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ABSTRACT. This report discloses the full FORTRAN IV pro-
gram (for an IBM 7094 digital computer) for the automatic
design of arbitrary TEM quadrature couplers and differential
phase shifters. The design is completely general in the
sense that any number of coupled quarter wavelength sections,
any nominal coupling value (or phase shift), and any design
bandwidth of operation can be realized, although the user
may specify any maximum coupling value in the design. This
last degree of freedom in the specification to the machine,
which is all-important in the physical realization of a
theoretical design, is met by finding the proper number and
types of tandem coupled junctions in the solution. This
computer solution will be optimum. It will find the least
ripple for the required bandwidth of operation for any
(input) design complexity.

This report shows a complete flow chart of the total
program. It also gives the special subroutines developed
for automatic plotting of the coupler (or phase shifter)
frequency-response functions. Various sample input data
and machine outputs are also included.
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used on an IBM 7094 digital computer at NOTS, for the auto-
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Section 1. INTRODUCTION

During the last decade, before the directional couplers
attained their present peak of popularity, there has truelV
been a host of papers on this subject. (Ref. 1-10.) However,
aside from the question of which published designs could, in
fact, be built in practice, there still existed the need for
high-quality (i.e., low ripple) extremely broad band couplers.
Furthermore, because of the recently developed antenna feed
matrices and receiver techniques, the quadrature relationship
in some couplers and differential phase shifters are now
applied in a multitude of microwave system designs.

This paper is primarily directed to the system design
engineers who require arbitrary bandwidth, arbitrary ripple
(or quality) performance, arbitrary but specifically control-
lable construction constraints on devices and still have an
optimum solution. The paper is prepared for the engineer
who does not care about the details of coupler synthesis,
but only in what the solution and performance is for some
given requirement and some physical constraint. It is beyond
tbh scope of this report to delve into the synthesis of such
zarbitrary couplers and phase shifters. 1

The explanation given on the comment cards in the begin-ning of the program were judged to be sufficiently complete

so that any reader may be able to apply the program. This
explanation became necessary when, in order to make the pro-
gram more flexible, it was modified to accept several types
of input data. With the enclosed examples, there should be
no difficulty in using the program.

lIiuc is the purpose of a future paper: Sh~eltAon, J.P
and J.A. Mosko. "Synthesis and Design of Wide-Band Equal-
Ripple TEM Direction Couplers and Fixed Phase Shifters,"
IEEE TRANS, Vol. MTT-14, No. 10 (October 1966).

1
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Section 2. PROGRAM LISTING

The following text is a listing of the FORTRAN IV pro-
gram (main program and subroutines) to design TEM couplers
and phase shifters.

A casual glance at the text will reveal that not all
subroutines are disclosed in detail. Those missing are
non-essential in the sense that they are used to plot and
label responses and write comments using the SC4020 plotting
equipment. If this plotting system is not available,
SCOUT V, TABL IV, AICRT 3, etc., and SUB ROUTINE PLOT would
not be reproduced.

Note that tapes 5, 6, and 7 are for input data, written
output, and punched card output. Also, tapes 16 and 18 are
for written output (comments, labels, etc.) using the
SC4020 plotted output.

Finally, the first five data cards, which are shown to
be read in, are for comments and labeling of plots: these
are non-essential and therefore can be blank cards or the
read and write instructions can be removed altogether.

- 2
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SUVaOUT31,t TAILC (CT,-NUT,-%NARY KTNT.UOT.9IWT,RIPT, TOL?,RLI,OATt

c C K U I,2It 10

C
C THIS PROGRAM PREPARE$ TABLES 0f DESIGN DATA GROUPDC BY KII,NT,SW?.

C THIS PROGRAN RtGUIatS THE INS SUSROUTINr

DIMENSION TOL (101,RIP ISO) C (10.30,).101Mt 130) ,4L(10),CT(I0,SO) .

