| Reproduced by |
AlR DOCUMENTS DIVISION

nh M'NI, ||l||
l|2j i
! “5 e

uu

uhm" s -

HEADQUARTERS AIR MATERIEL COMMAND
WRIGHT FIELD, DAYTON, OHIO




IS ABSOLVED

_ o
US.GOVERNMENT

FRNGING ON THE FOREIGN PATENT .

RIGHTS WHICH MAY BE INVOLVED.







ep— v o ;
- B Y -——
. T - -
- -
- ] “oe e
—‘- e
o
-

i IS
! .
4 .

i T e




DESIGN CONSIDERATIONS
FOR DIRECTIONAL COUPLERS

RADIATION LABORATORY
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
CAMBRIDGE - MASSACHUSITTS

Ch, Eléct, Subdy, .{m

§ ol Subdiv. — Proc. Ink, See.
Tl iz‘h (’pt:ﬁhe 5 . — Syst. Eng Lad
: ki, Asst, . :rg Seiv. Lad,
- Spat, FSsl. = .{.s .
. N Lab.
T gpsec Picj. Lab, o Fawit Ageiicy

RADIR U5, 10, Busbs7ad
h*vnlﬂ-

Classiiied Document 7-/®




NORC
Div. 14
OFd8r-262

Eadiation Leboratopr
. 0w

Report 724 Decemrer 31, 1545
DESIGR COMSIDERATIONS FOR DIRECTOHLL {O1LERS

Atetzact

Direstionnl counlers possess preportion whieh mako thon useoful

for power monltering gurposes end for lmpedemce mezsurizg or matching.

The action ol & murber of different gencral olaazes 92 cirecliozal couplers
i3 expleired yuelitatively. Characteristice of zpecific typas in both wave-
gulde and coaxlel lire are givea, togather vith infcrmation nscessary for

the design of thesa couplers to mest perticular re uirzssnts. The exrhasim
n this report is upon directicaal couplers such a3 migkt bs used ae test
pointe in radar systems at which cme can moultcr traczaltier power and intro-
duce signals of imown smplitude to measure roceiver rensitlvity.

Re 7« Harrison

Approved bys

£ OO eaf

laeder, Group 55

Q.4 ki

Woal, Division &

Title Page

Table of Coutenta~--2 pages
Text-~565 numbared puges
Appandix--5 pages
Figures- 40




ZARLE OF CONIENIS
Daxe
. Iatxeducticn 124-1
I. Directional Couplers,--Their Use, Advantages, and Limitations~=e~=-=724-1
A. Definitions 7241
B. Use of Directional Couplers in Power Moniltoring 724-3

C. Directional Couplers Used to Measurs Reflected Powere-=cece=ee.-724~§

15. Design Information: 724-8

A. General Design Considerations 724-8

1, Coupling Mechanimm: T724-8

a. Multiple-Path 724-8

b. Long Slot 724-9

: G. Reverssd Phass 724-9

4: Electromagnetic -=724~-9
2. Terminmation Design 724~9 .

a. Effect of Termination Misgmateh T24=9
be Bpecific Termination Designs ——e=T24=-13
3. Mmltiple-Path Dirsctional Couplexrge=- T24-14
. ls QGensrsl Properties 724-14

o as Irequency Sensitivity of Two-Elemsnt Multiple-Path

1L Directionsl Coupler 724-16
3 b. Other Multiple-Path Directiopal Couplers 72417
2, Multiple=-Path Direetional Couplere in Waveguidee~—ceccccmee724-18

[N ppm————




'
a.

ZARLE QF SONIENIS (contimued)

8. Oouplers Using Small Holes in the Side of the Guide-~=--724-19
be Use of Near-Resonant Slots in 8ide of Guide---

«T24=-22
oe Branched Guide (Doubls Stub) Directional Coipleree~e=e«e724=23

8. Multiple-Path Couplers in Coaxial Line 7R4~28
8. 8lotted Block Coaxial Lins Dirsctional Ccuplere-sece—e-n¥R4=26
bs Concentric Coax Two-Slot Dirsctional Couplereeceecwreveea724=27
o. Branched Coax (Double Stub) Dirsctional Coupler-e=eceeee724=80

Long 8lot Directional Coupler- 724-31

Reversed FPhase Direotional Coupler: 724-32

Klectromagnetic Typs of Directional Coupler 724-36

1. Kinds of Electromaguetic Couplers 724-38

2, Bethe Hole Directional Couplers 724=37

Index to Coupling Mechanism Design Information: T24~44

Procedures for Testing Directional Gouplere 724~48

Amendiz ) - - fiee




When a directionsl coupler is inserted in a transmission liwe,
4t will couple more tightly to the wave travelling in onms direction than
to ths wave travelling in the opposite direction. As a result of this
property, directional couplers aay perform varicus useful functioas. Om
redar syetems, they may be used as test points at which to monitor trans-
mitter power and to introduce signals of known smplitude to test the re-
ceiver, in a manner that ie relatively free from errors due to standing
waves in the line. In test sets, they mey be used to monitor the power
output from a signal generator, avoiding the error which may result from
ths critical dependence upon impedance of the power split at a simple %ee.
They may be used as *"reflectoseters”, to deterains atanding wave ratio by
measuring the amplitude of the reflected wave relative to that of the
wave in a transmission lime, or to metch a load by tuning the output o’ the
reflectomster to zero.

The performance of a coupler in any of these uses msy be pre-
dicted from a knowledge of its coupling coefficient and its directivity.
. Conversely, ths requirements for the coupling and dirsotivity ars set by
the epecifications for the coupler.

There are many different kindes of dirsctional couplers and quite
a bit of information has been obtained sbout their design. The purpose of
this report is to collect this information and make it available in the form
of diecussion, formulus, and graphs.

I. AL P, S - U (3

Ao DEFINITIONS:

: A DIRECTIONAL COUPLER {is & device which, wken inserted in a
transmiseion line cn which there exiet waves travelling im both direotions,

delivers to a pair of termioals loeated in an AULILIARY THANSMISSION LINE

@ voltage which le largely a function of the amplitade of the wave going in

one PREFERRLD DIRLCTION, and relatively independent of the wave going in the
opposite direction.

That purt of the directional coupler which forms a eection
of the transmiesion line in wanich the coupler is inserted will be referred
to as the MAIN LINE., It posscsses a set of %erminals referred to as the
MAIN LINE INPUT 7.RJINALS, at shich the wave travelling in the preferred
direction enters. 7The otter set of asim line terainals will be celled the
MAIN LINE OUTPUT THHMINALS.

The ADXIILIARY LIME contains, in scddition to the AUXILIARY LIKE
OUTPUT TEAMINALS, 4 resistlve TERMINATION. 'he latter serves to absort the
"wrong way" energy, and to provide s good mstch looking ia‘o the auxiliary
lime ocutput terminuls. The main and suxiliary lines are connected together
by & COUPLING MECHANISU whioh gives the coupler its directiomal properties.




The COUPLING of the dirsctional coupler specifies that frac-
tion of the power proceeding in the preferred direction which is delivered
to the suxiliary line output terminals. More precisely, the COUPLING,which
may be expreesed eithsr as a voltage or power ratio, is defined as the ratio
of the voltage (or powsr) delivered to a matched deteotor at the awxiliary
1ine output terminels to the voltage (or power) delivered to the coupler's
main line input terminals, provided that the mein line output terminals are
terminated by a matched load. Coupling will be denoted hy the letter C.

The DIRECTIVITY of a directional coupler is defined se the
ratio of the voltags (or power) dslivered to a matched detector at the
suxiliary line output terminals under the two conditionss (1) power is fed
in the main iins input terminals, with a matched load attached to the main
output terminale; and (2) the scme amount of power ie delivered to the main
lins output terminsls, with a matched load attached to the maln line input
terminale. Direotivity will be demoted by tho lstter D,

The MAIN LINE VSFR is the voltage stonding wave ratio seen
looking into the main line input termimals, with matched lcads on the othsr
sete of terminals. The AUXILIARY LIEE VSWR. e thai VSWR seen looking into

the auxiliary lins output terminals, with zatched loads cn the other seste
of teraninals.

- __— OuTPUT TERMINAL
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~

figure &

¥ Ae defined here, coupling expressed as a ratio has a valus less than unity, and

thus when it 1e expressed in decitels it ie 2 negative nmber. This negative
sign is often cmitted for conveniencs, although it 1s retaized in this report.
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Figuree 1 and 2 are schematic diagrams, shich may eerve to
olarify the definitions of coupl and directivity. The 1epreeentation of
the directiocal coupler here as a (dissipative) eix terminel element 13 to
esphasize the fact that the definitions spply to the sntire coupler, and
thus include the effect cof the resistive terainmatiom.

The performance of the directional coupler, when it is used
to introduce a eignal into ths main traneamisaion line may be predicted from
reciprocity coneiderations, and is indicated in Figure 3,

o—-_
; AUXILIARY LINE < {
Ot
C i T =
- = e
-y MAIN LINE ol D
Elgure 3

B. USE OF DIELCTIOHAL COUPLERS IN POWER MONITORIRG:

A directiocnal coupler, the coupling of which is knowm, may be
used togeiher with a power meesuring device to obtain a guantitative meseurs
of the power flowing domn the tracemission line im which ths coupler is in-
serted. There aro srrore which arise in thie measurement due to the presence
of a reflected wave on the lirve, bui, se will be shown, thsee srrors are em
order of magnituds leee than those mhich would be encountered with the use of
a non-directicmal coupling device under the seme coaditions.

The output of a non~directicmsl coupling device, such es a
asimple probe, ineerted in 2 trenrmiesion line on which there are etamding
waves will depend on the positicn of imeertion in such a way that if a curve
of power ocutput versus positicu along the line i3 plotted, the familisr
standing wave pattern le traced out. The ratio of the maximum powver to the
minisuw pover will Le exactly egual to the squars of the voltage-starding-
wave ratio. ’

Thus, even for etunding-wave-rctios for which the power
carried in the reflected wave ie negligille compared with that carried by
the transmitted wave, the voltsce emplitude cf the reflected wave is not
negligible compared with that of the direct wave. BSiuce the voltage output
of the non-directional coupler is sizply proportiopal to the vector sum of
these two amplitudes, the ramge of output voltage ie between limite propor-
tional to their arithzatical eus amd difference, as shown in Pigure 4.
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The velues of this variation for various directivities and
VSWR!'s are tabulated in FPigure 8, and plotted in Figure 7. The following
1s = useful approximation for this variation.

DB VARIATION IN POWER OUT COUPLER = + 6.7 % .
DUE 20 STANDING WAVES

where G and D are again expressed as voltage ratlos.

JERB in Lipa
Errer 1.1 1,2 1,6 2.0 2,5 .0 1.0 M
+ oJdan 13db | 18db| 25ch| 30db| 25 ab| 35db| 38 db | 40 &
T .2 8.6 |12 19 23 26 27 s1 33
* .3 s 8.5 | 15.5 | 20 22 23 27 29
T 4 s e 13 17 19 21 2¢ 27
I 1 ] 4 n 16 17.5 | 18.5 | 22.5 | 28
T .78 0 5 7 12 14 15.5 | 19 2
* 1.0 0 0 5 ° 12,6 | 13 1.5 |19

Table lists Directivity (in db) required in order to reduce
error in monitoring direct wave to specified amounts for various VSWA's in
the main line.

Figure €

A sigmal of kmown amplitude may bs introduced through the
directional coupler into the main transzission line, and one may desire to
know the power which proceeds in one dirsotion down that line. is may be
sest from Figure 8 or by reciprocity froz Figure 5, the sazme errors enter

here as in the previous case. Thess are just those listed in Figures € and
7.
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Figure 8

The specifioatiocns for the dirsctivity zequired of a dirsctional
ooupler for amy glivem power zonitoring application may be arrived at by the
use of Pigure 7, and by considering both the magnitude of the standing wave
ratio likely to be encountered in the limns, and the maximum error allowable in
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ELS

DIRECTIVITY IN DECIB

.54 t 1.Odb %t 1.8db
MAXIMUM VARIATION IN POWER OUTPUT OF COUPLER

FIG.7

EFFECT OF DIRECTIVITY UPON POWER MONITORING
ERRORS DUE TO STANDING WAVE RATIO IN MAIN LINE
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Thas the problem here is to keep 1/D saall compared with G,
which is iteelf a s3all guantity; whereas to keep within the same error in
monitoring the direst wave, we have to make /D small oompaced with unity.

