrical parameters that are important and

the specification for each parameter are given in Table 4-1. See

also VLA Electronics Memo 120 and Appendix A.2. The TE rectangular

mode to TE01 circular mode coupling and coupling variat;gn is
limited by the electromagnetic fields in the two waveguides.
The'TE01 circular mode insertion and return loss should meet the
specifications with no problem, except possibly for the Channels 1
to 3 where the largest coupling apertures are used. The TEon
circular mode discrimination is again determined by the phasing
between the ‘I‘Eo2 circular mode and TE), rectangular mode and

the number and spacing of coupling apertures.

4.1 Temporary Slot Cover

Testing of rectangular waveguide insertion and return
loss and TE10 to TE;; coupling is done before brazing by
holding a cover onto the helical slot with a number of hose
clamps. Figure 4-1 is a sketch of the arrangement used
with a copper tape on a .005 to .010" beryllium copper
(BeCu) shim with a .020 to .032" soft aluminum strip
between the BeCu shim and the hose clamp. The hose clamp
is tightened with less than 80 inch-oz. of torque so as
not to distort the thin wall between the rectangular and
circular waveguides. The rectangqular waveguide adapter
pieces are held in place at each end of the coupler with
hose clamps tightened with less than 16 inch-oz. A torque
screwdriver is available for this delicate job.

Because of the tuning sensitivity of the coupler a
6061-T0 aluminum strip by itself should be used for the

final tuning of the coupler before brazing.



Present

Requirement Specification Results
TE;, Circular Mode Insertion Loss <0.1 dB <.05 @B
TE01 Circular Mode Return Loss > 50 4B > 50 dB
TE,, Circular Mode - TE >=-35 dB -24 to =32 dB
Rectangular Mode Coupling
Variation in Coupling < 1dB 1.5 to 2.5 dB
Over a 1 GHz Band
Coupler Directivity > 20 dB > 20 dB
TE10 Rectangular Mode Return Loss > 30 dB > 25 ds
> 10 dB > 5 dB

TEOn Circular Mode Discrimination

TABLE 4~1:

60 mm COUPLER
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FIGURE 4.1: TEMPORARY SLOT COVER



4.2 TEg; Circular to TE;g Rectangular Coupling

The test setup for this measurement is shown in Figure 4.2.
The technique is a straight-forward substitution technique. A
detector with a 3 dB pad for matching is placed at the output of
the backward wave oscillator (BWO) sweeper, frequency meter,
precision attenuator and isolator. When the data normalizer is
used a reference curve is taken with 30 dB on the precision
attenuator. Then reference curves are run for 20, 30, 40, 50 dB,
and maximum attenuation, on the X-Y recorder by slowing the sweep
speed down to 20-40 seconds,

Next the helical coupler is measured. This involves a
rectangular-to-circular transition and a taper up to the coupler
inner diameter. One to two meters of helix-lined waveguide may
be necessary between the taper and the helical coupler to absorb
any modes generated in the taper. With a helix-lined taper up to
60 mm diameter the extra one to two meters of helix-lined waveguide
is not usually necessary. A circular waveguide load is placed on
the other end of the helical coupler. The load is a long wooden
cone of dry uniform fir or can be an open waveguide with absorber
on the end if the circular waveguide diameter is 60 mm.

The forward coupling is measured at the rectangular waveguide
output as indicated in Figure 4.2. The coupler response is
measured by putting the precision attenuator on zero and recording
the data normalized output on the reference curves on the X-Y
recorder. In this mode the data normalizer is set up for 10 dB
per division and is used as a calibrated log amp.

The reverse coupling is measured at the port nearest the

sweeper input.

4.3 TE;o Rectangular Return Loss

One of the important quantities for the waveguide couplers

is the rectangular waveguide return loss. Any reflection at

the coupler combined with the reflections at the transmit-receive

4-2
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mixer in the antenna vertex to give a phase variation with
about a 10 MHz period. The peak-to-peak phase variation is

easily found from a phasor diagram and is:
A = 2 tan~1(P;P,)
*op 1720y

where P; is the coupler refleotion coefficient, and P, is the
mixer reflection coefficient seen through the antenna wave-
guide'’s two-way loss. For a summed return loss of 55 dB, the
phase variation is 0.2 degrees.