2 NU(10,0) ,NUN13O) ,UUt301 DOATE (g) BSANO(20)

10 FORMAT( IM(1,HIi,1~795

C So roalmATIy lZ,11d21)2)705

999 'oar1irl (11211W: IZ.?&XIOHCOUPLINGm , 79.2, 311 08)
g09 FORMAT I11211Nz,I2,?Sx12HPHASE SHIFT: .F6.1,41 DEC)

c *I FORMAT (zxIaHSANOwZOTH . 10710.3
I1 FORMAT (IXI1HBAkOWWT" IO .17 .3

It rORMAT(IXI1HRIPPLE. OE4,107 9.5)
94 rOMMATfIXI1HTOLERANCE 9,107 9.5)
95 FORMAT(1119H* READS IN DEGREES)

26 rOMMATfSlX11HEr. LENGTNI$,10 9.5)
It rOMMAT(SX14H* READS IN 08)

997ONT(IlXlOHRPPLE. 09,11107 9.5)

101 FORMAT (1111)

102 rORWAT(3X?HOATE I .2X2A6)
RAO:57.2957?95
CALL. FROUTV(S)

17(CNEN.GT.O) 60 TO 24
17(KRUN) 350,350,24

24 CONTINUE W

TOL (KMUN)=TOLT
RI.CRk)RP
RL(KRU#I) RLT
00 45 I=I,MNAXT
I T:NUT (5)
MU(1,KRUUN)IT
DO 45 IA=1,IT

CIS , IA,KiRUN):CT() ,IA)
49 CONlINp=

if(MENO.GT.01 G0 TO 200
17(HH*X-MMAXT) 47,47.44

4? MNAI:NNAXT

Of IFIKRUM-10)SO,2O0,2OO
50 IFClKT.NE.$CASE) (0 TO 200

1) 00T.NE.MTEST) G0 TO 200

TI:7LOAT (NT) SUOTit 5 17(IT$CTST*.94) 200.60,55

16
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Section 3. FLOW CHART OF THE PROGRAM

Using an automatic program with the SC4020, a lineal
flow chart was prepared of the previous program. Because
of the lineal display and the number of pages that areI required, wherever possible, two "frames' were placed on a
single page in the report. Thus, on page 19, for instance,
the heavy broken line represents the proper sequence of
events. In the absence of this broken line, it will be
understood that flow lines at the top on one page directly
connect to lines at the bottom of the immediately preceding

ii page.
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COMPUTE NU
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COMPUTE VOL

+IF 
(L-N, 

138 
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3113

1 39
VNITE 'SS)
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LI VOL

COMPUTE JL -
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CONPUTE VOL

141
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ICO;PUTLt.L

CO P tE k,I.PLA

- 002031WI.0

* ~CONPUTE 21:

- 41L=10.

* CONTINUE

IF (rAIL.LE .0
.)60T0204
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Section 4. SAMPLE APPLICATIONS

Example A
Type I Data

If it is desired to design a 17:1 bandwidth, -3 db-
coupler, which has a normalized Zoe ± 1.8343 limitation on
it, one needs the Chebyshev antenna distributions for 15
elements at 19.6 db side lobes:

1.0, 0.962, 0.890, 0.789, 0.663, 0.536, 0.837

Assuming that three iterations are allowed (1% toler-
ance (.01) is desired) and that neither development (TDEV=0)
nor printed performance (XPRINT=0) data are required, then
the punched input data cards are as shown in Fig. 1. The
total output data is shown in Fig. 2, 3, and 4.

The computer execution time was 5.93 seconds.

.19
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1 DID0 CO 0 010 a 010 0 0100 0 10 0 O 0 0 OO 00 010 0 010 0 010 0 010 0 010 0 CIJ 0O 0 010 0 01. 0 0 010 0 010 0 010 0CIa 010 0 010 0 0100 010t 0 0 0 0 0 0 0

I - I I I I

S10 o NOo C 010 o COo 0 01o 1 o] Oi 0J 01 01 0 01 o o CIO o SIC o COp o olo o DI oDI o l O IO c Ol O o CIO o CIO c CI O o IOo o CIO o DID o COo o o o o n o o

2 22122 2 22 2 2 22122 212 22 2 22222? 22? 2 22 22 22 2 2 222 21 2 72 222 22 22 22 2 22 22 2I2 22 22 22 22 22 2 2 2 222 22 2

3 "3 313 3 33 t3 3 33 b33 3 33I 313 3 3 b3 33 3 3 3 3 33 '3333 3 I 3 3 '3 '33 3 3 3" 3 3 3 3 3 33 2 33 3 3 333 3 333 33 33 3
a8 a a 8 q