There 1e a rpecisl case which ie of voms intersst. If power
is being delivered to the main line output terminals, a tunable load attached
to the main line inpsut ierrinals may be adjusted to give garc output tc the
auxiliary lire terminals. For a coupler with infinite directivity, the VSR
of the load after 2djusiment ¥1ll be exactly unity. In gemerasl, the load
VEWR will correspind to a refleoticn coefficient of magnitude & = 1/D .,

We shall oall the VSER so cdefined, ths DIRECTIVITY-STANDING-WAVE RATIO, cr
DSWR., PFigure 10 shows a graph of direotivity ia decibels as a fuaction of
DEWR,

This experivent mey be used ac a convenient way of measuring
the directivity of a directional coupler mithout the necessity of making
actual attenuation measurenments. The procedure ie .0 feed power into the
main line ocutput terminals and adjust a tunsble louc at the main line input
terninuls to give 2ero powsr te a detasotcr at the suxiliary terminals. Then
measure the VSWR of the lcad. I% will be egqual to ihe DSWR of the coupler.
It may be converted to decibels, if so desired, by referring to Figurs 10,

Ths figure for DSAR aleo enables one to make & fairly handy
approximation for the errors involved i measuring standing-wave-ratios
with a directionsl ooupler used a3 a reflestcmeter.

If the true standing wave ratio ie cenmoted by (VSYR) trus,
then the VSMR indicated by the reflectometer, {VEWX) refl. may vary betweer
1limits which are approxima‘elys

Vilygg, = (VSR,.,) (6VR)

and,
VEWR -
VTR, wo——tE3 . DSWR_
refl.  DSWR 2 VMR, e

whichever is greater than unity.
Thue a directivity of ¥u db corresponde %o DSWR = 1,03, and

in mezsuring e VSUR of, sey, 1.20, the reflectometer might reed anywhere
between 1.20/1.03 = 1,185, or (1.20)(1.03) = 1.235,

724-7
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II. DESIGN INFORNATION

The wide varieiy of applications to which dirsctional oouplers may
be put, gives riee to a correspondingly wide variety of specifications. Thus,
the oonsiderstions discussed in Part I of this report deteraine ths minimum
value of direotivity consistent with the desired parformance. In additionm,
there are specifications upon ocoupling and VSAR over a band of rroqmtu. N
The coupler must be sade in a particular kind of transalseion line, with the )
proper connectors. It must have sa adeyuate power capaooity. Fimally, oom=
sideratiocns of space, weight, and ease of manufscture must be taken imto
sgoount.

To assist in designing a directional coupler mseting all these
particulars, there will first be preseated sose gensral desiga considsrations,
and then more specific inforsation regarding the variocus types of diruﬁ.onl

o Pinally, a summary will be given tc serve as a brief index to this
inforsation.

A. GERERAL DESIGN CONSIDERATIONS:

The dasign .roblem for directional couplers is one of fimding
sechanisa possessing the desired charactsristics, and them cosbiming
u with a suitable resistive termination.

l. Coupling Mechanisa.

Essentially, the coupllu sechanism is the directiomal
ocoupler, apart from the termination! It contains sections of the main and
auxiliary lines, including all regioms im which thers 1s electrical coupling
between the two., It may be regarded zs a linear, non-dissipative eight
toerainal network, snod usually has at least one plane of symmetry,

The nany different kinds of coupling uchnuu have bess
classified according to the method of obtaining their directiomsl characteris-
tios. The general classes are listed here; subse uent sections will discuss
each of them ia detail.

a. Jultiple Fath

The direotivity of this class of coupler results from
the interference nf two or more waves miich have beem made to travel differeat
paths, due to the relative phase shift along these paths. Examples of this
type are the two hole coupler in wavegulds apd *he plotted bloeck coupler im
ooaxial lime.

#50netines the term "directionsl coupler® is spplied to the oceupling mechaniss
alone, rather tham to the over-all combinmaticn of couplisg mschaniss and
tornination as is doms ian this report.

¢-9
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c
: ¢
QUTPUY D Expressed as voltage
= D ratios
COUPLING g
MECHAN| &M
O e aaf
1 iz, ¢ (e 2D
s MAIN LINE 3
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Cr
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ouTPUT " -
%. o (%l + ag) couPLING [

e}

fo}

MECHANISM
: - L
_ ;

1.8, rd

RS T Yo TR = 2,3

MAIN LINE

O~ o
Figure 13

Figure 13 shows a coupler in which the termination has
a voltsge reflection coerficlent ane The measured coupling C will be only
slightly different from the couplifg C! of the coupling mechanism.
measured directivity D will be such that 1/D¥1/D' + ay.

The maximuam sffeot upon the directivity that a termina-
tion with arbitrary VSWR can bave, may be obtained from the following
approximate formulas. These are exprested in terms of the directivity stand-
ing-wave-ratio defined previously, D'SWR denoting the directivity standing-
wave-ratio that the coupler would have with a matched termination, and DEWR
representing the directivity standing-wave-ratlo that the coupler actually

has with the mismatched temmination. (\TSIR)T repressnts the standing-wave-
ratio of the termimationm.




The limits on DSWR will be:

mmﬁ(n-m)(vm),

oo, = Folh,» o SR -
whichever is greater than unity.

The maximum effect upon the coupling that the termination
VENR may produce may be obtained by referring back to Figure 7, or it aay bs
caloulated approximately from the formula:

MAXIMUM CHAMGE IN DECIBELS

COUPLING DUE TO MISMATCHED
TERMINATIOR LE 8.7';' ’

with ap and D! both expressed as voltage ratios.

From this discussion we see that the idecl termination
would be one which would have exactly the right phase and magnitude of re-
flection coefficient to correct for the imperfections of the coupling mechanism.
While it is not usually possidle to arrange this over a wide band of fre-
quenciss, for marrow band, or at spot freyuencies, by using a termination
whioch say be adjusted in both phase and magnitude, a coupler may be tuned to
have extremely high directivity.

Sometimes, for use in measuring standing waves, it may be
desirable to have two auxiliary line outputs on one coupler as in Figure l4;
one output to monltor the direct wave on the main line, and the other at
which to monitor the reflected wave.

OUTPUT N° 2 OUTPUT N1

/
c(1+ &) Q‘ i —//c(i‘g-‘)
COUPLING

O | MECHANISM

o
-,

g MAIN LINE




X BAND WAVEGUIDE
1”2 %" 2 050" WALL TUBE "2 %" x .084" waLL TUBE

-4 ‘F*_L' - i
L_.ﬁ: i .IL,:, L -,L'—-—f g

MAT'L: USKON 9-112 MAT'L: USKON 9-112

S BAND WAVEGUIDE K BAND WAVEGUIDE

" W o e 000" Sk T
1" x 3"x 080" WALL TUBE r—*—'i R/ A BE

, el
- 3'@;—?& L ‘

MAT'L: USKON 9-112 RESISTANCE CLOTH

STK. CAT. NO. 1728. M.L.CROWLEY 8 CO.

“8" BAND COAX LINE
86" COAX LINE % COAX LINE

_,_"":ll‘ 2 T it
b L il #ﬁg

ST'K. CAT. NO. C-1822 H.L.CROWLEY & CO. ST'K.CAT. NO. G-1640. H.L.CROWLEY & CO.

FIG. 15
TERMINATIONS USED IN DIRECTIONAL COUPLERS

724

— e

|
|}
1



This arrangemsnt may be regarded as two different directional

oouplers, each with its own directivity valus. The coupler which is used
for direct wave monito hae for its termination the power msasurer whioh
is comnected to output (2). The powsr measuring device which ie connectad to
output (1), is, in tum, the tersination of the coupler used to measurs the
reflected wave. Thue ihe high direotivity which is necded in the coupler
for reflected wave measurements sets stringent VSWR rsuuirsments on ths

measuring device usad at output (1) for direct wave monito + “his
difficulty nay be mininised by using & matched pad shexd cf outpad {1), or
avoided by the uee of two separate directiomal couplerc.

b. BSpecific Terminstion Designs

The teraination to be vesd in & directional coupler mst
be chosen such that its maximum VOWR ie coneiniont with the dirsctivity re-
Quiressats. Other considerations are the type of transmlesion line that must

bs satched, the kind of loesy msterial available, aad mechanical and space
ldaitations.

Figurs 1L gives drawings ofya number of termination
deaigns which are gemerally satisfactory for directional couplers used for
m. The procedure in deeigning these has beem largely a mstter
of cut and try. The materials used in these designs; namely, USKOR fabric and
polyiron, are readily adapted to this method.

4 taper cut out of a strip of USXON material, whiech
consists of six layers of carboa-ixpregnated cloth bonded together with bake-
1ite, ir used as a termination iu both X and S-hand wuveguides. If cut long
suough, it mmy be made to mntch as well as may be dedired. Those showm in
ths drawings are matched to u VSWR whilch aversgee lese than 1.10, and may be
used over their entire bands, They are mounted im the cemter of the waveguide
and backed by a short-circuiting giate.

The tapered polyiron termination used in 1/2v 4* 0.D,
waveguide hae a VSWR below 1,05 over a * 2% band, '

The polyiron termimations showmn for uso vith coaxiul
1ine at 8-band give VSWA's of 1.10 or better. They are remarkatly broaiband
in epite of thair etepped character, and some individual ones hive buen made
to give V8NR'e of lesr than 1.10 from 8§ to 12 cms., 2nd less wan 1.05 from
9 to 11 cas.

The charascteristices of polyiror whioch mske this broade
band charactaristic possible, ars its high louss, with relatively low reflectiicn.
To achieve tiis, some consideration must Le givem to the choice af polyirom
veed (with respect to such factors ss partiole sise aud binder used). Although
a epecific statement cannot be given describing the optimum composition for the
poelyiron to be used in any periicular applicatiocn, gsnerally speaking a satise
factory etepped-type turminaticn masy be made by ueing the R, L. Crowley mater-
1al designated by MP-1628. For tapered terminations, MP-2876-D is preferable.
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B. WNULTIPLE PATH DIRECTIONAL COUPLERS:
1. General Properties.

The directional propsrties of the coupling mschanisa of a
mltiple-path directional coupler depeud upon simple interference--destructive
in the back direction, and comstructive in the forward direction--caused by

ﬁ:h relative phass shift of waves whioh have been made to travel along differemt
patiis.

There is a close correspondence between the multiple-path
type of directionsl coupler, and end-fire antenna arrays. Both may be oom-
sidered as arrays of radiators whoss spaoing is syual to their time phasing,
this eyuality being achieved by feeding the array from ons end. There are
vardous kinds of each which Aiffer among themrelves as to mumber, spacing, Te-
lative asplitudes, and types of radiating slememt.

The prinoiple of operation of the multiple-path type coupler
may best be explained in terms of ths waves which are sxcited in the auxiliary
lins at the coupling elemsnts due to a wave travelling in coe direction in the
main lins. BKach coupling element, in the senss that Huygens' principle is
used in optics, is regarded as tho source of secondary waves which are seat in
the two directions in the suxiliary lias.

The resulting amplitude of the induced wave in the auxiliary
line travelling in the same direction as the exciiing wave in the main line may
be determined ly summing, over all the coupling slements with proper regard to
phasing, the amplitudes of the secondary waves sent out in this same direction.
By saking use of the fact that the relative time phasing of the radiation from
ths ocupnu slements is determincd by the phase of the exoiting wave at sach

{t may be showm that all the second:ry waves sent out im thie dirsctiom
are in [!u o This result ie independent of the spacing of the elements, pro-
the phase velocity im the auxiliury lins is the same ae 1t is in the

In siailar mamner, the amplitude of the induced wave in the
auxiliary line travelling in the direotion opposits to that of the wave in the
sain line may be determined. Here it can be shomm that the secondary waves
from the various coupling elements tand to intsrfere destruotively, to an ex-
tent which depends upon ths relative amplitudes and spaoing of the elsments.

Thus, we may consider the two-element multiple-path ooupler,
which is by cefinition tlu sizplest variety of multiple-path directicnal

In this, the ooupling mechaniss consists of two separate
but similar coupling elements which join together the main apnd auxiliary trans-
aission lines, and which ars spaced 2 guarter-wavelength apart from each other
{wavelength measured along the transaission lims), as in Pigure 18 .




AUXILIARY LINE
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OUT OF PHAGE = —= — — = = IN FHASE
C J— £ o
MAIN LINE

o %1 - A1 = Ravelength in Tranemis:ion
Line
Fizura 18

Consider a wave mcving towards the right in the mein line.
The fields set up by this wave coupls a small fraction of the euergy into the
auxiliery line, in such a way thst at each of the coupling elements, eecondary
waves travelling in the two directionme are excited. The relative amplitudes

of these waves are detsrumined Ly the directicmal properties of the coupling
element.

The twe sevondary waves going toward the right will combine
in phase, since the phase shift of one in travelling the quarter wavelength
distance from the first elemwsnt to the sacond elemsnt in the auxiliary line is

the same as the phase shift of the exciting field in going the same distance
in the main lire.

When the secondary waves travelling toward the left combine,
they will have experienced a ralative phase shift of 180°. This is the sum of
the 90° phase shift of the excitiny wave iu the main line in getting to the
second element, plus ths 9(° phase ehift in the auxiliary line that the secondary
wave set up at this seccond elezent undergoes in getting back to the first element.
If the smplitudes of these two secondary waves are cqual, they will cancel.

The not recult 13 that a wave gcing towards the right im the

m&in line will oply exciie & wave in the auriliary line going in the same direoc-
tion.