The measurement is made using a modified swept-slotted-line
technique as shown in Figure 4.3. The backward wave oscillator
(BWO) , data normalizer and X-Y recorder are set up essentially as
before. For this measurement the slotted line is inserted
between the swept signal and the coupler rectangular waveguide
port.

The BWO is swept over the 1 GHz frequency range for which
the coupler is designed. At a fixed position of the slotted
line the normal detector output is stored on the data normalizer.
Then the slotted line is moved back and forth and the difference
between the detector output and the stored output is displayed
on the 1 dB/division scale on the data normalizer. At any
desired frequency within the channel the VSWR in dB can be
found by using the frequency meter and finding the maximum

deviation, A. The resultant is:

1+
A(dB) = 20 log;g (ijgﬁ,
so VSWR = 10 (A/20)

and the return loss = 20 log (VSWR-1)/(VSWR+1).
A 1 dB deviation gives a 1.12 VSWR, and a -24.8 dB return
loss, which is close to the 26 @B spec. A 26 @B return loss

would have a .87 3B deviation on the data normaligzer.

4-3
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4.4 Measurement of TEj, Circular Mode Discrimination

When the antenna signal is coupled into the TEg; circular
mode in the 60 mm diameter circular waveguide, other modes are
generated. Non-TEon circular modes are quickly (>2 dB/m) absorbed
by the helix-lined circular waveguide so the TEp; circular
mode is the main problem. The helical coupler is designed
to have at least a 10 dB TE(p, circular mode discrimination.

That is, the power coupled into the TE(j; circular mode is
at least 10 dB less than the desired signal in the TEg)
circular mode.

To measure the TEp, circular mode it is easiest to convert
it back to the TEjj circular mode and measure the interference
versus frequency as the two-modes go in and out of phase.

This is accomplished by using the test setup shown in
Figure 4.4, which uses the same equipment which was used in
the earlier tests, but now the detector and recording equipment
is 0.1 to 1 km from the sweeper. At the sweeper end a TEj, mode
generator (see VLA Electronics Memorandum 177, Archer, 1978) is
inserted in the 20 mm diameter circular waveguide to generate the
TEg2 circular mode from the TEg; circular mode at a known level,
and the helical coupler at the other end combines the two modes
into the TE;( rectangular waveguide. Typically TEg, mode
coupling is at'a minimum near the bandcenter (-15 to -20 dB below
TEg) coupling) but increases rapidly away from bandcenter to less

than -5 dB in a 1 GHz bandwidth.
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APPENDICES

A.l1 COUPLER DESIGN PROGRAM

This coupler design program is programmed in the BASIC language
for the Hewlett-Packard 9830A desktop calculator. For given waveguide
sizes, such as WR-28 rectangular waveguide and 60 mm diameter circular
waveguide, the program will design a coupler for a given input frequency.
The performance for this design is then plotted for evaluation. A few,
typically 4 or 5, iterations of the helix pitch, the exact slot size
and the number of coupling holes will give the final design. The
following sections of this appendix given an explanation of the program

variables, a listing of the program and a description of the program.



Al.1 LISTING OF PROGRAM VARIABLES

Al.1l.1 Undimensioned Variables

a
B
Bl

B2

B3
B5
c

c7
D

D1
E2
E3
F

Fg
Fl
F2
F7

H1

H2

H3

HS

H8
HO
J

K9

Rectangular Waveguide Width
Rectangular Waveguide Height

8 :; propagation- constant
(82grees/mm) for TEon circular mode

Bio? propagation constant for

TElo rectangular mode

€; phase perturbation due to coupling slots
tan"!(P5); phase perturbation of fifth slot
299.7 GHz-mm; velocity of light in air
Coupling per slot (dB)

Circular waveguide diameter (mm)

Coupling hole diameter (mm) or slot length
Secant of the helix angle T6

Secant of the recommended helix angle
Frequency (GHz)

Design frequency for coupler (GHz)