1 9 994499 •9 9 9 09At991

';- 5055155555 5i '7 M V. 12 I55 -4 19 I..0:11 14 IS It 'I It M M 6 1 2 ZI 2M 2 1#2 2 13 .143 It 10.0CJ 1 I4
• 471

FIG. 1. Input Dat~a Cards.

z Assuming this to be the first decign problem for the
machine, then these input data would be preceded by five
cards :

) Instable B's
i Fn2) Failed

ý •)Theta (degrees)
51 Coupling (db)

with the reference

12345 ------ 0 5 0 5 0

I Note - Card 3 was left blank since the plots (see Fig. 6, 7,
and 8) were not desired to be titled on the top.
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........... .... ... *9** ,.. .. ... . ...

"-I- . - -- .-_ -... - ..:2. . - . .-

c~ .... .... .......

-3. N 7

-.... .. . .. .. .

- .e2 ... ..... 1:

...j ;: ::: ;: ::1.....::I4 ........ 9  : j:.... :{:

-.- . . . . •..- - - ~.._...- - -

.... .. .... ... . ............

.:-:.............

S..,:I:::...'" .... ....

S... L... i............

13 to03 40 sosos

THETA MOES

17.000 TO 1.0 BANDWIDTH COUPLER
S.,0414 1.13434 1.64479 1.3$001 1.23440 1.14S90 1.08O46
cows70 0.$4817 0.41181 0.311!9 0.10752 0.134 0.0' , 49

0.1481 :.1300

1.01247

FIG. 2. Response Curve and Design of Coupler.
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Example B
Type 2 Data

To improve further on a coupler design) one on which

data are available but in terms of reflection coefficients

(such data are part of the outpt' from previous calculations;

eg., Fig. 4), assume that the uata are as in Fig. 5 below:

1= 0.4989, 1'I= 0.1536, r 0.0881, - 0.0575,

r = 0.0403, f6 = 0.0277, r7 = 0.0303, ¶

I!

A ith six allowable iterations, required development data,

FAnd 1% colerance, the input data will then be as shown in
" ! ~Fig. 6.

The output data for this computation are shown in

Fig. 7-11.

The computer execution time was 6.30 second',.
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Example C
Type 3 Data (Phase Shifter)

Let it be required to check and improve, if necessary,
a phase shifter design that is in terms of even mode im-
pedances: specifically, the 17:1 bandwidth, 90 degree phase
shifter of Ref. 12. Thus, the input data are as in Fig. 12
with the output data as shown in Fig. 13-15.

The computer execution time was 2.85 seconds.

Example D
Type 3 Data (Coupler)

Entertain the request for a 7.50:1 bandwidth, -3 db,
re-entrant nine-section coupler with a nornalized Zoe = 4.5
for the maximum coupled section. Note Ref. 10, which con-
tains such a coupler design, except that Zoe = 4.93133 and
that the bandwidth is 7.365:1. Therefore, let this published
data be the starting point of the desired data. Thus, the
input data cards are prepared according to Fig. 16 with the
output data shown in Fig. 17-19.

The computer execution time was 7.65 seconds.
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Example E
Type 4 Data

Should it be desired to calculate a coupler similar to
the presently completed one of example D except for Zoe 3.0,
then one could take the output data of example D (Fig. 19)
to be the input now. However, one can save the punching of
r's, Zoe's, etc., by punching CONT = 5. on the first data
card. This simply saves the design data from the previous
design to be the new starting data. Thus, Fig. 20 was pre- I
pared as input and Fig. 21-23 are its output.

One should use the Type 4 data input with some discretion.
One would not, for instance, start the design of a 5-section
phase shifter based on a previously completed design of a
6-section phase shifter.3 However, one can start a solution
by using a presently completed solution of basically the
same device except changes in Z max. and B14, or both.
Obviously, the greater the differences between the known
and the desired designs, the longer the iteration process
and the less efficient the method of design.

The computer execution time was 3.72 seconds.