I S




In thie discussioa we have ignorsd effects such as the fact
that the coupling elements cause a wave going by them to suffer a samall phzse
shift, and a decrease in amplitude. The result may be that the directivity
will be & maxisum when the physical distanoce between slements is scmevhat
different from the nomimal quarter-wavelemgth, witk this maximum valus of direoc-
tivity far from iofinite. The megnitude of thece effects will in general de-
crease with looeer values of coupling.

An sxact analysis of sultiple-path couplers, valid evea for
tight couplings, may be obtalned by an extencion of the method which has been

used, ‘ Another approach imnvolves the applicetion of circuit theory to the situa-
tion.

A coupling slezent comnecting iwo transmissicm lines may
be represeuted by an eight-terminal notwork. 7The lengths of transaission lines
between elements may be representsd as simple tes or s networks. Thus, the
complate circult, which reduces to a singls eight-terminal network represeanting
the directiomal coupling mechanisa, may be drawn and snalysel by conventional
circult thecry. An example of such an equivalent circuit rspresentatiom will
bs given in the discussion of the double-stub (branched guide) variety of
mltiple-path couplers.

!op.!sﬂmmgmm

1., Couwplings The frequengy sencitivity of coupling is
alsost sholly dependent upom the cholce of coupling elements, cince the addition
of waves in the forward direstion only depende upon the equality of path ia the
primary end secondary lines, and thus does not depend on frequency.

2. Directivity: 7For twc-element couplers in which the
individual coupling elements are not themselves directional, the directivity is
substantially independent of the perticular design., It will be frequemoy asnsi-
tive, eince the destructive interfereace of the waves excited in the wrong
direction depends on the fact that the difference in path of the two waves is
an integral mumber of half wavelengtha.

For this case the Airectivily expressed as a vcltage
ratio ie given by:

1
B e ————
X
ein 2 ﬁ'
whore )p is the wmavelength moasured ‘along the transaission line (equal to the
free space wavelength (Lo) for air-filled coaxial line propageting the principal
node and equal to ).‘ for waveguids) . &, it equal to the difference betwsen

i .ﬁls;}:t Ciroult Aanelysis of Directional Couplers; B. A. Lippmann; Report
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WHERE )Xo =WAVELENGTH MEASURED IN
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FIG. 17
DIRECTIVITY IN DECIBELS VS. BANDWIDTH FOR
TWO ELEMENT MULTIPLE PATH DIRECTIONAL COUPLERS
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BINOMIAL ARRAY TYPE MULTIPLE PATH COUPLER
DEVELOPMENT CONFIGURATION 1) DIRECTIVITY

(VOLTASE RATIO)

b U] i !l €
2 ELEMENT 00 00 — n(db) sin 3 4%
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+ O O = €0 00 60 «— M (db) {
sit BaM
3 ELEMENT 2 M
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+ O

4 ELEM

® 0 = 120 25 25 120 w=M(db)

-
Se
roly

&

ENT

0@@0 o®()®o

+ O @O O:m 60 28 60 miend) =/
sin
5 ELEMENT
o © @ O ..... © o
i
* ELENENT 20log 2™*, 20log 272 —uiay e TaNM
n=i
NOTES —

1) NUMBERS INSIOE CIRCLES REPRESENT RELATIVE AMPLITUOES
COUPLEO AT EACH ELEMENT.

2) TO OESIGN THESE COUPLERS USING OESIGN CURVES SHOWING
OIMENSION VS. COUPLING FOR TWO ELEMENT COUPLERS:

CHOOSE OIMENSION FOR EACH ELEMENT CORRESPONOING
TO A VALUE OF COUPLING WHICH 1S M db LOOSER THAN THE
COUPLING FINALLY OESIREO FROM THE COMPLETE COUPLER.

F1G. 18
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UNIFORM COUPLING OVER LENGTH L, °"ii;1LaL
i
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3 FIG.19
CHARACTERISTICS OF DIRECTIVITY
FOR VARIOUS TYPES OF MULTIPLE PATH-COUPLER




different types of multiple-path couplers, It shows the t
oh high directivity may be maintained over a broad frequency Al-
theoretically the directivity over a given frequengy band be-
greater and greater with an increase in the mmber of slements, since
ions in an actual coupler are not exactly theoretical for both mechani-
and electrical reasons, a limitatiom is soon reached,

The rest of thie section on multiple-path couplers will be
devoted to discuesing a mmber of different types of coupling elements which
may be used, together with experimental results on couplers made using these
elemente,

Lifee
i

B

2. Mualtiple-Path Directiomal Couplers in Wavegulde.

KElemente for coupling powsr between two waveguidee may take
the form of probes, loops, tees, or slote, or holee of differsnt shape loocated
azgywhere on the guides. The choice of a particular type is governed by
electrical and mechanical coneiderations, and by the state of ons's knowledge
regarding these considerations.

Theoretical results concerning the behavior of smsll holee
used as coupling slements between two waveguidee are available®sand are of
oonsiderable assistance in comnection with the deeign of directional couplers
and prediotions of their oharacteristice.

These results exprese the coupling in terms of the two sete
of three possible field componente (normal E and tangential H) that a trevelling
wave in each of the two guides would have at the position of the hole were the
hols replaced by a conducting wall, and three oonstants characteristic of the
goometry of the hole (one slectric and two magnetic "polarisabilitisa®).

FMgure 20 showe & mmber of conceivable designs for single
coupling elemente; two parallel waveguides joined eo as to have a hole in a
common wall, A and C are the most eatisfactory for multiple-path coupler
elemente, In theee two casee, a single hole will have completely nom-directional
properties, the coupling being proportional to the longitudinal msgnetic field
in the guides. Sinoe this field component is strongest at the side of the guide,
the ooupling of C will be looser than that of A for the same eise hole, and
will incresse with the distance of the hole from the central positiom, being
sero at the center (Cass B),

A eingle hole as in D, E, or F will possess a “wrong-way"
directional property,--the amplitude of the wave in the awxiliary guide excited
4{n the direction opposite to that of the incident wave in the main guide will
be laes than the amplitude of the wave in the auxiliary guide excited in the
same direction. This 1e due to the fact that there is both electric and
magnetio coupling between the guides in these cases.

®Radistion Laborstory Reports, 43-27, 45-22 by H, A, Bethe, which deal with
. eoupling through smmall holes,
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B.NARROW SIDE OF GUIDE JOINED TO
CENTER OF WIDE SIDE OF OTHER.
NEITHER ELECTRIC NOR MAGNETIC
COUPLING FOR HOLE IN CENTRAL
POSITION.

D\GUIDES JOINED TOGETHER WITH
E |JHOLE IN WIDE SIDES BOTH

F/ELECTRIC AND MAGNETIC COUPLING.

A.GUIDES JOINED TOGETHER WITH
HOLE IN NARROW SIDE , THE
LONGITUDINAL  COMPONENTS OF THE
MAGNETIC FIELD IN EACH GUIDE

A COUPLE TO EACH OTHER.

N

C. NARROW SIDE OF ONE GUIDE JOINED TO
WIDE SIDE OF OTHER OFF CENTER COUP-
LING BY MEANS OF LONGITUDINAL COMPO-
NENTS OF MAGNETIC FIELD.

25
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FIG. 20

POSSIBLE WAYS OF COUPLING TWO PARALLEL WA
USING HOLES IN THEIR COMMON WALL VERIGES




a. Couplers Using Omall Holes in the 8ide of the Guids.

The coupling of a two element multiple-path coupler
using round holes joining the narrow sides of two waveguides, as in Figure
21, 1is given ty the

|
. MAN._VLIN_E_’___,_-___?
’

7 00 )/
e

- K_,/—//“ —

7

j AUXILIARY LINE —
TERMINATION V 1 I

£igure 21
following theoretical formula, derived on the basis of the "small hole" theory.

Coupling (in decibels) = 20 log T PR
10 g3 ab,

where d is hole diameter, a, b, are guide dimsnelons, with a)b, Ng is guide
wavelength and att E.. is & term rspresenting the cutoff attenuation intro-
duced by the finite $811 *hickness, t, at the hols; given by

> b (n4a)?
Att By = -32.0 3 . dbs.

The theoretical formula given sbove is plotted for X-band
1" x 1/2" 0.D, x 050" wall waveguide in figure 22. In view of experimentsl
results on a nusber of two-hole couplers of this type at X-band, it is edvised
that in using Figure 22 or the formula to design a coupler, a hole diameter
should be chosen corresponiing to a theoretical coupling which ie .4 db closer
s d d con .

xxrrtmontany, it s found that the directivity is best
whet the actual spacing 1e eomewhat less than the nominal quarter guide wave-
length. For a coupler in 1¥ x 1/2" waveguide having a coupling of -20 db,

the optimum spacing was determined to be .973 )g/4. For other values of coupling, |
we have assumed that the departure of optimum epacing from 3g/4 is proportional {

to the voltage coupling.

e e e e
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DESIGN CURVES FoOR TWO ELEMENT COUPLERS USING
ROUND HOLES N SIDE OF 14" x % X 064" waLL WAVEGUIDE
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COUPLING (db)

—/

m:UOtLJ‘HJNuG!(n;b) =20 log E:i':-'-\- 320 @%

b=I70", 1:050", X+125cm

FIG. 24

DESIGN CURVES FOR TWO ELEMENT COUPLERS USING
ROUND HOLES IN SIDE OF %X %' X 040 WALL WAVEGUIDE o
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The tightness of coupling that may be obtained using
two round holes is limited by the obvious feet that the diameter of the holes
must be both less than the height of the guide and less than a guarter guide
wavelength. In 1" x 1/2" guide, the former limitation gives about =16 db as
the tightest coupling which can bo obtained. In 1l 1/4" x 5/8" guide, the
shorter guide wavelength limits oms to a coupling of -23 db, and in 1/2" x 1/4"
guide to gpproximately -30 db. Figures 23, 24, srd 25 show theoretical ourves
plotted for other gulde sizes and wavelepgths. Couplers made in 1 1/2" x 3"
guide had measured couplinge .8 db looser thau theorctical, In the 1/2" x 1/4*
guide tha difference was within experimsnteal error.

It wuot bte remembercd that all these give the theoretical
coupling for a two-hole coupler. To design other types of sultiple-path
couplers, hole dimensions corresponding to appropriete coupling values must be
used.

gshaps of hols joiuing the narrow sidee of twe wave-
guides posseszes characteristics w.ich cre the saze us-for a round hole, as
long as the dimensicns are_swall enough #0 that thers are po near resonsnces
(the pear resonant cite will be discussed in & following eection). For
example, the ccupling of a two-slemsnt-coupler using small rectangunlar slots
1in the sicde of the guide is given by the formulas

Coupling - " 20 log i‘-.-‘l-'-‘—‘%: + att Hdb
S a

Figure 2§-

where a, b, with a)b are the insids guide diwensions, w is the width of the
slot, 1 18 the slot length, t is the well thickness, and att ndb for this case
i1e given by the formula

. | 2w\ ®
Att By = - 27.3 % \& % dba,

Group 55 has not designed couglers vsirng these restangu-
lar holes, because of the gifuc_ulty in cor.?ltructicﬁ' Fdnnﬁﬁ'eportl

¥C, F, Bdwards; leasuresents on Direstional Couplere ia 1/2 X 1 inch Wavoguides
BTL-558 {MM-44-160-111).
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mezsuresents on rectangular slots cut the entire height of the waveguids.
Another construction used by BTL approximeting reotangular shaped slots
involves the use of wiros as partitions in a cuiawsy section of wall be-
tween the two waveguides.

Prsquency Sensitivity of Coupling: The theoretlioal
foraulae for the coupling of botk rcund srd rectangular holes in the side
of the gulds, shov-that the coupling exjracsed ag a power ratio ie pro-
portional to the syuars of the gulds wavelength for thian walled guides, and
is only modified very clightly by ths frequency sonsitivity of the outoff
atienuation term.* Figusre 27 shewm ths theorctical varlation cf coupling
in db 'with wavelszgth of two-hole cotplers in X-band 1"z 1/2"x 050" wall
wavegulde. Experimentally, i1t wu3 found thet the varistlon in coupling over
the 124 bund for a 23 db couploer wes * .7 db. Fcr tha wider 1 1/4vx §/8ex
.084" gulde, the theoretical varlation 1s about 25% lese.

An approxizate expression for tias thecretical [requenay
sensitivity of coupling lss

a couplirg,, = 8.7 (%:‘)3 2o,
o] %o

AN =Xy - Xy (st derign wavelength)

2
with ()‘&) ~ 2 for 1* x 1/2* guide.
9 ~1,5 for 1 174" x §/8" guide.
~1.5 for 1/2Y x 1/4* guide,

froqueacy Eensltivity of Directivitys Ths theoretloel
directivity curve for locse eoupilng iwo-elcacnt couplers, im X-band 1'x 1/2
0.Ds guide, pealod at N = 3.2 c3, and A_ = 2,22 cm respectively, ars shom
if Figure 28. Thie 1e to be couzpared wi% g exgerinsatelly doteralined
directivity curve, elso plotied. .

Tha theoretical dircctivity cucves for* a'binosial™ array
of n holes may te obtained from the curvec for two holeo by muliiplying the
directivity figures in db by (n-l).