TEon circular mode cutoff frequency (GHz)
TE;o rectangular mode cutoff frequency (GHz)

TE), circular mode cutoff frequency (GHz) for
coupling aperture

hz; normalized magnetic field at coupling
aperture for TEon circular mode

hz; normalized magnetic field at
coupling aperture for TE10 rectangular mode

M; magnetic polarizability for coupling aperture in
circular waveguide

M; magnetic polarizability for coupling aperture in
rectangular waveguide

Slot resonance correction to M(H3)
Wall thickness correction to M
Indexing variable

Indexing variable

Flag



M - Number of slots

M7 - Mi; magnetic polarizability along slot major axis

M8 - Mw; magnetic polarizability along slot minor axis

Nl - n; indicates 'I‘Eon mode

Pg -~ Helix lead (inches)

Pl to P5 - Limits for frequency loop

P9 -~ Recommended helix lead

S1 - s; slot spacing (mm)

T =~ t; wall thickness

Tl to T5 - Temporary angles for calculating coupling response

Té - 0; helix angle at coupling aperture

T8, T9 - Temporary variables

W - w; slot width

X1 to X3 - Plot limits

Yl to Y3 - Plot limits

Z - Dummy

Al.1.2 Matrices

A(5,3) - Forward (A{J,1}), reverse coupling (a{J,2}) and
TE,, rectangular mode reflection (a{J3,3}) for first
five slots (J=1 to 5). The lengths of the first
four slots are chosen so that A(1,3):A(2,3):A(3,3):A(4,3) =
0.16:0.48:0.84:1.00.

B(4,3) - Differential € (see B3) between first five slots

C(50) -~ Storage for coupling values versus frequency

D(81) - Storage for reverse coupling

F(50) - Not used

H(5) - Slot coupling amplitudes

L(5) - Slot lengths for first five slots

M(9) - Coefficients for calculating magnetic polarizabilities
of slot

P(5) - First five roots of Jo(x). Used in calculating TE
circular mode cutoff frequency on

T(3) - Angles used in calculating coupling

Ww(5) ~ Not used

Z(5) - Store magnetic polarizability of first five slots
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Al.1.3 Functions

FNA - Plots axes on .18 x 25 cm paper

FND - Plots measured coupler data

FNP - Labels plot with design parameters

FNY - Restrains calculated coupling to plot limits



Al.2 LISTING OF PROGRAM

FEM WR-25 70 A6MM CIRCULAR WAVEGUIDE.
EEM FEOGRAN TO EVMALUATE HELIH COUFLERS.,  RERD FREDMORE - 117287735,
RESTUFE 4“

DATA 293, 8:60: 5, 0%: 21,187 112
READ | s D- Fl F._.a rBanlaE2alaye

X1
=
— 3
—
4
]

Dod I
i—t

+ D
- =

3 &

1 1':0:.1 ':"‘
o

ut L "

Ty VLALEES 18, 1VEAT I3 2369 16 AV ERD
1 DATA B, 0278 R, 3216, -0, 3215, 8, 1398, 60825, -0, 0854, 9, 5322 1915 1. 1189

(X
_—l
alex)
m
v 7T
o)

i InF
MAT READ ML 9]
FRIMT

PRINWT

DISP "FBROGHZ . HELIA FITOHOIMOHES " :

IHFUT FBsFPE

T=8.5

Eo=SaR i+ P I#sD+A+T+T o (PEE2S, 403120

REM

FEM TE 15 AHGLE BETHEEH ZLOT AML RECTRHGULAR WAYELCUIDE AXKIZ.
DEG

TE=ATHIP I D-T+Tr0P@sZ5, 450

DISP "S1 AHD M7

IMFUT Z1sM

DIsp “CIRCLE dk=gGr 0OF SLOT JRE=137s

IMFPUT k=9

W=&

IF E9=8 THEHW 22¢
FIZED 3

FRIMT "MAXIMUM SLOT LEHGTH ="3Si1#THHOTS s TR T
FEINWT

FRINT

DISZF " SLOT WIOTH IH MILLIRETORS."

THFUT W
REM

IS B8 BRI I s s I 0 BN
AURUR

—
!