3 1t is interesting to note that in preparing the input
data for example C above, an error in copying data was made
resulting in a deTetion of a coupled section of Zoe = 1.8343.Thus, the machine started the design of a 5-section phase
snifter with the data from basically a 6 -section coupler
(see Fig. 24 for actual input data cards). To see how the
machine performed under this input, see Fig. 25 where the
performance response's maxima/minima (peaks/valleys) arelisted (between 0 = 0 degree to 0 = 90 degrees), also see
Fig. 26 for final response plot. Thus, the initial response
does not have the "proper" number of maxima/minima, but
after one iteration, this has been rectified. No complete
analysis has been made to specify, in general, how poor a
starting solution can be and still have the machine converge
on a meaningful result.
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FIG. 26. Final Response Curve and Design Data of Phase Shifter.

139



NAVWEPS REPORT 9048

REFERENCES

1. Oliver, B. M., "Directional Electromagnetic Couplers",
PROC IRE, Vol. 42 (November 1964), p. 1686.

2. Monteath, G. D., "Coupled Transmission Lines as Symmet-
rical Directional Couplers", PROC lEE, Vol. 102B (1955),
p. 383.

3. Jones, E. M. T. and J. T. Bolljahn, "Coupled-Transmission-
Line Filters and Directional Couplers", IRE TRANS,
Vol. MTT-4, No. 2, (April 1956), p. 75.

4. Shimizu, J. K., "Strip-line 3 db Directional Couplers",
Wescon Convention Record, IRL, Vol. 1, Part 1 (1957),
p. 4.

5. Shimizu, J. K. and E. M. ,. Jones, "Coupled-Transmission-
Line Directional Couplers", IRE TRANS, Vol. MTT-6 (1958),
p. 403.

6. Rantec Corporation. Microwave Hybrid Coupler Study
Program. Calabasas, California, RC, January 1962.
(Third Quarterly Progress Report; Contract DA-36-239
SC-87435),

7. Levy, R., "General Synthesis of Asymmetric Multi-elemeait
Coupled-Transmission-Line Directional Couplers", IRE
TRANS, Vol. MTT-11 (1963), p. 226.

8. ------. "Coupled-Transmission-Line Theory and the Design
of Ultra-Broad-Band Microwave Components', Conference on
Components for Microwave Circuits, lEE, 1962, p. 59.

9.- ------- "Tables for Asynmetric Multi-element Coupled-
Transmission-Line Directional Couplers", IRE TRANS,
Vol. MTT-12 (1964), p. 275.

10. Stanford Research Institute. Novel Microwave Filter
Techniques. Menlo Park, California, SRI, October 1964.
(Seventh Quarterly Progress Report, Sect. V; SRI Project
4344; Contract DA-36-039-AMC-00084 (E.))

11. Shelton, P., "Synthesis and Design of Wideband TEM
Directional Couplers", paper presented at International
Conference on Microwaves, Circuit Theory, and Information
Theory, Tokyo, Japan, 10 September 1964.

140



NAVWEPS REPORT 9048

12. Wright-Patterson Air Force Base, Air Force Avionics
Laboratory. Tandem Couplers and Phase Shifters: A
New Class of Unlimited Bandwidth Components, by
P. Shelton, R. Van Wagoner, and J. J. Wolfe. Paper
presented at the 14th Annual Symposium, USAF Antenna

Research and Development Program at Monticello,
Illinois, October 1964.

1

I
I

Ii

141



NAVWEPS REPORT 9048

INITIAL DISTRIBUTION

F.,l 4 Naval Air Systems Command
AIR-5332 (1)
AIR-53322 (1)
AIR-604 (2)

I Naval Ship Systems Command (Code 681A-2, L. Gumina)I Naval Missile Center, Point Mugu

3 Naval Ordnance Laboratory, Corona
C. Lundquist (1)
R. Clark (1)
Technical Library (1)

1 Naval Research Laboratory (Code 2027)
2 Naval Weapons Services Office (Code DM)
2 Navy Electronics Laboratory, San Diego

Bernard I. Small (1)
Technical Library (1)

2 Office Chief of Research and Development
I Army Combat Developments Command, Fort Belvoir (CDCMR-E)I Army Combat Developments Command Cormmunications-Electronics Agency, Fort Huachuca

7 Army Electronics Command, Fort Monmouth
AMSEL-KL-E, Division Chief (1)
AMSEL-RD-P, Department Director (1)

AMSEL-RD-PE
Division Director (1)
Dr. E. Both (1)

AMSEL-RD-PRM, J. Carter (1)
Technical Documents Center (2)