Fxperimeutul curves for three and four hels couplers
have shown increased directivity at tha band edges, altncugh the curve of
directivity versus M bas ueuslly shown *humpz* not predloted ty theory.

The toleracces which muct be held in ordar to malntain
the couplirg at the dosired figure, ond tc keep the directiviiy eufficiently
high, may te estimited thocretically.

Tolerances for Coaplirg:t The thzorstical coupling
formula shows to shet extent the coupliug coefficlent 18 a®fected, not oaly

¥8ince the frequency semaltivity of the culoff atteauatiss tosm cpposss the Ag®
ters, with the ues cf « large hols (usar cuisff), und a very thick wall, over-

all frequercy lusensitivily ray Ls achleved., Yowever, the couplirgs obtainable
with this rathod 1o of the orier ol <80 O

724~21

it



¥437dNO0O TTVNOILO3Y¥IAG 34aInN9 40 34IS NI 3JT0H OML

8034 HIONITIAVM 'SA 9SNINdNOD TVIILIY¥O3HL

L2 3¥noid
(3 $E

fuu®® vne .o . B
............. 5e H
= oo it
T ' b
t
: i E
5 o 1t thHit
3 o8
e - u “ — s ul
=3eoss £ o
o
: o2
s o
o
} :
: s
: :

i
:

xxxxx

.
©
(o]
b4
9
:
s E i c t
- ! ve : ba * =
532 ¥ HH )
- . ss FH Oob- 3
1 . ¥ ¥ - “1“ _
1 3
1 33 5 HHESEEE f
| & 3 o3
, e et sasste 1S m
4 (<]
]
- "" =
: (4
2
T it
52
 135s seassmos seasaiss
o : b o s |
}
BN — o8 S - -
2
1t : o S Bt
SRR TR Fhe
+ ' » » o TIT ' e » o4 ¥ ' aoe Iz be ¢
saazasill 2 IIIIIISIIIINSIINISIIIINNIIIINIIIIIIIIIIINS

00 =9 :_006 =D :SNOISNINIG 30INO 3CISNI
——— ....So... 4 = 30H IV SSINNJIHL TIVA
P sN3L3INVIO 310H

P (X ) ip2e-=PH LIV F¥IHM
) eyl
€

IPH LIV + (51907 01 =°4P NI ONITINOD :03SN VINWNOY

&9 .-.Er? il i




DIRECTIVITY IN DECIBELS

I'X*' WAVEGUIDE .080 WALL.—SOLID CURVES ARE THEORETICAL DIRECTIVITY
CURVES FOR COUPLERS DESIGNED FOR )\,» 3.2cm AND 3.33sm RESPECTIVELY

“=DASMED CURVE IS AN EXPERIMENTALLY DETERMINED DIRECTIVITY CURVE -

a2 33
P Y]
FIG. 28
DIRECTIVITY VS. Ao FOR TWO

HOLE IN SIDE OF GUIDE DIRECTIONAL COUPLERS
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by the hole dimensions, but by the waveguide inner dimensions and wall thiock-
nese as well., The effect of a change in hole diameter upon coupling may also
be determined from the graphs of coupling versus hole sise. The "a®™ dimension
(wide sidr) of the waveguide is an important one in this comnection. HNot omly

does it enter directly into the formulas raised to the third power, but it also
enters into ths )g term.

A formula for the chsnge in deoibels coupling due to a
change in any or all dimensions; namely, hole diesmeter 4, guide dimensions a
and b, and wall thickness t, iss

M
g, ¥ 2e(101.0 %) M. g Eo(ﬁ)_l fa g7 o,

Thus, the coupling would be changed .3 db by a 1% change
in a, and .1 @b by a 1% change in b,

Jolerances for Directivitys The effect of an incorrect
separation of the holec is to peak the directivity st other than the design
waveleangth, and so the broadness of the directivity curve will show to what
extent the directivity will be reduced at the band edges. The guide width
will also have ap effect upon the directivity because of the relaticmship
between it and guide wavelength.

An experimental curve of directivity versus )\ shcwn
in Figure 29 was obtained upon a coupler made with one hole .010" larger than
the other. This agrees favorably with a calculated curve for thie case.
b. Use of Mear-Resonant Slots in Side c” Guide,

In order to get closer couplings than are attainable
with round holes, slots of the fora shown in Iigure SO were tried.

MAIN LINE

/ AURILARY LINE

TERMINATION J
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The length of the slots was such that a resonance
offect was noticed. The coupling incrsases rapidly as the rescmant length
1s approached. This effeot tends to give the slot a frequsncy sensitivity v
of ooupling which 1e opposite to the normal behavior of a small hole in
the side of the waveguide.

This feature makes it possible to deeign a ooupler
which is broadband in ocupling, by proper choice of slot geometry.

Some experimentel results for this type coupler are
shown in Figure 31 for both 1" x 1/2" and 1 1/4" x 5/8" guide. For a given
slot width, & length oan be chosen so that at a particular frequency, the
small hole effect and the resonance effect are just equal and opposite.
When the slot is somewhat shorter, the samall hole sffect 18 dominant; when
the slot is longer, the resonance effeot ie dominant.

This technique of broadbanding coupling has also been

applied to the "Schwinger® type of reversed phace coupler to be discuseed
later.

o. Branched Guide (Double Stub) Directicoual Coupler
AUXILIARY LINE —
1 ™
]
¥ T 474 Smmmmy v e I
1. ' |
Y ) | i
' —r";II-———vl
¢/
| . /
¥ /—_—-—--_—\ e
7/ .
b , Ml S
¥ 4 —¥r it

: 4
MAIN LINE —/ \\

e BRANCH LINES

The brenched guide directioral coupler, suggested by
Purcell, 1e 2 multiple-path ooupler which utiligzes low impedanoce (“series®)
g-plane branches as coupling elements betveen the main and auxiliary guids.
32.) This type coupler ie characterised by extreme frequency ine
eonelitivity of ocoupling, and by the fact that very olose couplings may be
obtained without setting up unduly high standing-wave-ratics in the main line,

The "atub" arae or branch guidee, of the E-plane tees

are waveguides having the same wide dimension as the main waveguide, but which
have a smaller narrow dimension 80 chosen to give the desired coupling. Ths

724-28




= lengths of ths branch guides are chosen, so that with corrections for edge
| offeots taken into account, they are equivalent to an odd mumber of quarter
. guide wavelengths. By this choice, the reflections sst up by the tees are
mininised, and the least frequency sensitivity of coupling is achieved.

-nhbrmumucmpxummrm complotely
based on equivaleat eircuit conceptss® In the circuis,
tes is represented sssentislly as a series comnection

2 o e
- e oyl 2 ;o
iz § % g 1 -
‘ ]
.‘rl: jZ.
[, -0
—I—I -5
}ZQ g jz'
zol = Z ] .i
b
°
Elgure 33

¥ giuivalent Oircuit Analysis of Directional Couplers; B. A. Lippmann, Interpal
Oroup Report No. 41-1/8/45.
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Deeign Informationt The edge effects aseociated with
the tes junction require that the actual length of the branch guides must be
nade eomewhat lese than )g/4 or Z:g/4, and the actual spacing betweem branches
somewhat greater thm Ng/4. Lippmann hae calculated theee corrections for
K-band using Schwinger's results for the E-plane tos. The design informatinm
given in Pigures 34 and 35 embodies thees corrections.

In the corresponding design curves for X and S-band
waveguides more approximate corrections have been used. In particular, the
approximate formula for the lesgth of the branch guide\n is

z 3
L=38. ?’-(un.nlz’;,_)'

Couplingt If the lengths of the branch guides and the
dietance between ther ie chozen carrectly, the coupling ie given by the for-
mulag

2
Cc\lpun(db-mlog:ﬁ ~ 10 1og 8%,

where & 16 the ratio of the characteristic impedance of the branch guide to
that of the main guide corrected for snd effects. PFor b'/bi<l, 3 = b /b,
whers b! and b represent the heights of the branch guide and the main gulde
respectively. With this approximation,

couplingm;:: 10 103(%‘7* .

Figures 34 - 59 are design curvee giving coupler dimensions,
various guide eizes, and frequoncy bands. Except for 1/2" x 1/4” guide, whers
Lippmann's reculte have been uesd, 3 hae been assusod to be given by 2 = n b!/b,
where n veries linearly with »'/b, taking oo a value of unity for b'/b=0, and

a limiting value for b'/b = 1 given the British Report (Moe £651) dealing with
waveguide tese.

Preyuency Sensitivity of Couplipg: The equivalent cir-
ceit analysis predicts that the coupling is rather frequsncy insensitive ia
the vicinity cf the deeign wavelength (coupling tecomes tigter cff deeign
froquency). Experimental verification of thie fcr I~bund couplere in 1" x 1/2%
guide,--the coupling varying ouly 1/4 db in = * €% X-bsnd) ie showmn in Figure
40,

Sonsitivity of Directivitys The frequency dependence of
the directivity of this typs coupler is similar to that of other types of two-
elemeat couplere. Howmever, the exsct circuit asalysis which hae been carried
out for this coupler is of interest in that it predicts valuee of the directivity
which are valid sven for ccuplers having relat!walv cloee couplinge. Thus, the
extent to which the approximat: enalyeis, aesunisg locse couplings breaks
down becomes clearly evidant.

It turns out that the directivity never quite becomes
infinite at the dssign wavelergth, even theoretically, and ie decreased to
eome extent depending upon the coupling coefficlent, at other vavslengths.
Pigurs 41 ehows this more clesrly. At deelgn wavelangth the directivity is

1245
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theorstically given by
Directivityy = 20 log £ " = 2 x (coupling in &b) - 6db.

It has been showm by Lippmann that if the charsoteristic impedanoe of the
guide in the main line in betwean ths coupling elements is adjusted properly,
the bramoh guids couplers can be xade with theoretically infinite diractivity
and sero reflection, even for very tight couplinge.

Jolerances: The dimensions directly affeoting the
coupling ars b' aad b dimsnsious. (The tolerancss on length of branch guidss
and spacing affect tho coupling only to the same dsgroe th~t an equivalent
change in wavelength would.) For oouplers with looes ccuplings, the b!
dimension beoomes very small so that a small linsar error becomss eguivalent
to a large percentage errcr, and hsnce causss a large errcr im ooupling. This
error may be estimated frox the approximate tormulas

Acoupliugdbﬁ 8.7 9%

3. Multiple~Path Couplers in Coaxial Lins.

48 18 the case for waveguide elsmonts, the coupling slements
between coaxial lines may take many different forms. The mschanical problems
for coaxisl 1lines are someshat more involved because of their cylindricel shape
and because of the complication introduced by the center conductor which must
be maintained concentric with the outer conductor. The following sections des-
cribe some coaxial line sultiple-~path directional couplers which have been mace
using verlous types of coupling clemenis.

a. 8lotted Block Coaxial Lins Direct 1 C

4 design developed by J ulianat BTL couples two parallel
coaxial lines by means of elots cut in metnl which coatuins the two linee.
Transverse slots are used in prefereace to round holes, which would have a
tencency to send power ic the “wrong® direction.* ™ A modified mechunlcal construce-
tion, shown in Figure 43, due to L. J. Neelands has been used to obtain the de-
sign data of figurs 44 giving coupling as a function of slot dimension.

By cutting the slot even wider than the diameter of the
coaxial line, it wes found possible to obtuin couplings as close as =25 db at
S-band, using = tao-eleweni coupler of tals typoe.

*Directional Transmissior Line Taps, R, S. Jullan = 1/26/44-MM-44~170-6,

2% This apparently poor directional property 1s used to advantsge in the electro-
sagnetlo type coaxial line directional ceoupler described in a later section.
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S&ECTIONAL DWG OF

ECEVATION
figure 43
7 Ths geometry of the
by the non-uniform wall thicknaca a% ths
tion is not availeble. Expsrlimeantal dat

are summarized in Figures 44, 48 nud 47.
that the dirsctiivitles of the coupler
what less than N4, The frsquoasy saunsi
that of other two-element couplers. Ths
wavelength, with the slogo of ihec couy
2 db/em. The curves cf Figure 45 show o
hood of the design wavelength, but it is
or due to inaccuraclea inm measureazent.

Conx Two

e T e e

b. E:,J". B!,A"

ploilcd block coupler is cosplicated

slols, and theorevtical design inforac-

on two~eleomont couplers of this type
from thess figures, 1% nay be seen

zre meximim for slet spacings soae-

ivity of directivity is similar ¢o

coupliug changes rather rapidly with
versus wavelength curve spproximately
ozerhat smallor slope in the neighbore
t clear whethar this is a real effect

lot Directional Coupler
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. PInsids~-Out® Couplex 70

By putting onc cosxial line inside another coaxinl linme,
using the imner conductor of the larger coax line as the omter conductor of

the smaller coax, and cutting slots in the common wall between the two lines,
it 1s possible to achleve close coupling (ac close as =10 db for S-band) and
compactness. There are two variations on tuis type - the "inside out® and the
"outelde in®"., In the former, thes wain line is on the imsido, and power is

coupled out into the auxiliery lins as in Figure 49. In the other, Figure 50, \

the malin lins is on the outside and couples power inwmarde to the auxiliary li.no.
In both, the auxiliary line has a right angle bend before tha output and a
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FIGURE 54

SOME EXPERIMENTAL RESULTS ON CONCENTRIC
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c. Br Co Double Stub) Direc

The analogue in coaxial line to the branched waveguide
coupler,using low impedance series tecs as coupling elemeats, is a couxial
coupler using low adalttance shunt coax tees--ike branched coax coupler.