1

o I (D

DRy Ly

000 00 g 0Ty O e 00 P e 50 00 000 0 O B D0 PO w253 0T 0I5 0T 0TS0 0 4T I D0 0

s}

IOEOESEAN SRS RSN SR RN S B A Wil e el el ety s e s IR (e L I Rt

Do B R oo R oy I ov s B VR

e

4
e n

Eacn I ot B I 20 JEAcw |

SRR IRCE S N 14 IS

ISP "FIVE SLOT LEMGTHSIL1<L
A INFUT LO13:L0Z21:L0 200 E»i]nL['f
i FORMAT S0 "SLOT WIDTH="sF5.2s "ML
1 DISP "ENTER H FOR TE<BH: MODE. "3

]

THFUT H1

MRITE <19-d44@30M

FORMAT S "SLOT WIDTH="sFoI. 2 "HfM.
DEG

Fi=F[Hl}*C-PI-D

F=Fi

FEIWT

DR o 200 o o T o I s B 50w B o B s T e s e

FOR k=1 TO 5

IF K9=8 THEH <88
Ta=W-LIK]
FEM M7 IU
M7P=ML 1 I+ML 2 3T
ZLE I=M7

[ B acn N o]
—t
(R

¢ RLOHG HHJDR EES
AL JTEr

2 SEORUR T L8 W aon JN w N Rl e 1 I N N S I RS IR TR | I OO R S
RN
T eed

N
I,

DR Ry Bl B ) T N YR U A CYRE R SRR R A I I R TR S

FEINT " K Lik: M7 i F7 HOL Hz Hezn ™



S60
ore t
Hen
394
£689
510
oZe
638
6448
56
6608
67 e
&80
694
7ag
7la
726
738
G 15)
7568
768
fra
vey
794
enn
218
eza

230

848
§56
268
878
228
894
9046
918
928
928
94a
955
96a
7a
asa
996
168606
1616
1926
1828
1848
18506
1860
18708
14806

REM M2 15 POLARIZABILITY RLOMG MIHOR RsSIS.  FIT % FOR
Ma=MLS JHMLE 1=T9+ML 7 I T9r2+ML 2 I+ 79T 2 +H[q] =TS
Fr=Cr(2%LI[KI1-B.423%l>
GOTO 38
F**l a1 #*CoPI-LLE]
=1~
M6=1/6
Di=LLK]
Ho=( DS TE 224+ ME MY # v ST Te 312
GOSUR 1924
ZLK I=H7¢
FIEI=FY
ALKy 1 1=HL 2]
ALK 2 1=HL 21
ALKs31=HLZ]
WRITE €19« 728 0k s LIE I M8 F e Hl 1 I HL 2 I HE 2]
FORMAT F4.8:F7F.2»3F2.2:3F 18,5
HEST K
REHM
REM CORRECT FOR DIFFEREMT ELECTRICAL LEHGTHS RT EMD: OF
REM
BS=RTHIAL 5s 3 12
MAT B=ZERL[ 4531
FOR K=1 TD 4
BLKs 1 I=CATH{AL K 2 J2+ATH(RLE+L1s 213072
HEXT K
EL1+s21=BL1s1 1+BL 21 I+BL 21 I+E[ 451 I-a+BS
BL2y21=Rl 2+ 1 I+BL 251 1+BL4: 1 1-3%ER
B[3s2]=8[351]+8[451] 2+B3
BL4s21=Bl4s+11-B5
FIZED 2
MAT PRINT E
FOR K=1 TO 4
BLks11=-BlE2]
BIKs31=2%BL[Ks 2]
HEXT K
FOR J=1 TO &
FOR K=t TO 5
ALK, J1=ACK+ JI-RL S0 0]
HERT K
HEXT
FIKED 3
MAT FPEIWT H
IF Hix1 THEHW 1858
El=( (SR FAT2~F1 20 ~(BE "800 2 0 -3l 0 0 SRR CFATE~F 212
Fo= FI*VD+H+T+T'«2-.4«5&EQE3T2~1?
PRIMNT "RECOMMEWD PB="3PF3: "EZ="+E£3Z
WNAIT 5684
LGOTO 1978
To=26@* 51 /O SORCFAT2-F LIt 2 -EZ#S0RIFRTE-F2t2-B5
PRINMT TO9iMsTR3-250: 26079
CP=2@#LGTCABSCHL 3 10
REM