I Army Electronics Research and Development Activity,
White Sands Missile Range

2 Army Engineer Research and Development Laboratories,
Fort Belvoir (STINFO Branch)

1 Army ERDA, White Sands Missile Range (SELWS-A)
I Army Research Office, Durham
2 Army Security Agency, Arlington (ACOFS, G4, Technical
1Library)
SArmy Security Agency Board, Arlington
1 Harry Diamond Laboratories
1 Redstone Arsenal (AMSMI-RFC-GSS)
I Army Electronics Command Liaison Officer, Rome Air

Development Center, Griffiss Air Force Base (EMPL)
1 Electronic Systems Division, Laurence G. Haiiscom Field

(Scientific and Technical Information Division, ESTI)
1; 3 Rome Air Development Center, Griffiss Air Force Base
II EMIAD, H. Freedman (1)
' RAALD (1)

RCLRA-2, Mr. Romanelli (1)

142



bNCLASSIFIED
Security Cl. ,sification

DOCUMENT CONTROL DATA- R&D
(Security closailcatlon of title body of oboeggat And jndexing ,nnototoon must be enacted when the ovnrell "eport Is clstsflid) 4

ORIINATIN G ACTIVITY (Corporate *uthor) Z. RePORT SECURITY C LASSIFICATION

U. S. Naval Ordnance Test Station UNCLASSIFIED

Chia Lake, Calif. 93555 Zb GROUP

3 REPORT TITLE

FINDING THE OPTIMUM DESIGNS OF ARBITRARY TEM-MODE QUADRATUP.E
COUPLERS AND PHASE SHIFTERS, USING A DIGITAL COMPUTER

4 DESCRIPTIVE NOTES (Type of report and inclusive doet.)

Digital Computer report
S. AUTHOR(S) (Laet name. liter name,. inital)

MOSKO, Joseph A.

4. REPORT DATE T78 TOTAL NO OF PAGES 7h NO OE Rtt

September 1966 142 12
Pa. CONTRACT OR GRANT NO. to. ORIGINATORS REPOR•T NUMSER(S)

NOTS TP 4055
I. PROJECT NO.

BuWeps Task RMGA-61- 1b OTWINER fPORT NO(S) (Any ot%*,ntm,,bre Sthalty be 8,,,ie,c- 158/216-1/Wl132 and RM-3781- Oi re"poaS001/216-1/Wwl 15-00-001 j NAVWEPS REPORT 9048

10. AVA ILAUILITY/LIMITATION NOTICES

THIS DOCUMENT IS SUBJECT TO SPECIAL EXPORT CONTROLS AND EACH TRANSMITTAL TO FOREIGN
GOVERNMENTS OR FOREIGN NATIONALS MAY BE MADE ONLY NITH PRIOR APr-ROVAL OF THE U.S.
NAVAL ORDNANCE TEST STATION.

!I SUPPLEMENTARY NOTES 1 2 SPONSORING MILITARY ACTIVITYNaval Air Systems Command

"--- ]Naval Material Command
A RWashington, D. C. 20360

13 ,Agr'RACT

ABSTRACT. This report discloses the full FORTRAN IV program (for
an 11 094 digital computer) for the autumatic design of arbitrary
TEM quadrature couplers and differential phase shifters. The
design is completely general in the sense that any number of coupled
quarter wavelength sections, any naminal coupling value (or phase
shift), and any design bandwidth of operation can be realized,
although the user may specify any maximum coupling value in the
design. This last degree of freedom in the specification to the
machine, which is all-important in the physical realization of a
theoretical design, is met by finding the proper number and types
of tandem coupled junctions in the solution. This computer solution
will be optimum. It will find the least ripple for the required
bandwidth of operation for any (input) design complexity.

This report shows a complete flow chart of the total program.
It also gives the special subroutines developed for automatic
plotting of Vhe coupler (or phase shifter) frequency-response
functions. Various sample input data and machine outputs are also
included.