Models have teen made in 7/8% couxial line, using a3
the branch lines, coaxes having the snmo dimenslon of outer conductor as
at.?ndard 7/6" lipe, but having a very small dismetor center conductor( Figure
55) .

TER”INATION ORI e s i R R iy o AUXILIARY Lome
R TP R s YT TERNINALS
¥
TICH INFEDANCE
¢ - STUB LIVE

AN TR T T ¥ =TT .
TN INE RTEREIRTI I I SIRITI NAIY LINE
T orPuT. o

PIINALS - e o o mnr o o T TERMINALS

Since characteristic sdmittancea of coaxial lines vary
logarithmically with the line dimepsicsa ruther th . directly, as for wave-
guides, the ramge cf poscible coupling values is restricted, aince for coupling
values nuch closer tham 10 db, the cenlar conducter of the brunch line would
have to be impractically thinm,

An equivalent circult analysis carried cut for this
shunt case gives exactly the sume results es were obtailned for the series case,
provided aduitiances are substituted for imncdorces. Thus the coupling formula
becomest

2
Couplingy, * 10 log - i— T = 10 log L o

wshere Y 18 the ratic of the effective (corrected for eud cffects) characteristic
admittsnce of the stub line to that of the main lizs.

The performance of a branched cooxial coupler bullt in
7/8" 1ine, desiined for 10 ca 1s shown in Figure §8. No theoretical informa-
tion was available from which cne could estimate the arrors lvvelved in the
assupption that a low adalttance coaxial tee stub of the ¥ype usad in this
coupler could bte reprecented az 2 purs shuat element, Therefore, the constants
for the syuivalent circuit showo lu Flgusa 57, ware determined by measurements
upon an experimental modal.
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Flgure 56a

The reference plames st which this ocircult is valid
were first determined by utili:ing the followlng fucts, A shorting plurger
placed at tha proper reference plepe ia the stud will produce an infinite
stunding-wave-ratlo in the main line. Thae positione of zero voltage in the
main line under this conditiocn will correspond to the refersnce planes there.
Two additional measurcments, one of the admlttsunce at tho reference plans,
with 8 teralnsting the mnin line; and the other, a deterzination of the
pout:lsn of a short circuit in tho ptul for which tho studb is matched looking

by it, were sufficient to determine the turus ratio m , and the shunt suscep-
tance 8. )

Resulte of these mensurements are included in Figure 56.
These values are 0 be taken as en Indicaticn of the order of megnitude of the
wuantities luvolved, rather thun as precize values.

C. LONG SLOT DIRECTIONAL COUPLER

The long elot directional coupler mey be regarded as a limiting
case of a multiple-path coupler consisting of n e val elements spsced 1/n
apart (1 being an integral number of half wavelengths for best directivity);
the 1limit being approscied =8 the nusber of slements le increascd keeping 1
constunt. Figure 57 shows the pghesing of the gecondury waves =ent in the
backward direction which interfere destructively, for 1 = x./z.
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The directivity (assviaing loose coupling) for a coupler using
a slot of length 1, in which there is unifora ooupling along the length of
the slot, is givn by:

Directivityg = £0 10575%1—

where B is the propegation constunt along the mein and euxiliury transaission
lines. The formula shoss that the directivity will be pecked for slots an
integral nusber of half wavelonzths long (wavelength msssured in the trans-
miesion line), and zereover, it will alwaye be high if the slot is very long.

Resesyrch has been done on loag eglot couplaca by a nuabsr of
different companies, particclarly witk & view towsrd reflectoaster use., Figures
58, 59, and 60 present data on & few wavegulde wodels at X and K-band, with
elotl in the center of the brosd gids of the wavezuide, made by this group pri-
marily for use in power moniioring.

D. REVERSFD FHASE DIRICTIONAL COUFLIR

The two-elsment revesacd phice dircctionnl couplor is simllar to
the two-element multipla-path coupler, tut wizress the latier uses two identd-
cal elements apaced & quarter wavelength egart, tae forasr operates on the
principle that the phase shift caused by cre cleaecnt in coupling between ths
primary and eecordary tranemlesicn llnes will be exactly 160° different from
the phase ehift caused by ths saconcd elczent.

WAVES o0uT “aves wAras Laves our
oA AMNASE IN PHASE IV PRaSE oF rMISE
axiiian (= 2 PR po
s 6" Py
v __ JeNa :
A Na of MAUN LINE

duas phase shift through sech ele=snt

Multiple-Path Coupler

Reveras Phaee Ccupler
folauive phens ehift of 180° through elements

Eigure 61

Thus, ia tae elewzentary anulysis, [or a xave travelling toward
the right is the main line, because of the 1L0* difrerence in phase ehift at
the two coupling elements, the seccndury waves excited toward the right in the
auxiliery 1lins will interferc esiructively - even though there 1c no difference
in path length. The secondary wavas coupled by the twc elements toward the
left will have experisnced a 1€0° rclative pbnse shift because of the /2 path
differenca. Tuis, comhbined with {hz 100° phuse widft caused by the elements

72422
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themselves, will cause the two waves to interfere copstructively.

Thus, the distinctive feature of this type coupler are that the
directivity is inherently broadband, since it does not depend upon the separa-
tion of the elements, and that ths power coupled out is travellirg ia the
opposite direction from the power in tho saln line.

Meaps of Obtzinins Phara Raversals A number of different methods
of obtaining the necessery phase reverzal havs been eysgested. Loops oriented
in opposite sensas nith respecct to ths magaetic field will induce currents 180°

out of phase with each other. A scheme used by RCA {or coupling two waveguldes
is i1llustrated in Figure 2. :

SECONDARY ¢INE SECONGARY LINE

PRIMARY

PIMAK ¥
LINE

LINE

SECTION THROUCH LSt ELEMENT SECTYION THROWEHN 2nd ELGHENT

Kith the orleatation nf the proves es thoza, the induced currents
will be 180° out of phesa with each cthsr,.

Probe-fed slots offer suother poa. irdlity of echievinz a phasa
reversalf® Theae have been used in the deosizs of anternas, bui owlzg to the
greater precisicn needod in individuel coupling elescuts for directional
couplers, no work has rs yet bec2 done in the Redlrtior Laboratory to adept
then to the laiter use. The slot im pliéced ia 2vch en orientation cn the wall
of the guide that 1% cuts no lines of curreat (low, end thenr the current 18
Arann across the elot by use of a evitable prove exiending into the guide.
(Figure 63).

®probe-Fed Slots 83 Raclating Tlemsnts in Linaar Arrays; Roger E. Clspp,
RL Report 455. g
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Figure 63

The dirccticn of the current llres acioss the eslot, and hence
phasa of coupling, will depend upoa wiich side of the mlot the probe is in-
serted.

SSchwinger Type® Reversed Phinse Coupier: A method suggested by
Schwinger 13 to join tao parallel waveguldes us ia Figure €4, so that the
narrow side of oms fulls cn the center of the wide clce of the other.

-

-
-

Power Out Powser In

Figure 84

Tro 8lots ers wllled on oppeosita aidss of the center lire, and
are spaced 2g/4 apart elong the gulde. The nocessary phase revercal occurs
slnce the slots in the side of the upper guide will only couple to a longi-
tudinal megnetic fle. Y, and this lengitudinal megnetic £ield in the lower
guide has cpposite sigos for the tuo slots.

The coupling obtained with this type coupler may be estimated
from the coupling that the sume Lwo slots wsould give in an crdinary two-slot=-
in-the-side-of-ths-guide~coupler. As {ar us coch slot by itaelf ig concermed,
the main differeace betsecn the tws cazes le that naar the cemter of the gulde
the slot couples to & wcaker longituiinal argnetie fiold (whieh increaces
sinusoidally from 0 at the ceator %o 2 maxizom at the side) then exiets at the
side of the gulde. Comasquextly, the coupling ie smaller. Therafore, the
frequency sensltiviiy of covwpiing for the tio cases may be expected to be

24-3¢




-24
couPLER"c" | S e \
: Ve B |
i #ZD-/ L
COUPLER | s
-23 T | - ?' ’I"_l
et PR v S T
3 H C H - H LnsoJ
-22 H e :
5 ﬁiﬁ—% = SLOT DIMENSIONS OF GOUPLERS
. POWER
2 SEs s ol COUPLER|CUTTER TRAVEL"Y"
@ A .330"
. T Tt 8 .2%0"
-20 - . el e
GOUPLER"A" ] H ¢ .270*
LT }’ sazgnas (SEELCIYNE| SESTI
H . 1 -+ 444 )_Q cm ::
ot HH 132222228
al 32 33 34 33 36
i 40! I e T LOLTTTTITTYT
2 FHeTT - GOUPLER &' |
M T
- g 20 0
5 COUPLER"8" .
: & D
° LIt
3l 32 33 34 33 36
F1G.65
*SCHWINGER" TYPE REVERSED PHASE DIRECTIONAL COUPLER
IN I°x %5"x .050" WALL WAVEGUIDE — EXPERIMENTAL RESULTS




o

similar, and therefors the seme broadbanding techni.ue may be used. Figure 65
shows some results obtained in the design of a coupler of this type in 1" x

, 1/2* waveguide. Figure 86 tabulates results on en S-band modsl, built in

" x 1 1/2" waveguide. \

A Coupling Directivity

8.9 ca =-18.6 db 22 dd
9024 "'2008 2‘
10.0 ~22.1 30
10055 "22.? w
1.1 -22.9 26
11.56 -22.7 22
JLOT DIMENSI0Ns
Edsupe 86

E. ELECTROMAGNETIC TXPE CF DIRTCTICAAL COUPLER

In the electromagnetic typs of directional coupler, at & single
point in the main transmieslion lins, there ic both electric and magnetic coupling
into the auxiliary line. The waves excited in ths auxiliary line due to the
electric (voltug:{ coupling interferc cestructively in one directiom, and
conetructively in the other direction with the corresgondiing waves excited by
magnetic (current) cecupling.

from a ecircult stendpolnt, an electiromagnetic type coupler ia
characterized by having both sorics and shunt coupling at one point, between
the main and auxiliary linzs. The circult showr in Figure 67

[ o SE——— O 8
AURIEIARY &0
L] {;N ——07
PRI o0 3 o3
MAIN LINS = =
' » SRR e Sl | SRS W
figure 67

fulfills the roqulrelont'in the simplest poussible fushion, and moroover, with
proper cholce of valuea for the series ard shunt impedsnces poasesces all the
propertice of a directional couplere This may be shomn wore clearly AL the
circult is redrawn in the form of a Leidje netwerk. Figure 66 ehows this for
the caee of povwer input at the terminzl pair 1-2, and watched loads on the
other terminal pairs. \

W In general, sny directicunl coupler may, .t a,[ropriste reference Planae, be
represented by an equivelent clrcult mtleh is escentially of this same form.
Thie representation sriges most naturally for the electromagnetic type coupler
having &ll the coupling teke place at a eingle point,

18435




) | &
o—Z°
) i
2. /\ 1/i® '
e N k. g
7/
e

Figure 6B

The coadition for sero veltage delivered eéorozs termivals 7-6
correspodirg to an infinite cdrectivity, ia jX/2_ = 3 _/(1/§B), or JX/3_ =
JB/Y_. With this condition satisflod, it muy caslly be verifled that
coupiex' is perfectly mntched 23 seen fram the inpul terainals 1-2, and more-
over, ths coupling is glven by the forzulas

2 2
Coupling (&s a power ratlo) = —- S - -}, for small
X2 . 32 -
coupling. o [

The circult representatiocn just givon moy mrke the action of
electromagnetic type couplers sesm more plsusible, In the Baethe hole coupler,
for example, the series or current ccupling may be thought of as arising from
the fuct that tlie lonzitudinal currents acsoclated with the transverss magnetic
field in the guide or coex are interrupted at the hole, and 30 induce s voltage
across the hole which is proportionil to the current which would have existed
in the abeence of the hole. 8lmilarly, tho electric field lizmes which would
otherwise have been terninated on the mstallic wall, due to the presencs of
tho hole, ere rasponslble for voltage or shuat coupling Into the auxiliary
line. ‘¥ore detulls cnd deaign information concerning the Eeths hels directional
coupler will be givea in a subcejuent cecticn.

l. Kinds of Electromagnetic Couplers.