'Tl

Hsl=8.8a5 TO B.5

COUPLING RERRY



bt ek b b ek ek fok ik ok b ok ek
b ok ft ek ok ik b b b = ()
D 00 N T A B ) P = DD

P
X

=D
PRI OODITOoD

[l o d
3 1
' -t
oo

12“9
1249
1258
1268
1278
12880
1299
1306
131@

29
1 29
1348
1358
1360
1378
1280
1398
1488
14106
1429
1438
1440
1450
1460
1470
1489
1498
1566
1518
1528
1538
1548
1558
1568
15789
1580
1598
leBe
1618
1626
1628
16489

REM
HRITE flfs
FORMAT "TE
MRITE (15,11
FORMAT 5 "Ws
WREITE (15:115
FORMAT <« "F&s
PRINT "Te="3iTsa
REM

nise *

dHLIsMa 51

2. U!' MOLE s
s D1 TsF7a LV
'RE FlTEllﬁ"
A3FBsF1aFZsFo
1

11
5]
1

1
k]

3K
1
(-

oy m |’1 [ |1’,,| 11 l_,_l

DEF FHPCZ

PLOT rlnll.ES%T1~E.25%T2bal
LABEL <111wiHisMs31

LABEL <112@0MsDlsTsF7a 07

LABEL C(115B0F@:FilsF2sAEBsPE-ES

GOTO 1294
RETURH 2
MRITE (1512882
FORMAT ~s" FERER
DEG

PEM

FIXED z
EB1=Ez=Tl=A1=08
P3=INT(Fa+12
P4=IHTC(Fi+10
PI=pP2%(F2 »=
Fi=28

Fa=50
P3=P1#(P2 <{= P1)+P2%C(P3:F10
P3=25

P4=45

J=8

PS5=0,25

FOR F=P2 TO P4 ZTEP PS
Jd=0+1

REM

GOSUE 1920
Bl=360-C¥S0R(F*F~-F1sF1
B2=200 - C+SARCF+F-F2%F2)
E3=180/PI+HL 2]

TL1 )= Bl-B2*E2)%51-B3

T2 1= Bl+EB2%E21%C1+E3
TL3)=2+B2+E2*S1 +2+R2

MAT C=C0OH
FOR K=1 TO 3

Ceng >

Fda+Pds(PEIPG

STEF 1

Ti=CM-12-,2¢TIKI+EL 12K ]
E=(M-230/2%TLK J+BL 29K ]
T3=(M-50-2%TLEI+EL 35K ]
Td=(M-F2-2%TLK I+BL 45K 1]
TS=C(M-80-2%TLK ]

COKI=2#CA0 1o K I#COSCTI0+RI 20k
COKI=CIKI+RLS: K I#5IHCTS ST H

HEKXT K

"5

sdFF . 2
BrFEsE2
s PR BsPREZ"s8F 7. 20

FoDES

3
;

s T COUFLIMG UHITE SPACEL"HF?. 35 "MM.

COURLLIRG HOLE="aF&, 1, "DE. "

Fr.z

FHPC1Y FOR FLOT LRBELIHG."

T1 Hez) T9

SC0SCT234AL S AL 45K 1500SCT4D )

TE}J FH1E-F90

A b TETOECT 2



1658
1668
1678
1588
16506
1789
1718
1728
17209
1744
1750
1766
1778
1728
1798
1868
1818
12208
1838
1248
1359
1368
1870
1888
18909
19609
1914
1926
1930
1940
19509
1960
1978
1980
1998
2808
2819
2020
2038
2040
2050
20868
2878
20830
2698
2160
2110
2129
2138
2148
2158
2len
2178a
2180
2190
2200
2218

DL J122@8LGTABSCCL 2 I#HL 3 1-E22
T7=20#LGTABS(CL 2 J+HL 2 1

T§=28+LGTABS (CL 1 J#HL 2 17E2)