FORM

DD I JN 1473 0101o.807.6800 UNCLASSIFIED
Security Classification



I

U NCL\SSIFIED
Secutity Cles.ificaion. LINK A LINK LIK C

Sta KEY wotos (U) .oc w A oLINKS OLIN Cv
KEY IOOS(UROE WT ROLE a? ROLE WT

FORTRAN IV Program
Phase Shifters
Quadrature Couplers
Sample Data

INSTRUCTIONS
t. ORIGINATING ACTIVITY: Enter the name and address imposed by security classification, using standard statelzients
of the contractor. subcontractor. grantee, Deparmen, of De- such as:
rense activity or other organization (corporate author) issuin7 (1) "Qualified requesters may obtain copies of this
the report. report from DDC."
2a. REPORT SECURITY CLASSIFICATION: Enter the over, (2) "Foreign announcement and dissemination of this
all e.turity classification of the report. Indicate whether () pori b nno t audhoisem i f
"Restricted Data" is included. Marking in to be in accord- report by DDC Is not authorized"
ance with appropriate security regulations. (3) "U. S. Government agencies may obtain copies of

this report directly from DDC. Other qualified DDC2b. GROUP:. Automatic dowr~ladiog Is specified in DoD Dt-usrshlreettrog
rective 5200.10 and Armed Forces Industrial Manual. Evter users shall request through
the grcup number. Also. when applicable. show that optional
markings have been used for Group 3 and Group 4 as author- (4) "U. S. military agencies may obtain copies of this
ixzd. report directly from DDC. Other qualified users

3. REPORT TITLE: Enter the comsplete report title in all shall request through
capital letters. Titles in all rases should be unclassified.
IU a meaningful title cannot be aelected without classifica-
tion. show title classification in all capitals in parenthesis (5) "All distribution of this report is controlled. Qual.
immediately following the title. ified DDC users shall request through

4. DESCRIPTIVE NOTES: I! appropriate, enter the type of _"

report. e.g., interim. progrera. summary. annual, or final. If the report has been furnished to the Office of Technical
Give the inclusive dates when a specific reporting period is Services, Department of Commerce. for sale to the public, indi-
covered. cate this fact and enter the price. if known.
S. AUTHOR(S): Enter the name(s) of author(s) as shown on IL SUPPLEMENTARY NOTES: Use for additional expluna-
or in the report. Enter fait name, first name, middle initial. tory notes.
If military, show rank and branch of service. The name of
the principal author is an ahsolute minimum requirement. 12. SPONSORING MILITARY ACTIVITY: Enter the name of

the departriental projec, office or laboratory sponsoring (pay-
6. REPORT DATE. Enter the date ot' the report as day. Ing (or) the research and development. Include address.
month, yean or month. year. If more than one date appears
on the report, use date of publication. 13 ABSTRACT: Ent.-r an abstract giving a brief and factual

summary of the document indicative of the report, even though
7&. TOTAL NUW.EER OF PAGES: The total page count it may also %ppear elsewhere in the body of the technical re-
should follow normsl Pag•Ination procedures. i.e.. enter the port If additional space is required, a continuation sheet shall
number of pages cantaining information. be attached.
7b6 NUMBER OF REFERENCeB Enter the total number of It is highly desirable that the abstract of classifed reports
refrerences cited in th4 report, be unclassified. Each paragraph of the ahstract shall end with
&a. CONTRACT OR GRANT NUMBER: If appropriate, enter an indication of the military security classification of the in-
the applicable number of the contract or grant under which formation in the paragraph, represented ar. (TS). (S). (C). *, (U)
tht report was written. There is no limitation on the length of the abstract. How-
8b. Be. & 8id. PROJECT NUMBER: Enter the appropriate ever. the suggested length is from 150 to 225 words.
military de.partment identification. such as project number,

subproject number, system numbers, task number, etc. a4. KEY WORDS: Key words are technically meaningful terms
or short phrases that characterize a report and may be used as

9a. ORIGINATOR'S REPORT NUMBER(0): Enter the offi. index entries for cataloging the report. Key %orde nmust be
cial report numbelr by which the document will be Identified selected so that no security classification is required. Identi-
and controlled by the originating activity. This numour must fiers. such as equipment model designation, trade name, military
be unique to this report. project code name, geographic location, may be used as key
9b. OTHER REPORT NUMBER(S): If the report has been words but will be followed by an indication of technical con-
assigned any other report numbers (either by the originator text. The assignment of link3. roles, and weights is optional,
or by file apor-sor,). at"o enter this number(a).

10, AVAIL ABILTTY/LI&CTATION NOTICES: Enter any lim-
its~ions on fur~ther disse~mintion of the report, other than thosel

UNCLASSIFIED
S-curity Classification