Repistive Loop Directionrl Coupleps The "resistive loop®
varlety electromegnetic type couplers (deascribed in Report Bavy §21) is worth
mentionipg., Figure 63 skeichos the construction and action of tile coupler.
There 18 loop coupling into the wain coaxisl lins with Loth electric and
magnetic coupling. The sagnetic coupling 1s adjusted for optimum directivity
by rotation of the loop. A asmall rezistor, whieh scts as terwination for the
auxiliary line, is a2 essential feature of thie couplor.




= current induced by magnetic coupling.
-==9 current induced by electric coupliag.

{a) Shows wave travelling toward right in the main line. The relative
phasing of the two kinds of coupling is such as to interfere destructivaly
at the output end sead all coupled powar into terminatiom.

(b) Shows wave travelling toward left in the sain line. Here thé two kinda
of coupling are in phase at cutput.

figure 69
*
2. Bethe Hole Directional Couplers.

Bethe hole directionmal couplers in wavegulde consist of two
waveguides crossed et an angle which are coupled bv moans of a hole in their
cozmon well (this wall forsing a part of the brool dimensions of both weve-
guides). Thie type coupler couples out power ®backwarda® ae is indicatsd in
Figure 70.

———

S

Zigure 70

#Group 41 has done a great deal of work on Bethe hole couplers, especially at
K-band, and the theory in what follows has been taken from a memo prepared by
B. A, Lippuwann of that Group, as well as from Bethe's original reports.
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In an analysis developed by H. A. Bsths in RL Reports 43-2:,
43-26, and 43-27, it is shown that, for two waveguices joined by a hole through
their broad sidcs, there 1s both magnetic and electric coupling bstwsen the
two. The two waves (which may be termed ths E-wave and the E-wave respectively)
which are set up in the suxiliary guide by the two kinds of coupling tend to
interfere on ons side of the hols and rsinforce on the other. This action
is such that the stronger wave in tke cecond guide proceeds in a direction
opposits that of the incident wave in ths exciting guide.

Ths amplitude of the weaker wave im the auxilisry guide mey
be reduced to zero by adjusting such factors «s the shope of the hole, the |
dimensions of the guides, and the angle of crossing of the two guides. These
adjustments have the effect of controlling the reletive strength of the slsctric I~ el
and asgnetic coupling. 0

The experience of this Group has been with round holes centrally
located between standerd size waveguldes, with the engle of crossing adjusted
for optimuz directivity. 4 great help im decign hua been ths fact that proper
hole size and angle may be predictaed reusonsbly accurately froa theory.

In designing thase cdirecticnmal couplers, Bethe's results for
a small hole ir an infinitely thin vall have been used, with correctione applied
for finite wall thickussses. Thesa corrections assume thut the hole may be
regurded as a short saction of circular waveguide Layond cutoff, and thut the
attenuation of the E and H-waves i givea by the stupdard wavegulds beyons cute-
off attenuation formulas for tho 'r.zu and T8  Zodes respectively. Thsse re~
sults {rom the "szall hole" theory e}e expre’};sed here &8s formulas in which
the coupling, and angle of crossing ®0", arec given us functiors of design wave-
length (M, = freo space wavelength, )\ = guide wavelength), hols clameter ®d®,
and waveguide dimensions (a « larger Ynner dizension, b= emallsr inner dimen-
sion, and t = total wall thickness at the hols). 3

Tha coupling tiircugh = hols in the center of ths wide dimension
of two waveguldee crossed at an ergle 8 i3 given by

3 - V 1,71d
(1) Couplingdb = 20 1lag -SE;T;L‘ 0s 6'1/2(;5(%-"‘—:,0 ;)‘:J-:z.oﬁ 1‘( )'o )a
—d

For optimum directivity, the =ungle @ should be chossr so that

a
t

With this choice (1) beconee,

3
' . -2 2247008 8 _ 44,0 %1/ -(2.028)
(1) Ceupling ap = 20 log Sab)ss 703 1 >
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Thu second term in formulas (1) and (1') gives the added attenua-
tion in db (for a TX,, wode) because of the finite thickness of the hols.

(att E/ats H) 18 another tera correcting for the  thickness
of the hole and represeats !8% relative atienuation, expresssd as a voltage

ratio for waves in the T, and ﬂiu modes respectively in golng through the
hole. It is givea by the }o

(3) ( )mt ¢ }J_:“}’C ]

or, more agproxinately, for t/d«l, by:

(s') att £, vl - i
Jatt H/ volt Al g

In order to fird d end @ when the other quaniities ars knowm,
elither a graphicel method, or tho method of successive approximations may
be used. Design charts hrve been plotied u3slng the theoretical formulas for
both 3% x 1 1/2" waveguida and 1/2" x 1/4" wavegulde. These are discussed
in a following section.

pg'_g_c_ﬁ_P_ul Tho theoretical formula for the directivity of
a Bethe hole coupler (expressed ac a voltage ratio) iss

eou 0+ 1/2(}‘)‘ AL E

.0 @ - 1/:(%:— ﬂ*{*—ﬁ-

(a) Directivity =

The angle © 1s chosen so a3 to make ths denominctor of this expression equal
to zero at the deeiga wavelength.

For very thin holes the factor att E/att H is close to unity,
&end the condition for opttnun dircctivity le satisfled for parallel waveguides
vher the ratio (3 /)- )® 1s closs to two, For waveguldes operating fer from
the cutoff wavele or holes thick compered to their dlumeter, the optimua
angle gets larger. On the other hand, for waveguldes operating very close to
the reglon of cutoff it m.y becoas :Lr.poaaible, without resorting to other
than circular heles, to ohtain high directivity since even at 0° angle, the
"E® ccupling may be. stronger than the "H® coupling.

The bandwvidck with respect to directivity cbieined with actual
models of Bethe hole couplers ia 3% x 1 1/2" waveguide hava not measured up
to that given by formuls (4), as may be seen, for example, in Figure T1.
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The second term in formulas (1) and (1') gives the added attenua-
tion in db (for a =, mode) becauss of the finite thickmess of the hols.

(att E/ats H) ¢ 18 another teram correcting for the thickness
of the hole and represzais {8% relative attenuation, expresssd as a voltage

ratio for waves in the Ty, and T&u modes respectively in golng through the
hole. It is givea by the l’ornulu

SRS e .
[-22 ., .74
10L.%0 4 %

or, more agproxitately, for t/d<cl, bys

(3m att k gl -1
att H/ volt Pl = Ll

In order to find d end @ when the other guantities are knowm,
either a graphicel method, or theo method of suocessive approximations may
be used. Deesign charts hove been plotied uiing the theoretical formulas for
both 3% x 1 1/2" wavegnuida and 1/2" x 1/4" wavegulde. These are discussed
in a following section.

Ri_uc_tLngx The theoretical formula for the direstivity of
a Bethe hole coupler (expressed cs a voltage ratio) iss ’

\ 2
eon 0 + /2 (3] A4E

E
cod @ - 1/2(%:— eﬁ—n-

(¢) Directirity =

The angle @ is choden so us to make tho denominator of this expression equal
to zerc at the deaign wavelength. -

For very thin holes the factor att E/att H 1s close to unity,
and the conditior for optimun directivity is satisfied for parallel waveguides
when the ratio (./2 )2 i3 closa to two. For waveguidss operating far from
the cutoff wa\'eleﬁgtg, or holes thlck compered to their dlamster, the optisus
angle gets larger. On the other hand, for waveguides operating very close to
the region of cutoff it m:.y become imposalible, without resorting to othar
than circular holes, to obialn high directivity since even at 0° angle, the
%E® ccupling may be stropger than the ®B"™ coupling.

The bandwidth with respect to dirsctivity cobieinsd with actual

models of Bethe hole couplers ia 3" x 1 1/2" waveguide havs not measursd up
to that given by foramula (4), as may be seen, for example, in figure 71.
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The theoretical freyuency sensitivity of coupling may be obtained
from formula (1).. The major contribution to freuency sensitivity arices
from the term involving guide wavelength, X\ i the coupling, expresscd ae a
power ratio, ie inversely proportional to ).: .

Thus, for couplers in 3% x 1 1/2" guide deeigred for »_ = 10 ca,
the theoratical rate of change of coupling is approximately 1 db per°ce:.tmtax-
change 1n wavelength. (This may be compared with the experimentsl results
shomn in Figure 71.)

; Experimental Results: A number of Bethe hole directional couplars
havo been made in 1 1/2% x 3" x 061" wall rcctargular waveguide. TLe construc-
tion of theso couplere is shown in Figure 72,

Two holes are drilled,--ome of & size determined by the desired
coupling in the broad face of the main wavegulde, and another larger hcle in
the broad face of the auxiliary gulde. The tmo guices are then soldered to-
gether (keeping their holee concentric) at that angle which mekes the ccoupler
moet directive. Tke standing wave retio which the bole eets up in the main
waveguide 1s matched out by an inductive window approximately A /4 toward the
generator. In the auwdliery gulde, the cutput is in the form of a guide~
coax adaptor which is on one side of the hole; on the other side of the hole
there 18 a termination gade of tapered resistive cloth (USKOH-9-112) extending
along the length of the guide.

This design, with ome large hole eand ore small hole, was adopted
as a compromise botween making the common wall between the two guides as thin
as poseible, with a single hole in that wall; and the method of not milling
either wall and having a hole of two wall talcknessas. The latter method is
not desirable electrically sines innrensed ettenuution of thick holes rayuires an
increase im hole size, and hence causes larger reflection if the coupling is to
be kept comstunt. The former type 1s parhaps harder to make. The largs hole
in the secondary guide causes littls additions) atilenuantion, although the re-
flection eet up by it in the secondary guide might be objectiopable for some
applications.

Figure 71 susmar@ses experimental irnformation regarding a nuaber
of Bethe hole couplere in 3" x 1 1/2" wavcgulde that have been made, and lists
Radiation Laboratory drewing numbers vwhere thess aie available,

Charte calculated on the beele of the theoreticsl design formulas
which may be used in the design of 8-bani Beths hols couplere of this type avre
given in Figures 73 and 74. The larger hole in the suxiliiry waveguide haa
been standurdized at 1 1/2%., The diameter ®d¥ of the hole ir the main waveguids
and the angle of crossing @ are plotted agalosl coupling for differeut mavelengths.

Figure 75 presents some data for this type coupler im which a
comparison ie made between experlmental values of coupling, and valuss cal-
culated from the sacxe thecretical formulas used for plotting Figures 73 and 74.
It can be seen that the experimentally measured coupling is consistently about
1 1/2 db looser than theoreticel. In view of the fact thut the theory ie only
etrictly true for small holes and also im view of ire somevhat doubtful valldity
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of the corrections applied for the atteauztion tbrough the doutle wall
thickneas, this devietion frca thooretical is not tco surprising.

Comparison of Experimental end Theoretical Results on S-Sund RBeths Hoie Couplars.

Thec,
Dizensdions —Cospbing {dh)  &icun Directivity
Sa’ll lLarge Ingle VYavelength Theor. Eepor, Expers Theor. [xper.
Hols _ _Hole - o fawy _ {a9)
2740 1,376 tae 8.6 -34.13 38,7 1,6 £0.61 18.
740 1,378  &8* s By -34.73 36.1 1.4 £0.9 24,0
.7‘0 1.5 :."8 1/2' 10-0 -?A-b‘ :’5.7 1.1 210
2828 - 1,378 WO° 10.7 -31.54 -32.6 1.1 0.2 2%,
1,106 1.5 30 10,7 =22.84 -24,4 1.6 28,9 0.
1.5 o4 1/ 10.0 -17.8 =10,§ 1.7 16.
+106 1.5 5 10.7 =54,2 =54,7 +B 18,
Figure 7§

Although the measured direcctivity is zell bLelow the theoretical

irectivity, 1t 1s still sufficiently high for power woalioring requirements,
That there ias greater deviation froa theoreiical results for the direciivity
than for the coupling misht be erpected, slnoe the direciivily ir a zore
sensitive functior of the welative amplitudes of the E sad H ooupling. Also,
it is not clear juat what® g{fect the refloction introduce? by the Bethe hols
itself, end in particulur by the lavge hole !s the secendury guide, has on
directivity.

Susmary of Desizn Inlormetlion for Daiha Hole couplers in
an x 1 1/2% vievaraldst Beuring in aind the experizestel results, the design
procedurs sy be suumarized as followss

1. The v~rlus of roupling zoefficient to be used in ceteraliring
d, ard @ frox Figures 73 and 74 should to agproximately 1.5 db closer than
the cesired coupling.

2. d end © are then dotcreiped froz tha Filguzea 73 and 74 as
functliona of the deeign weveleoghli apd this empirical coupling value.

3. Once the coupler is built using these vulnes of & and @, the
phase tnd magrlitude of the refiectica aset up by ths coupler may be messured,
and a matching iris put in, if nccessary.

4. Zoupling and diractlvity cver the band way {ten te measuzed,

5, If the coupler dons unot meet specifications, a rededign may
be called for, It le wsu2lly poaelble, using tho firat four stepa of thia pro-
cedure to obteln & directional coupler whose cevpling 18 within 1/2 to ons &b
of the desired coupling nnd whogo cirectivily e grester than 1§ db at the
design wavelergth. By a saoll chepge in hole size end angls (step 5), the
coupling and cirectivity specliications may be wet rore exactly.