REM  CORRECT FOR FOMER COUFLED INTO OTHER WAVEGUI
REM  T9 IS LOSS IN DE FOR 12

REM

IF F30.9%F7 THEN 1828

T9=M# (5. SIE-B8) #1091 (8. 24F F7 a2

TE=TE8-T3

D[ J1=D[ J1-T9

PLOT FsFHY (T2

IF CC(2*#INTCF-202#F) RHD (RBSCF-FB3
MRITE (152 17E8AFSTEsDLJISTLLI5TL S 13E32
FORMAT FE.204F7P . 1F7.2sE1B.2:F&. 12 2F7F
MEXT F

PRINT

PRINT

FPEN

J=J4-1

FRIMT

IF PS=08.23 THEH 418

Pa=F@a-1.5 _

FPd4=pP3+3

FS=8.25

FEN
GOTO
STOP
H8=TANC(IO*F-FF s (PI*F-F7Y-2)

IF H2<8 THEH ISCH

HI9=ERP(~-2%#PI1*F7  /CeT*ERRCI-(F/F 72 T200
Hi=4B8e+PLN1 J-{PI*T*D0 s (0 F o
H2=1088-A B (C/F)-{1-(F2-F)T2
H3=4E-B7«PI#PI*F«D1t2xMY

HL 1 1=H1#H1*HZ#H2*HD

HL 2 J=H2#H2+HZ#H3HB%H

1458

THE LEHGTH

2.5 THEH 1

st~t.—-1"F|T

K

h OV

5
L

m~4

tHE2Ta T2 s

lt:.

LE FODES.
OF THE COUPLER.

R

2T TP

REM H[ 2 I=Hz2xH2#%H2

HL 3 J=H1 #HZ*HZ3sHS*HD

FETURH

DEF FHYWELZ2=2%(Y1<22 AHD {24V 3+ 1 (2{Y 1o+ 2e{ Y2

END

DEF FHDC2Z2

DATH 29

REM FREGQUEHCY POIMTS FOR 22 SLOT COUPLER: P9=13.565 THCHES

DATH 27327, 0+ 2828, 0028, Fr 23029, 5. 30, 30, 5: 315 31. 32,21, 5+ 32932.5533,32.5
DATH 34,24, 5: 35225, 0 368 26, 5y 3 h:f—sf?n?o.f.:85;?.J*;“5:9.5

REM COUFLING DRTR FOR 98 SLOT COUPLER: Fe=12.955,

DATH -68s~45:—3%5: -850 -GBy ~d42:-4353:~423 ~42s~45s =53+ ~d43, 5+ ~37y~31.71-23. 1