It would seea desirzble to illustrate this procedure especially
with regard to Step 5 by tracing these sicpe as applied to the design of a
directional coupler which had to mest the following spacificationzs

Coupling coefficients <«20 db,
Directivitys greater than 15 db.
Bsuds 2.7 ca to 10,35 exm.

The relatively close coupling that was required with this coupler
suggested at once that the formulas used in drewing up the charts aight not
be valld for this range. Howaver, as a firet try, & hole diazeter of 1.300%
was chossn which correaponds on Figure 73 to -18 db coupling, uad an angle Of
34 1/2° was chosen from Figura 74 to peek the directivity at 10.0 oa.

A model wao made with thess dizsaslons, asd wessurements nmede
on VSTR and the phase of the raoflection set up ia the mein lino. The measured
VSER was 1.53. Using the phase datia and a Smith chart, the admittance reforred
to the position of the hole was determined to be .92 - .4), the hole-appesring
gainly inductive. ‘ jBe=0 '

/ARP LOAD \\ TOWARD GENERATOR
8 A
Fintie (5ort3
Y A\ / =, 43\
apmirrance ar | 1 ‘ 28 bl \ B

HOLE = .52 ~. 4§ [T

At & point .66 )\ towsrd the gemerator (Figure 78), tuis ad-
mittance appeurs to be 1 + .43,15 A sbhunt reactance of -.4) placed at this
point would thsoretically mateh out this reflection. A syumatrical inductive
"iris” was dssigned (using the dasizn curve given in Figure 27 of Microwave
Techpiques, NavShips 900,028) which gave the dssired rasult.

Heasurements were then made of ccupling =nd directivity of the
coupler over tho bend. Tue results were as follouss

Favelopgth °  Qoupling Directivity
2.72 ex =1%,6 db 12.4 ddb
10.0 =19.6 14,9

10.:“ -1908 28-




The fact that the directivity was peaked pear the long wave-
length end of the band indicated that the angle should be increased, The
magnitude of this change was estimated semi-empirically from the fact the
Figure 74 says that a coupler which has a 34 1/2° angle and which is
in directivity at 10,7 ca, could be made to have optimum directivity at 10.0
cm by increasing the angls to 43°.

The couplsr was unsoldered apd the angle chenged to 45°, The
coupling and directivity were remeasured.

A (] : D

9.68 =20.1 ¢b 18,8 édb
10.0 '%08 2‘.
10,38 -21.4 20

The model now had acesptable directivity, but the c!w:Ta in angle
had changed the coupling by -1.3 db, or 1s approximately 10 log cos [45°/cos/
(34.51°/2)]%. In order to increase coupling to -20 cb, the hole diameter was
increased to 1.33", Thic change was detcrained by refereace to Figure 73 and
seeing what change im hole diamstsr was necessary to produce a changs of 8 dd
for a 20 db coupler. The final model was then tested. It was found that the
original matching iris still was caiisfactory. The results follow in figure 77.

22 zs¥ p
2.1/ b)) VSWR /
20 20 . 1]
19
_l’o—-?i 15 10 1" p ¥
£igurs 77

This model met specificaticns.

The uss of Bethe hole directicual couplers is not restricted to
3" x 1 1/2* wavegulde. In fact, one of the firat of the Bethe hole type made
was in 1" x 1/2" wavoguide. (Yo curves have besn plotted for dsasigning couplers
in this size gulde, and, therefore, tha formulas must be used,)

Bethe hole couplers in 1/2" x 1/4" wavegulde have been made, end
Figures 78 and 79 give graphically the design deta for this type. Thsse charto
are adaptad from similar omss prepared by Be A. Lipgmaan. AS csn be seen
from Figure 78, thess couplers ures constructed by drilliag a hole of the proper
8ize in thas wall of the primay guide end milling off ths wall of the sacondary
guide at the proper engle. Ais with tho S-band couplcrs, for closo couplings,
ths hole sets up en epyrecisble sipding=wave-ratio waich may require correction.
The ccupling of & "=45 db® coupler mede thls wey agrocd with the design curve
within 1/2 db.
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Bethe fiole Directional Couplere in Coaxial Lipgs: Directional
couplers of the single hole type may also bs made in coaxial line. 'The principle
of operation is essentlally the sams as for waveguide. The coaxial Bethe hole
couplsrs are inhereatly much broader band with raespect to directivity. This is
ralated to the fact that the ratio of E to B for coaxial lines is inuependent

of freyuency. In fact, for thin round holes between two coaxial lines ‘iruns-
mitting the principal mods only , the theoretical angle of crossing for optimum
direotivity ie 60*, regardless of wavelongth or line dimensions.

Noro exactly, the angle for optimua directivity is given tvi

Cos @ = 1/2 (ait E/att H) volt,, where (att E/att H) has
the meaning as discussed previcusly for the case or waviguiue couplers.

Theoretically, the coupling, expressed as & power ratic should
vary inversely as the squire of the wavelength (or directly ae the sguare of
tha frequency).

A coupler of this type, (RL Drawing Eo. 11957) between two 7/8"
coaxial linee, at 9.1 cm wcs meacured to have a coupling of ~50 db, and a
directividy of grealer thaun £5 db. Limitations on hole sizs keep couplinge
of much cloeer than ~45 db from being attalued with this type dosign.

"3hort™ Slot Coupler: An electromaguatic type directional coupler,
utilizing a narrow-longitudinal slot slightly more than a quarter-wavelsngth
long betwoen two coaxall lines, was deeigned by Dr. Brown of CRG at MRL for
use at L-band. Tho couplirg is in ths reverse direction, as ie geasrally charac-
teristic of electromegnetic type couplere. In addition, the coupling coefficient
was found to be extremely broadband. The action of this coupler mey be explained
in the eamo fashion as was the action of the long slot couplor, except for the
fact that the eecondary wavee sent in the "baokward® direction have en amplituds
large compared to the forwsrd radiation. The secondary waves will combine to
form the maximum "backward® amplitude for elote of length N4. For ocouplers in
which the slots are somewhat larger than N4, there would therefore be a tendency
for the coupling to get closer with longer wavelergths, This ie oppoeed to the
effect dus to the fre.uency mensitivity of the individual coupling elements,
which would be to produce looeer couplings with longer wavelengths. If these
two effecte are eyuul, the coupling may be broadbended,

F. INDEX TO COUPLING MECHANISM DESIGN INFORMATION.

This 1s u ‘tabulation of the characteristics with respect only
to coupling value and kind of transmiseion lins of tho various types of
directional couglere which have been described in the previcue eectioms., In
view uf the nuzerous othor specifications which must be met in the dssign of
a coupler, the tabulation cua only serve ae a partial indication of which ty1 s
couplers should be luvestigated more cerefully for detulls of their performa..ce
and design,

Figure 81 llste those couplers for which the design informatioc
given in this repcrt is couplote enough so that by following a simple and
streightforward procedure a directioaal coupler may be bullt to have, at the
design wavelength, the desired coupling coelficient, and a directividy high
enoygh for moet powsr mouitoring ro,uirementa,
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The seccnd table, Pigure £2, lists couplers nhich can be made
at the reyuired coupling value, but %ill generally rajuire some amount of
experimentation, involving the construction cf a series of models before the
final design is obtaiced.

By pulting two couplers ir seriss, & cowposite coupler is formed
whose coupling valuo in db ip the sum of the couplinge 1a db of the individual
coupler, and whose directivity i3 ecsentially ceteruined only by the directiviiy
of the first coupler. By combining lwo couplers huving cpposite fre ueacy
sennitivities of coupling, such as 1 Beths kols, and a two-bole coupler in
wavegulds, en over-all frecuency insenaltivity of coupling mey be obtained.

A falrly complete list of these couplers for which RL drawings

ere availatle may be Zound in Report 55-2/13/45, Irndex List of Dixectional
Couplers.
gupler es--hbbreviatinns Used, aud Symasry of Charagteristicss

dultiple-Puth Couplerzs Ths coupling vorsus frequeacy characteris-
tic depends alzost entirely upcn cholce of coupling elsmesnts. *Sinomial® array
of elements gives incrsased freyuency irsenaitivity of directivity. Either
thess, or simply aireys of n equsl e¢lesmenis spaced (2m¢tl) X\ /n, whers m and n
are integrals, may be uced to obtain clocer couplings than fould ve gotten with
only two elemsnta.

begs = "braiched gulde" coupler. The ccupling slementa, when
properly desigeed, are characteristically extremely frequsccy insensitive with
respeot to coupling.

r.he = "rourd hole" in side of guice coupler., The power coupled
through euchh holes is cpproximntely properilcnal to k“'.

r.8. = near ~ "reponant slot" in eide of guide. The coupling
may be made broachsnd fox asome slot geometriee.

8.b. = "slottod tlock* coaxicl coupler. Coupling ipcreases
rather rapidly with frequency.

cce (0.4.) or (1.0.) = "concentric coax"--"outside-in" or "inside-
out®, Coupling incresszos with {re.uency.

beCe » Ptranched coax® coupler. Coupling 18 fairly frequency
insenzitive.

Other Typeas
B.h. = "Bethe hole" coupler. For wevegulde couplers, coupling

(power) variec as 3, For ceax couplers, variation is as 1/)\: o Directivity
of coax couplers broatpand.

l.8. = "long slot? coupler. (Coupling feirly fre. uency eensitive.
Directivity fairly freyuency ipeensitive.

Schw. = ®3chwinger® type inverse couplding directicnnl coupler.
The coupling way Ha made bLroacdband some sl eomatries,




Javeguide

U 2"1/ 4"x, 0‘0"&1.1

rh, T.h, / .k,
B.h. B.h. B.h.

1'&1/2'1.050".11

Teh, Toh, *h,
B.h, B.h, B.h,

R -
5/0': 1 llt'x.m!-n b, ;c:o :u:o

8% 1 1/2':.080'-11

B.h. B.h, B.h.
».h, Teh, h,

/‘. O-D. 50 ohme

CeC, 8.b, B.h,

(0.4.) (50 db o

8.b, 8.1

’.,... 0uD. 50 ohus
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Iable

Coupling Values (db)

10~
l.s
T8,
l.s.
l.s
’
/8' OID. 50 °h.’l boc. boC-
c.c,
5/16' O-D- 50 ob... C.c,
(1.0.)

5/9. OOD. 50 ohll. c.c, C.c,

(100-) (1001) (

1 5/8" o, D,

= () o
l.s B.h, B.h, Te8. |Schy, Schw,
l.s, re8,
reB,
8, r.s, T«8. |Schw,
B.h, B.h, Schw,
Sch'.
lo.o B-ho Bnh- TeB,
l.e, reB.
r.s.
B.h, r.s. r.s, r.s,
1.8, Schyw, Schw, Schw,
b.e. CeCe B.h,
(o.i.) CeC,
(0-11) ]
C.c, C.c, .-b. ..ba
(1-0-) { (1-0-)
C.c, C,.c, 'nb- B.hc
1.0.) {i.0,)
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G. PROCEDURES FOR TESTING DIRECTIONAL COUPLELS

After a directional coupler heas bsen designed and a prototype
modsl built, meaaurements must be meds to dsteraine shether the model meets
electrical specifications with regard to values of coupling, directivity, and
both main aad auxiliary line VSWR'a, Thess measuremonts do not differ funda-
nmentally from any other r-f measurements of attepuation and impedancs.

Thus, stendard slotted-line techni ue ray be used to deternins
the magnitude and phase of the roflections which are ost up ty the coupler,
both in tho main line, and lookinrg into the auxiliary line output terminals.®

The determination of couplinz ie a atruight forward attenue-
tion measurement batweca input c=d ocutput teruinals of ths coupler as shom
in Figure 1. A sccond "attenuation mersurcmaat™ with the coupler inserted
in the lins "buckwarcs®, KN in Figure 2, is tiuen sufticlent to determine the
value of the dlu‘.ﬂi!lh.

The directivity mey also bo detoruined by various other meticds.
One ol these involves thc Eeasurczont of “DirecLivity-s’.&ndint,-ﬂnvo-ﬁntio" and
has been described on pege 7 of thie report. This procedurs hes an advantage
over others in that it is & pull woth od, ana 13 lherelore unaffected eithsr by
the generator or detector mismatches? ™™ Auother procedure which i3, however,
mors critically dependeat upom generator match is to fced power in ths zain line
input terminals and note the maximux variation in power out the auxiliary lins
output teralnule when a shorting plunger or other xnown VSVP i= moved up and

down to very phase at the main lins cutput terainuls. The direstivity may then
be determined fro= Figure 7.

Errors Involved in Meusuwemepts: DUirectional coupler measure-
ments are subject to the s=me errcrs that uzvally arisc in connection with tha
determination of attenuation and impedance. The magnitude of thess errors depeads

® If this reflection 1s objectionable, an lrie ox' transformer muy be designed to

an

match 1t out according to the uau-l psrecedures (such as those descrlbed in

Chapters §II and IV ef Mlcrownve Transmission Desiza Dats, Sporyy Publication
No. 23-80

It should be rememstered that the match of tho loud used to terrminate the meirp
1line in the latter zeasuremant ia critlcsl inrvofar rs the measured dirsctivity
is affectzd by mismatchos in the rmain 1line to the samo degree that the actual

dinctiviﬁy is affected by a misantched terminaticn (eee Saciion II-4 of this
report).