DATA -28.7y-28.2:-28. 4930, -3
RESTORE 2868

RERD 19
MAT READ F(
MAT RERD CI
PEH

FOR I=1 TO I3
PLOT FLI1.CLT]
HEXT I

PEN

I3]
91

2.15-301-432 -4 -45; -4

—-d1s~-d42y =42y ~45



2228 STOF

2238 FOR I=1 TO I9
2240 WRITE 1S.225%a31sFLI1CLT 1]
2250 FORMAT FS.8:F2.2sFS. 1
2260 NEXT 1

2276 RETURH I9

2288 END

2298 REM-—-====m==—m——— e e e AXES FLOT AND LARELIHG.
2380 DEF FHACZ

2318 RAD

2320 RESTORE 2250

2330 DATA -6Ay-10:25:45

2340 RERD Y1s4¥2ZsPlsP:

2390 Y3=Yz-Yl

2360 P3=P2-P1

2376 SCALE (P1-B.15#F3ry (P2+0, 1#P30s (V1-B. 6830 (YD, 22Y32
2380 XARIS Y1s1sFPlsPZ

2398 YAXIS P2sS:YiaYe

2480 YAXIS Pl:5s'1s¥2

2416 XAXIS Y2s1FP1sP2

2428 FOR F=P1 TO P2 STEP 5

2430 PLOT Fs¥lsl

2440 CPLOT -2:-1.5

2450 LABEL (24c@)F

2460 FORMAT F4.8

2479 NEXT F

2480 PLOT Pl+8. ’"E*F*.,l,I

2499 CPLOT 9:-2.5

2568 LABEL (*}"FREUUEHPf (GHZ». "

2510 Y4=5#(Y3 <= 5S0)+189=CY3>56)

2528 FOR ¥=¥Y1 TO ¥2 ESTEF i@

2538 PLOT Pis¥s 1l

2548 CPLOT -4.2,-6.3

2556 LABEL <(24e8)Y

25608 NEXT Y

2570 PLOT (P1-8.1%P32s (@, 4148, 0%¥20s 1

2580 LABEL ¢#51.5:2s -FI-23"COUPLIHG <DE»."

2590 GO0TO 267

26080 FOR ¥=-10 TO @ STEP 1

2610 FPLOT P2s 1Yl

2626 CPLOT @,-8.3

2630 LABEL (24t@ 1.5:2:80Y

2648 HEXT

2650 FPLOT 63!i@.3*31+n TENZL L

2660 LABEL (#+1.9:2-PI-/22"COUFLING LOZE <DB2."
2670 FLOT (P1+0.125#F33, (Y2+@8, 853205 1

2680 LABEL (2e96:1,3:2,8>

2698 FORHMAT 2¥s "HR-2& RECTAMCULAR TO e8hM. CIRCLLAR COURLER.
27680 DEG

2718 RETURN VY2

2728 END



Al.3 Description of Program

The program listed is set up for WR-28 rectangular waveguide
and 60 mm diameter circular waveguide. Couplers for other waveguide
bands can be designed by changing the variables D, Fl1, F2, A and
B in DATA statement 40. The variables X1, X2, Y1, Y2, P3, P4,
and P5 can be changed to give a different range on the plotted
output.

Once the program is read in and is running, the program asks
for the design frequency Fg and the helix pitch. The helix pitch
may be estimated as it is refined further down in the program.
Next the slot spacing S1 (which usually equals 1/4 or 3/4 the
circular waveguide guide wavelength) and the total number of
coupling slots are entered. A circular or slotted coupling hole
is chosen next. The maximum allowable slot length is then
printed out for reference in choosing the slot width and length.
The slot width is chosen to leave a minimum of .010" of metal
between adjacent slots. The longest slot length is usually
3A/8 for 60 mm diameter couplers and probably about A/4 for
20 mm diameter couplers.

Next the number N for the TEon mode is entered, and the
parameters, for up to five different size coupling holes are
determined. This is calculated in statements 450 to 980. For
the TEp) mode, a new helix pitch Pg is recommended in statements
990 to 1040, based on the input hole spacing S1, the design
frequency F@ and pertubation BS due to the coupling holes. The
program then waits 5 seconds so a new helix pitch and slot
length can be entered. This is accomplished by pushing the
STOP and CONTINUE 150 buttons. If the entered helix pitch is
satisfactory, the program automatically continues by printing
out the design variables in 1100 to 1160. There is a 10 second
pause when the design parameters may be entered on the graph by
pressing STOP, FNP(1).

After this the program steps through the frequency range P3
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to P4 in steps of P5, calculating the forward {K=1 in 1560, T(1)
in 1520}, and reverse coupled power {K=2, T(2) in 1530} and
rectangular waveguide return loss {K=3, T(3) in 1540}. The
calculated coupling is corrected for the loss to other modes in
step 1720. This is an empirical formula for WR-28 and WR-22
rectangular waveguide coupling into 60 mm diameter waveguide.
This correction will have to be determined for other diameter
circular waveguides.

The slot length and helix pitch are usually varied slightly
to give a symmetrical coupling curve about the design frequency.
A long slot will cause a faster cutoff at higher frequencies
due to loss to other modes.

Once the TE(; coupling has been optimized, the TE(,; coupling
is evaluated to minimize its coupling in the design frequency
band. The first null in the TEj, coupling is shifted by varying
only the number of coupling holes. After this is done, a final
graph is done, showing the TEg), TEg2, TEg3, and TEgp, coupling

curves, along with all the design parameters.
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