44 Then using this method, comsldsraztion should be givem «s to whether the detector

has sufficient sensitivity. Also, if a s ucrs wevs modulated r-f sigaul is
used, care must be taken to be suro that there i3 not sxceuzive freyusacy modula-
tion, or else there may te difficulty in reducing output to zero.




to a largs extent upon how refined a techni,ue is used. Thus, in impedance
msasurements, greater precieion than is attainable with ordinary slotted-line

msthode may be obtained by the use of auxiliary syuipment, such as impedance .
bridges calibrated by meane of sliding wismatchee.

It may bs helpful to point out some of the major sources of

error which arise in the usual procedures used in msasuremeat of attenuation.
These ares

1. Errore ipherent in standurds of attenuation used.

2. Errcors due to various combinations of mismatches in the
couplsr and lines connected %o the coupler. Thece errors may bscome eerpecially
serious shers non-dissipative (cutorf) attemuator, or shers type-N or other cable
fittings are used.

3. Errors inherunt in setup--arieirg bscause of loose connec-
tions or luwproperly constructed fittings, oscillator or detcctor instability,
attenuation of cables changing when flezed and similar difficulties.

4. "Leaksge Error."™: This is especlally troublesome in the
measurement of loose couplin:s. It can only be avoided by falrly complete
shielding. A leakage signal which is 20 db dowa froa the siznal to be measured,
may still cause an error of + .9 db.

Counler Measurements in Group 55,11 In this Group we have becen
concerned primarily for power momitoring purposes, and conse,uently, have not
used the rcfined techniques necesszsry to measure high directivities accurately.
The procedures used in the measurcment of directivity have either been the
tturn-around® method of measuring backwards and forwards ettenuation, using a
load in the main line with VSRR 1.04, or whut 18 usually more convenient, the
®DSTR" null method, me:csuring standing-wave-ratioz with nan ordimary slotted
section.

See Report RL-643; The Use of the Mapic Tee Microwave 4 y Measuring
%ﬁg_&b}' R« L. Kyhl, or 55-1/5/45,
Techuiiues, by Re N, Griesheimer and R, L. Kyhl,

BTL Report MM-44-170-18; A Precision Impedunce Comparator,by R. Julian (3-10-44)
also contalns a doscription of the use of & 8liding mismatch in precision
measuresente.
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The setups which have been used in this Group in conmnection
with the measurement of coupling will be deascribed in some detail in oxder
to give more concreteness to the description of measurement techniques, and
in addition, to point out the wanner in shich most of the experimental data
described in this report were obtained. It should be remembered that these
setups are just some of the possible ones that may be used, not necessarily

the best, and were chosen in the light of e uipment, space, and time avail-
able in Group 55.1.

The setup used at S-band for meusuring waveguide directional
couplers with type-N output is shown schematically in Figure 83,

SYDORIAK
CUTOFrF Typm
ATTENUVATOR,
cABLE 100b PLAT:
CLASS

BETHE HOLE)
COUPLER:

@®

IreCTeUr
ANAL 7 ZEBR

POWER SUPPLY

ADAPTER

()

SPECTRUM
INALYZER
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.A series-subatitution method is used. First, the power is fed
through the coupler as in (a), with the signal height on the analyszer eei to
reference level. Mext, a type-N jack-jack adapter ie substituted for the
combination of coupler and guide-coax adepter, and tbe et-ndard cutoff attenum-
tor, which le in serice with the line,ie readjusted until the eignal is reetored
to its originel sotting. The differcnce betzeen the original and final attenua-
tor settinge determines the db coupling value.

Three mensuremente sre mads, and cn average is taken of theee
readinge. With coupling of -35 db or closer, if care ie taken in the measure-
sent, these individual readings wlll agree to within + .3 db, and the averages

8o obtained may be reproduced on the eame coupler from day to day to within
+ .2 db,

For much looser couplinge, the day-to-day reproducibility is not
better thun about *+ .5 db, becauze of the increased jitter of the pip on the
snalyzer at theee lower eignal.levels.

In order to achievn these results, ths following precautions are
obeerved before making measurementes

1. 411 fittings are mechanically inspected to be sure that they
will go together properly.
2. Checks are made to be eure that the guide-coax adapter and

Jack-jack adagter do not introduce loee in the line. MNatchee of these and of
the 10 db pade should be checked.

3. Then the cablee are flexed to ut least the same extent that
they would be in performing the msacurcment, there ehould be no observable change

.in transalesion through thea.

4. Both the oscillator and the enalyzer receiver ehould be euffi-
ciently stable eo that the pip helight is recetable.

5. Evidences of lezkage should be looked for--by setting the
attenuator to maxinum and then elther looking for leakage aignal with apalyszer
at aaxisum gain, or with aignsl adjusted to & fairly low level, try to detect
lenkage by phasing signal with respect to euspected eource of leekage.

for meaeureaent of cocuplere in 7/6" coax rigid line, almost the
sams eotup 1e used (Figure B4), except that weil-matched pads in 7/8" line are
used rather thun the type-N pade, so that tho eubstitution may be zade without
errore due to miematch of the 7/8" line to type-M adaptore.
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The bolometer is waintained at a constent d-c bias level, and the
a=¢ variation superimposed upon this due to the modulated r-f signal is ampli-
fied by means of a linear preamplifier, the output of which is fed into a
Ballantine (model 300) voltmetcr, having a logarithmic scale. The measuring
procedurs used 1s etill eesentially a seriss-eubstitution method, power to the

bolometer first being measured aftor being coupled through the directional
coupler and then directly.

The relative socuracy with which measurements of coupling may
be made with this eystem is quite high. For couplers with a ooupling value of
about -20 db, measurements can ba repeated froa day-to-day within ¢ ,1 db., As
far as ahooluu accuracy is coancerned, this bolometer method has been checked
sgainst a cutoff attenuator at X-band, with agreement to .2 db in a 40 db range.

The increased reprcducibility in readings which is attained here
ie due to both the increased accuracy in reading a steady pointer deflection on
a meter scale over adjusting mechanlcally an attenuator line to bring a some-
what unsteady pip height to reference deflection on a scope and then reading
the attenuator dial, ead to the frct that ths orrors dus to mismmatches may be
reduced 80 as to be negligible.

For'measuring wavegulde couplers at X-band havinz type-N outputs,
the setup shown in Flgure 86 hae been used, Padding is utilized to reduce orrors

due to VENR's at the type-N comnectors.
::@ SArnun
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CAJ&, sw:r{o;o
ERE TO

CASLE
“a
|
JF'—':";bemr' L
1| - al)
M:::.D “COOPLER CALIBRATED :
MATCHAD
0
figure 88

The difference in powsr level between the two type-N outpuu is
measured, and a corrocction made for the povmr lost in the calibrated pad,

also t.ho fact that the power going by the coupler rather than into the ooupler
1e being aeasured.

*  Reproducibility here (for 20 db couplers) is about & .2 db for
day~to-day meusurements, and ¢ .5 db in individual readinge.

Y
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Arpendix A
Application of Dethe Theory to Directiopal Coupler Design

The results given by Bethe in RL Reports 43-22, 43-26, and 43-27
for the oase of coupling between two waveguides (or coaxial lines) by means
of a hole which 18 small compared to the wavelength are extremely useful
in direotional coupler design. Some of these resulis are summarized below.
Itis acsumed in Bethe's theory that the hLole is very small, is in an in-
finitely thin plane wall, that it is far from corners, and that meacurements
are made in a region suffioiently far from the hole so that the higher modes
there excited have been damped out. Agreemsnt with experimental results is
usually uita good, even for caees where these xesumptionms are not strictly
valid.

Figure 87 showe schematically the eituation of two waveguides
coupled by means of & hole.in a common wall. It ie

HB Ay
1,
Eigure 87

desired to determe the amplitudes of the wavee A, end B_ travelling in the
two directions in the auxiliary guide, which are exolted by a travelling

wave of unit asmplitude in the mein guide.

If B, and H ., the tangential componeats of H in the direction of
the principal ‘-}ol 1 283 = of the hole, and E__ the normal component of ¥
repreeent the £1eld components (leaving out t8% time and = dependence) that
a travelling wave of unit amplitude in the exciting guide would have at the
position of the hole were the hole replaced by a thip conducting wall; and
if, similarly, H.,, H _, and E__ represent the field oomponents at the posi-
tion of the hole corr$Bponding®Po a travelling wave of unit smplitude in the
auxiliary gulde, then the amplitudee A‘, and B‘ are given by the following
formulass

A " To.gi- ["1"01".1 - R e "on'ql (8
By - Tj:- w8y - AMH Ban * nol.u]' (2)

where ie s normalising faotor, equal to .d:, the intcgral being taken

8 £ il
over th waveguide cross section, and 5, and P, the two magnetic and
one electrio "polarissbilities®, are constan

acteristic of the hole




dimensions only. Report 43-22 gives theoretical values of these polarizabilities
for simple hole shapes and outlines, and a procedurs shich can be followed to
determine them experimentally for other shapes. The following table lists

values of '2 and P oopled from pege 39 of Rsport 43-22, for the aimple cases
of round holds, ellipses, and slits.

Yalues of Polarisabilities for $imple Hole Shapes
Circles diameter d

M =¥ =d%6, P=-1/2M ~ a2
Ellipse:

Il = -% H-L:;)E;r—-z]' (tor B pa.rallol to .-“‘.llor m., ‘)o

M, =% _ad??  (for B parallel to semi-minor axis, b).
E-(1-e?)F o

]
r-% %"l— , E(€) and F(c) are complete elliptic integrals.

£E= 1’1—(—:-)3 » £ 18 the eccentricity.

Long Rarrow Fllipce (a hh

3
LY -% m , (H parallel to long axis).

N, =P=% ap?

P "'t - {3 1w 0 (.t refers tos aagnetic field across the slit.)

tto a ﬂ’

P as before.

¥, = P(1- 13/3),




. Por rectangular waveguids, ( mode), the amplitucee of the fisld
components, for a wave travelling tonrd°}

s in the x, y,.and s directions
(figurs 88) aret
(%) lq - %: sin :-E
B
(. (Sb)au--sinsf
y /
v T ,/ (%) B, --1& collf,
/
y
4 A e, %ﬂ ab.
— « —
£igure 69
for coaxial line transmitting the principal mods, the amplitudes of
the field components in the r, ¢ 3 directions for a wave travelling towards
+s, is given bys
r
’ 2 (e) B,=0

9
(4d) s-zu-;m;’;’

r Figure §9

Approximate corrections to the theory to taks tho finite wall thick-
ness into account are as followss

The"exciting ficld® companents H and E _ are taken as
thoee which would have existed for an un%hexy u\!ﬂ wall, f1tiplted by the
appropriate attenuation factor, considering the hole with thick walls as a

emall eection of waveguids beyond cutoff for the loweet H and E modes respectively,

Application of Theory to Directional Coypler Deslgn

Consider the case of coupling bstween two wav

uides joined togsther
by means of a hole in their narrow sids (as in Figure 21).

For thie case:
nol-n“-o, u‘l-nu--o
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- . . - R - --M
How ® g " attH = -4 22 artn, B =H 4

2 an az 2a

Eou-soy.o E =E *=0

- D
8‘ ao ab

(1) becomes:

‘.-T%_——n;—[’iuz --1%‘ﬂttn -’iﬁ]

oaxo

A =By oaiLR
. 255}) llz
Similarly,

B =2 ) etty.,
[ 2‘3b HE

For round holes, K, = es,‘s, and att H corresponis to tae attenuation,
expressed as & volt:.ge ratio, for a wave in the wods. For a two-element

coupler, the forward amplitude becomes 2h,, &and thus™the coupling formula becomeo:

L) 2
Couplingdb = 10 log(—g.%%—) ¢+ att Hdb

' . . 30034, (lanad\?
where att Hdb 20 log (ltt H)volt 32,0 rl 1 N

()
Bethe Hole ¥avegujde Coupler

Conslder two guldes crossed at an engle &, with a hols in the center
of their comaon wall (broad side of guide), as in Flgure 72.

Here:

tw-EOy.attE‘:-)‘gaLtE, r,n-:‘y-i)t
By nor +cos @, att H - -att H . coe 9, Hal b liu = =1
N, "N ™ 0 X =H =0,

S
e



|
8 -k_ ab
2).0

Substituting these 1n (1) and (2), one obtains,

|
; . B."%:"z[llcoae.attﬂi'l’ g’:gaztx]
3 A.-%;[-ul;o-ontn+r§f'attx]

For a roung hole, ¥ - da/s, P=3/0 ¥, givigg,

-1
2x1d° co8 6 + 1/p X fﬁd
a.-mg?.attﬂf 3 : )
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